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Abstract
‘Targeted selective treatment’ (TST) is the concept of targeting anthelmintic treatments
to individual animals that will benefit from treatment, rather than giving whole flock treatments.
The purpose of TST is to delay the onset of anthelmintic resistance in nematode populations.
Two key issues that have delayed the utilization of TST are; a) the need for a convenient and
reliable method for identifying animals less likely to cope with nematode challenge; and b) the
risk that some animals will be left with nematode burdens sufficient to cause sub-clinical
disease that compromises production and welfare. To investigate these issues, this thesis tested
the hypothesis that body condition can indicate the ability of mature sheep to better cope with
nematodes (and therefore remain untreated), thereby providing a convenient selection method
for TST strategies in a Mediterranean climate, where Trichostrongylus spp. and Teladorsagia
circumcincta are the predominant nematode parasites. The risk of loss of production and welfare
by leaving some animals untreated was examined by modelling simulations, based on data
derived from field studies, and on computer models, with various proportions of the flock
remaining untreated to determine the threshold proportions of sheep to leave untreated. This
approach indicated the trade-offs between delaying anthelmintic resistance with production loss
and animal welfare associated with nematode burdens resultant from leaving animals untreated.
Further to this, an investigation of Western Australian sheep producers (farmers) identified
factors associated with the acceptance of sustainable nematode control practices, especially
those likely to facilitate the adoption of TST and act as the basis for the development of
communication strategies to producers. The findings of this research provide evidence-based
recommendations for the sheep industry regarding sustainable nematode management strategies
utilising TST in Mediterranean environments and the facilitation of adoption of TST strategies.
In conclusion, the general hypothesis was shown to be applicable, that a body condition scorebased TST control program can be practical to implement and will delay anthelmintic resistance
in adult Merino sheep in a Mediterranean environment.

iii

Summary
Sheep production in Australia is a major industry contributing substantial income to the
Australian economy. Internal parasites are the most prevalent and important health problem of
sheep in Australia and a major limiting factor to this sheep production. Current control practices
rely heavily on chemical (anthelmintic) treatments, but continuing development of resistance by
parasites to anthelmintics is a significant threat to the profitability of the sheep industry. Parasite
refugia has been identified as a fundamental principle in resistance management and involves
resistant nematodes being diluted by the establishment of infective larvae from a non-resistant
source to reduce the relative contribution of resistant parasites to subsequent generations.
‘Targeted selective treatment’ (TST) is a refugia-based concept targeting anthelmintics
to those animals which require it rather than whole flock/farm treatments. Two key issues that
have delayed the utilization of this concept have been the risk that some animals will be left
with parasite burdens sufficient to compromise production and welfare, as well as the absence
of a convenient and accurate method for identifying the animals which are unable to cope with
non-haematophagous nematode challenge in large commercial sheep flocks. In environments
where the most common nematode species present are “scour” (non-haematophagous)
nematodes, production traits have been looked at as the basis for selection of which animals to
leave untreated. Indicators available to use are weight gain, body condition score (BCS) and dag
score but these indicators are not always efficient and require local validation in different
environments. The general hypothesis tested was that a BCS-based TST control program will be
practical to implement and will delay anthelmintic resistance in adult Merino sheep in a
Mediterranean environment, without significant production or sheep health consequences.
The first experiment (Chapter 3) of this thesis tested the hypothesis that high body
condition can indicate ability of mature sheep to better cope with nematodes and therefore
remain untreated, in a Mediterranean climate where scour nematodes are predominant. Results
showed that a relatively greater BCS response to treatment was observed in ewes in poorer body
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condition pre-lambing compared to better-conditioned ewes where nutrition was sub-optimal
and nematode burdens were high. Sheep in poorer body condition pre-lambing were more than
three times more likely to fall into a critically low body condition if left untreated.
The second experiment (Chapter 4) further examined the use of BCS as a selection
indictor for refugia-based TST nematode control and aimed to establish whether sheep flock
production losses due to nematode infections were typically greater in mature sheep selected for
anthelmintic treatment at random compared to sheep selected for treatment based on low BCS.
The study also examined the proportion of sheep in flocks that could be left untreated before
production losses became evident. At no point were there differences in cumulative liveweight
change or body condition between selection methods (BCS versus random) where the same
proportion of sheep were left untreated, suggesting that effort committed to individual BCS
assessment would be of no benefit under these circumstances except for identifying low body
condition sheep at risk of falling below critical limits associated with health or welfare risks.
The third experiment (Chapter 5) utilised computer simulation modelling to investigate
the impact of different refugia scenarios on the development of anthelmintic resistance and
nematode control effectiveness in different environment and management scenarios. The results
confirmed that leaving a proportion of sheep in a flock untreated was effective in delaying the
development of anthelmintic resistance, with as low as 10% of a flock untreated sufficient to
significantly delay resistance. Administering anthelmintics in autumn rather than summer was
also effective in delaying the development of anthelmintic resistance in a lower rainfall
environment where all sheep were treated. The use of anthelmintics with higher efficacy also
delayed the development of resistance. In conclusion, leaving a small proportion of ewes
untreated, or changing the time of treatment, can delay the onset of anthelmintic resistance in a
highly selective environment.
For adoption purposes, an investigation (Chapter 6) was conducted to assess the factors
affecting the uptake of novel refugia-based TST strategies by sheep farmers (producers) in
Western Australia. The awareness of the TST approach was greatest where sheep producers
vi

were concerned about anthelmintic resistance, where tools such as worm egg counts and faecal
worm egg count reduction tests were employed, and where professional advisers were consulted
regarding nematode control. Respondents that sought advice chiefly from rural merchandise
retailers were considerably less likely to be aware of these management tools or to be aware of
TST approaches. The findings indicated that the adoption of TST strategies will require greater
use of professional advisers for nematode control advice by sheep producers, and that advisers
are conversant with TST concepts.
In conclusion, the general hypothesis was shown to be applicable, that a body condition
score-based TST control program can be practical to implement and will delay anthelmintic
resistance in adult Merino sheep in a Mediterranean environment.
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Chapter 1 - Literature Review

1. Literature Review
1.1

Introduction
The sheep industry is a significant contributor to the Australian economy, supplying

domestic markets and exporting wool, live sheep and sheep meat across the world. However,
internal parasites are a major factor limiting sheep production in Australia, and are considered
the most important health problem of sheep due to lost productivity, sheep mortalities and the
associated costs of control (Barger, 1982; Donald and Waller, 1982; McLeod, 1995; Sackett et
al., 2006; Lane et al., 2015). In recent decades, the economic viability of the Australian sheep
industry has become increasingly compromised as current control practices of gastrointestinal
nematodes rely heavily on chemical (anthelmintic) treatments, and the continuing development
of anthelmintic resistance by parasites has reduced their effectiveness (Besier and Love, 2003;
Pech et al., 2009; Playford et al., 2014). It is therefore important that the sheep industry adopts
strategies that minimise the reliance on chemical control, as present anthelmintic use practices
are not likely to be sustainable in the long term. The development of sustainable parasite control
programs appropriate to individual properties depends on an understanding of parasite biology
in relation to the local environment, and the principles underlying the development of
anthelmintic resistance as well as the available control options, both chemical and non-chemical
(Barger, 1997; Waller, 1999; Jackson and Miller, 2006; Kenyon and Jackson, 2012).

1.2

Internal parasites of sheep
Parasites are organisms that are metabolically and physiologically dependent on other

organisms (“hosts”) for survival and development (Elsheikha and Khan, 2011). Sheep (Ovis
aries) are commonly hosts for trichostrongylid nematodes, especially for pastorally reared
livestock (Urquhart et al., 1987; Elsheikha and Khan, 2011). Trichostrongylid nematode
infections cause reduced food intake, poor nutrient utilisation and the redistribution of protein
for tissue repair, leading to reduced liveweight gain and wool growth, and occasionally deaths
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(especially due to direct effects such as blood feeding) in both young and adult sheep (Coop and
Holmes, 1996; Sykes and Coop, 2001; Sutherland and Scott, 2010).

1.2.1 Costs of internal parasites
Internal parasites in ruminants have a substantial negative impact on farm profitability,
of major socio-economic importance (Perry et al., 2002). In Australia, internal parasites are
estimated to cost the industry $436 million annually (Lane et al., 2015), with most of the costs
(87%) due to production loss, and others associated with preventative or remedial treatment
(Sackett et al., 2006; Lane et al., 2015). (The physiological effects on sheep productivity are
discussed in Chapter 1.8.)
Recent economic assessments of the costs of internal parasites on the Australian sheep
industry conducted by Sackett et al. (2006) and Lane et al. (2015) estimated costs based on the
sheep population, relative value of meat and wool, and the costs of treatment at the time of
publication. Sackett et al. (2006) indicated that the sectors of the Australian sheep industry with
the greatest economic loss were Merino flocks in the winter-dominant high rainfall zone,
followed by the prime lamb sector, and then Merino flocks in the sheep cereal zone. Although
changes in distribution and population of sheep in Australia and the relative value of sheep meat
and wool production and costs and range of treatments have occurred since that study, Lane et
al. (2015) also concluded that Merino enterprises in the high rainfall zones (>450mm/annum)
had the greatest economic costs of internal parasites in sheep.

1.3

Nematode species important to the
Australian sheep industry
Sheep nematode infections in Australia are usually comprised of a mixture of species,

with the dominant species varying according to climatic zone. The principal nematodes
infecting sheep in Australia are Teladorsagia circumcincta, Trichostrongylus spp. and
Haemonchus contortus (Rothwell et al., 2014). Other less economically important nematodes of
sheep are Nematodirus spp., Oesophagostomum spp., Chabertia spp. and Cooperia spp.
2
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(Levine, 1980; Rothwell et al., 2014). (See Chapters 1.5 and 1.8 for details of the life cycle and
effects on the host, respectively.) Teladorsagia circumcincta and Trichostrongylus spp. are the
dominant parasites in winter and uniform rainfall areas, with their main survival advantage
being a greater resistance to desiccation and the ability to develop at lower temperatures than H.
contortus (Levine, 1980; O’Connor et al., 2006).

1.3.1 Teladorsagia circumcincta
Teladorsagia circumcincta is commonly referred to as the “brown stomach worm” and
until recently was considered to be within the genus Ostertagia (Grillo et al., 2007). Unlike
other major species infecting sheep, the fourth stage larvae inhabit the glands of the abomasum
causing nodule formation in the abomasal mucosa and damage to parietal cells, before returning
to the lumen as adults (Sommerville, 1953; Soulsby, 1965; Urquhart et al., 1987). Females of
this species have an average egg production of 100-200 eggs per female per day (Roeber et al.,
2013). Moderate or subclinical infections cause poor weight gain, ill-thrift, and reduced wool
production. Diarrhoea is often associated with significant heavy infections of T. circumcincta,
and deaths occasionally occur in lambs, but are less common in adults (Zajac, 2006; Taylor et
al., 2007).

1.3.2 Trichostrongylus spp.
Trichostrongylus spp. are small nematodes, often referred to as “black scour worms”,
contributing to ill-health in sheep in the warmer parts of temperate regions. Trichostrongylus
spp. are the most pathogenic and widely distributed of the major “scour” nematodes, and are of
most economic importance with respect to disease and sub-clinical production loss in southern
regions of Australia (Southcott et al., 1976; Anderson et al., 1978; Brunsdon, 1980). Both the
intestinal species T. colubriformis and T. vitrinus occur commonly throughout major sheep
producing regions of Australia, with T. rugatus found in drier environments and the abomasal
species T. axei less-commonly but relatively uniformly distributed (De Chaneet and Dunsmore,
1988).
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Development of larval stages of intestinal Trichostrongylus spp. in the epithelium result
in thickening of the lamina propria, oedema and inflammatory infiltration and severe villous
atrophy with flattening of the mucosa and irregular masses may occur (Cole, 1986). Migration
of young adults may cause damage to the duodenal mucosa associated with signs of generalised
enteritis, including haemorrhage, oedema and plasma protein loss into the intestinal lumen
(Barker, 1975; Barker and Titchen, 1982). Trichostrongylus axei is the smallest of the common
abomasal nematodes and is easily overlooked during post-mortem examinations (Sutherland
and Scott, 2010).
Infections with Trichostrongylus spp. are often difficult to distinguish from malnutrition
when infection intensity is low, high intensity infection can cause protracted watery diarrhoea
that stains the breech. Trichostrongylus spp. mainly exert their pathogenic effects in lambs and
weaners but have also been reported to cause depression of wool growth in older sheep (Levine,
1980; Taylor et al., 2007).

1.3.3 Haemonchus contortus
Haemonchus contortus is the largest of the common abomasal parasites in Australia.
The adult nematodes, and to a lesser degree the L4s, feed on blood, making them the most
pathogenic nematode of small ruminants (Baker et al., 1959; Levine, 1980; Urquhart, 1996), as
well as the most prolific trichostrongylid nematode, with individual females capable of
producing thousands of eggs per day (Levine, 1980). Haemonchus contortus is a major problem
in the summer rainfall regions of Australia as it thrives in warm, moist conditions (O’Connor et
al., 2006). Typical signs of H. contortus infection are related to blood loss and anaemia, and can
therefore commonly cause mortalities on a significant scale (Levine, 1980; Kassai, 1999; Taylor
et al., 2007). Acute disease is dependent on the intensity of infection and is associated with
signs of, anaemia, dark-coloured faeces, subcutaneous oedema, weakness, reduced production
of wool and muscle mass, and often sudden deaths. Unlike many other nematodes H. contortus
is not a primary cause of diarrhoea.
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1.4

Nematode species with less economic
impact on the Australian sheep industry
Nematodirus spp. are most commonly present as part of mixed nematode burdens.

Nematodirus spathiger commonly infects young Australian sheep, but is generally relatively
less-pathogenic than the generally less-prevalent N. fillicolis (Rothwell et al., 2014).
Nematodirus spp. produces very large eggs (approximately 150 um) that can survive when
external conditions (especially cold winters) are adverse for other species, and as the infective
larvae develops inside the thick-walled eggs, these are also relatively environmentally-resistant
(Cole, 1986; Taylor et al., 2007; Sutherland and Scott, 2010; Rothwell et al., 2014).
Oesophagostomum spp. are common large intestinal nematodes present in all regions of
Australia, with O. venulosusm (“large bowel worm”) the most common species in southern
Australia. Oesophagostomum venulosusm is typically found in relatively low numbers and is
only mildly pathogenic, but O. columbianum, referred to as the “nodule worm” due to
inflammatory nodules that occur in the host intestine, is considerably more pathogenic although
it is now relatively rarely found. In general, Oesophagostomum spp. requires warmer conditions
and development is inhibited in cold winters (Coles, 1986; Sutherland and Scott, 2010).
Chabertia ovina is also a common parasite of the large intestine that is present in all
regions of Australia, especially in cooler areas (Coles, 1986). Adults take a plug of mucosa into
a bell shaped buccal capsule, causing punctiform haemorrhages and consequent protein loss
(Coles, 1986; Taylor et al., 2007). Chabertia ovina is considered to be relatively pathogenic, but
they seldom occur in large numbers, and are most common as part of mixed infections
(Sutherland and Scott, 2010).
Cooperia spp. are considered to be mild pathogenic parasites in sheep, and in Australia
are more abundant in dry land areas (Sutherland and Scott, 2010). Typical clinical signs are
those of gastroenteritis and include inappetence, diarrhoea and weight loss (Coles, 1986; Taylor
et al., 2007).
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1.5

Lifecycle of trichostrongylid nematodes
The lifecycle of the major parasitic trichostrongylid nematodes of small ruminants are

generally similar (Levine, 1963; Soulsby, 1965; Anderson et al., 1978; Brunsdon, 1980;
Urquhart et al., 1987; Taylor et al., 2007; Sutherland and Scott, 2010). Adult nematodes in the
gastrointestinal tract mate and females lay eggs containing the developing embryos, which pass
out in the sheep’s faeces. Eggs hatch and grow through a series of four moults (L1-L4).
Emerged L1 quickly commence moving and feeding within the faecal material. The L1
and L2 are both microbivorous, feeding on bacteria present in the faeces. The moults from L1 to
L2 and from L2 to L3 occur in the pre-parasitic phase of development. Moulting is a multi-stage
process that involves larva entering a period of inactivity after a period of feeding, followed by
emergence of the subsequent life-cycle stage (Lee, 2002; Sutherland and Scott, 2010). The L3
has a retained sheath that represents the cuticular layer shed in the transition from L2 to L3. The
sheath protects the L3 from environmental effects but also prevents it from feeding. This
represents a point of arrest in the life cycle where development cannot proceed until a host is
encountered. Until that time, the L3 is still active and begins to migrate from the faeces into the
external environment (Levine, 1963; Soulsby, 1965; Anderson et al., 1978; Brunsdon, 1980;
Urquhart et al., 1987; Taylor et al., 2007; Sutherland and Scott, 2010).
After ingestion by a suitable host, the L3 loses its sheath and enters a histotrophic or
lumenal phase as it passes through the stomach, prior to its transition to L4 and pre-adult stages
(Roeber et al., 2013). This transition is in response to changes in CO2 concentration,
temperature and pH in the gastrointestinal tract of the host before reaching their preferred site of
infection (Anderson et al., 1978). Shedding of the sheath occurs quite rapidly and the unsheathed larvae may start to appear in more distal parts of the gut within 24 hours of infection.
The larvae then undergo a further moult to complete their development to patent adults at their
site of preference in 15-21 days, for most common species. (Levine, 1963; Soulsby, 1965;
Anderson et al., 1978; Brunsdon, 1980; Urquhart et al., 1987; Taylor et al., 2007; Sutherland
and Scott, 2010).
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1.6

Development and persistence of
nematodes
The infective potential of pasture relates chiefly to the development and persistence of

the L3 (“infective larvae”) of parasitic nematodes. “Development” describes the proportion of
nematodes that develop from eggs to infective L3 (i.e. L1 through to L3), and the “development
rate” is the time taken to develop to L3. When conditions are favourable for nematode
development more infective L3 appear on pasture each day, ready to infect grazing hosts.
“Persistence” describes how long the infective L3 are able to survive on pasture, and when
prevailing conditions are favourable the L3 may be present on pasture for weeks or months,
waiting to be ingested by a host. The environmental conditions favourable for the development
and persistence of L3 vary between trichostrongylid species, hence determining their spacial
and temporal distribution.

1.7

Environmental factors impacting on freeliving development and persistence
Environmental factors have the predominant impact on the ability of nematode species

to develop and then survive for long periods on pasture. The availability and number of
infective larvae is a key factor affecting the pathogenic impact and effectiveness of control of
different nematode species of grazing stock. A wide range of climatic conditions must be
survived for the successful development of eggs and pre-infective stages into L3 in faeces.
Temperature and moisture have the greatest influence (Crofton and C.A.B. International, 1963;
Levine and Andersen, 1973; O’Connor et al., 2006). The period of time the L3 survive varies
depending on the micro- and macro-climate but in some situations the L3 can remain infective
in faeces and pasture for months (Morley and Donald, 1980). Preferred developmental
conditions of different nematode species vary and are reflected in their distribution and
abundance from season to season. Once development to the L3 stage is complete, larvae are
more resistant to the climatic conditions due to a retained protective sheath (Ellenby, 1969;
Waller and Donald, 1972; Vlassoff, 1982).
7
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1.7.1 Temperature
Trichostrongylid nematodes have high and low ranges of temperature tolerance that
varies between species. The lower temperature threshold strongly influences the geographical
and temporal distribution, however temperatures in faecal masses can become significantly
higher than ambient temperature, so the ability of a species to tolerate higher temperatures
becomes important (Familton and McAnulty, 1995; Vlassoff et al., 2001). Of the major genera,
the optimal temperature for development varies between species but is generally considered to
be around 25oC. Haemonchus contortus is the most warm-climate adapted, and can withstand
the higher temperatures (25-37 oC), T. circumcincta the lowest (16-30 oC), and other major
species in between. Higher temperatures increase metabolic activity, but also increase mortality
rates and reduce persistence due to depletion of energy reserves (Andersen et al., 1966; Todd et
al., 1976; Morgan and Van Dijk, 2012).
Cold temperatures (less than 10oC) dramatically slow down nematode metabolism and
can stop development altogether. Eggs and larvae of some species can remain viable for long
periods at very low temperatures, but survival will eventually be reduced. As for high
temperature effects, resistance to low temperatures varies substantially between nematode
species, reflecting the climatic conditions in the regions for which each species is best adapted.
Teladorsagia circumcincta can develop at lower temperatures than T. colubriformis, while both
can develop at lower temperatures than H. contortus (Andersen et al., 1966; Todd et al., 1976;
Leathwick et al., 1999). Teladorsagia spp. has demonstrated greater cold tolerance than T.
colubriformis and H. contortus under both laboratory and field conditions with differing levels
of cold resistance also within species between different stages of the free-living cycle (Levine,
1963; De Chaneet and Dunsmore, 1988). Short-term fluctuations in temperature are
significantly more harmful to the pre-infective stages than infective L3 (O’Connor et al., 2006).

1.7.2 Moisture
The presence of water is vital for nematode development, and also for migration as the
free living larvae move through the fluid of the faeces. Once the L3 stage has been reached,
8
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moisture on the surface of the pasture is essential for movement away from the faeces.
However, when dry periods occur and there is no moisture on pasture, larvae are able to survive
in the solid masses of faeces, provided that temperatures are not extreme (Ellenby, 1969; Todd
et al., 1970). Despite a large number of studies on the effect of different moisture levels on the
free-living stage, it is difficult to distinguish the specific effects of moisture-related factors on
the microclimate including rainfall, condensation, evaporation, air humidity, temperature, cloud
cover, wind, pasture and soil conditions and faecal moisture. However, faecal moisture content
chiefly drives the rate of success of the transition from egg to infective larvae (O’Connor et al.,
2006; Morgan and Van Dijk, 2012; Khadijah et al., 2013).

1.8

Effects of internal parasites on the host
Clinical signs of non-haematophagous trichostrongylid nematode infections range from

reduced liveweight gain and ill-thrift to diarrhoea and eventually death. Clinical and subclinical
intestinal parasitism has been associated with increased endogenous losses of protein in the
alimentary tract and increased cost of repair of damage caused by the nematodes. Effects of
mixed infection on growth rate with the abomasal and intestinal parasites appear to be
multiplicative rather than additive (Steel et al., 1982; Sykes et al., 1988), so considering
species-specific infection effects only may well underestimate the real costs of mixed infection
in the field (Sykes and Greer, 2003). Skeletal growth in young growing animals can be reduced,
inducing osteoporosis and osteomalacia (Coop et al., 1976; Coop et al., 1981). There is clear
evidence of a reduction in absorption and retention of phosphorus, increased endogenous loss of
calcium, and also evidence of reduced absorption of copper (Sykes, 1994; Sykes and Greer,
2003).
The impact of infection on sheep production is the result of both “direct” and “indirect”
effects of parasites and parasitism. Direct effects refer to the parasite’s metabolic requirements,
and the indirect effects of parasitism are caused from the presence of parasites and the
subsequent consequences of the host’s response to infection (Levine, 1980; Sutherland and
Scott, 2010). For non-haematophagous species, the effects of infection, rather than being the
9

Chapter 1 - Literature Review

result of physical damage to the gastrointestinal tissue alone, are at least partially the
consequence of activation of the host immune response (Sykes and Greer, 2003).

1.8.1 Direct effects of parasites
The best-known direct effect of ruminant nematodes is that of H. contortus, due to the
haematophagic activity and associated haemorrhaging (e.g. Boughton and Hardy, 1935; Levine,
1980; Sykes, 1994; Taylor et al., 2007). Non-haematophagous abomasal parasites (such as T.
circumcincta) compromise abomasal function causing changes in endocrine and enzyme
secretion, and an increase in pH of contents. Third-stage larvae penetrate abomasal glands and
grow rapidly (Urquhart, 1996; McNeilly et al., 2009). The direct damage caused by
trichostrongylid larvae (and the associated host inflammatory response) results in a proteinlosing gastroenteropathy which is then exacerbated by the effects of adult nematodes at the
mucosal surface (Barker, 1975; Barker and Titchen, 1982; Simpson, 2000).

1.8.2 Indirect effects of parasites
The gut inflammatory response to nematodes and reduction in food intake are the most
important indirect effects, seen especially in T. circumcincta and Trichostrongylus spp. (Sykes,
1994; Sutherland and Scott, 2010; Blackburn et al., 2013). These effects are observed as
decreased liveweight gain and are attributed to partitioning of nutrients towards the immune
response (Coop and Kyriazakis, 1999), and reduced feed conversion efficiency (Greer et al.,
2005a). Total inappetance can also occur in naive animals that are overwhelmed by massive
acute infection (Sykes, 1994). Investigations into the loss of productivity caused by reduced
feed intake have demonstrated that suppressing the immunological responses of young lambs
with corticosteroids alleviated the production losses associated with infections of T.
circumcincta (Greer et al., 2005b) and T. colubriformis (Greer et al., 2005a). It has also been
demonstrated that feed intake can be elevated in parasite-infected sheep by central
administration of a cholecystokinin receptor antagonist (Dynes et al., 1998).
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Diarrhoea and faecal breech soiling is an especially serious problem and occurs even on
properties where nematodes are effectively controlled. As well as the effects of gut damage due
directly to larval or adult nematodes, it can be associated with the ingestion of trichostrongylid
larvae and a subsequent hypersensitive inflammatory reaction (Larsen et al., 1999; Jacobson et
al., 2009a).
Trichostrongylid infection has been found to reduce growth rates of grazing meat breed
lambs in Australia with indirect effects attributable to the immunological response responsible
for 75% of the growth rate loss associated with T. colubriformis (Dever et al., 2016) and 39% of
the loss associated with T. vitrinus (Blackburn et al., 2015). However, it is possible to minimise
cost of the immune response by selecting for animals which exhibit strong resilience to
infection rather than resistance to infection (Blackburn et al., 2013).

1.9

Host immunity
Host protective immunity is a response to nematode infection, where sheep develop an

immunity to nematodes which is mostly dependent on exposure to infective larvae (Stear et al.,
1997; Balic et al., 2000; Dobson et al., 2011a; Williams, 2011). The point at which sheep
develop protective immunity varies between breeds according to the host and the parasite
species, and there is also significant variability in how individuals respond to different species
and stages of nematodes (Balic et al., 2000). Protective immunity relies on both innate and
adaptive immunity, however in young animals adaptive immunity has not fully developed,
leaving innate (non-adaptive) immunity as the initial barrier to limit nematode challenge (Kelly
and Coutts, 2000). The ability of nematodes to establish and develop is reduced as acquired
immunity in sheep develops, therefore the immune status of the host may exert a significant
effect on the ability of females to lay eggs and also for eggs to develop to L3 (Jorgensen et al.,
1998; Taylor et al., 2007; McNeilly et al., 2009).
The initial effect of a developing immunity against adult nematodes is a reduction in
adult female nematode length and fecundity, which is broadly correlated with a reduction in
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faecal egg output (Stear et al., 1995; 1997). In addition, the gender ratio of nematodes also
alters with the development of protective immunity, with the proportion of males gradually
increasing (Stear et al., 1995; 1997). This is likely to be due to increased female deaths as they
are likely to have a higher metabolic requirement and therefore higher intake of immune
components (Taylor et al., 2007; Elsheikha and Khan, 2011).
The expression of immunity can cause changes in the abomasal micro-environment that
affect nematodes by immune exclusion of incoming L3 and a reduction in the rate of
development (Balic et al., 2000). As noted earlier, a “hypersensitivity reaction” is proposed to
facilitate exclusion and/or expulsion of incoming L3 in previously infected, immune sheep. This
effect has been observed as early as two days after challenge with L3 in sheep rendered immune
by trickle infection (McNeilly et al., 2009). Ingested L3 may be stimulated to enter a state of
arrested development as L4 (most common in T. circumcincta and H. contortus), they may also
be rapidly expelled from animals which have developed protective immunity, or may be
displaced from their preferred site to a more distal (and less favourable) region of the
gastrointestinal tract (Williams, 2011). Local immunoglobulin A (IgA) levels may have an
effect on L3 establishment, as strong correlations have been observed between mean nematode
lengths in individual animals and peak IgA levels. IgA has also been identified as having effects
on adult nematode length and female fecundity (McNeilly et al., 2009).
The time scale for the development of immunity depends on the size and duration of
challenge the sheep are exposed to, host age, and nutritional status of the sheep. Once
developed, immunity is maintained indefinitely to most nematode genera (Barnes and Dobson,
1993; Coop et al., 1995; Van Houtert and Sykes, 1996; McClure et al., 2000). Immunity may
decline in the absence of active larval challenge, but is reinstated when infection resumes. There
is individual variation in immunity, as immunological function is influenced by genetics. The
rate of development of host immunity also varies with species of nematode. For example,
resistance to Nematodirus spp. is acquired within weeks, but that to Teladorsagia spp. and
Trichostrongylus spp. takes longer (Sykes, 1994). In field conditions lambs are usually between

12

Chapter 1 - Literature Review

8-12 months of age before an effective resistance to nematodes is apparent, as protective
immunity does not occur following primary infection but develops after trickle or continual
infection over a number of weeks. After the elimination of the major part of their nematode
burdens sheep tend to remain relatively resistant to re-infection (Vlassoff et al., 2001; McNeilly
et al., 2009; Dobson et al., 2011a). Coop and Kyriazakis (2001) concluded that in growing
lambs nutrients would first be prioritised to muscle and fat depositions, taking preference over
an effective immune response to parasites. However, in mature sheep it has been shown that the
phenotypic correlations between WEC and production traits become more favourable (Pollott et
al., 2004). This has important implications for parasite management in different production
systems, depending on whether the aim is to quickly grow lambs to a target weight for
slaughter, or to graze for several years (e.g. as a maternal flock and/or to grow wool) where the
benefits of strong immunity have an opportunity to be expressed and offset the initial cost of
acquisition of immunity (Greer, 2008).
Once sheep have acquired immunity, ongoing exposure to some level of larval
challenge is required to maintain the immune status. Sheep’s ability to maintain adequate
immunity can fail at times of nutritional stress or illness at any age. It also declines in breeding
ewes around the time of lambing (peri-parturient reduction of immunity) allowing a greater
proportion of the larvae ingested over the lambing period to establish and develop to maturity
(Brunsdon, 1971; Kahn et al., 1999; Beasley et al., 2012).

1.9.1 Peri-parturient reduction of immunity
During late pregnancy and early lactation ewes generally experience a rise in faecal
WEC and this is referred to as the peri-parturient rise (PPR). The immune capability of lactating
ewes is compromised by the stresses imposed by pregnancy and lambing, often made worse by
sub-optimal feed intake, resulting in the rise of WEC (Vlassoff et al., 2001; Kahn, 2003;
Beasley et al., 2010a; 2012). The decrease in resistance during PPR is assumed to have an
immunological basis, related to the re-distribution of scarce nutrients to reproductive functions
(e.g. milk production) rather than to immune functions (Coop and Kyriazakis, 1999; Sutherland
13
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and Scott, 2010). The lactating animal becomes susceptible again to the effects of infection as
well as a significant source of contamination of the environment for their naive lambs
(Brunsdon, 1971; Sykes, 1994). Beasley et al. (2010a) found that PPR was initiated during late
pregnancy, characterised by increasing WEC, and was preceded by a relaxation in systemic
immunity which was coupled with a breakdown in components of the local immune system.
The PPR persisted for the six week lactation period.
Factors that have been identified as controlling the magnitude of PPR include the
supply of metabolisable protein and host genotype (Beasley et al., 2010a). The supply of
metabolisable protein is often limited during the peri-parturient period, and the peri-parturient
host prioritises the scarce metabolisable protein to milk production rather than to expression of
immunity to parasites (Dunsmore, 1965; Barger, 1993; Donaldson et al., 1997; Kahn et al.,
1999; Walkden-Brown and Kahn, 2002; Houdijk et al., 2003; Houdijk, 2008; Sutherland and
Scott, 2010). In regards to host genotype, studies have shown ewes to rank similar in nematode
resistance as lambs and as adults during the PPR, with reports of a positive phenotypic
correlation between egg counts in lambs and in the same animals following their first parturition
(Woolaston, 1992). Despite these factors a consistent understanding of the underlying
physiology and aetiology that is expressed as the peri-parturient reduction of immunity and the
PPR is yet to be fully understood (Beasley et al., 2010a; 2010b; 2012).

1.10 Nematode control (non-chemical and
chemical control)
Due to pathogenic effects of trichostrongylid parasites, effective and sustainable control
programs are needed that include both non-chemical and chemical (anthelmintic-based)
elements (“integrated parasite control”) (Barger, 1997; Jackson and Miller, 2006; Krecek and
Waller, 2006; Torres-Acosta and Hoste, 2008).
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1.10.1 Pasture Management
In the intensive grazing systems common in major agricultural regions it is unavoidable
that livestock graze in the vicinity of faecal material from potentially infected animals. Grazing
management for nematode control aims to ensure that susceptible sheep do not ingest large
numbers of infective nematode larvae from pastures (Morley and Donald, 1980; Bailey et al.,
2009). The faecal output of ewes can be considerable and even a ewe with low faecal WEC can
contribute a high daily level of pasture contamination, making pasture management very
important (Familton, 1991). Lambs that are not treated provide a large source of nematode eggs
contributing to the larval population on pasture, and even lambs that are frequently treated
remain as a significant source of pasture contamination as they readily become re-infected
between treatments (Vlassoff, 1976; Leathwick et al., 1998). Strategies for managing pasture
contamination include pasture rotation strategies, grazing crop stubbles and mixed grazing
strategies with other livestock species (e.g. cattle or horses) that do not share the same parasites
as sheep (Southcott and Barger, 1975).
Systems of rotational grazing can be implemented to introduce animals onto pasture
after the bulk of infective larvae have reduced due to natural death. However, major differences
in survival rates exist between nematode species, and between temperate and tropical
conditions; and studies have shown that where H. contortus predominates, shorter pasture
rotation intervals are required in hot humid environments (Banks et al., 1990; Mahieu and
Aumont, 2009), against more temperate environments (Colvin et al., 2008). The strategy of
mixed host grazing can be effective as nematodes have preference for specific hosts, for
example infection of cattle with small ruminant nematodes is very low (and vice versa), and as
such grazing different species of livestock together can help reduce the infectivity of pasture for
each (Barger and Southcott, 1975; Southcott et al., 1976; Fernandes et al., 2004; Mahieu and
Aumont, 2009).
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1.10.2 Nutritional control
Nutritional manipulation can assist in the control of nematodes in sheep. Animals on a
lower plane of nutrition have been shown to have more severe consequences as a result of
gastrointestinal nematode burdens, with greater inappetence, reduced feed efficiency and
increased endogenous loss of protein (Coop and Holmes, 1996; Sykes and Greer, 2003),
resulting in reduced efficiency for growth, wool and milk production. The disturbances induced
in protein metabolism were also found to be more pronounced than those affecting energy
balance (Coop and Kyriazakis, 2001). Manipulation of host nutrition (distribution of a protein
supplement) can represent an option to improve the host response against nematodes (Van
Houtert et al., 1995; Steel, 2003; Knox et al., 2006; Kyriazakis and Houdijk, 2006), with a
positive relationship shown between a higher body condition score (BCS) and an enhanced
protective immunity to H. contortus (McArthur et al., 2013). Additional protein given to
females around parturition has been shown to alleviate some of the PPR and its epidemiological
consequences for the offspring (Houdijk et al., 2000; Donaldson et al., 2001; Kahn, 2003;
Valderrabano et al., 2006).

1.10.3 Biological control
The greatest proportion of parasite biomass is typically on pasture and not within the
animal host. It is in this free-living stage that the nematodes are vulnerable to a range of abiotic
(temperature and desiccation) and biotic (macro- and micro-organisms) factors that could
reduce their numbers. Micro-organisms such as micro-arthropods, protozoa, viruses, bacteria
and fungi have been suggested as potential biological control agents (Waller and Larsen, 1993;
Waller and Faedo, 1996). The purpose of using a biological control agent is to reduce the
number of infective L3 available to be picked up by the susceptible hosts. The reduction in
infective L3 on pasture will subsequently prevent the build-up of nematodes in the host (Larsen,
1999).
Naturally occurring mortality factors in the pasture environment including predation on
nematodes by mites and predacious nematodes, and earthworm and dung-beetle activity may
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reduce the number of free-living nematodes in faeces and surrounding soil. Through
manipulation of the environment it can be possible to increase the number of nematode
antagonists, and therefore reduce the survival of nematodes (Sayre and Walter, 1991; Sikora,
1992).
Biological control by means of predacious fungi seems to be a possibility as several
nematode-destroying fungus species have been found in fresh sheep faeces. Waller and Faedo
(1993) investigated 94 species of fungus that demonstrated nematophagous activity against freeliving nematodes but found only a few had efficient activity against the free-living stages of
parasitic nematodes in the sheep faeces. Duddingtonia flagrans has been shown to most
consistently reduce the number of infective trichostrongyle larvae in faeces from animals fed
fungal spores (Parnell and Gordon, 1963; Larsen et al., 1994; Hay et al., 1997; Padilha, 1998).
Biological control should not be used as a single alternative solution to anthelmintics, but in
integrated control strategies which can provide reliable and sustainable control of nematodes
(Larsen, 1999).

1.10.4 Genetic control - breeding for resistance
Host genetics play a role in the immune response expressed by sheep towards
trichostrongylid nematode infection, and is the basis for breeding sheep for resistance to
nematodes (Woolaston and Baker, 1996). “Resistance to nematodes” is defined as the ability of
a host to suppress the establishment and/or subsequent development of parasite infection. The
purpose of selecting sheep for resistance to nematodes is for the long-term and sustainable
solution to nematode resistance to anthelmintics (Bisset et al., 2001). Breeding sheep resistant
to nematodes can assist in managing anthelmintic resistance by reducing dependence on
anthelmintics, and evidence also suggests that the nematodes carried by resistant animals are
less fit, reducing contamination of pasture with nematode eggs (Bisset and Morris, 1996;
Woolaston and Baker, 1996).
Breeding for nematode resistance involves selecting sheep based on a trait that is
measureable, heritable and has variation between animals. A small number of animals in a flock
17

Chapter 1 - Literature Review

carry most of the nematodes and this variation is the basis of selection for nematode resistant
sheep (Raadsma et al., 1998). Many studies have shown that WEC in mature sheep is a good
indicator of nematode resistance and can be used as the selection trait for breeding sheep for
increased nematode resistance (Woolaston et al., 1991; Woolaston, 1995; Greeff and Karlsson,
2006). Worm egg count is a simple trait to measure and provides a direct measure of the amount
by which each animal is contaminating pasture with nematode eggs (Woolaston and Baker,
1996). Under Australian conditions, good selection response has been achieved against the
major parasite species by selecting for low WEC (Karlsson and Greeff, 2012).
For the inclusion of nematode resistance into a breeding objective it is important to have
a clear understanding of the genetic and phenotypic relationships between nematode resistance
and the production traits. Greeff and Karlsson (1998) found very few phenotypic and genetic
correlations exist between WEC and production traits, the significant favourable correlations
they did identify were with staple strength, fat depth and eye muscle depth. Greeff and Karlsson
(2006) concluded that breeding for nematode resistance is feasible while also improving
production traits. However, a review by Greer (2008) showed that favourable relationships
between WEC and productivity traits have not always been observed, with both positive and
negative genetic correlations between WEC and production traits (e.g. liveweight and wool
weight) being published. For example, studies in New Zealand have indicated a slightly
unfavourable genetic correlation between resistance and growth rate under challenge in lambs,
also with lower yearling and ewe fleece weights (Shaw et al., 1999; Morris et al., 2000; Bisset
et al., 2001; Morris et al., 2005).
Sheep which better resist parasites due to their immunological competence may not
necessarily be able to overcome the effects from the immunological response that occurs when
parasites are present. Breeding for resistance in sheep appears to be linked to an increased
inflammatory reaction in the intestine; the obvious sign of this is greater breech soiling (Bisset
et al., 2001). Scouring is a significant cost to wool producers (farmers) and resistant animals can
develop diarrhoea in response to ingested nematode larvae (Woolaston and Baker, 1996; Larsen
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et al., 1999). Nematode resistance (based on selection for low WEC) and breech faecal soiling
(dag) are considered separate genetic traits, therefore both traits should be included in selection
indices to reduce the risk of inadvertently increasing predisposition to dag when selecting for
low WEC. Production may also be compromised by the physiological load of maintaining
enhanced disease resistance characteristics (Woolaston and Baker, 1996) and genetic selection
programs designed to enhance the host immune response may impair the nutrient economy of
the host (Sykes and Greer, 2003).
A benefit of ewes that are bred specifically for nematode resistance is that they have
lower WEC during the PPR period compared to non-resistant ewes and can reduce re-infection
of the ewes and infection of lambs (Greeff and Karlsson, 2006). This was supported by
Williams et al. (2009), who suggested that pastures grazed by resistant ewes would have lower
numbers of infective L3 than pastures grazed by non-selected ewes, and that resistant sheep are
most effective at reducing pasture contamination.

1.10.5 Genetic control - breeding for resilience
“Resilience to nematodes” can be defined as the ability of a host to withstand the
pathogenic effects of parasite challenge and/or infection and maintain acceptable health and
productivity with reduced requirement for anthelmintic treatment (Bisset et al., 2001). A major
driver of research into resilience was the observation that “resistance to infection” did not
equate to “resistance to disease” (Bisset et al., 1996). Sheep that better resist nematodes due to
their immunological competence may not necessarily be able to overcome the
pathophysiological effects of the immunological response, resulting in sheep selected for
stronger resistance having greater indirect costs associated with the challenge (Bisset and
Morris, 1996; Colditz, 2008; Greer, 2008).
Breeding for resilience can be as simple as allowing the disease to take its course then
selecting animals that perform well under those conditions, taking into account production
criteria such as body condition, body weight, lambing efficiency and wool production
(Woolaston and Baker, 1996; Torres-Acosta and Hoste, 2008). The heritability of resilience,
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however, is lower than that for resistance. In New Zealand, Bisset and Morris (1996) found that
progeny of rams selected for resilience to nematode challenge were capable of maintaining
higher growth rates and had a lower tendency to develop severely soiled breeches with limited
anthelmintic treatment, while adverse correlations have been recorded between nematode
resistance and production traits (Wheeler et al., 2008).
Bisset et al. (2001) found that male progeny of sires selected for resilience showed no
significant correlations with parasite resistance (based on WEC) and that selective breeding for
increased resilience resulted in little or no genetic change in WEC. Therefore, breeding for
resilience would unlikely result in any benefits associated with reduced environmental
contamination with trichostrongylid eggs. Although it may be initially most profitable to breed
for reduced production losses due to infection (resilience) in some situations, it appears that
provided production performance traits are included in a selection index, it is feasible to
increase host resistance to nematodes with minimal impact on productivity (Kelly et al., 2013).

1.11 Anthelmintic control
An anthelmintic is a chemical used to kill parasitic nematodes, by removing existing
nematode burdens or preventing the establishment of ingested L3 (Lanusse and Prichard, 1993;
Sangster and Gill, 1999). Modern broad spectrum anthelmintics are typically effective against a
range of nematode species and parasitic stages, although narrow spectrum compounds targeting
a small number of species are also available. Most anthelmintic products are administered as
oral liquids (“drenches”) and have a relatively short-acting effect, although long-acting
formulations and a variety of administration formats are also produced. Different anthelmintic
classes (groups) are defined by their unique modes of action against parasites, and most groups
contain several related actives which are marketed as different products but typically show
cross-resistance between them.
Since the release of the first broad spectrum anthelmintic in 1961 (thiabendazole), new
groups of highly effective and safe anthelmintics had been introduced to the marketplace at the
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rate of about one per decade, up until the 1980s (Brown et al., 1961; Lanusse and Prichard,
1993). Until recently, the broad spectrum groups available in Australia included benzimidazoles
(BZs), imidazothiazoles (such as levamisole, LV), the macrocyclic lactones (MLs), and
organophosphates (such as naphthalophos) (Besier and Love, 2003). New anthelmintics include
amino acetonitrile derivative (AAD) group released in 2009 (Kaminsky et al., 2008) and
derquantel (Little et al., 2010). Combination anthelmintic products that include active
ingredients from more than one group are widely used, both to enhance the treatment efficacy
and to reduce the rate of development of anthelmintic resistance (Leathwick et al., 2009;
Bartram et al., 2012).

1.12 Anthelmintic resistance
Drug resistance, including anthelmintic resistance, develops by a number of
mechanisms, including: a change in the molecular target so that the drug no longer recognises
the target and is ineffective; a change in the metabolism that inactivates the drug or prevents its
activation; a change in the distribution of the drug in the target that prevents the drug from
accessing its site of action; or amplification of target genes to overcome drug action
(Wolstenholme et al., 2004). Anthelmintic resistance is a genetically determined decline in the
efficacy of an anthelmintic in a population of nematodes that enables them to survive drug
treatments that are generally effective against the same species and stage of infection at the
same dose rate (Sangster et al., 2006; Prichard, 2008; Kaplan, 2010). The convention in
Australia follows the World Association for the Advancement of Veterinary Parasitology
(WAAVP) Guidelines, and is confirmed when an anthelmintic fails to remove at least 95% of a
particular parasite (Prichard et al., 1980; Coles et al., 1992) and has a lower confidence limit of
<90% (Coles et al., 1992), if only one condition is met then resistance is suspected but not
confirmed.
Changes in the population are the direct result of selection for genotypes within parasite
populations able to withstand drug treatments. Since new mutations are not required (i.e. preexisting resistance alleles are present in the population), selection for resistance is most
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accurately viewed on a population basis as the loss of susceptibility, rather than the gain of
resistance (Kaplan, 2010). Many parasitic nematodes have biologic and genetic characteristics
that favour the development of anthelmintic resistance. Short lifecycles, high reproductive rates,
and extremely large effective population sizes combine to give many parasitic populations an
exceptionally high level of genetic diversity (Blouin et al., 1995; Blouin, 1998; Jackson and
Coop, 2000; Kaplan, 2004; Kaplan, 2010).
The failure of anthelmintic treatments to remove nematodes is considered the greatest
threat to efficient sheep nematode control in Australia (Besier and Love, 2003; Playford et al.,
2014). With only a small number of anthelmintic groups available, and little prospect of new
groups being readily introduced to the market in the short term, the widespread and increasing
prevalence of resistance is a serious risk to the sheep industry. A major effect of anthelmintic
resistance at present is to compromise the efficiency of strategic control programs (Leathwick
and Besier, 2014). When even small numbers of nematodes survive strategic treatments, there
may be sufficient pasture contamination with nematode larvae to lead to significant nematode
burdens later in the year.
Resistance to the first modern anthelmintic (thiabendazole) by H. contortus was first
reported in 1964, only a few years after its introduction. Thiabendazole resistance was then soon
reported in T. circumcincta and T. colubriformis, and multiple-species resistance to
benzimidazole anthelmintics was common by mid-1970s (Prichard et al., 1980). This pattern
was repeated in the 1970s and 1980s following the introduction of newer classes of
anthelmintics (Kaplan, 2010), with ivermectin resistance reported less than four years after the
drug was introduced in H. contortus (Carmichael et al., 1987) and Teladorsagia (Swan et al.,
1994). History suggests that anthelmintic resistance will eventually occur to any active group.
Total anthelmintic failure of any treatment is seen as a real possibility in some situations (Van
Wyk et al., 2006) and the current trend is toward declining investment in research and
development of new anthelmintics (Kaplan, 2010). Therefore there is a need to develop and
implement recommendations that minimise the selective advantage for resistant nematodes to
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the existing anthelmintic groups, as well as those to which resistance has not yet been recorded
(Barnes et al., 1995; Sangster and Gill, 1999; Leathwick et al., 2009).

1.12.1 Costs of anthelmintic resistance
Anthelmintic resistance presents serious constraints to sheep production affecting the
optimum flock structure, stocking rate and level of parasite control required. The effects of
anthelmintic resistance on nematode control are an immediate lack of effect which leads to
continued parasitism, production losses and potential deaths, all of which reduce producer
income. The production costs of using an anthelmintic that is not achieving the expected levels
of efficacy due to anthelmintic resistance include a reduction in liveweight gain, reduced wool
growth and an increase in scouring (Besier, 1996; Leathwick et al., 2008; Sutherland et al.,
2010; Miller et al., 2012). Sutherland et al. (2010) has demonstrated the economic value of
using a fully effective anthelmintic.
Despite emerging anthelmintic resistance, anthelmintic treatments remain an essential
tool for controlling parasites. Although many producers are most concerned with the short-term
economic and production consequences related to parasite control, it is important that attention
is also given to the sustainability of anthelmintic treatments and delaying anthelmintic
resistance (Waller, 1999; Cabaret et al., 2009; Cringoli et al., 2009; Jackson et al., 2009). The
most effective long-term strategies may seek to minimise the impact of parasites on sheep, but a
small degree of production loss may be an acceptable trade-off in preference to the further
development of resistance (Besier and Love, 2003).

1.12.2 Anthelmintic resistance in Australia
The BZs (“white” drenches, such as thiabendazole and albendazole) and
imidazothiazoles (“clear” drenches such as levamisole) were introduced between 1961 and 1968
and resistance is now widespread throughout Australia, and affects all major genera (Besier and
Love, 2003). These drugs now have little relevance, except in combination treatments, although
levamisole is still active against H. contortus in most regions (Playford et al., 2014). The
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macrocyclic lactones (MLs) were released in Australia in 1988, and include the avermectins
(ivermectin and abamectin) and a single milbemycin (moxidectin). The avermectins are short
acting (no persistent effect against ingested infective larvae), although moxidectin shows some
persistence, especially against H. contortus and T. circumcincta (Kerboeuf et al., 1995).
Resistance was first detected to ivermectin in the early 1990s (Le Jambre, 1993; Swan et al.,
1994), and the prevalence and severity of resistance to all MLs has increased in recent years
(Playford et al., 2014). Resistance to the relatively new AAD group (monepantel; Kaminsky et
al., 2008) in H. contortus, T.circumcincta and Trichostrongylus spp. has been reported on a
small number of sheep and goat properties in a number of countries (Bartley et al., 2015),
including in Australia (Bailey, 2015). Derquantel is the latest anthelmintic group to be released
(as “Startect®”, in combination with abamectin; Little et al., 2010).

1.12.3 Selection for anthelmintic resistance
Many factors other than the genetics of the nematodes are involved in the process of
anthelmintic resistance selection. The development of anthelmintic resistance has been
attributed to numerous factors, including the frequency of treatment, under-dosing, persistent
anthelmintics and treating at highly-selective times of the year (reviews with reference to the
Australian situation include: Prichard et al., 1980; Sangster and Dobson, 2002; Besier and Love,
2003; Leathwick and Besier, 2014).
A significant factor leading to the rapid and widespread development of anthelmintic
resistance in important nematodes of livestock is the routine practice of treating all animals in
the flock at one time. The infective stages shed into the environment for a prolonged period
subsequent to a whole flock treatment are almost entirely those from nematodes that survived
the treatment (Blouin et al., 1995; Blouin, 1998; Jackson and Coop, 2000; Kaplan, 2004; 2010).
Selection will be rigorous if the treatment is given at a time when, or in circumstances in which
most of the nematodes on the farm are in the treated hosts (Van Wyk, 2001). The potential for
developing resistance management practices based on a departure from whole-flock treatment is
the main basis of these thesis studies (see Chapter 1.13).
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Almost all methods for reducing selection for anthelmintic resistance have emphasised
alternation of anthelmintics (Prichard et al., 1980; Waller et al., 1989; Coles and Roush, 1992;
Barnes et al., 1995). It has been widely accepted that annual rotation of anthelmintics will select
less intensively for resistance than when they are alternated within a given nematode generation.
However, results of computer modelling indicate that little difference in development of
anthelmintic resistance exists between the use of two anthelmintics until each is no longer
adequate, or their annual rotation until neither is useful (Barnes et al., 1995). The issue with
using an anthelmintic until resistance occurs is that once the resistant allele is fixed at a
relatively high level in the nematode population, it is unlikely it could ever be effectively reintroduced (Smith, 1998; Dobson et al., 2012).

1.12.3.1 Under-dosing with anthelmintics
Under-dosing is the use of less than the therapeutic dosage level recommended by
manufacturers, and has been considered a common causal factor since anthelmintic resistance
was first recognised (Prichard, 1990; Waller et al., 1995). Investigations in WA indicated that
producers commonly under-estimated sheep weights, and therefore gave inadequate dose of
anthelmintic (Besier and Hopkins, 1988). However, following advisory campaigns, it is now
general practice in Australia to dose to the heaviest animals in the group, and under-dosing is
now considered a less significant issue for development of anthelmintic resistance (Lawrence et
al., 2007; Leathwick and Besier, 2014).

1.12.3.2 Frequency of treatment
In H. contortus-dominant regions areas where parasitism is severe and non-chemical
control options are not feasible, frequent anthelmintic treatment may be necessary.
Unfortunately, dependence on frequent treatments can be highly selective for anthelmintic
resistance which has occurred to all of the older anthelmintic classes in some regions of
Australia (Besier and Love, 2003; Playford et al., 2014) and similarly in New Zealand
(Lawrence et al., 2007). However, frequent treatment does not always result in high selection
for resistance. For example, if frequent treatments are limited to particular groups of animals
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(such as young sheep) or a significant proportion of nematodes are free living on the pasture,
then there is less risk of selection for resistance (Leathwick and Besier, 2014). Therefore while
treatment frequency is an important factor in anthelmintic resistance development, it is most
likely that a combination of treatment frequency and the circumstances in which a treatment is
given (such as proportion of given nematode strains present in the environment) that determine
the degree of selection for resistance (Van Wyk, 2001).

1.12.3.3 Use of long acting formulations
The use of long-acting anthelmintics has been identified as a potentially high-risk
practice for selection of anthelmintic resistance in nematode populations (Dobson et al., 1996;
Le Jambre et al., 1999; Leathwick et al., 2009). Long-acting anthelmintic formulations include
slow release capsules, sustained activity oral and injectable products which have prolonged
periods of nematode suppression, preventing the establishment of nematode larvae ingested by
animals. These products can favour the survival of resistant nematodes as active concentrations
decline over time (Le Jambre, 1982; Barger et al., 1993). At times of continual larval challenge,
despite the ability of long-acting formulations to provide significant nematode control, it is
recommended to avoid the use of persistent anthelmintics when there are other sustainable and
effective products/practices available to use (Dobson et al., 2001).

1.12.3.4 Treatment on low-contamination pastures
Anthelmintic treatment at times when there are minimal nematodes on pasture is
connected with intensive selection for anthelmintic resistance (Van Wyk, 2001). This is due to
the slow rate of reinfection post-treatment with surviving nematodes not being diluted by new
infections (Martin, 1989; Waghorn et al., 2009). The ‘summer drenching’ strategy that was
recommended in WA is one such practice that was highly selective for anthelmintic resistance
(Woodgate and Besier, 2010). Another practice associated with high selection for anthelmintic
resistance is the ‘drench and move’ strategy that was commonly recommended to reduce the
rate of re-infection in sheep by moving them to pastures with low nematode burdens
immediately after treatment. This strategy was adopted widely by producers, with no thought
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given to the possibility that it could strongly select for resistance to the anthelmintics (Van
Wyk, 2001; Woodgate and Besier, 2010).

1.13 Refugia-based resistance management
The management of anthelmintic resistance revolves chiefly around the mitigation of
high risk management practices (Chapter 1.12.3), as well as ensuring optimal anthelmintic
efficacy through resistance testing, monitoring of faecal WEC, the use of non-chemical methods
where appropriate, and action to prevent the introduction of resistant nematodes. The
recognition that sustainable anthelmintic use requires that resistant nematodes remain in low
proportion has led to the general recommendation that control programs ensure treatments are
not given in situations that favour their survival, or that specific measures are planned to reduce
their impact on a whole-farm basis.

1.13.1 The refugia concept
“Refugia” is the term used to define the proportion of the parasite population that is not
exposed to a particular anthelmintic, thus escaping selection for resistance. In the case of
nematodes, refugia is comprised of all larval stages in the environment at the time of treatment
and all nematodes in hosts that are left untreated with anthelmintic (Van Wyk, 2001; Kenyon et
al., 2009; Leathwick et al., 2009; Kaplan, 2010; Besier, 2012). Typically, refugia comprises
mostly of the portion of the population that is free living on pasture. Nematodes in refugia
provide a pool of more susceptible genes which can dilute the frequency of resistant alleles and
reduce the relative contribution of resistant parasites to subsequent generations, and therefore
slow the development of resistance.
The key to maintaining adequate anthelmintic susceptibility of nematode populations is
to ensure that resistant nematodes remain at a low proportion of the overall population.
Maintaining a pool of more susceptible parasites is referred to as providing a “refuge” of more
susceptible individuals and the susceptible population comprises the “refugia”. Maintaining
pastures that are contaminated with L3 is not by itself sufficient to be considered as ensuring
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adequate refugia, as a significant proportion must be susceptible to the anthelmintic being used,
then be ingested by a suitable host, and establish and mate. A large proportion of the eggs
passed on to pasture will often not develop to infectious L3 or meet each of these criteria, and
therefore a large proportion of nematodes as eggs are not functionally in refugia (Van Wyk,
2001; Kenyon et al., 2009; Leathwick et al., 2009; Kaplan, 2010; Besier, 2012).
Van Wyk (2001) suggested that refugia should be considered above all else when
planning nematode management in domestic livestock and that small ruminant producers should
consider this as the basis for planning chemical nematode control and management.
Transforming refugia strategies from experimental concepts into nematode control strategies
appropriate and acceptable to producers represents a considerable challenge to parasitologists
and animal health advisors. The acceptability of the refugia concept for control programs will be
most effective when integrated with appropriate anthelmintic choice and non-chemical
management methods. Refugia-based strategies usually involve changes to either the timing
and/or frequency of treatments to all animals in a group, or the introduction of selective
treatment strategies with some animals left untreated (Jackson et al., 2009; Besier, 2012).

1.13.2 Whole-flock Targeted Treatments
A whole-flock targeted treatment approach involves treating only specific flocks on a
property, generally based on periodic WEC and treatment only when counts exceed a level
associated with parasitism. The aim of whole flock treatments is to remove damaging nematode
burdens and to reduce further pasture contamination with nematode larvae. Benefits arise both
from the reduction in treatment frequency, and also because some flocks remain untreated when
others on the same property are treated. This strategy is most relevant in environments where
sheep are exposed to continual nematode larval intake, and treatments to reduce pasture larval
contamination are repeated at variable intervals. A potential problem associated with whole
flock strategic treatment is that it does not provide populations in refugia unless treatments are
used at times when there are sufficient nematode populations on the pasture to reinfect sheep
and dilute resistant nematodes that survived treatment (Cringoli et al., 2009; Besier, 2012).
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1.13.3 Targeted Selective Treatment
‘Targeted selective treatment’ (TST) is the concept of targeting anthelmintic treatments
to those animals (hosts) that require it, rather than whole flock/farm treatments (Kenyon et al.,
2009). This represents an alternative to the usual practice of treating all animals in a group when
parasitism occurs, even though the vast majority of nematodes typically occur in only a small
percentage of hosts. It has been recognised that the over-dispersion of parasites could be put to
good use if those animals suffering from levels of parasitism sufficient to cause considerable
production loss or health effects can be identified and treated individually. Not only will costs
of anthelmintic (and possibly labour) be reduced, but the proportions of nematodes in refugia
will be greatly increased as the untreated animals will be shedding eggs from unselected
nematodes (Van Wyk et al., 2006; Stafford et al., 2009).
However, there are some potential disadvantages regarding the concept of TST
especially when applied in a commercial setting (Larsen, 2014). The major possible drawback is
the risk that some animals will be left with parasite burdens sufficient to cause sub-clinical or
even clinical disease, and hence production loss, as well as compromised welfare (Stafford et
al., 2009; Larsen, 2014). A key issue is the need for a convenient and accurate method for
identifying the animals which are unable to cope with nematode challenge (Van Wyk et al.,
2006). As a practical point, individually based TST could be time consuming in terms of the
observation, selection and treatment of unthrifty animals, and may not suit the work agenda on
some grazing properties (Cabaret et al., 2009).

1.13.4 TST indicators for Haemonchus contortus: The
FAMACHA system
The first TST system with the potential for wide application was developed for the
highly pathogenic nematode, H. contortus. “FAMACHA” is the name given to describe the
system for treating only the animals unable to cope with current H. contortus challenge by using
clinical anaemia as the treatment selection indicator. This is an acronym derived from the name
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of the developer of the concept, Dr Faffa Malan (FAffa MAlan CHArt) (Malan et al., 2001;
Van Wyk and Bath, 2002).
During the development of haemonchosis the colour of the sheep conjunctival
membranes changes from deep red (healthy sheep) through shades of pink to white as a result of
increasing anaemia. The colour change of the conjunctivae can be used to determine the severity
of haematophagous nematode infection in individual sheep, so that severely affected individuals
can be treated and healthy animals that do not require treatment may be left untreated (Van Wyk
and Bath, 2002; Bath and Van Wyk, 2009). Although anaemia is not specific to H. contortus,
and may be related to other parasites (such as liver fluke) or to non-parasitic causes, the comb of
epidemiological factors and FAMACHA findings are usually diagnostic for haemonchosis. A
major limitation of the FAMACHA eye membrane index is the intensive labour requirement,
which largely restricts its use to situations where labour is economically available, or sheep
profitability is high. A further disadvantage is that it is not applicable to non-haematophagous
parasitic infections, which generally precludes its use in more temperate regions where H.
contortus is rarely the dominant genus.

1.13.5 TST indicators for non-Haemonchus nematodes
For non-haematophagous nematodes the main issue is to choose efficient indicators for
detecting animals that will benefit from treatment. These can be based on direct parasitological
parameters (such as WEC) or the effects of parasites on production traits. The use of TST
usually requires some time investment for selecting the animals for treatment (Besier, 2012),
and the acceptance that a reduction in the number of treatments is necessary (Cabaret et al.,
2009). Indicators currently available to producers include weight gain, condition score and dag
score, although some of these indicators are not always efficient in all situations (Cabaret et al.,
2006; 2009).
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1.13.5.1 Body Weight
Liveweight gains are commonly reduced in animals infected with nematodes or subject
to larval challenge, and short interval weight change has been researched as an indicator for
TST (Van Wyk et al., 2006). Leathwick et al. (2006b) found that leaving the heaviest 10-15%
of lambs untreated showed no significant differences in mean flock liveweight gain and reduced
the development of resistance in T. circumcincta, and concluded that this could be a feasible
approach to TST in New Zealand. Weight gain has an advantage as a treatment selection index
in that it can be measured quickly and non-invasively, and is of interest to producers for reasons
other than parasite control, where routine monitoring through the grazing season is undertaken.
There is also the potential for the automation of individual animal inspection, with reductions in
time and labour requirements (Stafford et al., 2009; Richards et al., 2010). However there are
issues with using liveweight and weight change as they may not accurately reflect change or
difference in body protein and fat reserves, and the weight measurement does not differentiate
muscle and fat from weight of viscera, gastrointestinal content, wool and pregnancy (Van
Burgel et al., 2011).

1.13.5.2 Worm egg count
Studies in Greece and Italy evaluated WEC as a TST indicator and showed a reduction
in anthelmintic treatments (Cringoli et al., 2009; Gallidis et al., 2009). However, the use of
WEC as an indicator will almost always prove impractical in commercial-sized flocks due to
limitations of cost, time, and the labour effort needed to collect individual samples, as well as
laboratory fees (Gallidis et al., 2009; Stafford et al., 2009). Importantly, WEC is not necessarily
correlated with nematode burdens (can differ between species) or the ability to cope with a
nematode challenge (Van Wyk et al., 2006).

1.13.5.3 Faecal breech soiling & diarrhoea
A ‘diarrhoea score’ (DISCO) was developed to represent the state of the faeces at the
time of collection and can be a good indicator of actual nematode infection in a temperate
climate (Cabaret et al., 2006; Bentounsi et al., 2012). Diarrhoea score was evaluated as a TST
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indicator in Morocco and was shown to correlate closely with WEC and resulted in a reduction
in the number of anthelmintic treatments compared to conventional control program (Ouzir et
al., 2011). In contrast, other studies found low correlations between WEC and diarrhoea in adult
sheep (Larsen et al., 1999; Jacobson et al., 2009a; Williams, 2011) especially where parasite
related diarrhoea in adult sheep is associated with hypersensitive inflammatory responses to
nematode challenge in genetically susceptible individuals. In addition, the DISCO method
requires the monitoring of faeces from all animals in the flock, and the time and labour
requirements therefore preclude this as a practical indicator for larger scale producers (Cabaret
et al., 2006; Ouzir et al., 2011).

1.13.5.4 Milk production
Previous studies have demonstrated the practicality of using milk production as an
indicator for TST treatment in dairy sheep and goats, with high milk producing animals shown
to have higher WEC (Hoste et al., 2002b). In Italy, Cringoli et al. (2009) demonstrated that
using milk production as a TST indicator provided adequate control of nematodes with little or
no loss in productivity. As with other labour-intensive potential TST indicators, the use of this
index would depend on labour availability, except where individual milk production data is
routinely recorded.

1.13.5.5 Production efficiency
Researchers in Scotland have been able to identify lambs requiring treatment based on
their production efficiency, which utilises a calculation of nutrient utilisation efficiency with
non-parasitological factors such as feed availability to determine an estimate of a lamb’s
efficiency of grass energy utilisation (Greer et al., 2009). The model termed ‘Happy Factor’ was
able to determine the most suitable nutrient utilisation threshold for treatment and successfully
distinguish between animals that would or wouldn’t benefit from anthelmintic treatment (Greer
et al., 2009; Kenyon and Jackson, 2012; McBean et al., 2016). The use of this as an indicator
for TST on large commercial farms though is still not highly practical due to the labour
involved in weighing animals regularly.
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1.13.5.6 Body Condition Score
Body condition score is a measure that is accepted as an indicator of general condition
and body reserves (Van Burgel et al., 2011) and therefore may act as an indicator of resilience
to nematode infections. Studies by Besier et al. (2010) found selection of sheep for treatment
based on a threshold BCS took less time compared to other methods that required frequent
weighing, as sheep could be differentiated to a BCS category on visual appearance, or by
lumbar palpation. Body condition score as a selection criterion relies on the assumption that
sheep that are less resilient to parasitism will be in poor body condition or will exhibit a low
growth rate (Besier et al., 2010). Body condition score is widely utilised in Australia as an
indicator of whether ewes have the appropriate body reserves at different points in the annual
reproductive cycle (Curnow et al., 2011; Oldham et al., 2011; Thompson et al., 2011), and
many sheep producers are familiar with its application. The use of BCS for TST in an
environment where non-haematophagous species predominate is the subject of the present thesis
investigations.

1.14 Producer attitudes to the use of TST
Achieving the adoption of a new parasite control practice by sheep producers does not
occur quickly or without considerable communication effort. Sustainable nematode control
strategies are generally perceived by producers as relatively complex, and the simplicity of
recommendations has been identified as important for successful adoption (Besier and Love,
2012). The uptake of WEC and faecal worm egg count reduction tests (FWECRT) has proven to
be slow (although these are key components of sustainable nematode control strategies)
(Lawrence et al., 2007; Kahn and Woodgate, 2012; Morgan et al., 2012; Woodgate and Love,
2012). It appears that producers first consider the effectiveness, cost and ease of applying a
strategy before implementing a control option, with sustainability likely to be a lower priority.
Other important potential barriers to adoption are labour requirement and the perception of
greater risk of a nematode outbreak (Cringoli et al., 2009; Stafford et al., 2009; Dobson et al.,
2011a).
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The lack of available data on the costs of TST in the field may lead to a reluctance by
many producers to consider this approach, and therefore continue to follow unsustainable
practices. It is important to demonstrate whether TST strategies can offer both economic and
parasitological benefits and to identify factors that potentially limit their uptake.

1.15 Conclusion
Trichostrongylid nematodes are an important worldwide production constraint on sheep
production, and sustainable nematode management strategies are required to delay the onset of
anthelmintic resistance. There is a growing body of evidence suggesting that providing refugia
for nematodes of low resistance status is a key option for delaying resistance development.
Targeted selective treatment is a strategy that has been shown to effectively provide refugia, but
further research is needed to determine the most appropriate selection indicators to determine
which sheep need treatment and which can be left untreated without compromising flock
nematode control. Selection indices must be practical and simple to apply for wide adoption by
sheep producers.
The aims of this thesis are:


To determine whether and how BCS can be used as an effective indicator of the
resilience of sheep within a flock to ‘scour worm’ burdens, and as a practical,
effective and simple indicator for TST nematode management strategies in
Australia.



To determine the ideal proportion of a flock required to be left untreated to have an
effect on delaying anthelmintic resistance development without unacceptable losses
of production, health or welfare, in different environmental and sheep management
situations within a Mediterranean environment.



To investigate potential barriers to TST adoption and the factors likely to influence
the adoption of TST strategies by Australian sheep producers.
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The general hypothesis tested is that a BCS-based TST control program will be practical
to implement and will delay anthelmintic resistance in adult Merino sheep in a Mediterranean
environment, without significant production or sheep health consequences.
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2. Materials and Methods
2.1

Introduction
This thesis contains four chapters describing experiments investigating the application

of TST programs, specifically two on-farm experiments (Chapter 3 and 4), one experiment
modelling the effects of TST strategies on anthelmintic resistance and nematode control
(Chapter 5) and one investigation of producers’ nematode control practices and uptake of
sustainable nematode control strategies (Chapter 6). This general Materials and Methods chapter
expands and describes additional materials and methods for the experimental chapters including
farm and regional environmental data, information on sheep management practices, and indepth descriptions of the laboratory parasitology practices involved.

2.2

Methodologies for field experiments

2.2.1 Experimental sites
The field experiments were conducted in regions classified as experiencing a
Mediterranean-style climate. These are characterised by warm to hot, dry summers and mild to
cool, wet winters and located between about 30 and 45 degrees latitude north and south of the
equator, and generally on the western sides of the continents (Encyclopaedia Britannica, 2016).
The temperature and rainfall patterns of Mediterranean climates are well suited for the
development and persistence of Trichostrongylus spp. and T. circumcincta, the major species of
relevance in this thesis. In Chapter 1.7, “Environmental factors impacting on free-living
development and persistence”, the effects of temperature and moisture on the different
nematode species are described.
The materials and methods for experiment one are described in Chapter 3.2. Two sites
in Western Australia (WA) were included in this experiment: Farm A was located in the district
of Woodanilling (265 km south-east of Perth), and Farm B was located in the Kojonup district
(260 km south-east of Perth) (Figure 2.1a,b). Both sites were commercial farms with cereal
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crops, wool and sheep sales as the major sources of farm income, and sheep were run in
paddocks and grazing pasture.
For experiment two, the materials and methods is described in Chapter 4.2. The two
sites included in this experiment are Farm A in Woodanilling (as for experiment one), and Farm
B is a research station at Mount Barker (370 km south-east of Perth), where sheep were
managed under normal conditions for commercial meat/wool production (Figure 2.1a,b).
The predominant pasture system in these regions comprise annual pasture species
(chiefly subterranean clover and rye grass) and the extended dry periods over summer-autumn
result in typically zero pasture growth over this period. The climatic information for each
experimental site is shown in Table 2.1.
Table 2.1. Mean long term average climate data for field experiment locations
Climate data
Rainfall (mm/annum)
Minimum temperatures (oC)
Maximum temperatures (oC)
Growing season (months)
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Field Experiment 1
Woodanilling
Kojonup
460
530
9.5
9.3
22.5
21.4
5.5
5.5

Field Experiment 2
Woodanilling
Mount Barker
460
730
9.5
9.5
22.5
20.2
5.5
7.5
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Figure 2.1a. Map of field experiment locations in south-west WA, Australia.

Figure 2.1b. South-west WA (Figure 2.1a) in relation to Australia

2.2.2 Sample collection and measurements
2.2.2.1 Animal identification
All sheep were individually identified with ear tags. Radio frequency identification eartag devices with unique identification numbers were used to link animal identification with
faecal samples, body weights and body condition data.
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2.2.2.2 Body weight measurements
Sheep were weighed individually using a crate and electronic scales. TruTest XR3000
(Figure 2.2a,b) indicator and MP600 Loadbars (Figure 2.2b) (TruTest Pty Ltd, Victoria,
Australia) were used.

Figure 2.2a. Sheep crate and TruTest XR3000 indicator used in experiment one and two.

Figure 2.2b. TruTest XR3000 indicator and load bars.
Source: http://www.bordersoftware.com/farmit/Pages/trutest.asp
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2.2.2.3 Body condition score measurements
Body condition scoring is a simple and accurate method of estimating the condition or
nutritional well-being of sheep flocks (Van Burgel et al., 2011). Body condition score is a
quantitative assessment of the amount of muscle and fat covering the lumbar vertebrae
(“backbone”) and ribs of each sheep. Body condition score was measured with sheep standing
in a relaxed position in a race or sheep crate using a scale of one (very lean) to five (very fat)
(Figure 2.3) as described by Thompson and Meyer (1994). Half scores were used and a single
experienced operator did the assessments on all occasions.

Figure 2.3. A cross section of the short ribs (lumbar vertebrae) showing the muscle and fat cover
for each condition score (Curnow, 2015)
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2.2.2.4 Faecal samples
Individual faecal samples were collected directly from the rectum of the sheep by
trained operators. Samples were stored in labelled sealed specimen jars (70ml) and stored at 28oC until faecal WECs were performed.
For flock sampling (“monitoring”), samples were generally collected per rectum. Where
yards were not available, sheep were mustered into a corner of the paddock, confined quietly for
approximately five minutes and then allowed to disperse. Fresh individual faecal samples on the
ground were identified and collected using sealed specimen jars (70ml) or plastic bags, and
stored at 2-8oC until faecal WECs were performed.

2.3

2.3 Parasitology

2.3.1 Faecal worm egg counts
Faecal WEC were performed by Animal Health Laboratories, Department of
Agriculture (Albany, WA) using a modified McMaster technique based on the method
originally described by Whitlock (1948) and later in the Australian Standard Diagnostic
Techniques for Animal Disease Manual (Lyndal-Murphy, 1993).
The modified McMaster technique used involved weighing 2.0g ±0.15 g of faeces into
a plastic jar, and the faeces allowed to soak in 2-8 ml of water for one hour or overnight in the
fridge. The faecal sample was mashed using a glass pestle or syringe plunger before adding the
floatation solution (saturated sodium chloride solution with specific gravity 1.18 – 1.20) to
make the sample suspension up to 60 ml. The suspension was mixed and stirred vigorously with
a pipette and a sub-sample immediately pipetted from the centre of the suspension to a counting
chamber on a Whitlock Universal or Paracytometer Slide (JA Whitlock and Co, New South
Wales, Australia).
The eggs were counted using 40x or 100x magnification within 45 minutes of adding
the floatation solution. All visible eggs within the external marked boundaries of the chamber
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were counted except for eggs touching the crossing or underneath upper or lower horizontal
lines. Trichostrongylidae-type eggs (sometimes referred to as “strongylid” or “strongyle” eggs)
and Nematodirus eggs were counted separately.
Using the Whitlock paracytometer counting chamber, a volume of 0.6 ml was scanned,
with a multiplication factor of 50. The concentration of strongylid and Nematodirus eggs per
gram (epg) were calculated using the following calculation:

Number of eggs per gram of wet faeces =

(number of eggs counted
x total volume)
(volume of sample counted x weight of faeces)

Where faecal samples less than 2.0 g were used, the following calculation was used for
correction:

Adjusted multiplication factor =

Original multiplication factor*
weight of sample

x2

*

For example: 50 for Whitlock paracytometer)

2.3.2 Larval differentiation
The differentiation of larvae cultured from strongyle eggs was performed at the
parasitology laboratory of the Department of Agriculture and Food (Albany, Western Australia),
to indicate the proportion of eggs from each strongyle genus. The techniques used for faecal
culture and identification of nematode larvae were based on those described in Australian
Standard Diagnostic Techniques for Animal Disease Manual (Lyndal-Murphy, 1993). For
pooled (flock) samples, equal amounts (3-5 g) from each sample were placed in culture bottle to
make a 30 g sample and combined with 20 ml water before mixing with 5 g of medium grade
(number three) vermiculite to give a crumbly mixture. A lid was loosely placed on the bottle
and it was incubated at 25oC for seven days. After incubation, the culture was exposed to light
for one hour, then the culture bottle filled with water (30oC), inverted in a glass Petri dish and
the “moat” filled with water. The culture bottle was left inverted for 3-8 hours to allow larvae to
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collect in the moat. The liquid and larvae were then pipetted into a glass tube and allowed to
sediment out before carefully removing some of the supernatant with a pipette. Parasitological
iodine was added to kill the larvae which were then identified under a microscope. One hundred
larvae (or as many as seen if less than 100) were differentiated into genera and the results were
expressed as a percentage (%) for each genera.

2.4

Animal ethics approval
All research was approved by the Murdoch University Human Research Ethics

Committee, Murdoch University Animal Ethics Committee and the Department of Agriculture
and Food Western Australia Animal Experimentation Ethics Committee. Details of approvals
are described in Chapters 3, 4 and 6.

2.5

Risk Management Model for Nematodes
The Risk Management Model for Nematodes (RMMN) was used as a deterministic

model to compare treatment/management regimens, estimate changes in levels of parasitism and
selection for anthelmintic resistance. The model can also be used stochastically by allowing
model parameters to randomly take values between set limits, however, for this exercise the
parameters were fixed at their most likely values as per Dobson et al. (2011a; b). The model
estimates nematode populations from weather, flock management (including anthelmintic
treatment) and predicting the level of flock immunity. Host immunity in RMMN is gauged by
the ability of incoming infective larvae (L3) to establish as adult parasites (establishment rate).
In an immune host such as a healthy adult sheep 99% of L3 would be rejected (i.e. only 1% of
L3 establish), whereas 50%-99% of L3 are likely to establish in a susceptible host, such as
young lambs (Dobson et al., 1990a; b; c). Immunity is generated and maintained by continuous
exposure to L3 and/or an adult nematode burden. Immunity wanes in response to stress (for
example poor nutrition or lactation) and/or no exposure to L3 or adult nematode populations
over prolonged periods (Barnes and Dobson, 1993).
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Historical weather data is used by RMMN to estimate nematode egg survival and
development to L3 on pasture at a particular site. Management options including lambing and
weaning dates, anthelmintic treatments and rotation of flocks between paddocks are set at the
start of each simulation. Adult, egg and L3 stages are stored in arrays per flock/paddock and
updated weekly. A two-allele model per anthelmintic was used to simulate genetics for
anthelmintic resistance (i.e. resistance (R) and susceptible (S) alleles give rise to three
genotypes: RR, RS and SS per anthelmintic). The proportion of each genotype dying due to
anthelmintic treatment was defined as input parameters and can therefore be used to imply
dominance. Despite this genetic simplicity RMMN keeps track of 9, 27, 81 or 243 genotypes
when 2, 3, 4 or 5 different anthelmintic classes respectively are used in a simulation (3k
genotypes where k is the number of anthelmintic classes).
Anthelmintic treatments were assumed to affect all parasitic stages on the day of
treatment only. Controlled-release devices or persistent anthelmintics were assumed to act on all
parasitic stages on the first day, then acting on only arrested and incoming L3 every day
thereafter until expired. Host mortalities attributed to nematodes were determined as the
proportion of the flock that exceeds the lethal nematode burden (defined as input parameters for
each nematode species).
The distribution of nematode burdens for each nematode species within a flock were
assumed to be a negative binomial defined by the predicted mean nematode burden (for each
nematode species) and the exponent k given as:


k = 10 until adult nematode burden exceeds the ‘threshold’ for immune response.



k decreases from 10 to 3, as the establishment rate decreases from its initial value to
lower levels (1%).



k decreases from 3 to 0.3, after the establishment rate reaches 1% and nematode
rejection occurs over 9 weeks.



k = 0.3 thereafter.
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The lower k the greater the aggregation of nematodes in the flock (i.e. few sheep
harbour many parasites and these sheep were assumed to die if the lethal burden was exceeded).
The simulated flock was thereby reduced, and the mean predicted nematode burdens were
adjusted to account for the loss of heavily infected hosts.
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3. Body condition score as a potential
selection tool for targeted selective
treatment-based nematode control
strategies in Merino ewes
This chapter has been published in Veterinary Parasitology:
Cornelius, M.P., Jacobson, C., Besier, R.B., 2014. Body condition score as a selection tool for
targeted selective treatment-based nematode control strategies in Merino ewes.
Veterinary Parasitology. 206, 173-181.

3.1

Introduction
Internal parasites remain a major constraint on the health and productivity of sheep

(Sutherland and Scott, 2010). Trichostrongylus spp. and T. circumcincta are the predominant
gastrointestinal nematodes in southern regions of Australia and have been associated with
reduced growth rate or bodyweight, reduced wool growth and increased risk of fly strike
associated with diarrhoea and faecal fleece soiling (Sutherland and Scott, 2010). The
effectiveness of nematode control is increasingly compromised because of widespread and
increasing resistance to anthelmintics (Besier, 2012; Kenyon and Jackson, 2012), including in
Australia (Playford et al., 2014).
On-going investigations into sustainable control strategies have focused on the
“refugia” strategy which aims to minimise the development of resistance by ensuring the
survival of sufficient nematodes of more susceptible genotypes in the total population on a
property to dilute resistant individuals surviving anthelmintic treatment (Van Wyk, 2001; Besier
and Love, 2003; Kenyon et al., 2009; Leathwick et al., 2009). ‘Targeted selective treatment’ is a
refugia-based approach by which anthelmintic treatments are restricted to animals judged likely
to suffer significant production loss or health effects if not treated, while treatment to others in
the group is avoided (Kenyon et al., 2009; Leathwick et al., 2009; Besier, 2012; Kenyon and
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Jackson, 2012). The concept that some individual animals exhibit greater resilience to parasites,
seen as fewer signs of ill-health or better production in some individuals, can be exploited by
TST strategies to ensure that a proportion of a nematode population remains in refugia from
anthelmintic exposure (Van Wyk, 2001) with additional benefits such as reductions in the costs
of anthelmintics and labour (Besier, 2012).
The TST concept has been successfully utilised for some time through the FAMACHA
test for the sustainable control of H. contortus in sheep and goat flocks (Vatta et al., 2001; Van
Wyk and Bath, 2002). More recent investigations have extended the TST concept for small
ruminants to non-haematophagous nematodes (principally T. circumcincta and Trichostrongylus
spp.), mostly using animal production indices to indicate which individuals in a flock are likely
to benefit from anthelmintic treatment (for example, Hoste et al., 2002a; Cabaret et al., 2006;
Leathwick et al., 2006a; Cringoli et al., 2009; Greer et al., 2009; Stafford et al., 2009; Besier et
al., 2010; Gaba et al., 2010).
However, a key factor that has delayed utilization of TST for trichostrongylids other
than H. contortus is the absence of a convenient and accurate method for identifying animals
that are likely to suffer compromised health, productivity and welfare if left untreated (Van
Wyk et al., 2006; Besier, 2012). The approaches used in the investigations cited were based on
repeated measurements of production indices (for example body weight, WEC, ocular
membrane inspection) in animals under parasite challenge as an indicator of resilience, but these
require investment in labour and/or equipment that may limit their application on a large scale
(Van Burgel et al., 2011). Body condition score is a practical and low-technology measure that
is accepted as an indicator of general condition and body reserves (Van Burgel et al., 2011) and
therefore may act as an indicator of resilience to nematode infections.
The need to develop a more practicable basis for individual animal treatment for use in
large flocks or where labour is scarce led to the hypothesis that mature sheep of lower BCS
would generally suffer greater production loss due to nematode infections than would sheep of
higher scores, and that BCS may therefore provide a suitable selection basis (Leathwick et al.,
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2006a; Besier et al., 2010). The aims of the experiment were, firstly, to investigate whether
mature sheep in poorer body condition suffer proportionately greater production loss due to
trichostrongylid infection than those in better condition when BCS is used as an index of the
relative need for anthelmintic treatment. Secondly, the experiment investigated which parameter
(BCS, bodyweight or faecal WEC) provides the most appropriate indication of a reduced
resilience to trichostronglid infection (significant magnitude of response to anthelmintic
treatment) in mature sheep.

3.2

Materials and methods
The experiment was conducted according to the guidelines of the Australian Code of

Practice for the Use of Animals for Scientific Purposes, with approval from the Animal Ethics
Committees of the Department of Agriculture and Food Western Australia and Murdoch
University (R2329/10).

3.2.1 Experimental sites
The experiment was conducted in 2010 on two commercial farming properties located
near Woodanilling (Farm A) and Kojonup (Farm B), approximately 265km and 260km southeast of Perth, WA, respectively. The region has a Mediterranean climate characterised by hot,
dry summers and cool, wet winters. The mean annual rainfall for Farm A and Farm B is 460
mm/annum and 530 mm/annum respectively, but 2010 was widely considered a drought year
and the two farms received only 234 mm and 350 mm of rainfall respectively.

3.2.2 Experimental design and animal management
Merino ewes were selected at Farm A (n=271, aged 3 years) and Farm B (n=258, aged
4 years). Ewes were individually identified with numbered ear tags. All ewes at Farm B carried
single pregnancies, indicated by transabdominal ultrasound scanning. Ewes at Farm A were not
pregnancy-scanned so the pregnancy status was not known. The possible effect of unknown ewe
pregnancy on response to parasitism at this experimental site is detailed in the discussion. Ewes
were stratified on the basis of BCS using a range from one (thin) to five (fat) scale (Thompson
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and Meyer, 1994), liveweight and WEC at the pre-lambing assessment. Body condition score
was assessed by a single trained operator. Ewes were categorised to four initial (pre-lambing)
BCS groups: <2.7, 2.7, 3.0 and >3.0. Within each BCS group, ewes were allocated randomly to
two treatment sub-groups (nematode suppressed or non-nematode suppressed) with equivalent
numbers in each. The mean pre-lambing liveweight and BCS was 55.0 kg (range 39.6 kg - 68.2
kg) and BCS 2.9 (2.3 - 3.5) at Farm A and 62.0 kg (46.2 kg - 80.8 kg) and BCS 3.0 (2.3 - 3.7) at
Farm B. There was no significant difference in WEC between BCS groups or treatment groups
at the start of the study for either site. Lambing commenced in June for both properties.
Ewes were grazed as a single group at each site in paddocks with predominantly annual
rye-grass (Lolium spp.), subterranean clover (Trifolium subterraneum) and capeweed
(Arcotheca calendula). Over the course of the experiment, feed-on-offer (assessed visually;
Ferguson et al., 2011) was poorer at Farm A than Farm B and this necessitated a greater level of
supplementary feeding at this site. Supplementary feeding of concentrate grain-based pellets
(11.0 MJ/kg DM, 14.5% CP; EasyOne, Milne Feeds, Welshpool, Australia) commenced at
Farm A in July 2010 at a rate of 700 g/hd/day to ensure the ewes did not fall to unacceptably
low weights or body condition.

3.2.3 Measurements
Ewes were weighed, assessed for BCS and faecal sampled on four occasions between
May and December 2010 that coincided with yarding for routine management operations (Table
3.1). Body condition scores were measured by palpation of the lumbar vertebrae and associated
soft tissue using a scale of one (thin) to five (fat) scale with sub-categories where appropriate
(e.g. 2.3, 2.5 and 2.7 for scores in between 2 and 3) (Thompson and Meyer, 1994). Faecal
samples were collected directly from the rectum of all sheep at each sampling occasion. Faecal
WEC were performed using a modified McMaster technique whereby 2.0 g of faeces were used
from each sample and each egg counted represented 50 epg of faeces (Hutchinson, 2009). The
genera of trichostrongylid nematodes present was determined using larval culture and

50

Chapter 3 - Body condition score as a selection tool

differentiation performed on faecal samples pooled for each BCS and treatment group (LyndalMurphy, 1993; Hutchinson, 2009).
Table 3.1. Sampling schedule for ewes at the Farm A and Farm B properties.
Sampling
Occasion

Pre-lambing
Lamb marking
Lamb weaning
Post-weaning

Timing
relative
to start of
lambing
(weeks)
-3
7-10
14-19
28

Farm A
Study
Date
day

0
72
120
146

12 May 2010
23 July 2010
9 Sep 2010
5 Oct 2010

Ewes
sampled
(n)
271
245
114
84

Farm B
Study Date
day

0
90
152
216

13 May 2010
11 Aug 2010
12 Oct 2010
15 Dec 2010

Ewes
sampled
(n)
258
251
242
255

3.2.4 Anthelmintic treatments
The sheep in the nematode-suppressed groups were treated at each visit (i.e. at 26-90
day intervals) with 1 mg/kg liveweight long-acting injectable moxidectin (Cydectin LA™,
Virbac, Australia). Sheep in the non-nematode suppressed group received no treatment unless
BCS fell under 2.0, in which case individual sheep were treated with 0.2 mg/kg oral abamectin
(Ovimectin, Norbrook, Australia). Any ewes with BCS <2.0 at any sampling occasion were
treated with abamectin and removed from the experiment. All ewes at Farm A were treated with
moxidectin at the lamb weaning sampling due to sharp increases in WEC, falling BCS and a
high proportion of ewes with BCS <2.0. Monitoring of ewes continued until the post-weaning
sampling, but comparison of BCS and weight between the suppressed and non-suppressed
groups were not made at post-weaning for Farm A.

3.2.5 Statistical Analysis
Data were analysed using SPSS Statistics version 22.0 (IBM Corporation, 2013). Ewes
were categorised into WEC and BCS groups corresponding to distribution within each flock and
biologically-relevant categories. WEC groups were based on initial (pre-lambing) counts
according to the WEC distribution and potential for pathogenic effects within the flock: high
(>400 epg), mid (151-400 epg) and low (0-150 epg). Ewes were categorised as BCS <2.0 or
≥2.0 at each sampling occasion as an indication of falling into BCS category (<2.0) associated
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with increased risk of production loss, mortality and compromised welfare (Curnow et al.,
2011).
Liveweight change between sampling occasions was analysed as % change based on %
liveweight change relative to starting bodyweight at start of each experimental period (i.e. prelambing to lamb marking, lamb marking to lamb weaning, lamb weaning to post-weaning;
Table 3.1). At Farm A, all ewes were treated with an anthelmintic at the weaning sampling
therefore comparisons between suppressed and non-suppressed ewes were not made for the
post-weaning period. Worm egg count data was log transformed for analyses using Log
(WEC+25), and backtransformed for discussion of the results.
Univariate general linear models with least square difference post-hoc tests were used to
examine differences between condition score groups and treatment groups for bodyweight, BCS
and WEC at sampling plus weight change and BCS change between sampling occasions. Odds
ratios were used to calculate relative risk for ewes in different starting BCS categories falling
below BCS 2.0 after lambing relative to ewes that were BCS ≥3.0 pre-lambing. Regression
analysis was conducted using linear regression to examine relationships between BCS and
WEC, and similarly with liveweight and WEC. Pre-lambing sample was excluded as sheep were
stratified for inclusion in the study such that WEC, liveweight and BCS were not significantly
different between groups. Where specified, regression analyses were performed separately for
nematode suppressed and non-nematode suppressed groups.

3.3

Results

3.3.1 Worm egg counts and larval differentiations
Ewes in the “non-nematode suppressed” groups (ewes not treated with long acting
moxidectin and only treated with abamectin if BCS fell below 2.0) had higher WEC at Farm A
compared with Farm B (P=0.002) with means over the experimental period of 522 epg and 170
epg respectively (Table 3.2).
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Treatment with long-acting moxidectin maintained low WEC in the nematode
suppressed groups at both Farm A (25 epg) and Farm B (8 epg) over the observation period
(Table 3.2). The WEC reduction in treated animals was >99% at both sites suggesting that
moxidectin was fully effective on both farms at the time of the faecal cultures and larval
differentiations indicated the predominant species for the non-nematode suppressed groups to be
Trichostrongylus spp., T. circumcincta and C. ovina, in the mean proportions across all
observation times of 73%, 22%, and 5% (Farm A), and 45%, 52% and 3% (Farm B).
Table 3.2. Worm egg counts at different sites and times for different treatment groups.

Farm A

Farm B

Timing

Non-nematode suppressed
Mean ± SE
Range (n)

Nematode suppressed
Mean ± SE
Range (n)

Pre-lambing
Lamb Marking
Lamb Weaning
Post-weaning
Pre-lambing
Lamb Marking
Lamb Weaning
Post-weaning

399 ± 26a
822 ± 82b
311 ± 55a
3 ± 2c**
188 ± 15
185 ± 25
142 ± 22
163 ± 21

396 ± 26*
33 ± 20
34 ± 30
0±0
192 ± 15*
8±3
10 ± 7
5±3

0-1250 (134)
0-4750 (134)
0-2300 (89)
0-50 (39)
0-800 (128)
0-1900 (123)
0-1300 (121)
0-1200 (127)

0-1350 (137)
0-2300 (137)
0-750 (25)
0 (45)
0-900 (129)
0-400 (128)
0-650 (121)
0-300 (128)

abc

Values in columns with different superscripts are significantly different (P<0.05)
before treatment
**
treated at weaning with moxidectin
*

3.3.2 Effect of initial WEC on response to treatment
Ewes in the highest WEC category (>400 epg) at the start of a period had no greater
response to treatment in terms of BCS change than those in the lowest WEC category at the start
of the same period (P>0.100). While differences were observed in percentage liveweight
change, these results were inconsistent between sampling periods and sites, with instances
where lower WEC groups showed a greater treatment response.
At Farm A, over the whole period (pre-lambing to lamb weaning), all nematode
suppressed WEC groups (low, mid and high) had a significant response to treatment in
percentage liveweight change (P=0.002, P=0.001 and P=0.004 respectively), losing less weight
than non-nematode suppressed sheep. However, while from pre-lambing to lamb marking the
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sheep in the high (>400 epg) initial WEC groups had a significantly greater response to
treatment (P=0.028) than lower WEC categories, from lamb marking to lamb weaning the
reverse applied with low (0-150 epg) and mid (>150-400 epg) initial WEC groups showing a
significant response to treatment (P=0.029 and P=0.028 respectively).
Similarly, at Farm B, over the whole period all initial WEC groups (low, mid and high)
showed a positive response to treatment (P<0.001, P=0.017 and P=0.047 respectively) in
percentage liveweight change, but with differences between periods. Between pre-lambing and
lamb marking both the low and the high initial WEC groups had a significant response to
treatment (P=0.015 and P=0.044 respectively), but there were no significant responses from
lamb marking to lamb weaning, or lamb weaning to post-lamb weaning.

3.3.3 Body condition score response to treatment
Over the whole experimental period the non-nematode suppressed ewes lost more
condition than the nematode suppressed ewes in the two lowest BCS groups; ≤2.5 (P<0.001)
and 2.7 (P=0.044) at Farm A and similarly at Farm B; ≤2.5 (P=0.001) and 2.7 (P=0.014; Table
3.3).
Between pre-lambing and lamb marking, a response to anthelmintic treatment was
observed only in the lowest BCS group (≤2.5) and only at Farm A where non-nematode
suppressed sheep lost more condition than nematode suppressed sheep (P=0.012; Table 3.3).
Similarly, between lamb marking and weaning a response to treatment was also observed only
in the lowest BCS groups at Farm A, specifically BCS ≤2.5 (P=0.013) and 2.7 (P=0.015) with
nematode suppressed sheep gaining more condition than non-nematode suppressed sheep (Table
3.3).
A response to treatment was observed in the lowest BCS group (≤2.5) between weaning
and post weaning at Farm B where non-nematode suppressed ewes lost more BCS than
nematode suppressed ewes (P=0.049; Table 3.3). The response to treatment could not be
measured for ewes at Farm A for this period because all ewes were treated at weaning.
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Table 3.3. BCS change (mean ± standard error) in ewes during different treatment periods.
Time period

Over whole
experimental
period*
Pre-lambing to
Lamb marking

Lamb marking
to Weaning

Weaning to
Post-weaning

Initial
BCS

Farm A (Higher WEC)

≤2.5
2.7
3.0
>3.0
≤2.5
2.7
3.0
>3.0
≤2.5
2.7
3.0
>3.0
≤2.5
2.7
3.0
>3.0

-0.42 ± 0.05
-0.71 ± 0.04
-0.95 ± 0.05
-1.18 ± 0.08
-0.83 ± 0.04
-1.08 ± 0.04
-1.24 ± 0.05
-1.45 ± 0.08
0.41 ± 0.04
0.37 ± 0.03
0.30 ± 0.03
0.27 ± 0.04
na
na
na
na

Nematode
suppressed

Nonnematode
suppressed
-0.71 ± 0.04
-0.86 ± 0.06
-1.05 ± 0.04
-1.24 ± 0.07
-1.00 ± 0.05
-1.15 ± 0.05
-1.36 ± 0.04
-1.50 ± 0.06
0.29 ± 0.03
0.27 ± 0.03
0.31 ± 0.02
0.26 ± 0.04
na
na
na
na

Farm B (Lower WEC)
P
value

Nematode
suppressed

<0.001
0.044
ns
ns
0.012
ns
ns
ns
0.013
0.015
ns
ns
-

0.31 ± 0.06
0.19 ± 0.04
-0.05 ± 0.04
-0.28 ± 0.06
-0.30 ± 0.05
-0.22 ± 0.05
-0.32 ± 0.04
-0.39 ± 0.05
0.76 ± 0.06
0.68 ± 0.05
0.52 ± 0.04
0.46 ± 0.04
-0.16 ± 0.06
-0.27 ± 0.05
-0.25 ± 0.04
-0.34 ± 0.05

Nonnematode
suppressed
0.02 ± 0.06
0.00 ± 0.06
-0.10 ± 0.04
-0.39 ± 0.05
-0.33 ± 0.06
-0.35 ± 0.07
-0.37 ± 0.05
-0.53 ± 0.06
0.68 ± 0.06
0.65 ± 0.06
0.50 ± 0.05
0.45 ± 0.06
-0.36 ± 0.08
-0.31 ± 0.04
-0.23 ± 0.05
-0.30 ± 0.05

P
value
0.001
0.014
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.049
ns
ns
ns

ns = not significant (P>0.05)
na = not available – all ewes treated with moxidectin at weaning
*For Farm A the ‘whole experimental period’ refers to Pre-lambing to Weaning and for Farm B refers to Pre-lambing
to Post-weaning.

3.3.4 Live weight response to treatment
Liveweight responses to treatment were inconsistent between the two sites. Over the
whole experimental period the non-nematode suppressed ewes lost more weight than the
nematode suppressed ewes in BCS 3.0 group (P=0.001) and BCS >3.0 group (P=0.040) at Farm
A, and at Farm B in BCS ≤2.5 group (P=0.011), BCS 2.7 group (P=0.008) and BCS 3.0 group
(P=0.002).
Between pre-lambing and marking, non-nematode suppressed ewes lost 4.7% more
weight than the nematode suppressed ewes in BCS 3.0 group at Farm A (P<0.001) and 5.4%
more weight in the BCS 2.7 group at Farm B (P=0.009; Table 3.4).
Between lamb marking and weaning, responses to anthelmintic treatment were
observed in BCS 2.7 group (P=0.030) and BCS >3.0 group (P=0.026) at Farm A and BCS 3.0
group at Farm B (P=0.019).
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A response to treatment was observed between weaning and post-weaning at Farm B
only in BCS ≤2.5 group where non-nematode suppressed ewes lost 2.6% more weight than
nematode suppressed ewes (P=0.049; Table 3.4).
Table 3.4. Live weight change (%) (mean ± standard error) in ewes during different treatment
periods.
Time period

Over whole
experimental
period*
Pre-lambing to
Lamb marking

Lamb marking
to Weaning

Weaning to
Post-weaning

Initial
BCS

Farm A (Higher WEC)

≤2.5
2.7
3.0
>3.0
≤2.5
2.7
3.0
>3.0
≤2.5
2.7
3.0
>3.0
≤2.5
2.7
3.0
>3.0

-8.08 ± 0.99
-9.99 ± 0.74
-10.1 ± 0.74
-10.5 ± 1.33
-28.7 ± 1.60
-29.6 ± 1.16
-28.5 ± 0.98
-28.4 ± 2.53
19.7 ± 1.21
17.6 ± 1.34
15.2 ± 0.99
15.6 ± 1.31
na
na
na
na

Nematode
suppressed

Nonnematode
suppressed
-10.4 ± 0.93
-11.8 ± 0.73
-13.3 ± 0.49
-13.9 ± 0.82
-31.1 ± 1.23
-34.9 ± 2.66
-33.2 ± 0.77
-31.5 ± 1.08
16.7 ± 1.54
13.5 ± 1.27
14.6 ± 1.02
11.5 ± 1.23
na
na
na
na

Farm B (Lower WEC)
P
value

Nematode
suppressed

ns
ns
0.001
0.040
ns
ns
<0.001
ns
ns
0.030
ns
0.026
-

2.87 ± 0.98
1.30 ± 1.00
-0.82 ± 0.46
-2.49 ± 0.70
-0.66 ± 1.43
-1.15 ± 1.54
-5.56 ± 0.97
-4.67 ± 0.98
19.0 ± 1.19
17.0 ± 0.82
18.4 ± 0.84
15.4 ± 0.96
-10.9 ± 0.78
-11.1 ± 0.59
-11.4 ± 0.64
-12.1 ± 0.78

Nonnematode
suppressed
-0.99 ± 1.07
-2.13 ± 0.80
-3.47 ± 0.67
-4.11 ± 0.64
-3.17 ± 1.86
-6.53 ± 1.28
-6.57 ± 0.92
-7.61 ± 1.12
16.51 ± 1.51
17.3 ± 1.22
15.2 ± 1.07
-12.1 ± 0.78
-13.5 ± 0.98
-12.3 ± 0.87
-11.8 ± 0.68
-12.1 ± 0.62

ns = not significant (P>0.05)
na = not available – all ewes treated with abamectin at weaning
*For Farm A the ‘whole experimental period’ refers to Pre-lambing to Weaning and for Farm B refers to Pre-lambing
to Post-weaning

3.3.5 Effects of overall WEC on BCS and live weight in
non-nematode suppressed ewes
At Farm A there were negative relationships between WEC and BCS (R2 = 0.24,
P<0.001) and also between WEC and liveweight (R2 = 0.21, P<0.001) in non-nematode
suppressed ewes. These represented a decline in WEC of 812 epg and 795 epg respectively over
the range of BCS and live weights observed over the sampling periods subsequent to lambing.
Similarly at Farm B, weak negative relationships were observed between WEC and BCS (R2 =
0.02, P<0.003) and between WEC and liveweight (R2 = 0.02, P<0.005) representing a decline in
WEC from 102 epg and 94 epg respectively over the range of BCS and live weights observed
over the sampling periods subsequent to lambing.
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P
value
0.011
0.008
0.002
ns
ns
0.009
ns
ns
ns
ns
0.019
ns
0.049
ns
ns
ns
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3.3.6 Effect of pre-lambing BCS on subsequent body
condition and live weight change in non-nematode
suppressed ewes
In general, ewes that were in poorer body condition pre-lambing tended to lose less or
gain more body condition than ewes that were in better body condition pre-lambing, regardless
of treatment (Table 3.3).
A relationship between initial BCS and subsequent BCS change from pre-lambing to
lamb marking was observed at Farm A (P<0.001) whereby BCS ≤2.5 lost less BCS than all
other groups and BCS ≥3.0 ewes lost more condition than all other groups (Table 3.3). A similar
trend was observed at Farm B where there was no general difference in BCS change from prelambing to lamb marking between groups, but BCS >3.0 ewes lost more condition than all other
groups.
Similarly, a relationship between pre-lambing BCS and subsequent BCS change from
lamb marking to lamb weaning was observed at Farm B (P<0.018) whereby BCS ≤2.5 gained
more BCS than all other groups and BCS ≥3.0 ewes lost more condition than all other groups.
There was no relationship between pre-lambing BCS and BCS change between lamb marking
and lamb weaning observed at Farm A.
Between lamb weaning and post-weaning at Farm A, ewes that were BCS ≤2.5 prelambing gained more condition than >3.0 ewes (P=0.036).There was no effect of pre-lambing
BCS on BCS change between lamb weaning and post-weaning at Farm B.
There was no effect of pre-lambing BCS on subsequent liveweight change (%LWC)
from pre-lambing to lamb marking, lamb marking to lamb weaning or lamb weaning to postweaning at either Farm A or Farm B.
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3.3.7 Risk of ewes falling below critical condition level
The risk of sheep falling below BCS 2.0 during the experiment was increased for ewes
in poorer BCS before lambing, despite losing less BCS than better condition score ewes (Table
3.5). At Farm A, all ewes regardless of treatment that were BCS <2.5 pre-lambing subsequently
had a BCS <2.0 on at least one occasion (Table 3.5).
The increase in risk associated with lower initial BCS was evident for non-nematode
suppressed ewes but not for nematode suppressed ewes at Farm B (Table 3.5). In contrast, the
risk of falling below BCS 2.0 was increased for ewes BCS <3.0 pre-lambing in both nematode
suppressed and non-nematode suppressed groups at Farm A (Table 3.5).
Table 3.5. Relative risk for non-nematode suppressed ewes falling BCS <2.0 after lambing relative
to ewes BCS ≥3.0 pre-lambing.

Pre-lambing
BCS
<2.5
≤2.5

<3.0

Relative risk
(95% confidence interval)
P-value for 2-sided Pearson Chi-square test
All ewes
Nematode suppressed
ewes only
Farm A
Farm B
Farm A
Farm B
62.4
*
*
(9.2, 424.3)
P=0.006
P=<0.001
P=0.027
ns
9.8
5.6
(2.3, 42.1)
(3.7, 86.7)
(1.2, 26.0)
P=<0.001
P=<0.001
P=0.017
ns
4.2
9.3
3.6
(2.1, 8.4)
(2.0, 43.0)
(1.5, 8.8)
P=<0.001
P=0.001
P=0.003
ns

*All the sheep in pre-lambing BCS group fell below BCS 2.0 after lambing
ns = not significant (P>0.05)
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Non-nematode suppressed
ewes only
Farm A
Farm B
231.0
*
(11.5, 4650.0)
ns
P=<0.001
31.7
*
(3.7, 274.9)
P=0.003
P=<0.001
5.5
16.1
(1.8, 17.0)
(2.0, 131.5)
P=0.001
P=0.001
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3.4

Discussion
This experiment compared the effect of naturally acquired trichostrongylid infections

(predominantly Trichostrongylus spp. and T. circumcincta) on the degree of weight change and
body condition change of mature Merino ewes of different body condition status prior to
lambing. The most important finding was that ewes in poorer starting body condition showed a
greater relative BCS response to anthelmintic treatment (i.e. BCS difference between nematode
suppressed and non-nematode suppressed groups) than those of higher starting BCS (Table 3.3),
suggesting that BCS offers promise as a selection index for identifying Merino ewes most likely
to benefit from anthelmintic treatment in TST-based nematode control programs. This response
was observed consistently at Farm A which was characterised by poorer nutritional conditions
(pasture availability), lower mean flock body condition and higher mean flock WEC in nonnematode suppressed ewes compared with the Farm B site. However, the differential effect of
anthelmintic treatment in low BCS sheep was not consistently observed when body weight was
used as the response index.
Although factors other than trichostrongylid parasites may have affected changes in
liveweight and condition between BCS groups such as differences in feed intake and
partitioning of nutrients into the conceptus (pre-lambing), lactation (post-lambing) and body
reserves, these are unlikely to explain the results as the sheep were selected for BCS groups
after stratification for WEC and weight, then random allocation to treatment groups. Further
supporting the notion that BCS can be used to identify sheep more likely to benefit from
treatment, the untreated ewes in poorer body condition (BCS <3.0) pre-lambing at both
experimental sites were more than three times more likely to fall below BCS 2.0 after lambing
and ewes in very poor condition (BCS <2.0) more than 230 times more likely to have BCS <2.0
after lambing, which indicates that they are likely to be at increased risk of production losses,
reduced milk production (affecting growth of offspring) and increased ewe mortalities
(Ferguson et al., 2011). The weight and body condition response of breeding ewes to
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anthelmintic treatment are largely moderated by factors including pre-lambing BCS, larval
challenge, genetics and the supply of dietary nutrients (Kahn, 2003).
Parameters including BCS, body weight, weight change and WEC were recorded in this
experiment. Of these, BCS showed the greatest promise as a selection index under commercial
farming conditions for determining which animals should be left untreated in order to provide a
source of refugia without compromising flock productivity. Body condition score assessment is
fast to perform and apart from a trained operator, does not require specialised equipment. Other
studies have demonstrated that BCS measurement can be used to identify ewes at risk of
reduced productivity and increased mortality (Van Burgel et al., 2011). Furthermore, BCS can
also be used to identify where nutritional intervention for ewes is likely to have lifetime impacts
on the productivity of the offspring (Oldham et al., 2011).
In contrast, weight or weight change requires specialised equipment (scales). Modern
electronic scales and drafting equipment can speed up the process, but the equipment is costly
and requires some expertise to operate and maintain. There are also important limitations to the
use of weight change to assess productivity and effects of parasitism on ewes. Live weight and
weight change may not accurately reflect change or difference in body reserves because
liveweight measurement does not differentiate body reserves (muscle and fat) from weight of
viscera, gastrointestinal content, wool and conceptus tissue (Van Burgel et al., 2011).
Sheep with high WEC at the commencement of observations did not show a greater
BCS response to treatment than those with low WEC, and the response in terms of liveweight
change was inconsistent. Correlations between WEC and bodyweight were noted, but while
statistically significant at both experimental sites, the correlations were weak (low R2),
suggesting that WEC explained only 1-20% of the variation in weight and BCS observed in the
flock. This finding was consistent with previous studies (Larsen and Anderson, 2009) in which
mean WECs from ewes in high and low body weight groups were not significantly different. In
addition, the practicality of implementation of TST strategies is a significant factor in large
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flocks (Besier, 2012), and it would rarely be feasible to conduct individual WECs prior to a
treatment decision.
Untreated sheep in higher starting body condition groups (3.0 and >3.0) pre-lambing
tended to lose more and gain less condition over the measurement periods over the two
experimental sites than ewes in lower starting BCS groups (≤2.5), but no differences in
liveweight change were observed. Some subsequent responses to treatment in terms of
liveweight change were observed in ewes in better pre-lambing body condition (BCS ≥3.0),
although these responses were inconsistent between the two sites and three measurement
periods. While a positive association between liveweight change and body condition change has
been reported (CSIRO, 2007; Van Burgel et al., 2011), this association was not apparent in
these experiments, presumably due to changes in weight of the conceptus, fleece and gut
contents between sampling occasions. The ewes at Farm B were diagnosed as pregnant with
single foetus using transabdominal ultrasound. Pregnancy diagnosis was not conducted at Farm
A, so individual ewe weights at this site could have included ewes carrying from zero to three
conceptus at pre-lambing measurement. As anthelmintic treatments and the measurement of
weight and condition took approximately four hours at each visit, the variable time spent off
feed and water for individuals is likely to have affected gastrointestinal content weights,
whereas the use of BCS to assess body reserves is not affected by these factors.
Apart from effects on the breeding ewe, low BCS in pregnancy also has important
implications for the progeny, including reduced lamb birth weight and survival, reduced lamb
growth rate to weaning, reduced fleece weight and increased fibre diameter over lifetime of the
progeny (Oldham et al., 2011; Thompson et al., 2011). As well as the association with
important health, production and welfare parameters for ewes and offspring, BCS offers
advantages over liveweight as a measure of body reserves because the proportion of viscera to
carcase may increase in sheep with helminth (Liu et al., 2005; Jacobson et al., 2009b) and
gastrointestinal protozoan (Sweeny et al., 2011) infections, thus the measurement of liveweight

61

Chapter 3. Body condition score as a selection tool

is therefore likely to underestimate the effect of infection on carcase productivity and body
reserves.
This experiment had a number of limitations. Firstly, the condition scores of the ewes in
the two flocks in this experiment covered the critical range regarding reproduction and general
health (BCS 2-3.5), but as ewes with BCS <2.0 were treated and removed from the experiment
due to unacceptable risks to welfare, the effects in ewes with very low BCS could not be
determined. In addition, ewes were grazing pasture and nutrition was not standardised between
the two sites. Pasture availability was lower at Farm A compared with Farm B and ewes at Farm
A required supplementation with a commercial pelleted feed to prevent BCS in ewes from
falling to a level where health, productivity and welfare was likely to be compromised.
Differences in nutrition between the two experimental sites may have contributed to differences
in the effects of parasitism and also response to treatment. Nonetheless, the pasture availability
and level of supplementary feeding on both properties was typical for commercial sheep farms
in this region in years with below average rainfall and subsequent reduced pasture growth.
Secondly, untreated and treated ewes were grazing together, thus treated ewes were subjected to
larval challenge originating from untreated ewes. This probably resulted in underestimation of
the response to deworming relative to scenarios where all animals are treated and grazing
pasture with low larval contamination. Production responses to larval challenge are likely to be
impacted by a number of factors including the degree of larval challenge and the host (ewe)
immune response to larvae which in turn is impacted by host genetic variation with evidence
that ewes with increased genetic resistance to trichostrongylids may experience greater
production losses in response to larval challenge. Genetic variation in trichostrongylid immunity
in sheep can be estimated with estimated breeding values and Australian Sheep Breeding Values
based on WEC (Karlsson and Greeff, 2006), but these were not known for ewes at either site in
this experiment. Notwithstanding this, the WEC (and likely associated level of pasture
contamination observed) were typical for lambing ewe flocks in this region and other studies
have shown minimal effect on production in sheep treated with long acting anthelmintics
(sustained-release anthelmintic capsules) whilst grazing contaminated pasture (Kelly et al.,
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2012). Thirdly, there may be an observational bias of the BCS recordings, as we did only a
single estimation of BCS at each time, but a single highly-experienced observer performed all
BCS observations and sheep were presented in random order.
The results of this experiment suggest that not treating ewes in good pre-lambing BCS
is potentially a viable tactic to allow nematode burdens to remain in some animals in a flock, as
this did not significantly reduce subsequent body condition change of ewes during lactation and
in the period immediately post-weaning. In this experiment, any responses to treatment in terms
of liveweight that were subsequently observed in the ewes in better body condition pre-lambing
was not reflected in demonstrable changes in body condition and reserves. Previous experiments
in WA have demonstrated that neither sheep production nor reproductive results suffered when
TST using a BCS index was applied in ewes, with the proportion left untreated based on an
assessment of initial flock parasitism (Besier et al., 2010).

3.5

Conclusion
This experiment supported the hypothesis that ewes in poorer body condition prior to

lambing are more likely to benefit from anthelmintic treatment than their better-conditioned
counterparts. Untreated ewes in better body condition pre-lambing tended to subsequently lose
more or gain less body condition when exposed to the same level of challenge, although this
was not reflected in differences in liveweight changes in these ewes, nor were improvements in
body condition change or consistent weight responses to treatment observed. Better conditioned
ewes were also less likely to fall to a critically low body condition level where the risk of
compromised productivity and welfare is increased. The findings from these flocks therefore
suggest that under a TST strategy, pre-lambing treatments should be given to ewes in poorest
BCS, while untreated ewes in better body condition (BCS >3.0) may be used as a source of
refugia for nematodes of lower anthelmintic resistance status, with no effect on subsequent
weight or BCS change relative to untreated ewes with similar pre-lambing BCS.
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4. Application of a body condition score
index for targeted selective treatment
in adult Merino sheep – A modelling
study
This chapter has been published in Veterinary Parasitology:
Cornelius, M.P., Jacobson, C., Besier, R.B., 2015. Application of a body condition score index
for targeted selective treatment in adult Merino sheep – A modelling study. Veterinary
Parasitology. 214, 125-131.

4.1

Introduction
The effectiveness of ruminant nematode control is increasingly compromised due to

widespread resistance to anthelmintics worldwide (Wolstenholme et al., 2004; Kaplan and
Vidyshankar, 2012). Anthelmintic resistance has been a significant problem in Australia for
many years (Besier and Love, 2003), and in WA the predominant ovine gastrointestinal
nematodes (Trichostrongylus spp. and T. circumcincta) have become increasingly difficult to
effectively control. Resistance to the benzimidazoles and levamisole anthelmintics in several
nematode genera is widespread, and macrocyclic lactone resistance in T. circumcincta is present
on the majority of sheep properties (Playford et al., 2014).
The concept of ‘refugia’ has been the focus of considerable research into sustainable
control strategies that aim to minimise the development of anthelmintic resistance by allowing a
proportion of the nematode population to escape treatment, and so ensure the survival of
sufficient nematodes of susceptible genotypes to dilute the resistant individuals surviving
treatment (Van Wyk, 2001; Jackson et al., 2009; Leathwick et al., 2009; Leathwick and Besier,
2014). One refugia-based strategy under development is TST which restricts anthelmintic
treatment either to the animals judged most likely to suffer significant production loss or health
effects if not treated, while leaving others in the group unexposed to anthelmintics (Van Wyk
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and Bath, 2002; Kenyon et al., 2009; Leathwick et al., 2009; Besier, 2012). Recent
investigations into the TST concept for non-haematophagous nematodes in small ruminants
have considered animal production traits, such as BCS and body weight, as indicators of which
individuals in a flock are likely to benefit from anthelmintic treatments (Hoste et al., 2002a;
Leathwick et al., 2006a; Cringoli et al., 2009; Greer et al., 2009; Stafford et al., 2009; Gaba et
al., 2010; Cornelius et al., 2014; Chapter 3).
In Australia, TST investigations have centred on the use of easily-applied criteria to
indicate those sheep in large flocks which can be left untreated when anthelmintics are given,
especially the use of BCS (Besier et al., 2010). Recent investigations in WA demonstrated that
mature sheep (ewes) in the lowest BCS showed a greater BCS response to treatment than their
higher BCS counterparts where nutrition was low and nematode burdens high (Cornelius et al.,
2014; Chapter 3). The study by Cornelius et al. (2014) confirmed that BCS provides a simple
(but effective) index for TST decisions and suggested a benefit in committing the effort required
to select sheep on this criterion, as opposed to simple random selection, to minimise the
possibility that some sheep in low BCS may escape treatment and suffer adverse consequences.
Furthermore, Cornelius et al. (2014) also indicated that selecting sheep for treatment on the
basis of high faecal WEC was not an appropriate index, as there was no consistent relationship
between egg counts and production-based indices.
This study aimed to investigate the production and refugia consequences of using BCS
as a treatment selection criteria in situations where non-haematophagous nematode species
(Trichostrongylus spp. and T. circumcincta) dominate and adult sheep carry nematode burdens
typically associated with sub-clinical parasitism. Three questions about use of BCS as a
treatment selection index and TST nematode control programs were addressed. Firstly, are
production losses due to parasitism (nematodes) in a mature sheep flock likely to be greater if
the sheep are selected for treatment at random (no selection index) rather than based on low
BCS? Secondly, what notional proportion of these flocks could be left untreated before
production losses become evident, and would these production losses differ in comparison to
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treating all animals in the flock? Finally, what are the consequences for nematode egg pasture
contamination in flocks where a proportion of animals are not treated, in recognition of the
epidemiological effects of allowing continued nematode egg excretion after flock treatment?

4.2

Materials and methods
The experiment was conducted according to the guidelines of the Australian Code of

Practice for the Use of Animals for Scientific Purposes, with approval from the Animal Ethics
Committees of both the Department of Agriculture and Food WA, and Murdoch University.

4.2.1 Experimental sites
Two experimental sites were used: a commercial farming property (Farm A) located
near Woodanilling, approximately 265 km south-east of Perth, WA (August 2011 to March
2012), and a research station (Farm B) near Mt Barker, approximately 370 km south-east of
Perth (July 2011 to May 2012). The region has a Mediterranean climate characterised by hot,
dry summers and cool, wet winters, with a mean annual rainfalls of 460 mm and 730 mm for
Woodanilling and Mt Barker, respectively.

4.2.2 Experimental design and animal management
Approximately 267 Merino wethers aged 3 years were selected at Farm A and 205
Merino ewes aged 3 years and over at Farm B. Sheep were individually identified with radiofrequency identification ear tags. Sheep were stratified on the basis of BCS, liveweight and
WEC at the initial sampling occasion (Table 4.1) and randomly allocated into treatment groups
(treated or untreated), with equal numbers for each. The mean measurements at the initial
sampling were BCS 2.3 (range 2.0 – 2.5), liveweight 40 kg (range 29 kg – 52 kg) and WEC 85
epg (range 0 epg – 350 epg) for Farm A and BCS 2.5 (range 2.2 – 4.0), liveweight 51 kg (range
36 kg – 69 kg) and WEC 91 epg (range 0 epg – 700 epg) for Farm B. There was no significant
difference in BCS, liveweight or WEC between treatment groups at the start of the study for
either site.
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The ewes at Farm B commenced lambing in June 2011 (four weeks prior to the
experiment start date) and had lambs at foot when the experiment commenced (Table 4.1).
Lambs were weaned in October 2011.
Sheep were grazed as a single group at each site in paddocks with pastures
predominantly of annual rye-grass (Lolium spp.), subterranean clover (Trifolium subterraneum)
and capeweed (Arcotheca calendula).
Table 4.1. Experimental events at experimental sites (Farm A and Farm B).
Farm A (wethers)
Date

Event

-

Farm B (ewes)
Date

Event

-

Sampling
occasion*
-

June 2011

Lambing commenced

Sampling
occasion*
-

-

-

-

14 Jul 2011

Initial sampling/treatment

-

11 Aug 2011

Initial sampling

-

-

-

-

28 Sep 2011

Initial treatment

-

14 Sep 2011

Sampling

-

-

-

-

19 Oct 2011

Sampling and weaning

-

10 Nov 2011

Sampling

1

15 Nov 2011

Sampling

-

8 Dec 2011

Sampling

2

15 Dec 2011

Sampling

-

5 Jan 2012

Sampling

3

9 Jan 2012

Sampling

1

2 Feb 2012

Sampling

4

6 Feb 2012

Sampling

2

8 Mar 2012

Final sampling

5

7 Mar 2012

Sampling

3

-

-

-

10 Apr 2012

Sampling

4

-

-

-

8 May 2012

Final sampling

5

Sampling: Body condition score, weight, faecal sample for WEC, and treatment
Treatment: 1 mg/kg long acting moxidectin
*Sampling occasion included in analyses

4.2.3 Anthelmintic treatments
Sheep in the treated group were treated at each visit (i.e. at approximately monthly
intervals; Table 4.1) with long-acting moxidectin at 1 mg/kg of liveweight (Cydectin LA™,
Virbac Australia). This interval was used to ensure continuous activity against all major
nematode species, especially as a degree of ML resistance was present on both farms. Sheep in
the untreated group received no treatment.
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4.2.4 Measurements
Sheep were weighed, assessed for BCS and faecal samples collected on five occasions
at Farm A and nine occasions at Farm B after the initial sampling and treatment days (Table
4.1). Only five of the nine sampling occasions at Farm B were used in the analyses (Table 4.1)
due to very low WECs in the untreated sheep from September to December. Body condition
was measured using a BCS scale of one (thin) to five (fat) assessed by palpation of the lumbar
vertebrae by a single experienced operator (Jefferies, 1961; Thompson and Meyer, 1994).
Faecal samples were collected directly from the rectum of all sheep at each sampling occasion
and WECs performed using a modified McMaster technique whereby 2 g of faeces were used
from each sample and each egg counted represented 50 epg of faeces (Hutchinson, 2009). The
genera of trichostrongylid nematodes present was determined using larval culture and
differentiation performed on pooled faecal samples for each sampling time point (LyndalMurphy, 1993; Hutchinson, 2009).

4.2.5 Experimental comparisons
Comparisons of sheep production (liveweight and BCS changes) and pasture
contamination effects (WEC) were conducted using “virtual flocks” of varying proportions of
treated and untreated sheep, to investigate firstly, the effect of different BCS selection method
(random versus highest BCS left untreated) and secondly, the effects of treating different
proportions (10-50%) of the flock. “Virtual flocks” were created by drawing animal numbers
from the treated and untreated groups either at random or by choosing those in highest BCS to
leave untreated, and using the weight and BCS measurements recorded from those animals
accordingly. For the analyses, observations were set to span a standard time of five months for
each site, when WEC were highest at each site (Farm A, November to March; Farm B, January
to May). These analyses assumed that treatments were given at the commencement of
observations on each property and effects measured at the end of the 5-month period of
observations.
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Flock scenarios included leaving 10%, 20%, 30%, 40% and 50% of sheep untreated out
of a notional group of 120 (Farm A) and 100 (Farm B) sheep, with the untreated sheep selected
from their respective site groups at random, using the simple random number generator in
PopTools Excel (Hood, 2010). For the comparison of the mode of selection of untreated sheep,
two such “virtual flocks” were created for each percentage untreated, with the untreated sheep
either selected at random, or as the highest BCS animals at the commencement of observations.
For selection of the highest BCS animals, Farm A had 52% of untreated animals in highest BCS
(2.5), which were randomly selected (via poptools) to be in the virtual flocks. Farm B had 30%
of untreated animals in BCS 2.7+ which were randomly selected for the virtual flocks. For the
40% and 50% untreated virtual flocks at Farm B, extra animals were randomly selected from the
ones in BCS 2.5, which made up 48% of the untreated group. Random selections were
notionally taken 10 times and mean values for liveweight gain, BCS and WEC used for
comparisons, and mean values used for statistical comparisons. Control groups were included
with one flock of sheep with all animals treated (0% untreated) and one flock of sheep with
none treated (100% untreated).

4.2.6 Statistical Analysis
Liveweight change between sampling occasions was analysed as the percentage change
based on liveweight change relative to initial liveweights at the start of each respective period.
Univariate general linear models with least square difference post-hoc tests were used to
examine differences between flocks for liveweight, BCS and WEC at sampling plus weight
change and BCS change between sampling occasions, both for comparisons between flock
selection methods and the effects of different percentages of sheep left untreated. Worm egg
count data was log transformed for analyses using Log10 (WEC+25). Regression analysis in
Microsoft Excel 2010 (Microsoft Corporation, 2015) was used to examine relationships
between BCS and WEC, and liveweight and WEC, using data from all untreated sheep from all
sampling occasions in one analysis. All other analyses were conducted using SPSS Statistics
Standard Version 22.0 (IBM Corporation, 2013).
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4.3

Results

4.3.1 Worm egg counts
The 5-month periods chosen for analyses spanned periods when pasture was seasonally
dry (annual pastures) and high temperatures generally prevailed (late spring to summer at Farm
A and summer to autumn at Farm B). At Farm A WEC were higher in untreated sheep
compared with Farm B (P<0.001; Figure 4.1) with means over the observation period ranging
from 138-1148 epg and 167-878 epg respectively. Treatment with moxidectin maintained low
mean WECs at both Farm A (1 epg) and Farm B (2 epg) in the treated sheep over the
observation period. Worm egg counts between treated and untreated sheep remained
significantly different throughout the experiment for both farms (P<0.001).

Figure 4.1. Mean WEC in untreated sheep over the 5-month experimental periods at both sites
(Farm A, November to March; Farm B, January to May).
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The mean proportions of nematodes cultured by larval differentiation were T.
circumcincta (13%), Trichostrongylus spp. (61%) and C. ovina (26%) at Farm A, and T.
circumcincta (24%), Trichostrongylus spp. (31%), C. ovina (7%) and H. contortus (37%) at
Farm B. Haemonchus contortus-derived WEC at Farm B were below 1900 epg (determined as
37% of the highest WEC over the experimental period), suggesting that clinical haemonchosis
was unlikely, and T. circumcincta and Trichostrongylus spp. were considered the major causes
of production loss at both sites.

4.3.2 Worm egg count relationship with BCS and
liveweight
At Farm B there were weak positive relationships between WEC and BCS (R2 = 0.01,
P=0.003) and also between WEC and liveweight (R2 = 0.04, P<0.001) in untreated sheep. This
represented an increase in WEC of 132 epg over the range of BCS observed and 287 epg over
the range of liveweight observed across the sampling periods. In contrast, at Farm A, a weak
negative relationship was observed between WEC and BCS (R2 = 0.08, P<0.001) representing a
decline in WEC of 574 epg over the range of BCS observed. No relationship between WEC and
liveweight was evident for Farm A.

4.3.3 Body condition score versus random methods for
selection of sheep for treatment
There were no significant differences between virtual flocks with the same proportion
treated but using a different selection method (random vs BCS) in regards to cumulative
liveweight change, BCS change or WEC at either Farm A or Farm B (Table 4.2 and Table 4.3)
over the whole experimental period, or for any individual sampling period (when analysed
separately).
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Table 4.2. Change in liveweight and BCS between the first and final sampling over a 5-month
period comparing BCS selection and random selection methods.
Untreated %
Liveweight change (kg)
Farm A
10%
20%
30%
40%
50%
Farm B
10%
20%
30%
40%
50%
Liveweight change (%)
Farm A
10%
20%
30%
40%
50%
Farm B
10%
20%
30%
40%
50%
BCS change
Farm A
10%
20%
30%
40%
50%
Farm B
10%
20%
30%
40%
50%

Random
First Final

50.0
50.1
50.0
50.0
50

P value*

Change

Low BCS
First Final

Change

53.0
52.9
52.7
52.6
52.4

3.0
2.8
2.7
2.6
2.4

50.1
50.1
50.0
50.0
50.1

53.1
52.9
52.6
52.4
52.3

3.0
2.8
2.6
2.4
2.2

ns
ns
ns
ns
ns

61.6
61.6
60.9
60.5
60.1

61.9
61.8
61.1
60.5
60.2

0.3
0.2
0.2
0.0
0.1

62.0
61.3
61.2
61.1
61.2

61.9
61.4
61.2
61.1
61.1

-0.1
0.1
0.0
0.0
-0.1

ns
ns
ns
ns
ns

-

-

6.0
5.6
5.4
5.2
4.8

-

-

6.0
5.6
5.2
4.8
4.4

ns
ns
ns
ns
ns

-

-

0.5
0.3
0.3
0.0
0.2

-

-

-0.2
0.2
0.0
0.0
-0.2

ns
ns
ns
ns
ns

2.7
2.7
2.7
2.7
2.7

2.4
2.4
2.4
2.4
2.4

-0.3
-0.3
-0.3
-0.3
-0.3

2.7
2.7
2.7
2.7
2.7

2.4
2.4
2.4
2.4
2.4

-0.3
-0.3
-0.3
-0.3
-0.3

ns
ns
ns
ns
ns

2.9
2.9
2.9
2.9
2.9

3.0
3.0
3.0
3.0
3.0

0.1
0.1
0.1
0.1
0.1

3.0
3.0
3.0
2.9
2.9

3.0
3.0
3.0
3.0
3.0

0.0
0.0
0.0
0.1
0.1

ns
ns
ns
ns
ns

ns = not significant (P>0.05)
*P values range from P=0.327 to P=0.998

Table 4.3. Worm egg count (epg) at final sampling between flocks at both sites, comparing selection
based on BCS (highest score untreated) and random selection.
Proportion of flock untreated

10%
20%
30%
40%
50%

Farm A

Farm B

Random

BCS

P Value

Random

BCS

P Value

478
685
780
884
970

523
915
937
1105
1127

ns
ns
ns
ns
ns

251
437
520
630
712

221
313
543
621
718

ns
ns
ns
ns
ns

ns = not significant (P>0.05)
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4.3.4 Effect of proportion of sheep treated and liveweight
change
At Farm A, there was a difference in liveweight change (%) between the different
virtual flocks (proportion treated) over the whole experimental period (P<0.001; Table 4.4),
with a greater effect of nematode infections (in comparison to 0% untreated) once 40% or more
sheep were left untreated. Differences in liveweight change (%) between virtual flocks were
evident between sampling periods 1-2 (P<0.001) and 2-3 (P<0.001).
At Farm B, there was no difference between the different virtual flocks (proportion
treated) for liveweight change (%) over the experimental period as a whole or between sampling
periods. The only differences observed were between sampling times 4 and 5, with the 100%
untreated flock losing more weight than the 10% untreated (P=0.012) and 0% untreated flock
(P=0.012) (Table 4.4).
Table 4.4. Liveweight change (%) and BCS change between sampling periods for flocks with
different proportions untreated at each site (not separated by selection method).
Sampling
interval
Liveweight change
Farm A 1-2
2-3
3-4
4-5
Overall
Farm B
1-2
2-3
3-4
4-5
Overall
BCS change
Farm A 1-2
2-3
3-4
4-5
Overall
Farm B
1-2
2-3
3-4
4-5
Overall
*

Proportion of flock untreated
0%*
10%
20%
30%

40%

50%

100%#

P Value

6.98a
-1.92a
-2.18
3.59
6.15a
-1.20
0.92
1.72
-1.26a
0.05

6.79ab
-2.12a
-2.05
3.65
5.98ab
-1.24
0.83
1.66
-1.26a
-0.17

6.58ab
-2.29ab
-2.08
3.73
5.64ab
-1.13
0.74
1.99
-1.49ab
-0.05

6.34ab
-2.67abc
-2.13
3.99
5.20abc
-1.21
0.96
1.96
-1.73ab
-0.22

6.20ab
-3.01bcd
-2.11
4.08
4.82bc
-1.18
0.98
2.06
-1.90ab
-0.22

5.88b
-3.17cd
-2.09
3.98
4.35c
-0.98
1.03
1.99
-1.88ab
-0.11

4.70c
-3.67d
-2.09
4.17
2.79d
-1.04
1.59
2.03
-2.23b
0.15

<0.001
<0.001
ns
ns
<0.001
ns
ns
ns
ns
ns

-0.04
-0.06
-0.30a
0.10
-0.28
0.15
-0.05
0.10
-0.14
0.06

-0.04
-0.04
-0.32ab
0.10
-0.28
0.13
-0.05
0.10
-0.14
0.05

-0.04
-0.05
-0.34ab
0.12
-0.28
0.12
-0.04
0.10
-0.12
0.07

-0.04
-0.04
-0.36ab
0.12
-0.29
0.11
-0.03
0.10
-0.13
0.06

-0.03
-0.02
-0.37ab
0.12
-0.28
0.11
-0.02
0.11
-0.15
0.06

-0.02
-0.05
-0.36ab
0.12
-0.29
0.13
-0.05
0.12
-0.14
0.07

-0.04
-0.02
-0.39b
0.15
-0.31
0.11
-0.05
0.12
-0.13
0.07

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

100% sheep in flock treated
0% sheep in flock treated
abcd
Values with different superscript within a row are significantly different (P<0.05)
ns = not significant (P>0.05)
#
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4.3.5 Effect of proportion of sheep treated and body
condition change
There was no difference in BCS change between virtual flocks (proportion treated) over
the whole experimental period at either Farm A or Farm B (Table 4.4). Similarly there were no
differences in BCS change between the virtual flocks (proportion treated) at either site between
sampling periods, apart from a single instance at Farm A, specifically between samplings 3 and
4 where sheep in 0% untreated in comparison lost more BCS than sheep in 100% untreated
groups (P=0.030; Table 4.4).

4.3.6 Effect of proportion of sheep treated and WEC
As expected, the WEC increased in the virtual flocks as the proportion of untreated
sheep increased and this was significant at every sampling occasion (P<0.001, Table 4.5). The
WEC also increased in each virtual flock between sampling occasions (P<0.001) at both sites.
Table 4.5. Mean flock WEC (epg) at each sampling period between flocks of different proportions
untreated at each site.
Sampling
period
Farm A
1
2
3
4
5
Farm B
1
2
3
4
5

0%*

10%

Proportion of flock untreated
20%
30%
40%

50%

100%#

P Value

0a
2a
0a
5a
0a

62ab
134b
233b
369b
673b

64b
137b
242b
381b
705b

93c
170bc
307c
477c
794bc

105cd
186cd
339cd
529cd
904cd

116de
204d
369de
581de
984de

137e
226d
421e
651e
1136e

<0.001
<0.001
<0.001
<0.001
<0.001

0a
0a
2a
11a
4a

42a
115a
200a
197a
248a

73ab
180b
326b
341b
426b

103bc
244c
443c
388b
522c

123cd
271cd
472c
458c
629d

135d
300d
552d
525d
713e

166d
377e
660d
660e
873f

<0.001
<0.001
<0.001
<0.001
<0.001

*

100% sheep in flock treated
0% sheep in flock treated
abcdef
Values with different superscript within a row are significantly different (P<0.05)
ns = not significant (P>0.05)
#
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4.4

Discussion
The key findings of this study were, that within the range of BCS observed, there was

no observed benefit with respect to liveweight change, body condition change or WEC output
when selecting sheep for TST-based strategies using BCS compared with random selection; that
there were no costs in terms of liveweight when up to 40% of sheep remained untreated or for
body condition when 50% of sheep were untreated; and finally, WEC output (and therefore
pasture contamination) increased as the proportion of untreated sheep increased.
The use of BCS as a TST selection index has been the subject of investigations in
Australian regions where T. circumcincta and Trichostrongylus spp. are the major nematodes of
sheep, and large flock sizes call for the timely and practical assessment of individual animals
(Besier et al., 2010). This investigation extends previous evidence that BCS-based TST
strategies can be applied simply in adult ewes in a Mediterranean-type environment, and are
unlikely to cause adverse effects on sheep production if implemented when the nematode larval
intake rate is low. Furthermore, the observations suggest that random selection of animals can
be used in implementing TST strategies, particularly when environmental conditions are such
that larval development is also limited.
Measurements of animal production including weight gains in lambs have been shown
to be appropriate indices for TST selection (Leathwick et al., 2006a; Greer et al., 2009; Kenyon
et al., 2009) but these require multiple observations in order to identify changes over time.
Further, the production performance of growing lambs may be at risk where frequent
assessment is not possible, potentially resulting in the failure to identify the need for treatment
at appropriate times. Hence, the TST strategy under investigation is intended specifically for
mature animals, which are presumably immunocompetent and have developed some resilience
to parasitic effects, and where short-term production changes are less significant.
No difference on BCS change or weight change was observed between the TST
selection indices using either BCS (lowest BCS treated) or random selection of animals for
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treatment. Recent investigations observed that anthelmintic treatments provide a differentiallygreater effect in low-BCS ewes in preventing further weight and condition decline (Cornelius et
al., 2014; Chapter 3), suggesting that BCS can therefore serve as an appropriate index for TST
strategies. Earlier studies within this Mediterranean environment also utilised BCS as a TST
selection index (Besier et al., 2010). However, while BCS assessment requires less effort than
collecting weights or faecal samples, some effort is still required for performing individual
lumbar palpations of each animal to identify those in lowest BCS. Practicality of application is a
key consideration for a TST selection index where total flock sizes are typically very large and
labour availability is low (Besier, 2012). The present investigation therefore addressed the
question of whether it is necessary to assess the sheep for BCS for treatment decisions, or
whether the random selection of animals would give a similar result in terms of flock production
changes.
The modelling results in this investigation indicated no significant body weight or BCS
differences when up to 50% of a “virtual flock” was left untreated when either BCS index or
random selection of animals for treatment is used. This suggests that the time and effort
committed to individual BCS assessment would be of no benefit under these circumstances.
This outcome was based on in vivo data from flocks representative of commonly-occurring
nutritional and parasitological situations observed in Mediterranean regions of Australia.
However, given the results from previous work (Cornelius et al., 2014; Chapter 3) it would be
advised that sheep below a pre-determined BCS be included in the treatment group to minimise
the risk of losses and compromised welfare in low-BCS sheep. The present studies also
confirmed that substantial proportions of an adult sheep flock in good body condition could be
left untreated without significant production loss, at least where environmental conditions that
minimise re-infection from pastures are present. The appropriate TST proportion would vary
with the nematode challenge and level of nutrition available. In this environment it appears that,
provided sheep are in sound nutritional condition, a substantial proportion of an adult sheep
flock may be left untreated without significant production loss.
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No difference in body weights was observed between flocks with varying proportions of
ewes notionally left untreated at Farm B, and until more than 30% were left untreated at the
Farm A site. There was no difference in BCS between flocks with varying proportions of sheep
left untreated at either site, although as expected, there was a trend towards a lower production
loss where all sheep were treated compared with no sheep treated. No change in production
effects was observed as the proportion of untreated sheep increased, and presumably this in part
reflects the resilience of adult sheep in good body condition and adequate nutrition to parasitic
effects (Walkden-Brown and Kahn, 2002; Kahn, 2003). This may also in part be related to the
dry pastures during the observation period that were unlikely to yield significant numbers of
infective larvae.
The observations were consistent with the earlier studies in WA in which no significant
adverse effect on wool growth or body weight change was observed in flocks where 50% or
more of ewes were left untreated using BCS and the TST selection index (Besier et al., 2010). It
was observed at Farm A that while BCS decreased, liveweight increased. Liveweight increases
can reflect changes in factors other than body condition (muscle and fat) including increased
weight of viscera and digesta (gut fill) reflecting changes in diet as well as time off feed and
water at the time of measurement. Another contributor to weight but not body condition is
fleece growth. For this reason BCS is considered a more direct measure of muscle and fat
change than liveweight.
The findings of this investigation suggested WECs were not an appropriate TST
treatment index in large flocks of adult sheep, even where individual WEC measurements were
practicable. In both this study and a previous investigation where T. circumcincta and
Trichostrongylus spp. also predominated (Cornelius et al., 2014; Chapter 3), there was no
consistent relationship between WEC and BCS or bodyweight. Treatments given only to sheep
with highest WEC would therefore not benefit those sheep with low WEC but with reduced
resilience to parasitism. The weak relationship between WEC and BCS also indicated that
targeting higher BCS sheep to be left untreated would provide no greater reduction in flock
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WEC after treatment compared with random selection of sheep left untreated and hence no
additional pasture contamination benefit. However, the remaining mean flock WEC after a
targeted treatment can be easily estimated, and measures taken where it is considered excessive.
Results of earlier studies suggested that a BCS-based TST approach is likely to have
particular application in Mediterranean environments in Australia, where routine strategic
treatments in the hot and dry summer period contribute strongly to the development (both
prevalence and severity) of anthelmintic resistance (Besier and Love, 2003; Playford et al.,
2014). Also, earlier computer simulation modelling suggests that for a single treatment given in
summer in this environment, leaving even a small percentage of adult sheep untreated can
provide a significant amount of refugia for non-selected nematodes, hence delaying anthelmintic
resistance (Dobson et al., 2011a). In conjunction with those studies, results from this
investigation suggest that summer treatments based on a random selection index (with a
minimum BCS limit to identify animals at risk of disease or compromised welfare), with up to
50% of adult sheep untreated would be expected to significantly delay the development of
anthelmintic resistance, with minimal adverse effect on sheep health or production. This is
consistent with Gaba et al. (2012) demonstrating that random treatment of hosts is a sustainable
treatment strategy. Whilst this present study showed that leaving a proportion of sheep untreated
increased flock WEC, the viability of larvae and contribution to refugia was not directly
measured. Future studies could include direct measures such as pasture larval counts or tracer
animals to approximate the contribution of untreated sheep to refugia in that specific
environment.
Furthermore, while these TST strategies would be more applicable in locations where T.
circumcincta and Trichostrongylus spp. are the major sheep nematodes, caution is needed if
extrapolating the results from this investigation to different environments and circumstances.
Further investigations in environments where nematode challenge and nutritional levels differ,
to account for differences in seasonal effects on pasture contamination with nematode eggs, are
required before recommendations on this TST strategy can be made.
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The analysis method by which virtual flocks were created from a pool of treated and
untreated sheep could not account for possible differences in production effects over time due to
pasture nematode egg contamination effects after different flock proportions were treated.
However, the between-month analyses suggested no effect of variable WEC output in this
investigation, possibly due to the resilience of adult sheep to nematode infections and because
the observation period at each site spanned seasons when little nematode larval development
occurs in this environment (Woodgate and Besier, 2009). Nevertheless, TST strategies in
environments with a lesser seasonal cessation in nematode larval development may have
different outcomes, and as with all modelling approaches to nematode control, local validation
is needed.

4.5

Conclusion
This investigation showed that for adult sheep in Mediterranean environments, it is

possible to leave a substantial percentage of sheep untreated over the drier months without
detrimental effects on production (liveweight and body condition). The greater the proportion of
sheep left untreated, the greater the refugia is provided to delay the onset of anthelmintic
resistance. This investigation demonstrated that over a period when infective larvae on pasture
were minimal (due to dry seasonal conditions) up to 50% of a flock could be left untreated, and
the selection of sheep to leave untreated based on low BCS was not essential, although this
should still be considered to identify animals at risk of disease or compromised welfare. It is
concluded that leaving a random percentage of adult sheep in good nutritional condition
untreated in a Mediterranean environment can be an effective TST strategy.
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5. Computer modelling of anthelmintic
resistance and worm control
outcomes for refugia-based nematode
control strategies in Merino ewes in
Western Australia
This chapter has been published in Veterinary Parasitology:
Cornelius, M.P., Jacobson, C., Dobson, R., Besier, R.B., 2016. Computer modelling of
anthelmintic resistance and worm control outcomes for refugia-based nematode control
strategies in Merino ewes in Western Australia. Veterinary Parasitology. 220, 59-66.

5.1

Introduction
The widespread and increasing severity of anthelmintic resistance is considered the

greatest threat to efficient sheep nematode control on a global basis (Kaplan and Vidyshankar,
2012). It is therefore critical to maintain the effectiveness of the current anthelmintic classes that
are still effective, and that of any new anthelmintics that may be released (Kaminsky et al.,
2008; Little et al., 2010; Leathwick and Besier, 2014). A major factor contributing to the
development of anthelmintic resistance in livestock nematodes is the practice of treating all
animals in the flock in situations with little refugia, i.e. parasites not exposed to anthelmintics
(Besier and Love, 2003; Leathwick et al., 2009). Subsequent to whole flock treatments, the only
eggs shed onto pasture are from nematodes that survived treatment and where there is no refugia
as free-living stages on pasture, rapid selection for resistance is likely (Van Wyk, 2001; Kaplan,
2010).
Investigations into sustainable parasite control have included ‘refugia-based’
management strategies, which aim to minimise the development of resistance by ensuring the
survival of sufficient nematodes with more susceptible genotypes to dilute resistant individuals
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surviving anthelmintic treatment (Van Wyk, 2001; Kenyon et al., 2009; Leathwick and Besier,
2014). In the Mediterranean environment region of southern WA, where Trichostrongylus spp.
and T. circumcincta are the predominant gastrointestinal nematodes, strategic anthelmintic
treatments are commonly used in the hot and dry summer period where they impose heavy
selection for anthelmintic resistance (Besier and Love, 2003). Two main refugia-based
approaches to nematode control have been investigated for this environment, both specifically
intended for use in mature sheep (Besier, 2012). These involve either a whole-flock treatment to
all sheep in autumn (when conditions for survival of free living stages are more favourable than
in summer) in order to avoid the heavy resistance selection pressure of summer treatments
(Woodgate and Besier, 2010), or a TST approach by which a proportion of a flock is left
untreated in summer to retain non-selected (i.e. not anthelmintic exposed) nematodes in the
population (Besier et al., 2010). Both approaches have implications for the likely acceptability
to sheep producers, due to concerns partly over the practicality of implementation, but
especially for the effectiveness of parasite control of strategies which require the retention of
nematode populations in refugia. To achieve wide uptake, it is necessary to demonstrate that the
recommended strategies provide a substantial benefit regarding the reduction in the
development of anthelmintic resistance, but without a significant loss of nematode control
efficacy.
Field investigations in WA have confirmed that a TST strategy based on the selection of
ewes for treatment (or otherwise) using BCS is a practical procedure and does not jeopardise
wool production when applied in adult sheep flocks in this environment (Besier et al., 2010), or
adversely affect body weight or condition score (Cornelius et al., 2014; Chapter 3; Cornelius et
al., 2015b; Chapter 4). However, field studies to determine the longer-term effects on the
development of anthelmintic resistance and impacts on nematode control effectiveness in the
flock into the future are difficult and expensive to conduct in real time. This study utilised
computer simulation modelling to investigate the impact of different refugia scenarios on
anthelmintic resistance and nematode control effectiveness outcomes in adult ewe flocks in a
Mediterranean climatic region over a 20 year time period. The modelled scenarios allow
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comparisons between timing of treatment (summer or autumn), different proportions of a flock
left untreated, different locations within the region, and for anthelmintics with different
resistance status. The aim of this study was to describe effects of refugia-based nematode
control methods on nematode control effectiveness and development of anthelmintic resistance,
with the goal of developing appropriate nematode control programs for a range of sheep
management situations and environments that achieve the objectives of both efficiency and
sustainability.

5.2

Materials and methods

5.2.1 Model – Risk Management Model for Nematodes
(RMMN)
The model, previously described by Dobson et al. (2011a; b) was initially developed in
FORTRAN for a DOS computing platform and more recently translated (Dobson, pers. com) to
use in Excel under a Windows operating system (Microsoft, 2015).

5.2.2 Simulated sheep management
The model assumptions were that ewes were grazed at a stocking rate of 12 dry sheep
equivalent per hectare (DSE: unit of measure to compare feed requirements or farm carrying
capacity based on a two-year-old, 45 kg Merino wether or non-pregnant/lactating ewe). Ewes
rotated between two paddocks each year, changing paddocks in December and back again in
April. Lambs were born in June and ran with the ewes until weaned into a separate paddock in
October. This cycle continued annually for 20 years. Periods of stress that can diminish the
immune response of ewes to nematodes were taken into account in the model, including that of
the peri-parturient relaxation of immunity during early lactation following lambing.
Anthelmintic treatments were given to ewes as specified. Lamb treatments were always given at
weaning (October) and in summer (December) with the same types of anthelmintics that were
used for the ewes in that year. Anthelmintic resistance and nematode control effectiveness were
assessed across nematode populations in the entire flock (ewes and progeny), including the
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contribution of the lambs through cycling nematode populations that originated in the ewes
before and following treatment.
Output from the model included two measures: years to anthelmintic resistance and
mean nematode control effectiveness (as a percentage). Dobson et al. (2011b) provides a full
description of how these measures are estimated and how deaths from concurrent nematode
infections were estimated, based on model predictions of adult nematode burdens. ‘Years to
anthelmintic resistance’ indicates the time taken for the resistance (R) allele gene frequency to
reach 50% in the infective larval population on pasture. ‘Nematode control effectiveness’ is a
similar concept to drug ‘efficacy’ with higher effectiveness score representing better control,
measuring the weighted average reduction in nematode burden, egg counts, production penalty
and deaths from an untreated control group over a number of years (Dobson et al., 2011b).

5.2.3 Factors simulated
Six factors were explored in the simulation exercise (Table 5.1): percentage of the flock
left untreated, timing of anthelmintic treatments, number of treatments per annum, anthelmintic
drugs used, environment (different weather conditions) and initial ewe WEC. This gave rise to
480 separate 20-year simulations.
Table 5.1. Factors used for multiple model simulations.
Classification
Refugia factors
Parasite control
method factors

Random factors

Factors
% untreated in flock
Treatment timing
Treatment frequency/annum
Drugs used

Environment (weather)
Initial ewe WEC

Variables used in simulations
0, 10, 20, 30, 40, 50%
Summer, Autumn
1, 2, 3
Drug A (approximately 97% efficacy,
short period of persistence )
Drug B (approximately 99.999% efficacy,
no persistence)
Within year rotation of A and B
High rainfall, low rainfall
100 epg, 500 epg

5.2.3.1 Proportion of flock left untreated
The model was run with variable proportions of the flock untreated (0, 10, 20, 30, 40
and 50%; Table 5.1), with ewes selected at random so that potential reductions in the mean
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nematode burden or egg count were proportional to the treated percentage of the flock. This
refugia strategy aims to allow unselected adult nematode populations in sheep to contaminate
pasture.

5.2.3.2 Time of treatment
To simulate the strategy of changing the time of strategic anthelmintic treatment of
ewes from a highly selective to a less selective time of year, the model was run with treatments
to ewes either in summer (December; low refugia potential i.e. few if any infective larvae on
pasture, hence highly selective) or autumn (March; less selective due to a greater refugia
potential) (Table 5.1 and Table 5.2). Lambs were treated to a standard program regardless of
ewe treatments, with a treatment at weaning (October) and then in summer (December).
Table 5.2. Timing and number of simulated anthelmintic treatments for ewes.
Treatment timing
Summer

Autumn

Treatment/annum
1
2
3
1
2
3

Month treatment administered
December
December, October
December, June, October
March
March, October
March, June, October

5.2.3.3 Treatment frequency
This was simulated using 1, 2 or 3 treatments to ewes per annum (Table 5.2).

5.2.3.4 Anthelmintic drug choice
The use of different anthelmintics was simulated to indicate the difference between
active ingredients with different efficacy and persistence (Table 5.1). Treatments included Drug
“A”, representing a drug at 97% initial efficacy with persistence of 32 days (T. circumcincta)
and 5 days (Trichostrongylus spp.), and initial 3% frequency of resistance allele (representing
initial level of drug resistance in the nematode population). Drug “B” represents a drug at
“100% efficacy” (in practice, 99.999% effective), with no persistence and very low (0.0001%)
initial resistance allele frequency. The properties of the Drugs A and B were chosen to represent
the persistence properties and expected anthelmintic resistance gene prevalence in the parasite
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population for two treatment options commonly used in this environment. Different treatment
frequencies (frequency of treatments/annum) and rotations of drugs were also simulated. Where
one treatment annually was given, this was with either Drug A or Drug B. For two treatments
annually, simulations included Drug A only (A-A), Drug B only (B-B), or Drug A and Drug B
in rotation (A-B and B-A simulated separately). For three treatments annually, simulations
included Drug A only (A-A-A), Drug B only (B-B-B), or Drug A and Drug B in rotation (A-BA and B-A-B simulated separately). For each year/location result, an average was taken of the
means of each possible order of rotation. In each case, the lambs received the same
treatment/rotation as the ewes.

5.2.3.5 Environments
The two environments simulated represent a higher rainfall area (Albany) and a lower
rainfall area (Kojonup), to cover variation within the Mediterranean climatic conditions
(characterised by hot, dry summers and cool, wet winters) typical of WA sheep producing
regions. For Albany (high rainfall area), rainfall is approximately 927 mm/annum with the
majority falling between the months of May to September, with average annual temperatures of
11.7 (minimum) and 19.5 (maximum) and an annual pasture growing season of approximately
7.5 months duration. For Kojonup (lower rainfall region), rainfall was approximately 526
mm/annum which typically falls entirely in the winter months of June to August, with average
annual temperatures of 9.3 (minimum) and 21.4 (maximum), and a 5.5 month growing season.
Annual pastures are the predominant pasture systems in this region and the extended dry periods
over summer-autumn result in typically zero pasture growth over this period.

5.2.3.6 Initial WEC counts
The initial (starting) mean WEC for ewes in December of the first year of each
simulation were set at either 100 epg or 500 epg and simulated separately. The mean initial
lamb WEC was set at 10% of the ewes’ count. Nematode species modelled were T.
colubriformis and T. circumcincta. The L3 establishment rate is a measure of sheep immunity to
nematodes in young or susceptible animals. The initial establishment rate of infective larvae
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was set at 1% for ewes to reflect a strong immune response, and at 99% for lambs in which little
immunity had developed (Barger et al., 1985; Hong et al., 1987; Barger et al., 1988; Dobson et
al., 1990a; b; c; d; Jackson et al., 1992; Barnes and Dobson, 1993).

5.2.4 Statistical analysis
The data from the model were analysed using SPSS Standard Statistics Version 22.0
(IBM Corporation, 2013). Univariate general linear models with least square difference posthoc tests were used to examine differences between means of factors. Initial high and low WEC
were not significantly different to each other, neither were number of treatments per annum, and
therefore were pooled (not separated as different variables) to provide enough replicates to
enable statistical differences between the other factors to be tested.

5.3

Results

5.3.1 Refugia strategies and development of anthelmintic
resistance
The effect of environment, varying the proportion (%) of the flock untreated and timing
of anthelmintic treatment on time (years) to the development of anthelmintic resistance are
shown in Table 5.3.
Leaving a proportion of ewes untreated was effective in increasing the time to
anthelmintic resistance in the lower rainfall environment (for both summer and autumn
treatments) and in the higher rainfall environment (for summer treatment only) (Table 5.3).
Specifically, for summer treatments in the lower rainfall environment (Kojonup), anthelmintic
resistance developed approximately 6-9 years earlier in the 0% untreated flock than for all other
flocks (P<0.001), and 2-3 years earlier in the 10% untreated flock compared to the 30%
(P=0.008), 40% (P=0.002) and 50% (P=0.002) flocks. Similarly, for summer treatments in the
higher rainfall environment (Albany), anthelmintic resistance developed approximately 2-4
years earlier in the 0% untreated flock than for all other flocks (P<0.01) (Table 5.3). For
Autumn treatments in the lower rainfall environment (Kojonup), anthelmintic resistance
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developed approximately 3-6 years earlier in the 0% untreated flock than for all other groups
(P<0.001), and approximately 2 years in the 10% untreated flock compared to the 40%
(P=0.031) and 50% (P=0.009) untreated flocks. In contrast, the time to anthelmintic resistance
did not differ significantly with different proportions of the flock left untreated for autumn
treatments in the higher rainfall environment (Albany), with the exception that resistance
developed approximately 3 years earlier in the 0% untreated flock than for the 50% untreated
flock (P=0.012; Table 5.3).
Changing the timing of treatment from summer to autumn delayed anthelmintic
resistance by approximately 3 years only in the lower rainfall environment (Kojonup) and only
where all ewes were treated (0% untreated; Table 5.3). Where at least 10% ewes were left
untreated, there was no difference in time to anthelmintic resistance observed in flocks given
summer treatments compared with flocks given autumn treatments (Table 5.3).
Table 5.3. Effect of proportion (%) of flock treated and timing of treatment on mean time (years) to
anthelmintic resistance in two environments.
Environment

% of flock untreated

Lower rainfall
(Kojonup)

0
10
20
30
40
50
P Value
0
10
20
30
40
50
P Value

High rainfall
(Albany)

Years to AR*
Summer
9.5c
15.8b
16.9ab
18.1a
18.5a
18.6a
<0.001
14.0b
16.5a
16.9a
17.1a
17.1a
17.6a
0.004

Autumn
12.8c
16.1b
17.0ab
17.8ab
18.1a
18.5a
<0.001
14.7b
16.1ab
16.2 ab
16.5 ab
16.5 ab
17.3a
ns

P Value
0.007
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

*AR: anthelmintic resistance. Means are averaged over nematode species, drugs, the number of treatments given and
initial WEC.
ns = not significant (P>0.05)
abc
For each environment, values in columns with different superscripts are significantly different (P<0.05)
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5.3.2 Refugia strategies and nematode control outcomes
Increasing the proportion of flock left untreated reduced nematode control effectiveness
(%) for both summer and autumn treatments (P<0.001; Table 5.4). Nematode control
effectiveness was always higher at Kojonup (lower rainfall) than Albany (higher rainfall), for
any category of percentage untreated, or either time of treatment.
Moving the timing of treatment from summer to autumn in the lower rainfall
environment resulted in small (but significant) decreases in nematode control effectiveness only
when the proportion of flock left untreated was 0 and10%. In contrast, moving the timing of
treatment from summer to autumn in the higher rainfall environment resulted in small (but
mostly significant) increases in nematode control effectiveness when 10-50% of the flock was
untreated (Table 5.4).
Table 5.4. Effect of proportion (%) of flock treated and timing of treatment on mean nematode
control effectiveness (%) in two environments.
Environment

% of flock untreated

Lower rainfall
(Kojonup)

0
10
20
30
40
50
P Value
0
10
20
30
40
50
P Value

High rainfall
(Albany)

Nematode control effectiveness* (%)
Summer
Autumn
86.9a
85.3a
b
84.6
81.8b
c
76.1
75.3c
d
68.0
68.6d
e
62.3
62.6e
f
57.5
57.8f
<0.001
<0.001
88.4a
88.7a
b
85.6
87.7b
c
83.9
85.4c
d
81.6
82.8d
e
78.2
79.5e
f
75.7
77.7f
<0.001
<0.001

P Value
0.025
<0.001
ns
ns
ns
ns
ns
<0.001
0.001
0.021
0.054
0.001

* weighted average reduction in nematode burden, egg counts, production penalty and deaths from an untreated
control group over a number of years
ns = not significant (P>0.05)
abcdef
For each environment, values in columns with different superscripts are significantly different (P<0.05)
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5.3.3 Anthelmintic drug choice and anthelmintic resistance
The effect of environment, varying proportion (%) of flock untreated and anthelmintic
drug choice on time (years) to development of anthelmintic resistance are shown in Table 5.5.
The use of the less effective drug (Drug A) resulted in anthelmintic resistance sooner
than where the highly effective drug (Drug B) or the combination of both (A/B rotation) were
used in both environments (Table 5.5). All three of the drug options used were significantly
different to each other for all of the proportions of flock left untreated in both environments.
Increasing the proportion of flock untreated from 0% to 10% increased the time to
development of anthelmintic resistance in both environments regardless of anthelmintic drug
used (P<0.001; Table 5.5), but further increases in the percentage untreated increased the time
to resistance only for Drug A at in lower rainfall environment, and for A/B rotations in both
environments (Table 5.5).
Table 5.5. Effect of proportion (%) of flock treated and anthelmintic drug choice on mean time
(years) to anthelmintic resistance in two environments.
Environment

Lower rainfall
(Kojonup)

High rainfall
(Albany)

% of flock
untreated

Years to AR*
Drug A#
Drug B##

0%
10%
20%
30%
40%
50%
P Value
0%
10%
20%
30%
40%
50%
P Value

6.6f
12.5e
13.5d
14.4c
14.8b
15.1a
<0.001
9.7c
13.1a
13.1a
13.1a
13.1a
13.4a
<0.001

16.1b
21.0a
21.0a
21.0a
21.0a
21.0a
<0.001
19.9b
21.0a
21.0a
21.0a
21.0a
21.0a
<0.001

P Value
A/B Rotations^
Drug A
Drug B
8.9e
10.8e
d
14.2
14.9d
c
15.7
16.6c
b
17.1
18.3b
ab
17.8
18.9ab
a
18.0
19.2a
<0.001
<0.001
12.0e
13.7e
d
14.0
15.2d
cd
14.2
15.8cd
bc
14.6
16.4bc
ab
14.7
16.5b
a
15.4
17.8a
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

*AR: anthelmintic resistance. Means are averaged over nematode species, drugs, the number of treatments given and
initial WEC. Where time to anthelmintic resistance is shown as 21 years, resistance did not occur in that set of
simulations.
#
Drug A 97% effective, some persistence
##
Drug B: 99.999% effective, no persistence
^Years to AR for drug rotations is an average for all possible orders of drug rotations in each year, i.e. A/B and B/A.
abcd
For each environment, values in columns with different superscripts are significantly different (P<0.05)
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5.3.4 Anthelmintic drug choice and nematode control
outcomes
The effect of environment, varying proportion (%) of flock untreated and anthelmintic
drug treatment choice on nematode control outcomes are shown in Table 5.6.
Nematode control effectiveness was significantly different between each proportion of
the flock untreated for all drug types used, in both environments (Table 5.6). Increasing the
proportion of flock left untreated reduced nematode control effectiveness (%) for both drug
choices, including drug rotation, in both environments (P<0.001; Table 5.6).
In the lower rainfall environment, nematode control effectiveness was mostly not
significant with the exception of Drug A being significantly different to A/B rotations where 0%
(P=0.019), 30% (P=0.036) or 40% (P=0.0.012) flock were untreated. There were no significant
differences in nematode control between drug types or rotation in the high rainfall environment.
Table 5.6. Effect of proportion (%) of flock treated and anthelmintic drug choice on mean
nematode control effectiveness (%) in two environments.
Environment
Lower rainfall
(Kojonup)

High rainfall
(Albany)

% of flock
untreated
0%
10%
20%
30%
40%
50%
P Value
0%
10%
20%
30%
40%
50%
P Value

Drugs used
Drug A#
85.0a*
82.3b
75.2c
66.9d*
60.6e*
56.0f
<0.001
88.1a
86.4b
84.6c
82.1d
78.9e
76.4f
<0.001

P Value
Drug B##
85.8a
83.2b
75.0c
68.5d
62.5e
58.7f
<0.001
88.7a
86.3b
84.0c
81.7d
78.8e
76.1f
<0.001

A/B Rotations^
87.0a*
83.9b
76.5c
69.2d*
63.7e*
58.1f
<0.001
88.8a
87.1b
85.2c
82.7d
78.8d
77.3f
<0.001

ns
ns
ns
ns
0.040
ns
ns
ns
ns
ns
ns
ns

ns = not significant (P>0.05)
*For each environment, values in rows (different drug choice) with * are significantly different
#
Drug A 97% effective, some persistence
##
Drug B: 99.999% effective, no persistence
^Nematode control effectiveness for A/B rotations is an average for all possible orders of drug rotations in each year,
i.e. A/B and B/A.
abcd
For each environment, values in columns with different superscripts are significantly different (P<0.05)
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5.3.5 Effect of initial WEC and treatment frequency on
nematode control and development of anthelmintic
resistance
As previously noted, both the initial WEC and the number of treatments/annum had no
significant effect on either the time to resistance development and nematode control
effectiveness.

5.4

Discussion
This study demonstrated the effects of variations in local climatic conditions, drug

efficacy and treatment schedules on sustainable nematode management in an environment of
high resistance-selection potential, and provides confirmation of earlier modelling studies
indicating that refugia-based nematode control strategies can delay anthelmintic resistance and
be compatible with maintaining effective nematode control (Dobson et al., 2011b; Learmount et
al., 2012; Leathwick, 2012). Specifically, the study investigated refugia-based alternatives to
the “summer drenching” strategy (Anderson, 1972; 1973), which is widely-used throughout
winter rainfall regions in Australia where T. circumcincta and Trichostrongylus spp. are the
major sheep nematodes. Summer drenching is now recognised as applying considerable
selection pressure for anthelmintic resistance in environments where there is limited oversummer survival of the free-living infective larvae, such as in Mediterranean climates (Besier
and Love, 2003; Woodgate and Besier, 2010). The two alternative strategies tested were
specifically aimed at adult sheep (particularly ewes), and include either a TST approach for
treatments given in summer (i.e. leaving some sheep untreated), or a whole-flock treatment in
early autumn (prior to a drench) to allow some larval development and hence provide a greater
degree of refugia (Besier, pers. com). Although the treatment strategies tested were applied only
to adult Merino ewes, the subsequent effects on the nematode populations that developed in
their lambs (which were treated at the same times, regardless of ewe treatments) were
incorporated into the modelling, such that the outcomes reflect effects in the entire sheep flock
on a property. The model ran over a 20-year timeframe using weather data records for each
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location, and compared the effects of the different strategies on the time (years) taken before the
development of anthelmintic resistance and the relative nematode control effectiveness, based
on an estimate developed by Dobson et al. (2011a) incorporating the pathogenic effects on ewes
and lambs (separately) of the modelled nematode burdens.
The findings support the concept that leaving a proportion of sheep in a flock untreated
can be an effective strategy for delaying the development of anthelmintic resistance, and adds to
similar observations in different environments (Hoste et al., 2002a; Leathwick et al., 2006a;
Cringoli et al., 2009; Gallidis et al., 2009; Greer et al., 2009; Stafford et al., 2009; Gaba et al.,
2010). The findings were consistent with previous field studies in WA that found no change in
anthelmintic resistance status when 10% of a lamb flock were left untreated compared with
increased anthelmintic resistance where all lambs were treated (Besier, 2001). However, the
study by Besier (2001) found that partially-treated flocks suffered significant parasitism in the
following winter, therefore suggesting that effects on both control effectiveness as well as the
development of anthelmintic resistance need to be considered when evaluating refugia-based
control strategies. More recently, computer modelling studies by Dobson et al. (2011a)
indicated that where anthelmintic efficacy is high, a useful level of refugia with a minimal risk
to lamb production could be provided by leaving a lower percentage untreated (4-10%).
Similarly, field and modelling studies in WA demonstrated that adult ewe flocks with a
proportion of ewes left untreated in winter did not result in meaningful loss of weight or body
condition (Besier et al., 2010; Cornelius et al., 2014; Chapter 3; Cornelius et al., 2015b; Chapter
4). The present study investigated implementing refugia-based strategies for adult ewes, which
are expected to show a greater tolerance of nematode burdens than lambs, and confirmed that
leaving as few as 10% of the flock untreated in summer was sufficient to significantly delay the
onset of anthelmintic resistance, regardless of the environment or treatment choice. There was
an environmental and seasonal effect on the effectiveness of this strategy. In the lower rainfall
environment (Kojonup), resistance developed four years (autumn) to six years (summer) later
when 10% were left untreated, compared with a treatment to the entire ewe flock. Increasing the
percentage of ewes untreated resulted in further benefit in resistance delay when up to 20%
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ewes were untreated, with no additional benefit beyond this. However, in the higher rainfall
environment, the benefit in resistance delay only occurred for up to 10% ewes untreated in
summer, and the magnitude of benefit (2.5 year delay) was smaller than for the lower rainfall
environment. This difference in response to a TST strategy was consistent with the relative
favourability for nematode larval development and degree of parasite refugia between the two
locations. Larval persistence is severely restricted during the prolonged hot and dry summer
periods at Kojonup. In contrast, a greater proportion of infective larvae are expected to survive
over summer in the more temperate environment and higher rainfall location of Albany, hence
providing sufficient refugia for non-resistant nematodes to obviate the benefit of TST strategies
(Besier, 2001; Woodgate and Besier, 2010).
Leaving a proportion of sheep in the flock untreated resulted in a decrease in nematode
control effectiveness in ewes due to the increased contamination of pastures with nematode
eggs, which is a potential disadvantage of TST strategies (Leathwick et al., 2006a; Leathwick et
al., 2008; Waghorn et al., 2008). For both summer and autumn treatments and in both
environments, the modelled nematode control effectiveness was reduced for each increment in
the proportion of ewes left untreated. However, whether this would result in economicallysignificant production loss was not quantified and requires further investigation. Besier et al.
(2010) showed that where 50% or more of ewes were left untreated in summer, differences in
nematode control were only significant immediately after treatments were administered, and
mean flock egg counts remained low in both TST and whole-flock treated groups from
treatment onwards.
A change of treatment timing from summer to autumn was also an effective strategy for
delaying anthelmintic resistance when all sheep were treated in the lower rainfall environment
of Kojonup. This strategy has been shown to be less selective for anthelmintic resistance in
environments where there is negligible survival of infective larvae over summer (Woodgate and
Besier, 2010), and changing strategic treatments from summer to autumn has been
recommended as a sustainable and effective refugia-based nematode control strategy in south-
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west WA. However, the resistance-delay benefit was not observed for the higher rainfall
environment in the present study, presumably again reflecting the greater refugia on the pasture
for infective larvae in a more temperate environment (compared to Kojonup) over the summer
months (Besier, 2001; Besier and Love, 2003). Environmental differences in control
effectiveness in response to changing the timing of treatment from summer to autumn were also
observed. In the lower rainfall environment, treating in summer resulted in less effective
nematode control when more than 10% of the flock was left untreated, demonstrating that the
“traditional” summer treatments provided slightly better protection against nematodes (although
with a greater risk that anthelmintic resistance will develop) where more than 90% ewes were
treated. A recent survey by Cornelius et al. (2015a; Chapter 6) provided evidence of widespread
adoption of the “autumn drenching” strategy by producers in WA regions with only 38%
respondents giving a summer treatment for ewes in the survey period. The results of the present
modelling study support the notion that both this strategy and TST slows the development of
anthelmintic resistance in Mediterranean environment, without serious nematode control
disadvantage in the majority of situations.
As expected, anthelmintic efficacy (treatment choice) had a major effect on the rate of
development of anthelmintic resistance. This is consistent with other reports that continued use
of anthelmintics to which resistance has already developed can rapidly increase the rate of
development of resistance (Leathwick and Besier, 2014), and that this is mediated by
environmental effects impacting the degree of refugia. In the present study, in the lower refugia
(higher resistance-selection) environment of Kojonup, resistance did not develop until more
than 16 years for a drug with extremely high efficacy (>99.99%) compared to less than seven
years to an anthelmintic that was 97% effective (although the persistent effect may have
increased the intensity of selection for a short period). This observation was consistent with
previous computer model predictions from New Zealand indicating that over 30 times the
refugia was required to achieve an equivalent delay in the time for anthelmintic resistance to
develop for a drug of 95% efficacy compared to when a fully-effective anthelmintic was used
(Leathwick et al., 2009). However, the rate of anthelmintic resistance development to drugs of
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both levels of efficacy was reduced when a proportion of ewes were left untreated in the present
study. The effectiveness of TST for delaying anthelmintic resistance was evident regardless of
anthelmintic efficacy, although the magnitude of benefit was greatest when the fully-effective
anthelmintic was used, with resistance not observed in either environment in those sets of
simulations where at least 10% ewes were left untreated. An environmental interaction with
anthelmintic efficacy was also apparent, with a shorter time to resistance for all TST treatment
regimes at Kojonup compared to Albany, and with a positive relationship between the increase
in time to resistance and increase in proportion of ewes left untreated observed only at Kojonup.
At Albany, a drug with 97% efficacy apparently removed sufficient resistant nematodes to
obviate the effect of increasing levels of refugia as the percentage of untreated ewes increased.
Rotations of anthelmintics at intervals has been widely accepted by producers in
Australia, despite indications that this is likely to have only a marginal effect on reducing
selection for resistance in comparison to the use of effective anthelmintics (Barnes et al., 1995;
Van Wyk, 2001). This is consistent with results from the present study, where an annual
rotation between drugs with an efficacy of either 97% (and persistent activity) or 99.999% (and
no persistence) increased the time to resistance development by only a short period compared to
continuous use of the less-effective drug, which suggests that there is little point in rotating two
or more anthelmintics where none are fully effective. However, using each drug modelled here
continuously until resistance developed, then switching to the other drug, but with 10% of sheep
left untreated, would effectively double the useful life of the drug, for little reduction in
nematode control effectiveness compared to whole-flock treatment. This result supports the
contention that the use of high-efficacy anthelmintics within a refugia strategy is highly
sustainable with minimal effect on the efficiency of nematode control.
Neither the initial WEC of the ewes or the number of treatments had a significant effect
on resistance development or nematode burdens. While it seemed likely that a five-fold
difference in the initial WEC of ewes (100 epg vs. 500 epg) would lead to less-effective
nematode control, particularly when a proportion of the flock were not treated, the hot and dry
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conditions typical of Mediterranean climates during summer and early autumn would have
prevented significant larval development in both environments, regardless of the rate of
nematode egg deposition. However, it is possible that if the initial pasture contamination rate
was higher than in these simulations, this could be a significant factor determining effectiveness
of nematode control due to the greater level of larval development once conditions became
favourable from late autumn onward. Similarly, it may also be expected that the number of
anthelmintic treatments given to ewes (between one and three per year) would affect both the
development of anthelmintic resistance and the effectiveness of nematode control, but no
significant effects were found. This appears to be because the additional treatments were given
at the time of routine management operations later in the year (pre-lambing in June, or at lamb
weaning in October), when pasture conditions were at their most favourable for nematode egg
development. The number of infective larvae in refugia would be at its seasonal highest at this
time, hence minimising the development of resistance, and the use of short-acting anthelmintics
would have only a limited effect in reducing nematode burdens.
Despite the potential sustainability benefits, conceptual barriers to the adoption of TST
strategies by sheep producers are likely to apply in all locations due to concerns about potential
sheep production and nematode related disease, but an understanding by producers of the
benefits and level of risk associated with these strategies will aid in their adoption (Cornelius et
al., 2015a; Chapter 6). Factors affecting the acceptability of TST to producers have been
recognised for some time (Besier, 2012) and ultimately depend on the availability of practical
systems for identifying the sheep that are most likely to benefit from treatment, as well as
confidence that sheep production will not be adversely affected by the survival of nematode
populations from untreated ewes. The most practicable TST indicators will need to be quick and
simple to apply, easily learnt, and allow treatment decisions to be made on-the-go (Kenyon et
al., 2009; Besier, 2012). Recent investigations in Australia demonstrated that BCS is a simple
and practical indicator for a TST strategy in large flocks of adult sheep, and can be used to
identify individual ewes at risk of compromised production or welfare if left untreated (Besier et
al., 2010; Cornelius et al., 2014; Chapter 3). These concluded that in Mediterranean
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environments, and where ewes are in good body condition, the random selection of wellconditioned ewes is a feasible and effective indicator of the sheep to leave untreated (Cornelius
et al., 2015b; Chapter 4).
Another more fundamental barrier to adoption of refugia and TST strategies occurs
where sheep producers do not appreciate the potential impact of anthelmintic resistance until
severe production loss or clinical disease becomes evident, which may not occur until serious
multiple drug resistance develops (Van Wyk et al., 2006). This is consistent with findings from
a survey conducted in 2012 in WA (Cornelius et al., 2015a; Chapter 6) in which one-third of
survey respondents did not perceive anthelmintic resistance to be an important problem. This
was surprising given the high prevalence of resistance in the region, but despite this, more than
65% of respondents were aware of the TST concept, and 25% had implemented it in some form.
This suggests that those producers who perceive anthelmintic resistance to be a problem are
likely to accept TST as a viable management strategy. Results from the present study provide a
good basis for developing optimal refugia-based sustainable control programs that slow the
development of anthelmintic resistance while maintaining sheep production and health.

5.5

Conclusion
This study demonstrated that the refugia-based strategies of either leaving a proportion

of ewes untreated in summer (TST), or administering anthelmintic treatment in autumn rather
than in summer, were effective in delaying the development of anthelmintic resistance in a
Mediterranean climate. Increasing the proportion of sheep left untreated increased the degree of
refugia provided, and leaving as low as 10% of a flock untreated was sufficient to significantly
delay anthelmintic resistance in an environment where few infective larvae survive for a
prolonged period. This study also confirmed the importance of using high-efficacy
anthelmintics for both effective nematode control and to minimise anthelmintic resistance, and
that significantly larger refugia populations are required to delay resistance development when
less-effective drugs are used in highly selective environments.
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6. Factors likely to influence the
adoption of targeted selective
treatment strategies by sheep farmers
in Western Australia
This chapter has been published in Preventive Veterinary Medicine:
Cornelius, M.P., Jacobson, C., Besier, R.B., 2015. Factors likely to influence the adoption of
targeted selective treatment strategies by sheep farmers in Western Australia.
Preventive Veterinary Medicine. 121, 325-331.

6.1

Introduction
Resistance by sheep nematodes to anthelmintics (drenches) is a major problem for

sheep industries globally (Kaplan and Vidyshankar, 2012). Factors including nematode biology,
environment, and sheep management affect the occurrence of anthelmintic resistance, and the
rate at which anthelmintic resistance develops depends on the selection pressure exerted by
these factors to favour resistant genes in the nematode population (Kaplan, 2010).
A key concept in the management of anthelmintic resistance is the provision of
“refugia” for a population of parasites not exposed to anthelmintic treatment, thus serving to
dilute resistant individuals surviving anthelmintics so they do not become a significant part of
the total population (Van Wyk, 2001). Parasite control strategies that maintain significant levels
of refugia by limiting exposure of parasites to treatments aim to decrease the development of
resistance by slowing the increase in the frequency of resistant genes in the parasite population
(Kenyon et al., 2009; Leathwick et al., 2009; Leathwick and Besier, 2014). However, in some
situations even relatively infrequent anthelmintic treatments are associated with a high
resistance prevalence, due to environmental or animal management factors (Besier and Love,
2003; Leathwick and Besier, 2014). Targeted Selective Treatment is a refugia-based approach to
nematode control that restricts anthelmintic treatment to animals judged likely to suffer
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significant production loss or health effects if not treated, while avoiding treatment for
individuals less likely to benefit from the treatment (Kenyon et al., 2009; Leathwick et al.,
2009; Besier, 2012; Kenyon and Jackson, 2012). However, apart from the FAMACHA system,
that identifies individual animals in need of treatment against H. contortus from an indication of
anaemia based on the conjunctival membrane colour, according to a standardised colour chart
(Van Wyk and Bath, 2002), TST strategies largely remain at a validation stage and there are few
examples where the concept has been translated into practicable recommendations for nonhaematophagous species (Cabaret et al., 2009; Besier, 2012).
Sustainable nematode control strategies are essential in sheep producing environments
such as the Mediterranean climatic regions of WA where a high prevalence of anthelmintic
resistance is associated with the heavy selection pressure imposed by commonly-used summer
treatment strategies (Besier and Love, 2003). Alternative strategies based on refugia principles
have been developed (Woodgate and Besier, 2010), but the need for significant changes to
traditional control programs are believed to explain limited adoption of the modified strategies
to date (Besier, 2012). In this context, the relative simplicity of TST-based programs may be
considered by sheep producers to be more practicable, with consequent greater uptake and
adoption. However, local anecdotal information suggests that many producers find it difficult to
accept the concept of deliberately withholding anthelmintics to a proportion of sheep because it
appears counter to long-held views that effectiveness of treatment may be compromised unless
all animals in the flock are treated. Whether this reflects a lack of awareness or acceptance that
anthelmintic resistance is a significant constraint on sheep productivity, and therefore the need
for more sustainable control practices, is not clear. A recent national survey by the Sheep
Cooperative Research Centre (M. Curnow, unpublished) indicated that whilst some practices
recommended as elements of sustainable nematode control programs, including use of WEC as
the basis of treatment decisions, have been well-adopted, other practices such as FWECRT to
assess anthelmintic efficacy, have not. There is consequently a need to investigate factors likely
to influence the likely uptake (or otherwise) of TST and other sustainable practices as the basis
of efforts to promote wider adoption.
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This investigation aimed to identify factors associated with the acceptance of
sustainable nematode control practices, especially those likely to facilitate the adoption of TST
strategies by producers in WA, as the strategies may initially appear counter intuitive to
producers. More specifically, the study aimed to determine whether producer demographics,
current nematode control practices and sources of animal health advice are likely to impact the
awareness of TST strategies and attitudes towards adoption. The results of this investigation
will act as the basis for the development of communication strategies of TST to producers,
which can be varied appropriately to suit the complexity of such strategies as suggested by
Woodgate and Love (2012).

6.2

Materials and methods

6.2.1 Study design
The study conforms to the international reporting guidelines for strengthening the
reporting of observational studies in epidemiology (STROBE) (Von Elm et al., 2008) and was
approved by the Murdoch University Human Research Committee.
The study used a questionnaire that could be completed using a paper format or in a
personal interview. The questionnaire included 14 short-answer questions, four of which
included specific options from which respondents could select an answer, and five of which
required Yes/No answers. Questions focussed on producer demographics included age of the
respondent(s), farm location, farm size, area cropped and number of sheep. Questions focused
on current nematode control practices included examined respondent utilisation use of WEC and
FWECRT for treatment decisions, timing and the number of treatments given in the past year to
adult ewes, sources of nematode control advice and perception of severity of anthelmintic
resistance in their district. Questions focussed specifically on TST examined their current
understanding and adoption of putative TST strategies. For this purpose, participants were asked
whether they were aware of or had implemented strategies whereby some sheep were
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deliberately left untreated when a flock treatment was given, and whether they would consider
implementing TST strategies in the future.
Colleagues from Murdoch University’s School of Veterinary and Life Sciences and the
state department of agriculture were recruited for pre-testing during the development of the
questionnaire to ensure questions were clear and unambiguous with no bias. Modifications to
question design were made in response to feedback.

6.2.2 Data collection
Data were obtained from 106 sheep producers that were individually recruited to
participate in the survey at five different field days throughout regional WA, from July to
September 2012, giving a sample of respondents equivalent to a focus group.
Producers were approached at random at the field days where the interviewer explained
the purpose of study and invited the producer to participate in the survey. To be eligible for the
study, participants needed to be commercial sheep producers (running more than 200 sheep, for
a commercial income) within the major sheep producing regions of WA. Following recruitment,
questionnaires were completed either in a short interview (n=72) or by the producer in written
format (n=34) and returned to organisers. The questionnaire was identical in both formats and
responses from both formats (written or interview response) and all five field days were
analysed together.
All responses were collected from producers in regions in WA where the major
nematode species of clinical significance were T. circumcincta, Trichostrongylus spp. and
Nematodirus spp., with H. contortus absent or only occasionally of significance (Woodgate and
Besier, 2010). No follow up was required.
The validity of the size of the final study group was assessed following recruitment of
106 respondents at the five field days to confirm that the geographical distribution of
respondents was approximately representative of the distribution of sheep in WA and that
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statistical differentiation between the relative importance of factors included in the
questionnaire could be achieved.

6.2.3 Statistical analysis
Data analyses were conducted using the software SPSS Statistics Standard Version 22.0
(IBM Corporation, 2013). The experimental unit was respondent (producer). There was no nonresponse as all producers recruited to the focus group completed the questionnaire, and there
were no refusals to participate from the producers that were approached.
Respondents were allocated to a region based on farm location, categorised according to
agricultural regions of WA representing production areas for sheep, cattle and crops in the state
(Figure 6.1). Treatment timing was categorised by season; summer (December-February),
autumn (March-May), winter (June-August) and spring (September-November). Respondents
were categorised into seven age categories. Responses from age groups <20 and >70 were
excluded due to lack of responses in these groups for analyses where age category was an
independent variable.
Categorical data (utilisation of WEC and FWECRT, perception of relevance of
resistance in the district, awareness and adoption of TST, source of nematode control advice)
were analysed using Chi square analysis (two-tailed probability) to confirm statistical
differences between categorical data, and odds ratios with relative risk used to quantify
relationships between factors. Continuous data (for example, rainfall, farm size, area cropped,
proportion of farm cropped, number of sheep and producer age) were analysed using univariate
general linear models or linear regression. Annual rainfall data was derived from the Australian
Government Bureau of Meteorology based on the farm location given by the respondent.
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6.3

Results

6.3.1 Respondent demographics and farm characteristics
All respondents were from the Agricultural Region of south-west WA where sheep are
grazed intensively: Great Southern, Wheatbelt South, Wheatbelt North HR (High Rainfall),
Wheatbelt North LR (Low Rainfall), Esperance Region and South West/Perth (Figure 6.1).

Figure 6.1. Map of agricultural regions.
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Properties were smallest, with the lowest sheep numbers and the percentage area
cropped, in the South West/Perth region, and the largest sheep numbers per farm were in the
Great Southern region (Table 6.1). The annual rainfall on individual properties varied between
regions (P<0.001; Table 6.1) with weak but significant associations identified whereby lower
annual rainfall was associated with larger farms (P<0.001, R2=0.12) and a greater proportion of
farm cropped per respondent (P=0.001, R2 =0.27). Weak but significant associations were also
identified for farm size and the proportion (%) of farm area cropped (P<0.001, R2=0.15) and
number of sheep (P=0.001, R2=0.30) with a larger proportion of area cropped and more sheep
on larger farms.
Table 6.1. Number of responses and proportion (%) of WA sheep population per region.
Region:

Great
Southern

Wheatbelt
South

Wheatbelt
North
LR

Wheatbelt
North
HR

Esperance
Region

South
West/
Perth

36

19

23

16

5

6

% of total
responses

34

18

22

15

5

6

WA sheep
farms (n)*

1762

935

1129

440

297

588

41

19

15

8

6

2

Mean rainfall/
respondent
(mm/annum)

529b

419cd

389d

550b

501bc

737a

Mean sheep/
respondent (n)

3500a

2896ab

1913bc

2133bc

1600bc

1047c

Mean farm size/
respondent (Ha)

2920a

3407a

3468a

2638a

3367a

329b

Mean proportion
farm cropped (%)

38a

49a

46a

38ab

43ab

19b

Responses (n)

WA sheep
population/
region (%)*

*Based on Australian Bureau of Statistics data, Department of Agriculture and Food WA analysis
abcd
Values within rows with different superscript are significantly different (P<0.05)
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6.3.2 Sources of nematode control advice
Respondents received advice from rural merchandisers (40%), veterinarians (31%),
state agricultural department (Department of Agriculture and Food WA; 31%), private
consultant(s) (10%) and friends/neighbours (9%) (Table 6.2). The majority of respondents
(69%) reported using a single source of advice on nematode control, some more than one source
(24%) and a small proportion indicated no sources for advice (7%), although it is possible that
some respondents indicated only the source most commonly used, even though they were told
that multiple categories could be selected.
Table 6.2. Percentages of respondents who identified ‘yes’ or ‘no’ to having heard of and/or utilised
specific nematode control tools and strategies, and their most common sources of nematode control
advice.

Is resistance an issue in your district?
Yes
No
Have used WEC in the past
Yes
No
Have used FWECRT in the past
Yes
No
Source of nematode control advice*
Vet
Private consultant
State Department
Rural merchandiser
Relative/Friend
None
Heard of TST
(including those who had implemented)
Yes
No
Have used TST in the past
Yes
No
Haven’t used TST but would consider it
Yes
No
*

Respondents indicating each response
%
95% CI

Response
rate (%)

66.0
34.0

56.98, 75.02
24.98, 43.02

100

57.5
42.5

48.09, 66.91
33.09, 51.91

100

36.8
62.3

27.58, 46.02
53.03, 71.57

99.1

31.1
10.4
31.1
39.6
9.4
7.5

22.29, 39.91
4.59, 16.21
22.29, 39.91
30.29, 48.91
3.84, 14.96
2.49, 12.51

65.1
34.9

56.03, 74.17
25.83, 43.97

100

24.5
74.5

16.27, 32.73
66.16, 82.84

99.1

47.9
52.1

33.77, 62.03
37.97, 66.23

45.3

Percentages do not add to 100 as respondents could nominate more than one option
CI = confidence interval
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6.3.3 Nematode control practices
Sixty-one percent of respondents treated ewes once within the last year, 15% twice, 6%
three times, and 18% did not treat ewes at all in the last year. There was an association between
rainfall and the number of treatments given per year (P=0.010), with treating three times per
year associated with higher rainfall. There was also an association between number of
treatments per year and the proportion of farm cropped (P=0.004) whereby respondents that
cropped larger areas treated less frequently. There was an association between treatment
frequency and advice source with producers that treated ewes at least once a year being 7 times
(95% CI 1.6-33.2) more likely to source advice from rural merchandisers than those that did not
treat (P=0.003). For treatment timing, 38% of respondents treated in summer, 41% in autumn,
13% in winter and 8% in spring.
Overall, 57% of respondents had used WEC at some time to aid treatment decisions
(Table 6.2). Sheep flock sizes were larger for respondents that used WEC to aid treatment
decisions (P=0.014) than for respondents that did not use WEC, and respondents in the Great
Southern region utilised WEC more often than the other regions (P<0.01). Respondents that
sourced advice from a veterinarian or the state agricultural department were 4 (95% CI 1.5-10.4,
P=0.002) and 2.5 (1.1-6.3, P=0.027) times (respectively) more likely to have used WEC to aid
treatment decisions than respondents who did not. Respondents that used advice from rural
merchandisers were less likely to have used WEC (relative risk 0.3, 95% CI 0.1-0.7; P=0.004).
Overall, 37% of respondents had used FWECRT at some time to aid treatment decisions
(Table 6.2). There was an association between use of FWECRT and region (P=0.022) with
respondents in the South West, Wheatbelt South and Wheatbelt North LR regions less likely to
have used FWECRT. Respondents with more sheep were more likely to have used FWECRT
(P<0.001). Respondents sourcing advice from a veterinarian (P=0.01) or the state agricultural
department (P=0.03) were 3 (1.3-7.0) and 2.5 (1.1-5.7) times (respectively) more likely to have
used FWECRT to aid treatment decisions than others, in contrast to those nominating rural
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merchandisers as the main advisory source that were significantly less likely to have used
FWECRT (relative risk 0.16, 95% CI 0.05-0.4; P<0.001).

6.3.4 Perception of anthelmintic resistance
Anthelmintic resistance was perceived to be a problem in their districts by 66% of
respondents (Table 6.2). All respondents that used a private consultant stated resistance to be an
issue (P=0.008), but there was no association with other sources of advice and perception of
anthelmintic resistance.
Respondents that utilised WEC were 2.2 times (1.0-5.1; P=0.04) more likely to consider
resistance to be important, with 74% of these respondents stating resistance to be important in
their district. Similarly, respondents that utilised FWECRT (79%) were 2.8 times (1.1-6.9;
P=0.02) more likely to consider resistance important in their district. However, 56% of
respondents that considered resistance to be important in their district had not conducted a
FWECRT.

6.3.5 Respondent awareness and adoption of the TST
concept
Sixty-five percent of respondents were aware of the TST concept (i.e. leaving a
proportion of sheep untreated), and 25% of all respondents had utilised TST strategies (Table
6.2). Respondents that had heard of TST (including those that also used TST) had greater sheep
numbers (2999 sheep) than respondents that had not heard of TST (1837 sheep; P=0.003).
Furthermore, respondents that were aware of TST more commonly utilised veterinarians,
private consultants and the state agricultural department for nematode control advice, while
respondents using rural merchandisers were less likely to be aware of TST (Table 6.3). Eighty
percent of respondents that had utilised WEC (P<0.001) and 90% that had utilised FWECRT
(P<0.001) were aware of TST.
Similarly to the patterns observed for TST awareness, the 26 respondents that had
implemented TST also had greater sheep numbers (3785 sheep) than those which had not (2202
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sheep; P<0.001), and were mostly from the Great Southern and Wheatbelt North HR regions
(P=0.025), reflecting the association between farm size and location. Respondents that
perceived anthelmintic resistance to be an issue in their district were 2.7 (0.9- 7.8) times more
likely to have used TST than those that did not perceive anthelmintic resistance to be an issue.
Respondents that had utilised WEC (57.5% respondents) or FWECRT (36.8% respondents)
were also more likely to have used TST (P<0.001 and P=0.001, respectively) than those that had
not utilised WEC or FWECRT. Respondents that utilised veterinarian and private consultants
for advice were more likely to have used TST compared to those that used rural merchandisers
for advice which were much less likely to have used TST (Table 6.3).
Table 6.3. Relative risk for respondents’ awareness and implementation of TST from different
sources of advice.
Relative risk
(95% confidence interval)
P-value for 2-sided Pearson Chi-square test
Veterinarian Private Consultant
DAFWA
Heard of TST
(including had
implemented)
Used TST

4.4
(1.5, 12.6)
P=0.003
4.7
(1.8, 12.0)
P=0.001

1.2
(1.1, 1.3)
P=0.007
20.6
(4.1, 104.3)
P<0.001

3.3
(1.2, 9.0)
P=0.012

ns

Rural
merchandiser
0.28
(0.1, 0.6)
P=0.002
0.37
(0.1, 1.0)
P=0.037

Friend/Neighbour

ns

ns

DAFWA: Department of Agriculture and Food WA (state agricultural agency)
ns = not significant (P>0.05)

Of the 75% of all respondents that had not implemented TST on their farms (whether or
not they were aware of the concept), 48 answered the question “would you consider
implementing this idea in the future?” (Table 6.2). Ten of the 48 respondents answering this
question indicated that they would consider implementing TST and a further 12 answered that
they may be interested, while 26 said they would not. A comparison of respondents that had
implemented TST or were prepared to consider it (n=49) versus those that would not (n=26),
indicated that respondents that used WEC (P=0.035) and FWECRT (P<0.001) were 2.8 (1.07.3) and 7.1 (1.9-26.7) times (respectively) more likely to use or have an interest in using TST.
Similarly, respondents that obtained advice from a veterinarian (P=0.018) or private consultant
(P=0.009) were 3.9 (1.2-13.2) and 1.3 (1.1-1.5) times (respectively) more likely to use or have
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an interest in using TST. Although there was no statistically-significant association with the
belief that anthelmintic resistance is important in their district and TST implementation, 77% of
the 48 respondents who considered anthelmintic resistance to be important and had heard of
TST either would consider or have implemented the strategy.

6.4

Discussion
The complexity of sheep nematode control has increased considerably with the

widespread occurrence of anthelmintic resistance, in many instances requiring modifications to
ensure that nematode control programs are sustainable in the longer term. The refugia concept
has been shown to be an effective basis for sustainable nematode control recommendations
(Leathwick and Besier, 2014), but the implementation of refugia-based approaches often
requires a departure from routine practices. As TST strategies require the deliberate withholding
of treatments to some animals in a flock, a potential barrier to their adoption is the perception
that failing to treat some individuals may be detrimental to sheep production, and could impair
the effectiveness of epidemiologically-based pre-emptive control programs. In WA, the high
level of anthelmintic resistance involving several drug classes (Playford et al., 2014) is believed
to justify refugia strategies but the new practice is likely to appear counter-intuitive to many
sheep producers, and therefore require targeted communication approaches for their adoption
(Kahn and Woodgate, 2012).
This investigation was therefore intended to provide direction for communication
activities aimed at gaining TST adoption in an environment with a high prevalence of
anthelmintic resistance. The distribution of responses included an appropriately representative
range of respondents in terms of sheep manager profile, location, scale of sheep enterprise and
the adoption of various nematode control recommendations. Of the 106 responses, the majority
were derived from four sheep farming regions which together account for 91% of the WA sheep
population, and with relatively large mean sheep flock sizes (1900 per farm). This suggests that
sheep enterprises are economically significant on the individual properties of most respondents,
although the relative importance compared to cereal cropping (the main competitor for farmland
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in WA) varied between regions and respondents. The recruitment of producers at non-specific
agricultural field days as participants in a focus group provides a good distribution of
respondents, reflecting the distribution of sheep production enterprises in the different regions.
A strength of collecting data via short interview is that there is no non-response rate, and a
personal approach ensures that all questions are completed without misunderstandings. It is
possible that the method of completion (written versus interview) could impact repeatability of
answers by respondents. Given that the questions and options for answering questions were
identical between written and interview formats, there was no reason to suspect that the format
method would alter responses to any great extent. Future studies could test agreement between
methods of survey completion to confirm this and if significant differences are identified, then
the questionnaire could be modified or method of questionnaire completion could be included as
a factor in statistical analyses of responses.
The finding that the majority (65%) of respondents were aware of the TST concept, and
that 25% had implemented it in some form, was unexpected as the TST concept has not yet
been developed into generally recommended strategies by advisory agencies in Australia.
However, interest by Australian producers in TST strategies was confirmed by a national survey
of over 1000 sheep producers in 2014, in which 14% reported that they had trialled the strategy
(M. Curnow, unpublished). This reflects awareness of the high and increasing prevalence of
anthelmintic resistance in sheep nematodes in Australia (Playford et al., 2014), including in WA
where resistance has been a significant problem on the majority of sheep farms for many years
(Edwards et al., 1986; Overend et al., 1994). In this environment, resistance is believed to result
largely from the routine use of strategic anthelmintic treatments in summer in a Mediterranean
climate (Besier and Love, 2003), and recommendations have been developed to reduce this
selection pressure by treating adult sheep in autumn rather than in summer (Woodgate and
Besier, 2010). The results from the present investigation confirm wide interest in anthelmintic
resistance management strategies in WA, as more respondents had treated ewes in autumn,
which is a change in recent years from the majority of producers treating ewes in summer
(Curnow, unpublished). Investigations to develop TST as an alternative approach have been
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under investigation for some years as field trials (Besier et al., 2010) and computer modelling
studies (Dobson et al., 2011a) with reports in the scientific literature and rural media. These
presumably account for the wide awareness of TST by producers, and the implementation of
TST in some form by many of them. These producers may have an ‘early adopter’ attitude that
could account for them being aware of TST before the population majority. Further
investigations that determine how respondents became aware of TST and their general attitude
to innovation could be used to guide the direction of extension programs and maximise adoption
rates according to attitude categories.
The investigation results provide a clear indication of factors associated with the
awareness and attitudes towards TST by sheep producers in an environment where anthelmintic
resistance is prevalent. This will provide the basis for communication efforts to gain its adoption
as a routine strategy. The characteristics of respondents who were either aware of the TST
concept or had implemented it in some form included: larger flock sizes, use of WEC and/or
FWECRT, utilisation of professional advisory sources, and anthelmintic resistance stated to be
an issue in their district. Acceptance of the importance of anthelmintic resistance for continued
sheep productivity is an obvious key requirement for interest in TST strategies. While 66% of
respondents in this investigation considered anthelmintic resistance to be a problem, this
appears surprisingly low in contrast with survey figures from countries where anthelmintic
resistance is less advanced than in Australia. For example, other studies showed 57% of
surveyed producers in New Zealand (Lawrence et al., 2007) and 51% in the United Kingdom
(Morgan et al., 2012) rated anthelmintic resistance as a serious problem. It would be expected
that interest in nematode control and anthelmintic resistance would reflect the relative economic
importance of sheep production.
The greater awareness of, and interest in, TST of respondents in the Great Southern
region with larger flocks (mean, 3500 ewes per farm) contrasted with that of respondents with
smaller – although significant – flock sizes (mean, 1958 ewes per farm) in the drier regions
(Wheatbelt South and Wheatbelt North LR) where cereal cropping generally provides a greater
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proportion of farm income. This association between larger flocks and TST awareness may be
linked to economic motivation, with producers who manage larger flocks likely to have a
greater incentive to reduce parasite management costs or prolong the life of effective
anthelmintics for continued profitability. Of all respondents, only 55% that routinely cropped
more than 50% of the farm area considered anthelmintic resistance to be important, compared
with 75% for those cropping smaller proportions of farm area. This is confounded by the
association of larger cropping areas with lower annual rainfall and shorter pasture growing
seasons, hence a lower risk of significant nematode parasitism due to shorter periods of the year
where environmental conditions (particularly moisture) in a Mediterranean climate are
favourable for persistence of free living stages. This was consistent with the finding that fewer
treatments were given to sheep annually in the lower rainfall regions. Despite this, FWECRT
results over many years indicate the prevalence of anthelmintic resistance to be similar in both
high and low rainfall regions of WA (B. Besier, personal observations). The heavy selection
pressure for resistance associated with anthelmintic use in highly seasonal environments such as
WA (Besier and Love, 2003) is especially applicable in the lower rainfall regions, and the need
for sustainable nematode control strategies therefore warrants greater recognition by sheep
producers in these locations. However, of the WA respondents, 77% of producers who
considered anthelmintic resistance to be a problem and who had also heard of TST, had either
trialled the strategy or stated that they would consider the strategy.
As expected, the use of WEC and FWECRTs was associated with the perception of the
importance of anthelmintic resistance and with larger flock sizes, again consistent with the
relative significance of sheep enterprises. As recommendations for the use of these
measurement tools are aimed at ensuring efficient nematode control as much as at anthelmintic
resistance management, interest in TST-based strategies is likely to require convincing sheep
producers that TST can be implemented with minimal risk of disease or production loss, and are
practical to apply.
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In field trials in WA (Besier et al., 2010) and subsequent investigations in South
Australia and Victoria (I. Carmichael, personal communication), and supported by computer
simulation modelling (Dobson et al., 2011a), leaving a proportion of sheep untreated resulted in
no significant loss of production in flocks of adult ewes, which show a greater resilience to
nematode infections than lambs. Concerns over the practicality of implementation (particularly
labour and time requirements) can also be allayed as investigations have demonstrated the
effectiveness of a simple protocol using BCS to identify individual animals that may safely be
left untreated in regions where H. contortus is not the predominant parasite (Besier et al., 2010;
Besier, 2012; Cornelius et al., 2014; Chapter 3). Other indicators that have been investigated for
selecting animals to leave untreated include target weights and weight change (Greer et al.,
2009; Kenyon et al., 2013; Busin et al., 2014). Encouragingly, the use of WECs and FWECRTs
was highly correlated with the implementation of TST or willingness to consider it, so that
extension measures to increase the adoption of these management tools is also likely to increase
the interest in sustainable approaches. It is of interest that the proportion of respondents who
utilised WECs and FWECRTs was higher than indicated by some recent surveys (M. Curnow
personal communication; Reeve and Walkden-Brown, 2014), as TST is most efficiently
implemented with prior knowledge of nematode burdens and anthelmintic efficacy. However,
most who considered anthelmintic resistance to be important had never conducted FWECRTs,
although the uptake of resistance testing is universally low (Lawrence et al., 2007; Morgan et
al., 2012; Playford et al., 2014).
The investigation findings also highlighted the significant role of professional advisers
in nematode control planning and the willingness to follow sustainable control
recommendations. Respondents who utilised veterinarians, private consultants and the state
agricultural agency for nematode control advice were significantly more likely to consider
anthelmintic resistance to be a problem, to treat on fewer occasions and to use WECs and
FWECRTs, compared with those who sought advice chiefly from rural merchandisers.
However, the responses indicated that individual professional services (private veterinarians and
consultants) and rural merchandisers were of similar rank as advisory sources (nominated in
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41% and 40% of replies, respectively), which is consistent with the figures from a large national
survey (Reeve and Walkden-Brown, 2014). This indicates the need to ensure that
merchandisers’ staff are sufficiently informed regarding nematode control and anthelmintic
resistance, as well as TST, and that private professional advisers are conversant with the TST
concept. Although the prospect of reduced drug sales may be seen as a potential barrier to the
promotion of TST by merchandisers, this could be offset by the positive perception by
producers of a more informed service. The ranking of advisory sources used in Australia also
contrasts with that in countries such as the UK (Morgan et al., 2012) and New Zealand
(Lawrence et al., 2007), where veterinarians are the dominant nematode control advisory
source, suggesting that there is a need to better promote the availability of informed livestock
management advice from consultants and veterinarians in Australia.
Although this investigation was conducted in a Mediterranean climatic zone where
selection pressures from anthelmintic treatments are high, TST has been proposed as the basis
of sustainable nematode control in more temperate environments (Leathwick et al., 2008;
Kenyon et al., 2009), as well as in regions where H. contortus is the major helminth parasite. It
is likely that similar potential barriers to the adoption of sustainable strategies apply globally,
especially the requirement of an awareness of the significance of anthelmintic resistance in
particular locations and where relatively complex solutions are required (Kahn and Woodgate,
2012; Woodgate and Love, 2012). Demonstrations of the potential economic loss due to
reduced anthelmintic efficacy will increase awareness (Besier et al., 1996; Sutherland et al.,
2010; Miller et al., 2012), and demonstrations that TST is an appropriate approach for a
particular environment (Larsen, 2014) and does not entail significant animal production loss
will increase interest. The initial uptake of TST will be greatest by producers who are clients of
private livestock advisory services, and who have already implemented recommendations for
the use of measurement tools such as WEC and FWECRT. Although the awareness of the
potential cost of anthelmintic resistance may be lower where resistance is less advanced than in
Australia, this may be offset by the closer involvement of producers with veterinarians and
agricultural advisers in some countries.
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6.5

Conclusion
Conceptual barriers to the adoption of TST by sheep producers are likely to apply in all

locations due to concerns over potential losses of sheep production and nematode-related
disease, and an understanding of the factors associated with the strategies will aid in their
adoption. This investigation confirmed that awareness of the TST approach was greatest where
sheep producers are concerned about anthelmintic resistance, where tools such as WEC and
FWECRT are employed, and where professional advisers are consulted regarding nematode
control. The wider than expected awareness of TST and implementation by some of the
participants supports the relevance of the strategy in this environment, and indicates that leaving
some sheep untreated is likely to be seen by many producers as an acceptable strategy to
manage anthelmintic resistance, provided that they are convinced that resistance is of sufficient
importance.
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7. General Discussion
7.1

Introduction
The key to maintaining an adequate susceptibility of nematode populations to

anthelmintics and to delay the onset of anthelmintic resistance is to ensure that resistant
nematodes remain in low proportion in a particular population (Prichard et al., 1980; Martin et
al., 1981; Le Jambre, 1982; Van Wyk, 2001). Resistance-management strategies based on
“refugia” require that a pool of susceptible parasites is maintained within the total population
involved, as either the parasitic or free-living stages, to enable the dilution of resistant
genotypes so these do not reach significant numbers (Van Wyk, 2001; Besier, 2012; Jackson
and Waller, 2008; Leathwick et al., 2009; Kenyon et al., 2009; Leathwick and Besier 2014).
Targeted selective treatment is a refugia-based nematode control strategy that targets
anthelmintic treatments to those individual animals most likely to benefit, rather than whole
flock or farm-wide treatments that expose the entire nematode infra-population (i.e. population
within animals) in the group to selection for anthelmintic resistance (Kenyon et al., 2009;
Besier, 2012). Targeted Selective Treatment indicators for non-haemophagous intestinal
nematodes that have been investigated so far have included direct parasitological parameters
such as WEC (Gaba et al., 2010) or phenotypic measures of production affected by parasites,
such as weight (Leathwick et al., 2006a), weight gain (Stafford et al., 2009; Gaba et al., 2010),
diarrhoea score (Cabaret et al., 2006), milk production (Hoste et al., 2002a; Cringoli et al.,
2009), nutrient utilisation (Greer et al., 2009) and BCS (Besier et al., 2010). However, not all
these measures of production are practical to utilise for large scale extensive sheep production
systems due to the costs of labour and/or frequency of observation required. Body condition
measurement using BCS offers the advantages of a quick and simple indicator to assess and is
already widely recognised as a reliable indicator of muscle and fat reserves in sheep (Van
Burgel et al., 2011). Furthermore, BCS monitoring forms the basis of current best practice
recommendations for monitoring sheep and is widely utilised by Australian sheep producers for
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flock management (Trompf et al., 2011). Therefore, BCS is more suited as a TST indicator for
large scale extensive sheep enterprises in Australia than other more intensive measures that may
be appropriate in other environments and production systems. The studies in this thesis
therefore sought to determine whether a TST strategy based on BCS was also effective in
delaying anthelmintic resistance, without compromising sheep production and nematode
control.
The general hypothesis of this thesis was that BCS in sheep can be used as the treatment
indicator for TST strategies to delay anthelmintic resistance in adult Merino sheep in a
Mediterranean environment whilst maintaining acceptable sheep productivity, and that this
strategy would be acceptable for routine use by sheep producers. The experiments described in
this thesis aimed to determine whether BCS is an effective indicator of the resilience of sheep to
nematode burdens; the appropriate proportion of a flock to leave untreated in TST strategies
under different treatment and environment scenarios; and potential barriers to adoption and
factors likely to influence the adoption of TST strategies. The chief nematode species targeted
in these studies were T .circumcincta and Trichostrongylus spp.
The first experiment (Chapter 3) sought to determine whether mature sheep of lower
BCS would generally suffer greater production loss due to nematode infections than would
sheep of higher scores, and that BCS may therefore provide a suitable selection basis. The
results of this experiment demonstrated that ewes in poorer body condition prior to lambing
were more likely to benefit from anthelmintic treatment than their better-conditioned
counterparts. Furthermore, ewes in better body condition were also less likely to fall to a
critically low body condition level where the risk of compromised productivity and welfare
increased. This experiment therefore supported the general hypothesis that BCS of sheep may
be used as the treatment indicator for TST strategies whilst maintaining acceptable sheep
productivity (Cornelius et al., 2014).
The second experiment (Chapter 4) sought to determine whether TST treatment
selection based on BCS conferred any advantage over random selection. The consequences for
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production loss (live weight and body condition) and pasture contamination (WEC) were
compared for BCS-based treatment and random treatment selection, with varying proportions of
flocks left untreated. The key outcome was that TST treatment selection of sheep based on BCS
offered no benefit over random selection during the period when larval challenge from pasture
was minimal (due to dry seasonal conditions) (Cornelius et al., 2015b). This experiment also
provided further support for the general hypothesis that TST strategies can be used without
compromising sheep productivity.
The third experiment (Chapter 5) utilised computer modelling to compare different
refugia-based nematode control strategies (including TST) to the highly selective practice of
whole-flock summer treatment, with the goal of developing efficient and sustainable nematode
control recommendations for Mediterranean climates. Modelling over a 20 year timeframe
demonstrated that both TST strategies and giving whole-flock strategic treatments in autumn
rather than in summer were effective in delaying the development of anthelmintic resistance in
this environment (Cornelius et al., 2016). Both strategies could be employed without
detrimental effects to nematode control effectiveness of any magnitude likely to impact sheep
production. Further, significantly more sheep needed to be left untreated to provide larger
refugia populations to delay resistance development when less-effective anthelmintics were
used in highly selective environments. These findings support the general hypothesis that TST
is a viable option for anthelmintic resistance management, but also indicate the effects of
different environments.
The fourth investigation (Chapter 6) sought to identify factors associated with the
acceptance by sheep producers of refugia-based nematode control practices, especially factors
likely to facilitate the adoption of TST strategies. The survey showed that awareness of the TST
approach was greatest where sheep producers were concerned about anthelmintic resistance;
where tools such as WEC and FWECRT were already employed; and where professional
advisors were consulted regarding nematode control (Cornelius et al., 2015a). One quarter of
respondents had already used TST, and of those that had not, approximately half indicated that
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they would be likely to adopt a TST strategy whereby some sheep were left untreated. The
findings support the notion that TST is likely to be seen by many producers as an acceptable
strategy to manage anthelmintic resistance, but suggest that further education about the benefits
(relative to risks) of this strategy will be required to increase adoption.
As a whole, the experiments reported in this thesis supported the general hypothesis that
BCS of sheep is an appropriate treatment indicator in TST control programs that aim to delay
anthelmintic resistance in adult Merino sheep in a Mediterranean environment, whilst
maintaining acceptable sheep productivity and this strategy would be generally accepted by
producers. There was some evidence that treatment selection based on BCS showed no benefit
over random selection to manage production loss (BCS, weight) at a flock level, but selection
using BCS was practical and conferred the additional benefit of identifying animals most at risk
of falling into critically low body condition, therefore compromising health, welfare and
productivity.

7.2

Recommendations for TST programs

7.2.1 Indicators for treatment
The trial results confirm that BCS is a practical indicator for use in a TST strategy when
applied to adult sheep in Mediterranean climatic situations such as in south-west WA, and
specifically for use against non-haemophagous species. The field investigations reported in
Chapter 3 and by Cornelius et al. (2014) showed a relatively greater BCS response to treatment
in ewes in low BCS than to better-condition ewes, with a consistent response to treatment only
in ewes with BCS below 2.5. Ewes is higher condition, specifically above BCS 3.0, did not
benefit from treatment despite the relatively high nematode burdens indicated by their mean
WEC. The response was more marked at the experimental site where ewes were in initially
lower BCS, nutrition was sub-optimal and nematode challenge was highest. However, a positive
response to treatment was also evident during some observation periods at the experimental site
where BCS was initially higher and nematode burdens were lower. Sheep in low body condition
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in these experiments pre-lambing were more than three-times more likely to fall into a critically
low BCS (< 2.0) if left untreated. Taken together, the results indicate that BCS effectively
distinguished between adult sheep likely to benefit from anthelmintic treatment from those
which can safely be left untreated.
The trial results also indicate that ewe body weight was not an effective indicator of the
benefit of anthelmintic treatment. Although the higher nematode burdens of untreated ewes
were associated with greater weight losses over the experimental period, there was no consistent
response to treatment in relation to body weight changes. The difference in treatment response
to BCS compared with body weight is not unexpected, as previous studies show that body
weights are not necessarily indicative of body fat and muscle reserves (Van Burgel et al., 2011).
Results from Chapter 4 (Cornelius et al., 2015b) indicated that where sheep body
condition was adequate and flock nematode burdens low, allocation of sheep for treatment
based on the lowest BCS in the flock offered no benefit over a random selection approach.
Modelled changes to both BCS and cumulative liveweight change based on the different
treatment selection criteria (lowest BCS versus random) for the same proportion of sheep in
“virtual” flocks left untreated, suggested that the effort committed to individual BCS assessment
was not necessary or beneficial, except for identifying low BCS sheep at risk of falling below
critical limits associated with health or welfare risks. A TST strategy that included a defined
minimum BCS for poor-condition sheep, which are typically easily identified visually, could
therefore be applied without the effort required to conduct BCS assessments on individual
sheep.
There was no indication of a greater treatment response in ewes with a higher WEC at
the commencement of observations, and only weak positive associations with either BCS or
body weight over the course of both field experiments (Chapters 3 and 4). This is consistent
with previous studies in regions where similar nematode species are present, where mean WECs
from ewes in high and low body weight groups were not significantly different (Larsen and
Anderson, 2009). The lack of consistent relationship between WEC and BCS or bodyweight in
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relation to the basis of treatment decisions (BCS-based or by random selection) is strong
evidence that poor-condition sheep may not necessarily have higher WECs for the species
encountered here. A better relationship between productivity indicators and WEC has been
reported where H. contortus is the predominant nematode species (Kelly et al., 2013) but even
in that situation it would rarely be practicable to conduct individual WECs at sufficiently
frequent intervals for a TST strategy.
The acceptability of TST to sheep producers will require that the effort needed to
identify individual animals for treatment is feasible regarding the time and labour resources
available (Besier et al., 2010). Unlike TST-based programs that rely on frequent individual
animal inspections, such as FAMACHA systems in situations where labour costs are relatively
low (Vatta et al., 2002), flock sizes are low, or sheep values are high (Burke et al., 2007),
Australian sheep enterprises typically involve large flocks, relatively small financial margins,
and minimal labour resources. Using BCS as the basis of TST decisions is rapid and simple, as
high BCS animals are easily identified visually during normal treatment operations, and are
simply left untreated. As indicated from Chapter 4, there is no advantage in specifically ranking
animals on BCS so that only the best-condition individuals are treated, and it is relatively easy
to ensure that no animals below a minimum condition score remain untreated. The indications
that BCS is an efficient and practical TST indicator, and requires no additional investment in
equipment or testing, should ensure it is suitable for use by Australian sheep producers.

7.2.2 Proportion of flock left untreated
7.2.2.1 Delaying anthelmintic resistance
The greater the proportion of sheep left untreated, the greater the potential refugia
provided, with advantages in delaying the onset of anthelmintic resistance (Van Wyk, 2001).
This is especially significant when anthelmintic resistance affects the effectiveness of treatments
given at epidemiologically-critical times, as the proportion of the nematode population in
refugia required for a given dilution of resistant nematodes increases rapidly as anthelmintic
efficacy reduces (Leathwick et al., 2009). However, there is an obvious trade-off with the
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number of nematodes allowed to survive with TST strategies, because if excessive nematode
burdens remain there is the potential for both immediate parasitic effects and future problems
due to continued pasture contamination with nematode eggs. It is therefore important that TST
recommendations define both environments and seasons where the strategy is appropriate, and
the percentage of sheep in a flock that would need to be left untreated to achieve a useful impact
on anthelmintic resistance development.
Modelling results from Chapters 4 and 5 showed that for adult sheep in two locations
(Kojonup and Albany) in the Mediterranean climatic region of south-west WA, for sheep with
low to moderate initial nematode burdens, it was possible to leave a substantial percentage of
sheep (up to 50% of a flock in some circumstances) untreated during the drier months without
detrimental effects on production (liveweight or body condition). However, Chapter 5 showed
the influence of environmental factors that determine the availability of the free-living stages on
pasture (hence potential refugia from anthelmintic exposure) on the selection pressure for
resistance (relative time to resistance development), and therefore the percentage of a flock
required to be left untreated to provide effective resistance dilution. As expected, when all sheep
were treated in summer, resistance developed more rapidly (after 9.5 years) in the lower-rainfall
environment of Kojonup (shorter pasture growth period and higher summer/autumn
temperatures), and regardless of season (summer or autumn), than at Albany (after 14.0 years)
where more temperate conditions allowed a longer pasture growth season. Similarly, the
modelling indicated that in the Kojonup environment, the development of resistance was most
rapid in summer compared to autumn, and more sheep would need to be left untreated for a
given delay in resistance development. This is consistent with the selection pressure imposed by
treatment when extreme summer environmental conditions are unfavourable for nematode larval
development (Besier, 2001; Besier and Love, 2003), and also shows an environment-seasonal
interaction, as there was no difference between the seasons in the rate of resistance development
in the more temperate climate of Albany (with less climatic variation between summer and
autumn). However, the power of the TST strategy was evident in that there was little difference
in the rates of resistance development between the two locations when some sheep were left
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untreated, indicating a significant refugia effect regardless of environment. Importantly, there
was relatively little difference in the magnitude of resistance delay between the proportions left
untreated at either site: with a delay of 15.8 and 16.5 years for 10% untreated, against 18.6 and
17.6 years for 50% untreated, in summer at Kojonup and Albany, respectively.
The modelling studies in Chapter 5 also confirmed the importance of anthelmintic
efficacy as a determinant of the rate of development of resistance, and its interaction with
environmental factors. When all sheep were treated, the relatively small difference in efficacy of
the drugs modelled (99.999 % versus 97% effective) was associated with an approximately twofold difference in the time to resistance development, regardless of the location (Albany or
Kojonup), which was consistent with previously-modelled indications by Leathwick et al.
(2009). However, when any higher percentage of the flock left untreated (10 – 50%) there was
little difference between locations for the least effective drug (for 50% untreated, 15.1 years for
Kojonup and 13.4 for Albany), and none at all for the most effective drug (both 21 years). The
solely environmental effect noted above confirms a highly effective response to TST with a
relatively small percentage of sheep left untreated, largely preventing the otherwise significantly
detrimental effects of reduced anthelmintic efficacy, and similarly effective in both high and
relatively low-selection environments.

7.2.2.2 Nematode control efficiency
Unlike predictions from modelling studies regarding effects on anthelmintic resistance,
which are based on quantifiable parameters (proportions of different resistance genotypes, and
anthelmintic efficacy), the effects on nematode burdens and then on the host are more difficult
to model, as relationships between larval intake and adult nematode population, and the effects
of these on animal performance, are indirect and vary according to factors that are hard to
quantify, such as immunological status and resilience to parasitism. In Chapter 4, effects on
sheep body weight and BCS were partly based on observed data, as different proportions of
flocks to be left untreated were specified in a statistical investigation, and the effects in each
“virtual flock” on whole-flock productivity was based on field measurements on treated and
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untreated sheep (Cornelius et al., 2015b). In Chapter 5, the estimations of modelled changes in
nematode burdens on sheep productivity and health utilised the approach described by Dobson
et al. (2011a) and applied in the model “RMMN”, which was also used in the present study
(Cornelius et al., 2016). This estimates sheep weight gains and mortality rates in relation to
larval exposure and subsequent nematode burdens on the basis of published experimental data
and the interpretations of experienced scientists, expressed as ‘mean nematode control
effectiveness’ figures. This approach has been previously utilised (Dobson et al., 2011b) and
therefore appears to offer a realistic basis for the comparison of modelled scenarios, with the
proviso that inferences are considered as relative, rather than as necessarily indications of actual
field effects.
As expected, the compromise between ‘nematode control effectiveness’ and
anthelmintic resistance reduction was evident in the results in Chapter 4 and 5, with the
expected general trend towards a greater risk of parasitism associated with higher proportions of
the flock left untreated. The Chapter 4 results indicated that in a ewe flock with moderate to
high WECs, mean body weights reduced sequentially as the proportion of the “virtual flocks”
left untreated increased, with the result statistically significant once this reached over 30%. In a
flock where WECs were lower and sheep in substantially better nutritional condition, no
significant difference was recorded with up to 50% of the flock left untreated. These results
accord with those from previous field experiments in this environment, where no significant
loss occurred over the year following summer treatments where 50% of adult ewes were not
treated, in flocks in good body condition (Besier et al., 2010). However, some loss in wool
production and body weights occurred when this was applied to lambs (Besier, 2001), or
yearling-age sheep (Besier et al., 2010), indicating the potential for reductions in sheep
production with TST strategies unless appropriately targeted.
The Chapter 5 modelling results confirmed the relationship between the proportion of a
flock left untreated and potential parasitism, as indicated by ‘mean nematode control
effectiveness’ figures. For all model scenarios, treating all ewes in the flock in summer (the
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widely-used “summer drenching” strategy; Besier, 2001; Woodgate and Besier, 2010) provided
the best nematode control effectiveness results, with model output figures of 85 – 88%. (As
discussed above, this also led to the most rapid development of resistance). For all sites, seasons
and anthelmintics, the effectiveness of nematode control decreased as the proportion of sheep
left untreated increased from 10 to 50% of the flocks, although this was most pronounced in the
lower-refugia site (Kojonup) where there is a greater seasonal difference in nematode larval
availability. However, although statistically-significant, the difference between 0% untreated
(i.e. whole flock treated) and 10% untreated was relatively small, a mean over all scenarios of
2.5% lower for both sites (Kojonup and Albany) and seasons of treatment (summer or autumn).
When larger percentages were left untreated, the difference between sites increased: for 20%
untreated, the mean nematode control effectiveness at Kojonup was 10.3% lower than for
whole-flock treated, compared with 3.0% for Albany. This strongly reflects the difference in
refugia potential, and accords with the resistance-development rates at each site (discussed
above). This indicates that the proportion of sheep that should be left untreated to provide a
resistance-reduction benefit without significant adverse effects on sheep production varies
according to the environment, but that a figure of 10% untreated appears to be generally
appropriate. This is in general agreement with modelling results of Dobson et al. (2011a), who
suggested that 4 to 10% of a lamb flock needed to be left untreated in this environment to
provide a useful degree of refugia. However, these figures would be low compared to more
nematode-tolerant adult sheep, suggesting that the higher figure (10%) may be a starting-point,
with the potential for larger percentages of untreated adult sheep where heavier resistance
selection pressures, seasonal weather circumstances or initial nematode burdens suggest that the
benefit outweighs any potential disadvantages.

7.3

TST adoption by the sheep industry
Conceptual barriers to the adoption of TST by sheep producers are likely to apply in all

locations, specifically concerns over the potential for breakdown in nematode control leading to
sheep production losses and nematode-related disease. Targeted selective treatment is a
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departure from previous recommended control strategies and many producers have long-held
views that the effectiveness of nematode control may be compromised unless all animals in the
flock are treated. Many may find it difficult to accept the concept of deliberately withholding
anthelmintics to a proportion of sheep for those reasons.
An understanding of the benefits associated with the TST strategies and the evidence
supporting these recommendations will aid in TST adoption. The investigation described in
Chapter 6 and Cornelius et al. (2015a) confirmed that awareness of the TST approach was
greatest where sheep producers were already concerned about anthelmintic resistance, where
there was already evidence of best practice nematode control (e.g. utilisation of WEC and
FWECRT), and where professional advisers were consulted regarding nematode control. The
wider than expected awareness of TST and implementation by participants supported the
relevance of the strategy to producers in a region with a Mediterranean environment and where
anthelmintic resistance is widespread, and indicates that leaving some sheep untreated is likely
to be seen by many producers as an acceptable strategy to manage anthelmintic resistance,
provided that they are convinced that anthelmintic resistance is of sufficient importance to their
enterprise.
On the other hand, the use of rural merchandisers as the main source of nematode
control advice was identified as a potential barrier to the adoption of TST. A considerably large
proportion of producers who obtain nematode control advice from the merchandisers from
whom they purchase anthelmintics were not aware of the TST concept, compared to those who
consulted veterinarians or agricultural consultants. However, the survey responses indicated that
individual professional services and rural merchandisers were of similar rank as the advisory
sources that producers consult, which is consistent with the figures from a large national survey
(Reeve and Walkden-Brown, 2014). The education of merchandisers in Australia regarding the
importance of anthelmintic resistance for their clients and the benefits of sustainable nematode
control strategies therefore offers opportunities for increasing the adoption of TST strategies.
The uptake of TST may be more easily achieved in countries where professional advisers are
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the dominant source of nematode control, such as the UK (Morgan et al., 2012) and New
Zealand (Lawrence et al., 2007). However, the use of BCS for anthelmintic treatment decisions
appears likely to align with sheep management strategies aimed at optimising reproductive
efficiency and welfare, such as ‘Lifetime Ewe Management’, which also utilises BCS
monitoring as the basis of management decisions (Curnow et al., 2011; Van Burgel et al.,
2011). This could aid in the adoption of a BCS-based TST strategy because provided that the
need for nematode control and nutritional assessments coincide, only one measurement would
be needed for both strategies, therefore maximising the return on investment in labour to
measure BCS.

7.4

TST recommendations for sheep nematode
control in a Mediterranean climatic zone
The findings from these and earlier studies in this environment provide the basis for

TST recommendations for sustainable sheep nematode management in Mediterranean climatic
regions, and will be generally applicable elsewhere where low levels of refugia have led to
significant anthelmintic resistance in species such as T. circumcincta and Trichostrongylus spp.
In this context, the general TST principles for a significant refugia effect with minimal impact
on sheep production should be implemented specifically in the following situations.

7.4.1 Strategic treatments in adult sheep flocks
The TST strategies investigated in these studies are intended to provide a strategic
benefit by minimising nematode populations in summer or early autumn, to pre-empt the
development of heavy nematode burdens in winter (Anderson, 1972), and is commonly used in
winter rainfall regions in Australia (“summer drenching”: Besier, 2001; Woodgate and Besier,
2010). Although the present studies and earlier field trials (Besier et al., 2010) indicated that
applying TST in summer did not result in significant winter parasitism, the same strategy (TST
with 10% untreated) used in lambs subsequently resulted in severe helminthosis in WA (Besier,
2001) and New Zealand (Leathwick et al., 2006a). Although a significant reduction in the
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development of resistance occurred in both cases, it appears reasonable to confine TST to adult
sheep. However, it may be feasible to use TST in sheep of all classes when anthelmintics are
used in a tactical situation, as there is usually abundant refugia and little resistance selection
pressure in these situations, or where frequent lamb growth assessments are feasible (Greer et
al., 2009; Kenyon et al., 2013).

7.4.2 Flocks in good BCS
The strategies investigated here depend on the resilience of sheep able to cope with low
to moderate nematode burdens, with little or no production loss. As noted above, it is suggested
that for Australian Merino flocks, the “Lifetime Ewe Management” guidelines are used, as these
provide minimum BCS values for sheep throughout the year, consistent with optimal
productivity and reproductive efficiency (Curnow et al., 2011; Oldham et al., 2011; Thompson
et al., 2011; Van Burgel et al., 2011). As the recommended mean BCS in summer in winter
rainfall regions is 3.0 (Trompf et al., 2011), a significant proportion of ewe flocks will have a
BCS of 3.5 or greater, and these are easily identified visually, without the need for actual
lumbar palpation. Following Lifetime Ewe Management guidelines also ensures adequate
nutritional management.

7.4.3 Individuals left untreated in high BCS
As shown in Chapter 4, TST in adult sheep can be implemented on a random-selection
basis, with the proviso that sheep below a minimum BCS are always treated. The minimum
recommended BCS under the Lifetime Ewe Management guidelines is 2.0 for any individual
(Trompf et al., 2011; Van Burgel et al., 2011), to minimise the likelihood that any fall to a
critical, life-threatening level. However, following these guidelines, all ewes should be at this
level or above in summer, when TST would be recommended in this environment, and many
will be at BCS 3.5 or more.

7.4.4 Low to moderate WECs
Experience with TST in Mediterranean regions of Australia has been where WECs in
ewes have sometimes been clinically-significant (flock means of 500 - 800 epg for non129
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Haemonchus species). It is possible that where initial WECs are higher, the continued pasture
contamination with nematode eggs after treatment of even 10% of the flock may lead to
significant larval development later in the year. A low initial WEC also indicates that a larger
percentage of sheep could safely be left untreated than with higher counts.

7.4.5 Not where H. contortus predominates (unless initial
WECs are low)
The potential for rapid population increases in H. contortus from relatively low initial
WECs, and extreme pathogenicity of this species, indicates caution with TST strategies (other
than FAMACHA, which is rarely feasible in commercial Australian flocks). Unless the initial
WEC is very low, it is possible that randomly-selected individuals left untreated may carry
relatively high H. contortus burdens, and be at risk in the short term.

7.4.6 Low refugia/high anthelmintic resistance
The need to plan nematode control programs to ensure adequate refugia is provided
applies especially to environments and management systems where there is limited dilution of
resistant nematodes (Leathwick and Besier, 2014). In Chapter 5, the modelled comparison
between environments showed a reduced benefit for TST where climatic conditions were more
favourable for the survival of the free-living nematode stages. A relevant criterion for the
application of a TST strategy may be whether anthelmintic resistance levels using locallyrecommended control programs are high. If modelled or measured anthelmintic use indicates
the strategies to be sustainable (and effective), a TST strategy may provide little reduction in
resistance development but have a correspondingly greater risk of adverse animal production
outcomes.

7.4.7 Effective anthelmintics
As shown in Chapter 5, and consistent with previous modelling studies (Leathwick et
al., 2009; Dobson et al., 2011a; Bartram et al., 2012), the effectiveness of refugia strategies for
diluting resistant nematode genotypes declines rapidly as anthelmintic efficacy reduces. The use
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of less-efficient anthelmintics also has the disadvantage of decreased nematode control
effectiveness, which would be amplified in a TST program.

7.5

Benefits to the sheep industry of a BCSbased TST strategy
Anthelmintic resistance has had a large and worldwide economic impact on the sheep

industries, and this is expected to continue for the foreseeable future. The main costs associated
with anthelmintic resistance can be attributed to both the financial input required for nematode
control and losses in animal production and profitability (Sackett et al., 2006; Lane et al., 2015).
It is in the interest of all sheep producers to understand the importance of anthelmintic
resistance and to take measures to delay its onset where possible. The sheep industry is yet to
find effective nematode control solutions that do not involve the use of anthelmintics at some
point, and practices aimed at prolonging the effective life of current anthelmintic classes, and
new ones that may be developed, are important for the long term sustainability of sheep
production.
Delaying anthelmintic resistance is achievable by providing refugia for less-resistant
genotypes in the nematode population (Van Wyk, 2001; Besier and Love, 2003; Kenyon et al.,
2009; Leathwick et al., 2009), and TST strategies have been shown to be sustainable and
effective in a range of environments (Kenyon et al., 2009; Leathwick et al., 2009; Besier, 2012;
Kenyon and Jackson, 2012; Kenyon et al., 2013; Busin et al., 2014; McBean, et al., 2016). The
use of TST requires some time (labour) investment for selecting the animals for treatment, but
closer monitoring of animals has significant benefits, not only for nematode control but also for
animal welfare and reproduction, and for enhancing productivity by improving conception,
lamb survival and the wool production of progeny (Oldham et al., 2011; Thompson et al.,
2011). The thesis studies have demonstrated that providing appropriate protocols are followed,
TST programs for adult sheep based on BCS are both effective in delaying anthelmintic
resistance without compromising production (weight, BCS) or nematode control, and have the
potential to be readily incorporated into other BCS-based sheep management programs for
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extensive sheep production in Mediterranean environments. The BCS-based protocols outlined
are also practicable to implement and require no additional input costs.
TST strategies are also compatible with genetic strategies aimed at reducing reliance on
anthelmintics such as breeding for resistance and resilience. The adoption of objective
measurement systems, including Australian Sheep Breeding Values, is increasing in Australia
and many producers are now indirectly breeding for resistance and/or resilience to manage
nematode burdens and the negative effects they cause (Bisset et al., 2001; Greeff and Karlsson,
2006; Brown et al., 2010; Karlsson and Greeff, 2012). However, breeding for resistance and
resilience are long term strategies, and the incorporation of TST into integrated parasite
management strategies will be important for the sustainable management of anthelmintic
resistance until genetic selection and other non-chemical approaches have an impact.

7.6

Directions for future research
Validation of TST strategies based on BCS and random selection in environments other

than the Mediterranean climate of south-west WA is required before the strategies outlined in
this thesis can be recommended to producers in other regions. In particular, this requires
investigations into the interaction between the seasonal favourability for nematode larval
survival, as an index of the refugia potential, and consequences for leaving a proportion of a
flock untreated without significant parasitic effects. Computer modelling has been shown here
and in other studies to be an efficient tool for indicating how TST or other refugia-based
strategies are best applied, especially where detailed ecological information is available.
These strategies also need validating across a wider range of genotypes, including
breeds other than Merinos, as differing levels of resilience to nematodes may impact outcomes.
The investigations described in Chapters 3, 4 and 5 focussed on adult sheep, and fieldwork was
limited to animals with BCS of 2.0 or greater (on a scale of 1 to 5). Further research is required
to indicate whether or how the TST concepts described here could be extended to animals that
have not attained full immunocompetency, and animals in poor body condition.
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The adoption of sustainable agricultural practices has been shown to be slow in other
fields of agriculture (Guerin and Guerin, 1994; Rodriguez et al., 2008). Further research into the
implementation of extension strategies and factors influencing the adoption of new
recommendations is necessary to determine the best way to put recommendations of changes to
nematode control practices to producers. The barriers to adoption of TST are likely to vary
between regions and over time, so recommendations for the extension of TST may need review
and adjustments over time, and may be different in other regions.

7.7

Conclusion
In summary, the results of this thesis are:


Body condition score can be used as an indicator of animals in a flock that are more
or less resilient to scour nematode burdens, and therefore is a practical and effective
indicator that can be used for TST nematode control strategies for adult sheep in
Mediterranean environments.



The ideal proportion of a flock to leave untreated is determined by many factors,
but mainly the environment, season and the efficacy of the anthelmintic used.
Where fully effective anthelmintics are used, it is possible for as low as 10% of the
flock to be left untreated and significantly delay anthelmintic resistance with low
risk of production losses or decreased health and welfare. Under specific
circumstances, higher proportions of sheep can be left untreated without significant
loss of BCS or weight.



The TST strategies outlined in this thesis are likely to be accepted by Australian
producers. Factors likely to influence the adoption of TST are knowledge of
anthelmintic resistance as a current issue, use of best practice nematode control
strategies and sourcing nematode control advice from knowledgeable sources.
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In conclusion, the general hypothesis was accepted with evidence supporting that a
body condition score-based TST control program can be practical to implement and delay
anthelmintic resistance in adult Merino sheep in a Mediterranean environment.
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