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Abstract
Gastrointestinal helminths are recognised as important causes of clinical disease in adult
horses and foals. Resistance to anthelmintics is a global problem involving parasites of horses,
including species with considerable pathogenic potential. As the ongoing development of
anthelmintic resistance (AR) is likely to continue, there is increased risk of greater challenges
to parasite control with potential consequences to the health and welfare of horses. A
number of strategies have been developed and promoted within the equine and other
livestock industries in an attempt to slow the development of AR and extend the efficacy of
the currently available anthelmintics. Surveillance‐based treatment regimens have been
recommended and these regimens rely on the use of faecal egg counts (FEC) to identify horses
that require treatment, based on egg shedding potential. It is important that the limitations
of FECs are considered and improved understanding of egg distributions in faeces and FECs is
developed to best apply this important diagnostic method.
The aims of the research presented in this thesis were to: (i) examine the density of Parascaris
eggs in solution and faeces and to describe the use of hypothesis testing for treatment
decision‐making; (ii) determine the potential impact of FEC variability on anthelmintic
treatment decisions for foals in a selective treatment regimen scenario and the reliability of
a single FEC result of zero; (iii) use an online questionnaire to investigate parasite control
practices used on Thoroughbred and Standardbred studs in Australia and determine factors
that may be associated with increased risk of development of AR; (iv) investigate the efﬁcacy
of a morantel–abamectin combination for the treatment of ML‐resistant Parascaris infections
in foals.
In this study, it was determined that the density of nematode eggs in faeces is inhomogenous
and egg counts conform to a negative binomial distribution. Methods for calculation of the
negative binomial confidence interval for the estimation of the egg distribution mean and
application of these intervals for statistical inference for decision‐making were presented. It
was confirmed that point estimates do not account for the sample variance and provide a
poor estimate of the egg distribution mean. The outcomes of this research can inform
improved techniques for faecal sample collection and analysis of FEC data through statistical
inference and this is applicable in both a research and clinical settings.
12

The results of the questionnaire study of parasite control practices currently employed on
stud farms in Australia confirmed that there is considerable over‐reliance on the use of
anthelmintics with variable knowledge or understanding of the importance of other
management strategies, including pasture hygiene.
The results of the field study investigating the efficacy of a morantel‐abamectin combination
for treatment of resistant Parascaris indicate that the use of combination anthelmintics has
the potential for effective control of parasites for which there is documented evidence of AR.
However, the use of these drugs needs to be carefully instigated within an appropriately
designed targeted treatment regimen.
This thesis provides valuable contributions to the understanding of nematode egg density in
faeces and the influence this has on FEC results and the application of FECs in decision‐making
in a clinical setting. The research generated important information on parasite control
practices on Australian stud farms which can be used to inform changes necessary for more
sustainable programmes. Evidence was also provided that combination anthelmintics may be
useful as a component of these programmes for the management of existing resistance and
to delay the development of resistance.
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Chapter 1: Introduction
Gastrointestinal helminths of importance in horses include cyathostomins (small strongyles),
Parascaris spp., Strongylus vulgaris (large strongyle) and cestodes (Anoplocephala perfoliata)
and infestations can result in signs of clinical disease (Andersen et al., 2013b). The
cyathostomins consist of more than 50 identified species (Lichtenfels et al., 2001) and
pathogenic potential is largely attributed to the ability of third stage larvae to encyst in the
mucosa of the large intestine. A clinical syndrome of larval cyathostominiasis occurs when
there is synchronous emergence of fourth stage larvae resulting in diarrhoea, rapid weight
loss, hypoalbuminaemia and subcutaneous oedema. Parascaris are considered the most
pathogenic parasites of horses less than 2 years of age (Clayton & Duncan, 1978; Kaplan &
Vidyashankar, 2012). Clinical sequelae of Parascaris‐related disease includes ill‐thrift,
abdominal pain and mechanical obstruction of the small intestine which can occur as a
consequence of a large worm burden or from synchronous worm death following
anthelmintic administration (Reinemeyer & Nielsen, 2013). Infection with A. perfoliata
increases the odds of spasmodic colic, ileal impaction and caecal intussusception (Barclay et
al., 1982; Nielsen, 2016a; Owen et al., 1989). Given the association with helminth infection
and disease, anthelmintics are used extensively for parasite control in horses.
Since the 1960s, there has been wide implementation of preventive interval‐based
anthelmintic treatment regimens in horses (Drudge & Lyons, 1966). The primary aim of the
interval treatment regimen was to treat horses within the known egg reappearance of the
anthelmintic to prevent disease and egg shedding of S.vulgaris (Kaplan & Nielsen, 2010). This
regimen was initially considered to be highly successful for parasite control in horses as the
morbidity and mortality associated with S.vulgaris markedly reduced (Lyons et al., 1999).
However, there are undesirable outcomes of frequent anthelmintic administration within
interval treatment regimens, most notably the development of benzimidazole‐resistant
populations of cyathostomins which are now widespread. Consequently, while S.vulgaris‐
associated disease is now considered rare in horses, cyathostomins have since become
recognised as the predominant pathogen of horses (Love et al., 1999) and are responsible for
almost 100% of the strongyle egg shedding in grazing horses (Herd, 1990).
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In an attempt to revise anthelmintic use practices and preserve anthelmintic efficacy, the
concept of targeted treatment regimens was first introduced in 1991 (Duncan & Love, 1991;
Gomez & Georgi, 1991) and gives consideration to the overdispersed nature of parasite
burdens in a herd of horses. A large number of horses will be harboring low parasite burdens,
whereas few will have higher burdens (Nielsen, 2009) and the aim of targeted treatment
regimens is to only treat those horses contributing the bulk of pasture egg contamination
(Matthews, 2011). This allows a proportion of the parasites to remain in refugia and this has
been recognized as one of the most important factors for slowing the development of
anthelmintic resistance (van Wyk, 2001).
Despite being introduced over three decades ago, there has been a widespread reluctance to
adopt targeted treatment approaches across a variety of types of equine establishments
(Bolwell et al., 2015; Nielsen, 2009; Nielsen et al., 2018a; Robert et al., 2015; Stratford et al.,
2014a). The majority of horse owners and farm managers continue to administer
anthelmintics at frequent and regular intervals and there is a general lack of understanding
of the benefits of a faecal egg count (FEC)‐based surveillance approach. Hence, there is an
urgent requirement to better inform people within different equine industries and
veterinarians have the potential to play an important role in disseminating information
regarding more sustainable parasite control.
Faecal egg counts are the most common diagnostic tool used in parasitology in horses and
other animals (Andersen et al., 2013b). Despite widespread use, there are a number of
limitations of FEC methods, including the opportunity for considerable variability (Lester &
Matthews, 2014; Nielsen et al., 2010a) which can subsequently impact the accuracy of
analysis as well as the inability to detect prepatent infections (Lester & Matthews, 2014;
Reinemeyer & Nielsen, 2013). It is important to consider ways of improving the understanding
of factors affecting FECs in order to apply this diagnostic method more accurately, including
the monitoring of anthelmintic efficacy and early development of anthelmintic resistance.
The research questions for this project were:
1. How are Parascaris eggs distributed in solution and faeces?
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2. What is the potential impact of the distribution of nematode eggs in faeces and FEC
variability on anthelmintic treatment decisions for foals in a selective treatment
regimen scenario and the reliability of a single FEC result of zero?
3. What parasite control practices are currently employed on Thoroughbred and
Standardbred studs in Australia and what risk factors for the development of
anthelmintic resistance are present?
4. Is a morantel–abamectin combination effective for the treatment of macrocyclic
lactone‐resistant Parascaris infections in foals?

Thesis Structure
The thesis is compiled in accordance with Charles Sturt University recommendations for a
professional doctorate by publication. Chapter 2 is a comprehensive literature review of
important concepts of endoparasitism in horses including nematodes of clinical importance,
anthelmintics available for treatment and prevention, treatment strategies, diagnostic tests
for parasite burdens and for anthelmintic efficacy monitoring, anthelmintic resistance and
current parasite control practices. There is also an outline of the research objectives.
Chapter 3 consists of a paper published in Veterinary Parasitology in October 2016 entitled
‘Inhomogeneity of the density of Parascaris spp. eggs in faeces of individual foals and the use
of hypothesis testing for treatment decision making’. This chapter presents the results of a
series of experiments designed to examine the density of Parascaris eggs in solution and
faeces and to describe the use of hypothesis testing for treatment decision‐making.
Chapter 4 consists of a manuscript in preparation for submission to Veterinary Parasitology
entitled ‘The application of faecal egg count results and statistical inference for clinical
decision making in foals’. This chapter reports the clinical application of methodologies
presented in Chapter 3 and describes the impact of FEC variability on treatment decision
making and the detection of a patent infection in foals.
Chapter 5 consists of a manuscript in preparation for submission to the Equine Veterinary
Journal entitled ‘A questionnaire study on parasite control practices on Thoroughbred and
Standardbred studs in Australia’. This chapter describes the results of an online questionnaire
distributed to 300 studs in Australia investigating parasite control practices currently
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employed on these studs. A number of practices which may contribute to the development
of anthelmintic resistance are considered.
Chapter 6 consists of a manuscript (short contribution) published in the Australian Veterinary
Journal in March 2017 entitled ‘Efficacy of a morantel‐abamectin combination for the
treatment of resistant ascarids in foals’. This chapter reports the results of FEC and faecal egg
count reduction testing in a group of foals randomly assigned to treatment and control groups
and the efficacy of the combination is compared to that of other registered anthelmintics.
Participating foals are from properties with previously documented macrocyclic lactone‐
resistant ascarids.
Chapter 7 is an exegesis providing thorough discussion of the results of the research and
provides an insight into the potential contributions of this research to the veterinary
profession and scientific literature.
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Chapter 2: Literature Review
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2.1 Introduction
Gastrointestinal helminths are ubiquitous in horse populations worldwide with nematode and
cestode populations present throughout a diverse range of geographic and climatic
conditions (Nielsen, 2012). The four major categories of importance to equine health include
cyathostomins, Parascaris species (Parascaris equorum, Parascaris univalens), Anoplocephala
perfoliata and Strongylus vulgaris. Large burdens of these parasites may impact equine health
and welfare and can be associated with poor growth, weight loss and signs referable to
intestinal disease (Andersen et al., 2013b).

Parascaris spp. are the most pathogenic

nematodes of foals and may result in ill‐thrift, abdominal pain and death (Clayton et al., 1980).
In adult horses, cyathostomins are considered responsible for approximately 95‐100% of all
strongyle eggs shed in faeces. Clinical disease caused by cyathostomins ranges from mild
alterations in gastrointestinal function to larval cyathostominosis which can cause weight
loss, chronic diarrhoea and oedema and may be life threatening (Love et al., 1999). Mucosal
larval stages of cyathostomins induce an inflammatory enteropathy characterised by cellular
infiltration and mucosal oedema with diffuse haemorrhagic foci resulting in a protein‐losing
enteropathy (Love et al., 1999). The most pathogenic stage of infection is during the
emergence of larval stages from the mucosa. S. vulgaris is a known cause of colic in adult
horses as migrating larvae cause a verminous endarteritis in the cranial mesenteric artery and
major branches, resulting in ischaemia and infarction of intestinal segments (Duncan & Pirie,
1975; Morgan et al., 1991). Originally identified as the primary target of modern parasite
control programmes (Drudge & Lyons, 1966), S.vulgaris is no longer considered an important
cause of colic in managed horses.
A faecal egg count (FEC) is currently the principal tool for diagnosis and surveillance of equine
intestinal parasitism. Counts provide an estimate of the egg excretion by female mature
worms and do not necessarily accurately quantify the worm burden (Matthews & Lester,
2015). Multiple factors can influence the outcome and interpretation of FECs, including
overdispersed distribution of egg shedding between individual horses, uneven distribution of
eggs in faeces and variations in egg shedding in individuals over time (Lester & Matthews,
2014).
The faecal egg count reduction test (FECRT) which is based on FECs obtained before and after
anthelmintic administration and calculation of the percentage reduction, is used to assess the
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efficacy of treatment and identify the development of anthelmintic resistance (AR). The
recommended cut‐offs for anthelmintic efficacy are dependent on the drug class and failure
of a specific treatment to achieve these cut‐offs is suggestive of the presence of worm
populations that are resistant to the treatment (Tzelos & Matthews, 2016). Decades of regular
and intensive anthelmintic treatments have led to increasing levels of resistance to most of
the anthelmintic classes currently available for use in horses.
Molecular tools for AR offer the opportunity for rapid and effective AR detection. Molecular
tools have been developed for assessing benzimidazole (BZ) resistance associated
polymorphisms in the beta‐tubulin gene of trichostrongyle nematode species of small
ruminants (Von Samson‐Himmelstjerna, 2006). Similar polymorphisms correlated with BZ‐
resistance in cyathostomins have been identified (Von Samson‐Himmelstjerna et al., 2003),
while the possibility of additional polymorphisms being involved with BZ‐resistance in other
populations, including Parascaris remains to be investigated.
The impact of parasitic disease and availability of broad‐spectrum anthelmintics from the
1960s led to parasite control programmes which were based on the regular use of
anthelmintic drugs (interval dosing), often aimed to be administered within the egg
reappearance period (ERP) of key parasites to have a suppressive effect on egg population.
As a result of the threat of resistance to multiple anthelmintic classes, recommendations now
focus on more sustainable control programmes based on systematic surveillance of parasite
burdens with targeted treatment (based on FEC results) of individual horses within a
population (Kaplan & Nielsen, 2010). The primary objective of these programmes is to limit
the levels of helminth infection and transmission while also reducing the usage of
anthelmintics (Tzelos & Matthews, 2016).

2.2 Endoparasitism in horses
2.2.1 General overview
Grazing horses are exposed to diverse populations of gastrointestinal helminths. The
presence of endoparasites does not always lead to overt clinical disease; however, large
parasite burdens can result in clinical signs including weight loss, colic or diarrhoea and may
be life‐threatening (Matthews, 2011). The majority of grazing horses will experience some
level of gastrointestinal parasitism and in some horses, infection may be continuous
throughout life. Important parasites that predominantly cause gastrointestinal signs include
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nematodes (cyathostomins, large strongyles, Parascaris sp.) and cestodes (Anoplocephala
perfoliata, Anoplocephala magna, Anoplocephaloides mamillana) (Matthews, 2011).
Large Strongyles
Strongylus vulgaris is the most pathogenic gastrointestinal nematode of horses (Andersen et
al., 2013b). The S. vulgaris life cycle is characterised by a long prepatent period of
approximately six to seven months (Reinemeyer & Nielsen, 2009) during which time the
migrating larvae are undetectable as there is currently no test commercially available to
diagnose prepatent S. vulgaris infection (Andersen et al., 2013a). Infection occurs after
ingestion of infective, third‐stage larvae (L3) from the environment. After passage through the
stomach, the larvae exsheath and invade the submucosa of the small intestine. The L3 larvae
molt to the fourth larval stage (L4) which penetrate local arterioles and migrate proximally in
the cranial mesenteric artery and major branches. Larvae accumulate in the root of the cranial
mesenteric artery and remain in this location for approximately four months and eventually
molt to the fifth larval stage (L5). Presence of larvae in the arterial system causes verminous
endarteritis and thromboembolism with a risk of non‐strangulating infarctions of the colon or
caecum (Andersen et al., 2013a). The L5 larvae return to the caecum via the bloodstream and
form large nodules in the submucosa. Rupture of these nodules occurs and larvae return to
the gastrointestinal lumen as young adults. Following 6 weeks of further maturation, females
then begin to shed eggs (Reinemeyer & Nielsen, 2009).
Clinical manifestations of thromboembolism and arteritis caused by S. vulgaris include
sweating, rolling, dull mentation, tachycardia and horses may also be pyrexia (Reinemeyer &
Nielsen, 2009). Infection with greater than 750 larvae is usually fatal (Reinemeyer & Nielsen,
2009). S. vulgaris was the focus of treatment programmes established in the 1960s as it was
believed to be a major cause of colic in horses. The advent of the interval‐dosing regimen of
administration of an anthelmintic drug every 8 weeks led to a dramatic reduction in
prevalence of S.vulgaris and in well‐managed equine establishments, this parasite is now very
rare (Nielsen, 2012).
Cyathostomins
Cyathostomins (small strongyles) are ubiquitous parasites of grazing horses and are important
due to their high prevalence and considerable pathogenicity (Matthews, 2011). There are
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more than fifty 50 species within the cyathostomin group and differentiation is based on
morphological characteristics of the adult worm head and tail. In most cases, the accessible
life cycle stages (eggs and larvae) cannot be distinguished to species (Matthews, 2011).
The life cycle of cyathostomins is direct and infection occurs via ingestion of infective third
stage larvae (L3). Ingested L3 enter the mucosa and submucosa of the large intestine and
develop through a number of encysted stages including early L3 (EL3), late L3 and developing
fourth stage larvae (DL4) (Matthews, 2011). Within the mucosal lining, each larva develops
inside a fibrous capsule that sequesters it from the immune or inflammatory responses of the
host (Reinemeyer & Nielsen, 2009). The L4 emerge from the encysted stage into the
gastrointestinal lumen and develop to 5th stage larvae (L5) which mature to male and female
adult worms. Female worms excrete eggs which are passed in faeces, hatch and develop to
L3 in a temperature dependent‐manner (Matthews, 2011). The prepatent period varies from
six to twelve weeks, however encysted larvae can undergo inhibited development in the wall
of the large intestine, extending the prepatent period by many months (Matthews, 2011).
When L4 emerge from the encysted stage, the process of excystment is accompanied by the
release of excretory and secretory products that accumulate over a period of weeks to more
than two years (Paz‐Silva et al., 2011; Reinemeyer & Nielsen, 2009). This larval emergence
and reactivation results in focal, severe inflammation characterised by congestion, oedema
and leakage of plasma proteins into the intestinal lumen which can cause the clinical
syndrome of larval cyathostominosis if large numbers of larvae emerge synchronously
(Reinemeyer & Nielsen, 2009; Stratford et al., 2011). Clinical findings include diarrhoea, rapid
weight loss, hypoalbuminaemia and subcutaneous oedema. Mortality rates of up to 50% have
been reported (Matthews, 2011).
Larval cyathostominosis often occurs in winter or early spring and is more common in horses
less than five years of age (Matthews, 2008). Primary factors associated with the re‐
emergence of cyathostomin larvae are unknown but may include changes in the host immune
response, environmental effects on L3 prior to ingestion, recent treatments with adulticidal
anthelmintics and the population density of parasites in the large intestine (Matthews, 2011).
Larval cyathostominosis is predominantly caused by mixed‐species infections and is not
related to the presence of a single species (Matthews, 2011).
Parascaris species
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Parascaris spp. are the largest nematode parasites of horses and predominantly affect foals
and yearlings. Horses can be infected with two species, Parascaris equorum and Parascaris
univalens (Nielsen, 2016b), which are morphologically identical and differentiation is only
possible by karyotyping. Hence, the two species are rarely distinguished and Parascaris spp.
should be used as the designation of ascarid specimens observed in equids, unless cytological
characterisation has confirmed the species. (Nielsen et al., 2014d). Recent reports state that
P. univalens should be recognised as a commonly occurring equine ascarid parasite, and it is
likely to be the more prominent of the two ascarid species (Nielsen et al., 2014d).
The life cycle begins with ingestion of eggs containing second‐stage larvae followed by
emergence of larvae in the lumen of the small intestine (SI). Larvae migrate through the small
intestinal wall into local lymphatic vessels and to the liver within two days of infection. Larvae
migrate within the liver for approximately one week causing inflammation and scars under
the liver capsule (Reinemeyer & Nielsen, 2013). Third‐stage larvae are carried to the
pulmonary circulation via the caudal vena cava and become trapped in the terminal
pulmonary arterioles or capillaries. The larvae rupture the vessel walls and enter the alveoli
resulting in focal eosinophilic inflammation with oedema and haemorrhage. Larvae remain in
the lungs for 2‐3 weeks after infection and then migrate proximally within the airways to the
pharynx. Larvae are swallowed, returning to the SI and develop progressively from L4 to
adults. Adult ascarids continue to increase in size after reaching sexual maturity and can
survive for several months (Reinemeyer & Nielsen, 2013). The pre‐patent period ranges from
72‐110 days (Kornaś et al., 2010).
During migration of larval ascarids through pulmonary tissues, clinical signs of disease may
include coughing and purulent nasal discharge (Reinemeyer & Nielsen, 2013). After reaching
the SI, the worms grow rapidly and move freely within the intestinal fluids, competing with
the host for digested nutrients. The presence of luminal infection may be accompanied by
decreased feed intake, diarrhoea, poor growth, rough haircoat and weight loss or poor weight
gain (Reinemeyer & Nielsen, 2013). Ascarids do not attach to the mucosa of the intestinal
tract and histopathological examination does not reveal any changes in the intestinal wall to
account for ill‐thrift of heavily infected animals (Clayton et al., 1980). Decreased food intake
and subsequent lowering of the protein intake of infected animals is an important factor in
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the poor growth rate and may also account for the marked hypoalbuminaemia which is often
a feature of disease caused by Parascaris spp (Clayton et al., 1980).
Mechanical obstruction of the SI and signs of abdominal pain can result from a large burden
of Parascaris adult worms or as a consequence of synchronous worm death after anthelmintic
administration (Reinemeyer & Nielsen, 2013). Horses with impaction of the SI caused by
Parascaris may develop secondary intestinal abnormalities caused by luminal obstruction,
including volvulus or intussusception (Tatz et al., 2012). Occasionally, death due to intestinal
rupture can occur if ascarid impactions are not relieved adequately and promptly (Clayton et
al., 1980; Reinemeyer & Nielsen, 2013). Surgical treatment for ascarid impaction has a high
incidence of complications including septic peritonitis, intestinal rupture, focal necrotising
enteritis and intestinal adhesions with mortality rates that range from 73 to 92% (Tatz et al.,
2012). However, more favourable outcomes may be attributed to earlier surgical
intervention, older animals and the use of sodium‐carboxy‐methyl‐cellulose applied topically
as a lubricant during surgery to reduce the likelihood of adhesion formation. In addition,
avoidance of enterotomy or resection of the impacted segment of SI will improve the
prognosis for survival (Tatz et al., 2012).
Tapeworms
Cestode infections in horses are recognised as a potential cause of colic. There are three
species of cestodes which can infect horses: Anoplocephala perfoliata (most prevalent), A.
magna, and Anoplocephaloides mamillana. Only A. perfoliata has been associated with
clinical disease in horses (Nielsen, 2016a). The lifecycle of all tapeworm species involves an
intermediate host, the oribatid mite of which there are multiple species and horses ingest the
mites inadvertently during grazing. A. perpholiata preferentially resides in the area around
the ileocaecal junction and hyperaemia, mucosal thickening and ulceration can occur at the
attachment site (Pearson et al., 1993; Williamson et al., 1997). The presence of A. perfoliata
has been associated with ileocaecal, caecocolic and caecocaecal intussusception, however a
causal relationship has not been established (Barclay et al., 1982; Owen et al., 1989) and the
majority of tapeworm infections do not result in disease in horses. Therefore, the risk of
disease associated with tapeworm infections in horses has not been accurately quantified
(Nielsen, 2016a).
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2.2.2 Epidemiology
2.2.2.1

Prevalence of gastrointestinal parasites in Australia

Strongylus vulgaris was previously considered to be the most prevalent nematode affecting
horses, with surveys reporting 90‐100% prevalence in equine populations (Kaplan & Nielsen,
2010). This nematode was considered the primary target of parasite control programmes
based on interval administration of anthelmintics (principally benzimidazoles) in the mid‐
1960s and subsequently, there was a marked reduction in morbidity and mortality due to S.
vulgaris (Kaplan & Nielsen, 2010). From the early 1980s, it was recognised that S. vulgaris was
very rare in managed horse populations and cyathostomins were the principal parasitic
pathogen of horses (Kaplan & Nielsen, 2010; Lyons et al., 1999). Currently, cyathostomins are
considered the most prevalent and pathogenic of the parasitic nematodes that affect horses
(Relf et al., 2012). This change in species prevalence and relative importance of these
nematodes was also accompanied by a dramatic increase in AR as a result of frequent
treatments (Kaplan & Nielsen, 2010).
In accordance with evidence from overseas, the widespread use of effective anthelmintics
has decreased the prevalence of the large strongyles in Australian equine populations
(Bucknell et al., 1995). There is limited knowledge about the prevalence of gastrointestinal
parasitism in horses in Australia (Flanagan et al., 2013) and much of the data available is from
studies performed over two decades ago (Bucknell et al., 1995; Dunsmore & Jue Sue, 1985;
Mfitilodze & Hutchinson, 1989, 1990); however, data collected from equine populations (age
> 1yo) in Victoria and Western Australia (WA) has demonstrated a high prevalence (up to 95%)
of cyathostomins (Boxell et al., 2004; Bucknell et al., 1995). Based on the morphology of eggs
in faeces, the Strongylidae family is the primary intestinal parasite group infecting horses and
larval cultures indicate that infection by the Cyathostomum genus is predominant (Flanagan
et al., 2013). The highest prevalence of cyathostomins occurs in autumn and in areas of
uniform rainfall, indicating more favourable conditions for larval survival in the environment
(Bucknell et al., 1995). The predominance of cyathostomins may reflect the relative
ineffectiveness of commonly used anthelmintics against immature stages, poor
environmental management and/or incorrect dosing (Flanagan et al., 2013).
A study in Victoria confirmed that the prevalence of S. vulgaris was highest in regions of
uniform rainfall as these areas provide more favourable conditions for the survival of infective
larvae on pastures (Bucknell et al., 1995; Hutchinson et al., 1989). Larval survival for S. vulgaris
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and S. edentatus is also greatly enhanced in areas with high moisture and lower temperatures
(Bucknell et al., 1995). In a study in Victoria, these parasites were found to have relatively low
prevalence in autumn, followed by an increase in winter with the highest prevalence in
summer (Bucknell et al., 1995). This trend was similar to that found in a study in WA, where
it was concluded that horses likely had little opportunity to pick up infective larvae during hot,
dry summer months as a result of larval mortality on pastures (Dunsmore & Jue Sue, 1985). A
gradual increase in availability of larvae during late summer and early autumn corresponds
with an increase in the number of horses infected with adult worms in spring (Dunsmore &
Jue Sue, 1985).
Of the three species of cestodes known to infect horses, A. perfoliata is the species most
commonly found in horses in Australia (Boxell et al., 2004; Mfitilodze & Hutchinson, 1989). A.
mamillana has been found in horses in Australia, although in very low numbers (0.7% in a
population of horses in WA) (Dunsmore & Jue Sue, 1985). In a study in Victoria, the intensity
of infection varied according to season, environment, age and sex of the host with higher
prevalence in winter and higher mean intensities of infection in horses form uniform to high
rainfall areas (Bucknell et al., 1995). This supports the hypothesis that low lying/wet pastures
provide favourable conditions for the survival of the intermediate host and therefore a high
transmission potential for the parasite (Bucknell et al., 1995). The intensity of infection in
horses younger than 2 years of age was more than 3 times that of other age groups, indicating
that horses develop age resistance and/or acquired resistance to the parasite (Bucknell et al.,
1995).
Parascaris infection is common in foals, with prevalence rates of patent infections ranging
from 0‐80% in foals aged younger than one year (Armstrong et al., 2014; Laugier et al., 2012;
Lyons & Tolliver, 2014b; Relf et al., 2013). Prevalence is greatest in foals and yearlings, likely
a result of delayed development of protective immunity which takes effect from 6 months of
age and seems to occur, at least in part, independently of parasite exposure (Clayton &
Duncan, 1979; Fritzen et al., 2010; Nielsen et al., 2010b; Southwood et al., 1998). Hence, the
dynamics of this parasite is primarily related to foal age and associated immune responses
rather than to seasonality and grazing season as occurs with strongyle parasites (Chapman et
al., 2003; Fabiani et al., 2016). It has been proposed that immunity is primarily directed
towards the migrating larvae as it has been observed that most of the larvae in older foals are
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removed in the liver and lungs, whereas in younger foals, a higher number of larvae complete
the migration (Clayton & Duncan, 1979).
Recently, studies have demonstrated that foals exposed to natural Parascaris infection and
untreated exhibit a biphasic appearance in egg shedding (Donoghue et al., 2015; Fabiani et
al., 2016). In one study, 83% of untreated foals were infected with intestinal stages of
Parascaris at the time of necropsy and foal age had a significant influence on immature
ascarid counts whereas there was no association with adult counts (Fabiani et al., 2016). An
intestinal burden of ascarids establishes at approximately 3‐5 months of age and after this
age, foals are capable of completely or partially eliminating the adult worm burden. Worm
and egg counts have been found to peak for a second time at approximately 8‐10 months of
age with a predominance of immature stages (Donoghue et al., 2015; Fabiani et al., 2016),
reflecting newly established burdens and incomplete immunity to migrating stages and
suggests a more gradual elimination of Parascaris spp. burdens between 4‐12 months of age
(Donoghue et al., 2015). The exact mechanism of elimination of ascarid infections by the
equine immune system is currently unknown (Donoghue et al., 2015). A recent modelling
study of the development and growth of the parasitic stages of Parascaris in the horse
demonstrated that the most important driver of worm dynamics is survival in the SI, which is
determined by an immune response which increases with both age of the horse and previous
exposure to infection (Leathwick et al., 2016). The prevalence in mature horses is very low or
negligible (Relf et al., 2013); however, ascarid impactions have occasionally been reported in
horses beyond weaning age (Donoghue et al., 2015; Tatz et al., 2012).
The reported prevalence of Parascaris in Australian equine populations ranges from 5‐15%
(Bucknell et al., 1995; Mfitilodze & Hutchinson, 1989). However, this parasite is found almost
exclusively in horses less than 2 years of age and reported prevalence is likely to be related to
the age of the population sampled. The reported prevalence of patent infections of Parascaris
spp. in foals, weanlings and yearlings younger than one year in Australia, USA, Germany,
Sweden, Poland and France ranges between 0‐80% (Armstrong et al., 2014; Laugier et al.,
2012; Lyons & Tolliver, 2014b; Relf et al., 2013).
2.2.2.2

Surveys/questionnaires as epidemiological tools for parasitology

Surveys and questionnaires are useful veterinary epidemiological tools in the investigation of
disease.

Questionnaires can be designed to provide extensive information about the
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participants and the animals in their care and the results of well‐designed and accurately
reported studies can have a substantial impact on decision making in veterinary medicine
(Dean, 2015). Recently, the use of questionnaires has been applied to generate information
on aspects of parasitic disease in horses. The increasing prevalence of AR in equine
nematodes (Kaplan & Nielsen, 2010; Kaplan & Vidyashankar, 2012; Nielsen et al., 2014b;
Reinemeyer, 2012) indicates the need for review of current parasite control programmes to
identify factors influencing control, anthelmintic efficacy and the development of resistance
(Fritzen et al., 2010).
Questionnaires can be used to obtain information on parasite control including grazing
practices, anthelmintic administration, use of diagnostic tests and where applicable,
questions can be subdivided into age‐based categories (Stratford et al., 2014a). Question
format can include open questions and closed‐ended multiple‐choice questions with the
opportunity for additional comments (Stratford et al., 2014a). Objectives of questionnaire
studies on parasite control frequently include identifying parasite control practices used by
horse owners and investigation of management factors associated with AR. Barriers
preventing the implementation of rational control methods can also be identified (Stratford
et al., 2014a).
The results of questionnaire studies on equine gastrointestinal parasite control in the United
Kingdom have been reported recently in an effort to develop more sustainable, targeted
control practices based on sound epidemiological principles (Stratford et al., 2014a).
Questionnaire studies from the last two decades indicate that most equine establishments
over‐use anthelmintics through continued interval dosing (Bolwell et al., 2015; Nielsen, 2009;
Relf et al., 2012; Robert et al., 2015; Rosanowski et al., 2016; Stratford et al., 2014a). Overall
there is over‐reliance on the use of anthelmintics with little importance given to farm
management practices for effective parasite control and to help delay the development of AR
(Bolwell et al., 2015). Many equine establishments have inadequate implementation of
appropriate quarantine practices for visiting horses and this can be an important source of
resistant nematodes (Relf et al., 2012). Along with the frequent implementation of interval
drenching programmes, few participants in multiple questionnaire studies document the use
of FECs for surveillance or monitoring anthelmintic efficacy (Bolwell et al., 2015; Nielsen et
al., 2018a; Rosanowski et al., 2016). Although surveillance‐based control programmes
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consisting of treatment of horses following a positive FEC result have been recommended for
a number of years (Gomez & Georgi, 1991; Kaplan & Nielsen, 2010) and reinforced recently
(Nielsen et al., 2013), several studies have demonstrated that the uptake of these
recommendations has been slow, with as few as 10% of respondents in some studies
reporting the use of targeted drenching programmes (Bolwell et al., 2015; Nielsen et al.,
2018a; Robert et al., 2015).
In addition, there is often a discrepancy between the number of respondents expressing an
awareness of the importance of AR and/or the presence of resistant populations of parasites
on their properties and an overall lack of implementation of strategies to mitigate the
development of resistance (Relf et al., 2012; Robert et al., 2015). This indicates an overall lack
of understanding of the benefits of integration of FEC results to reduce the reliance on
anthelmintics. Results of questionnaire studies also highlight the importance of improved
awareness of the benefit of the use of FECs and targeted treatment regimens by veterinarians,
as veterinary advice is frequently reported as important for decisions regarding parasite
control practices (Bolwell et al., 2015; Nielsen et al., 2018a; Relf et al., 2012; Robert et al.,
2015; Rosanowski et al., 2016).
Macrocyclic lactones (MLs) are the most frequently used anthelmintics based on the results
of multiple questionnaire studies (Bolwell et al., 2015; Nielsen et al., 2018a; Relf et al., 2012;
Stratford et al., 2014a). Recent studies have reported shortened egg reappearance periods
when horses were treated with MLs (Beasley et al., 2017; Daniels & Proudman, 2016; Geurden
et al., 2014; Molento et al., 2012; Tzelos et al., 2017) and there is a concern that the continued
reliance on this anthelmintic class will select for resistance in parasites for which it is currently
still effective e.g. strongyles.
The distribution of questionnaires to horse studs, agistment centres and/or members of
various equine discipline groups facilitates the retrieval of information regarding the general
horse population whereas data obtained from referral centres or horses presented for
veterinary examination may not reflect the prevalence of gastrointestinal parasitism or
provide accurate information on parasite control practices within the population.
Information obtained from field settings will be valuable and reflective of wider equine
populations. Horses with resistant populations of gastrointestinal nematodes or high parasite
burdens may not demonstrate clinical signs of disease and hence would be unlikely to present
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to veterinary establishments (Von Samson‐Himmelstjerna, 2012). Traditionally, surveys and
questionnaires have involved mail, telephone or personal interviews (singly or in
combination), however the use of online questionnaires is now common. The strategy used
affects the cost, response and completion rates and the reliability and validity of a survey
(Christley et al., 2000). Responses to sensitive questions are likely to be more valid in online
or mailed surveys as respondents are not disclosing information directly to another person.
The cost is also less for mailed and online questionnaires compared to telephone or personal
interviews. However, the response rate may be lower for mailed surveys (Christley et al.,
2000). Additional advantages of online questionnaires include automation and real‐time
access (data is stored electronically and available immediately), faster return times, improved
convenience for respondents and design flexibility.
A limitation in the use of voluntary questionnaire studies for the investigation of parasite
control practices and other aspects of veterinary disease is the presence of an inherent bias
amongst respondents who may be conscientious or more interested in the subject matter
than the general population (Robert et al., 2015; Stratford et al., 2014a) . Self‐selection bias
is a major limitation of online and mailed questionnaires. There are certain individuals who
are much more likely than others to complete an online survey, leading to a systematic bias
and this can limit the ability of the researcher to make generalisations about study findings
(Wright, 2005). Respondents may reject an invitation to complete an online questionnaire
and/or delete an invitation email without reading it, subsequently reducing the response rate
for the questionnaire. Researchers can attempt to foster ‘good will’ between themselves and
study participants by offering to provide information about the study results in the form of a
report highlighting the most important findings of the study (Wright, 2005).

2.3 Treatment and Control
2.3.1 Anthelmintics
There are only a small number of pharmacologically unique anthelmintic classes available for
use in horses and it has been greater than 25 years since a nematocidal drug with a new mode
of action was introduced for use in horses (Reinemeyer & Nielsen, 2013). The introduction of
benzimidazole (BZ) anthelmintics in the 1960s led to important developments in endoparasite
control regimens as these compounds are able to disrupt nematode life cycles and prevent
parasite transmission (Reinemeyer & Nielsen, 2013).

Additional anthelmintic classes
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including tetrahydropyrimidines and macrocyclic lactones (ML) were introduced in the 1970s
and 1980s, respectively. Praziquantel (pyrazinoisoquinolone class) is also available, however
it has a narrow spectrum of activity which is limited to cestodes.

Benzimidazoles
Disruption of energy metabolism at the cellular level is the primary mode of action of the BZ
drug class. Drugs of the BZ class selectively bind to the protein tubulin and inhibit
polymerisation into microtubules which are essential for energy metabolism, cell structure
and movement of chromosomes during cell division (Martin, 1997). By blocking energy
metabolism, the BZ drugs starve nematodes and inhibit egg production. These compounds
have a slow onset of action in comparison to other anthelmintics which disrupt
neurotransmission of the parasite (Martin, 1997).

Fenbendazole, oxibendazole and

oxfendazole are the three BZ compounds used most commonly in equine practice. The
conventional dosing regimens of BZ drugs are 5mg/kg fenbendazole, 10mg/kg oxibendazole
and 10mg/kg oxfendazole and at these dose rates, these drugs have demonstrated good
activity against luminal stages of large strongyles, cyathostomins, Parascaris and Oxyuris equi.
These dosing regimens are ineffective against extra‐intestinal, migrating stages of large
strongyles and Parascaris and mucosal stages of cyathostomins. Higher dose rates and/or
multiple dosing strategies of fenbendazole are required for migrating S.vulgaris larvae (Lyons
et al., 1986) and Parascaris larvae (Vandermyde et al., 1987). Fenbendazole for 5 days
(5mg/kg) has been reported for the treatment of cyathostomin mucosal (encysted) larvae;
however, widespread resistance of cyathostomins to BZ anthelmintics has developed (Kaplan,
2002) and reduced efficacy of this larvacidal regimen has been reported (Lyons & Tolliver,
2003; Rossano et al., 2010). Adult Parascaris worms often require higher doses of
fenbendazole as this is the dose‐limiting parasite for BZ anthelmintics (Lyons et al., 2008a).
Recently, resistance of Parascaris to fenbendazole has been reported (Armstrong et al., 2014;
Lyons et al., 2008a).

Tetrahydropyrimidines
There are four pyrimidines (tetrahydropyrimidines) currently available for use in horses: three
pyrantel salts (pamoate, tartrate and embonate) and morantel tartrate. These agents are
selective acetylcholine agonists and produce spastic paralysis of the nematodes. Affected
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worms are unable to conduct normal coordinated feeding activities and eventually starve if
not expelled by intestinal peristalsis (Reinemeyer & Nielsen, 2013). As there is no parenteral
uptake of the drug, the pyrimidines are only effective against luminal stages. They are active
against large strongyles, cyathostomins, Parascaris and O. equi and also have good efficacy
against A. perfoliata when administered at double dose rates (Reinemeyer & Nielsen, 2013).
Pyrantel‐resistant populations of cyathostomins have been detected (Kaplan et al., 2004),
however the resistance is not as widespread as for BZ anthelmintics (Reinemeyer & Nielsen,
2013). Morantel tartrate‐resistant cyathostomin populations have been detected in Australia
(Pook et al., 2002; Rolfe et al., 1998). Conventional or double dosing regimens of pyrantel
salts have good efficacy against luminal stages of Parascaris (Slocombe et al., 2007) and there
are few reports of resistance (Armstrong et al., 2014; Craig et al., 2007; Lyons et al., 2008a).

Macrocyclic lactones
This class of drugs is broad and is comprised of antibiotics and antiparasitics. Avermectins
(ivermectin, abamectin) and milbemycins (moxidectin) are subgroups of MLs used as
anthelmintics in horses (Reinemeyer & Nielsen, 2013). These drugs are naturally‐derived,
produced by soil‐dwelling Streptomyces spp. Avermectins and milbemycins selectively
paralyse parasites by interfering with the function of glutamate‐gated chloride channels and
increasing muscle chloride permeability (Herd, 1995). Once paralysed, the parasites can no
longer ingest nutrients and luminal stages are expelled by peristalsis (Reinemeyer & Nielsen,
2013). The migrating stages are killed as a result of cellular immune responses. Their activity
is rapid in onset, occurring within 48 hours of treatment (Reinemeyer & Nielsen, 2013). MLs
are highly lipophilic and are distributed widely to body compartments. Slow elimination
results in prolonged anthelmintic activity and longer ERPs when compared to other
anthelmintics. As a result of physicochemical differences that lead to different lipid solubility
of ivermectin and moxidectin, moxidectin has a much longer half‐life in adipose tissue
(Bertone & Horspool, 2004).

Macrocyclic lactones have a broad spectrum of activity and high efficacy against the adult
stages of the important nematodes of horses. However, MLs are ineffective against cestodes
(Bertone & Horspool, 2004).

Ivermectin has limited activity against fourth‐stage

cyathostomin larvae, whereas moxidectin has approximately 60% activity against late third‐
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stage and fourth‐stage cyathostomins. However, neither ivermectin or moxidectin
demonstrate consistent efficacy against encysted third‐stage cyathostomin larvae (Bertone &
Horspool, 2004). Ivermectin has variable activity against fourth‐stage Parascaris larvae and
resistance in adult stages of Parascaris has been reported in Europe (von Samson‐
Himmelstjerna et al., 2007), North America (Slocombe et al., 2007), Brazil (Molento et al.,
2008), Australia (Hughes et al., 2013) and New Zealand (Bishop et al., 2014).
2.3.2 Treatment regimens and control practices
2.3.2.1

Adult horses

Three main control protocols have been described for the management of equine parasites.
Traditionally, control strategies were designed to target one or a few important species and
the interval‐dose programme was introduced in the 1960s (Nielsen, 2012). This programme
specifically targeted S. vulgaris which was considered the principal parasitic pathogen at the
time and involved administration of anthelmintics at intervals determined by the ERP of the
anthelmintic used (Drudge & Lyons, 1966). The interval‐dose approach was widely adopted
and led to a dramatic reduction in parasite‐associated disease in horses. In well‐managed
equine enterprises, S. vulgaris is considered rare (Nielsen et al., 2010b). However, frequent
dosing has led to accelerated development of AR. Cyathostomins are now a major parasitic
pathogen of horses and anthelmintic‐resistant cyathostomins are highly prevalent (Kaplan &
Nielsen, 2010).

Strategic dosing is a parasite control protocol which involves the administration of
anthelmintics at specific times of the year based on the life cycle of the parasites, with the
aim of disrupting the seasonal cycle of transmission (Proudman & Matthews, 2000). However,
there is significant individual variation in parasite burden and nematode egg excretion which
this protocol does not account for and if heavily parasitised horses are added to the
population, this protocol will be ineffective (Proudman & Matthews, 2000). Unusual weather
patterns can also influence pasture infection load as abnormal weather patterns may lead to
early or late peak pasture larval burdens (Proudman & Matthews, 2000).

Targeted dosing regimens use FEC results to determine individuals requiring treatment and
are currently considered to be the most appropriate type of programme for the control of
equine gastrointestinal helminths in adult horses (Matthews, 2008). Horses with moderate to
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high FECs are treated (Sangster, 2003) and the remaining individuals are left untreated. This
allows a proportion of the in‐host parasite population to remain in refugia (unexposed to
anthelmintic), thereby reducing the selection pressure for AR in parasite populations (van
Wyk, 2001). This protocol acknowledges that the parasite distribution within a herd of hosts
is aggregated, with many horses harbouring low parasite burdens and fewer horses heavily
infected with parasites (Nielsen, 2009). This over‐dispersed pattern in nematode burdens
usually persists throughout life and not all horses require the same frequency of anthelmintic
administration (Matthews, 2011). The design of equine parasite control programmes needs
to take parasite distribution patterns into consideration, to ensure that only horses that
contribute the bulk of egg contamination of pasture are treated regularly whereas those with
negative or low egg counts receive specific treatments to eliminate pathogenic worms and/or
worm stages not detectable by routine FEC (e.g. encysted cyathostomin larvae and A.
perfoliata) (Matthews, 2011). The frequency of unnecessary anthelmintic administration is
therefore reduced. Recommendations for this protocol include the use of FECs during the
grazing season and annual dosing against encysted cyathostomin larvae and tapeworms
(Stratford et al., 2014a). The selection of threshold FEC values for treatment has been a
contentious issue because until recent experimental studies, the selection of threshold FEC
values was not based on any evidence investigating the relationship between egg counts and
worm counts (Reinemeyer & Nielsen, 2013). Recently, it was reported that although a direct,
linear relationship between egg counts and worm burdens could not be established, horses
with strongyle egg counts less than 500epg had significantly smaller worm burdens than
horses with counts exceeding 500epg and threshold value ranges of 100‐500epg were
established (Nielsen et al., 2010a). Importantly, this treatment approach exclusively
addresses the control of cyathostomins and a single FEC value may not be valid for other
parasites including Parascaris, A. perfoliata and large strongyles (Reinemeyer & Nielsen,
2013).
The use of FECs has been shown to reduce anthelmintic use by up to 75% (Stratford et al.,
2014a). The use of targeted approaches will help maintain drug efficacy as a result of an
increased proportion of the nematode population unexposed to anthelmintics and
preservation of susceptible genotypes (Matthews, 2011). Prescription‐only restrictions of
anthelmintic drugs were initiated in Denmark in 1999 and selective/targeted therapy is widely
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used (Nielsen et al., 2006b). Initial assessments of the success of these restrictions suggested
decreased levels of AR in strongyle populations in Denmark compared to other countries,
however the evidence was limited and conclusions regarding the specific effect of selective
treatment regimens on the long‐term prevalence of AR could not be determined (Nielsen,
2009). In addition, there was minimal evidence evaluating the risk of parasitic disease in
horses undergoing selective therapy when compared to more traditional interval‐based
treatment approaches (Nielsen et al., 2014a). Limitations with the use of a targeted treatment
regimen have subsequently been identified. A recent study identified an apparent emergence
of S.vulgaris on Danish horse farms using a surveillance‐based approach (Nielsen et al.,
2012b). Although the risk of clinical disease remains largely unknown, a recent study
identified a strong association between S. vulgaris‐specific antibodies and non‐strangulating
intestinal infarction (Nielsen et al., 2016b). Further studies are required to refine the selective
treatment regimen and reduce the risk of S.vulgaris‐associated clinical disease. It has been
suggested that treatment with a larvicidal anthelmintic once or twice yearly should provide
adequate control of S.vulgaris (Nielsen et al., 2012a), however prospective evaluation of
these recommendations is required.
2.3.2.2

Juvenile horses

Targeted parasite control programmes are not considered applicable for foals and young
horses (Nielsen et al., 2014a). Younger horses have a higher susceptibility to parasite infection
and further complexity is caused by the presence of both cyathostomins and Parascaris in this
age group (Nielsen et al., 2014a). Anthelmintics with efficacy against Parascaris often have
little effect against cyathostomins and vice versa (Nielsen, 2013). Due to the pathogenicity of
Parascaris and the possibility of false negative egg count results, a more preventative
treatment approach is preferred (Nielsen et al., 2010a; Nielsen et al., 2014a).
Current recommendations include a protocol where foals receive a minimum of four
anthelmintic treatments during their first year of life (Nielsen et al., 2013). Through its unique
trans‐mammary route of transmission, Strongyloides westeri is the nematode parasite that
can first establish and achieve patency in an equine host and eggs have been reported in the
faeces of foals as young as 5 days (Dewes, 1989). The common practice at many breeding
facilities of administering a ML to mares in late gestation is considered to be responsible for
the low prevalence of Strongyloides infestations in foals (Lyons & Tolliver, 2014a). However,
39

recent reports have documented an increased prevalence of patent infections in suckling
foals (Lyons & Tolliver, 2014a) and it is now recommended that therapeutic decisions are
based on clinical signs and supportive diagnostic findings (Reinemeyer & Nielsen, 2017).
In the absence of documented S. westeri infestation, the first anthelmintic treatment for foals
is commonly administered at 2‐3 months of age and use of a BZ has been recommended to
ensure efficacy against Parascaris. Treatment prior to age 2 months is unnecessary and
probably ineffective as few ascarids would be present in the intestinal lumen by this age
(Reinemeyer & Nielsen, 2017). The ascarid population in foals aged 2 months is likely
comprised of L4 and immature adults and anthelmintic efficacy against immature stages is
often suboptimal (Reinemeyer & Nielsen, 2017).
Immediately prior to weaning (approximately 6 months of age), FECs are recommended to
identify the relative presence of strongyles and Parascaris and guide the correct choice of
drug class (Nielsen, 2013). In association with a gradual increase in the grazing behaviour of
foals, they will be exposed to strongylid infection via passage of strongylid eggs in the faeces
of the dam (Reinemeyer & Nielsen, 2017). However, clinically important burdens of
cyathostomins are unlikely under good management conditions and there is a low risk of
encysted cyathostomin larval burdens in foals <1 year of age (Chapman et al., 2003; Nielsen
& Lyons, 2017) and therefore minimal justification for administering larvicidal treatments
(Reinemeyer & Nielsen, 2017).
The restriction of the number of treatments administered to foals to two, administered at
approximately 2 and 5 months of age, has recently been recommended and supported by the
results of a study modelling the dynamics of Parascaris infections in foals (Leathwick et al.,
2017). This study determined that this approach can successfully slow the development of
resistance through facilitating the contribution of worms of susceptible genotypes to
subsequent generations (Leathwick et al., 2017).
After weaning and beyond 6 months of age, strongyles are likely to be the dominant parasite
and as well as removing adult cyathostomins from the gut lumen, consideration should be
given to migrating larval stages of S. vulgaris or S. edentatus with a goal of disrupting life cycles
and preventing environmental contamination with eggs from adults within the intestinal
lumen (Reinemeyer & Nielsen, 2017). Biannual administration of larvicidal treatments is
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recommended with adjustments as required for individual unique management situations
(Reinemeyer & Nielsen, 2017). The prevalence of ascarids is variable in weanlings and
yearlings and this highlights the importance of the use of FECs to identify their presence and
subsequently guide anthelmintic selection. It is usually recommended to include a treatment
for A. perfoliata within the first year of life, although incidence varies among different
geographical regions (Reinemeyer & Nielsen, 2017). It is important to evaluate the efficacy
of anthelmintics against strongyle and ascarid populations and annual FECRT are
recommended (Nielsen, 2013; Nielsen et al., 2013).
During the second year of life, three anthelmintic treatments are recommended including two
with efficacy against migrating larval stages of large strongyles (Reinemeyer & Nielsen, 2017).
FECs to facilitate targeted treatment for ascarids should be considered as persistent infections
in spring may occur in some horses older than 1 year of age and the risk of ascarid impactions
cannot be ruled out (Donoghue et al., 2015).
2.3.3 Horse owner perceptions of parasite control
Although targeted equine parasite control programmes are recommended, these practices
have not been widely implemented (Bolwell et al., 2015; Lind et al., 2007; Nielsen et al.,
2018a; Robert et al., 2015; Stratford et al., 2014a) . Through the use of questionnaire studies
in a range of geographical regions including the UK, Europe, USA and New Zealand and
across a range of different types of equine establishments (studs, racing stables, livery yards,
private horse owners), the perceptions of horse owners and parasite control practices
currently being implemented has been investigated (Allison et al., 2011; Bolwell et al., 2015;
Earle et al., 2002; Hinney et al., 2011; Lendal et al., 1998; Lloyd et al., 2000; O'Meara &
Mulcahy, 2002; Relf et al., 2012; Robert et al., 2015; Rosanowski et al., 2016; Stratford et al.,
2014a). It has been determined that the majority of equine enterprises over‐use
anthelmintics through interval dosing with little or no use of parasite surveillance. Although,
current AAEP internal parasite control guidelines clearly advocate the use of FECs as a means
of parasite surveillance of egg shedding levels and anthelmintic treatment efficacy through
the FECRT (Erskine et al., 2016; Nielsen et al., 2013), there is very little evidence that the
routine use of FECs forms part of the parasite control strategies currently implemented.
There is also often little, if any, integration of non‐pharmacological aspects of parasite
control (Bolwell et al., 2015; Lind et al., 2007; Lloyd et al., 2000; Nielsen et al., 2018a; Robert
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et al., 2015; Stratford et al., 2014a). Although some respondents report the use of various
pasture management strategies, this is frequently combined with the over‐use of
anthelmintics which then negates the potential benefits to be gained from these strategies.
In addition, horse owners continue to use anthelmintics which have become ineffective as
a result of the presence of drug‐resistant parasites (Kaplan & Nielsen, 2010).
Although anthelmintic‐resistant nematodes have been present for over 60 years, recent
questionnaire studies have revealed that the importance of anthelmintic resistance and the
potential impact it may have on equine health and welfare has been poorly disseminated
among equine veterinarians and owners (Relf et al., 2012; Robert et al., 2015; Stratford et
al., 2014a) Questionnaire studies on parasite control practices have often revealed a
disparity between acknowledging the importance of anthelmintic resistance and
implementing strategies to delay its development (Allison et al., 2011; Lendal et al., 1998;
Lind et al., 2007). The lack of awareness of the prevalence of anthelmintic‐resistant parasites
and sensitivity of the nematode population increase the risk that the drugs being
administered have no useful effect (Matthews, 2011). Current owner perceptions and
management strategies are not conducive to preserving the efficacy of currently available
anthelmintics (Matthews, 2011).
The ready availability of cheap and safe over‐the‐counter anthelmintic products has likely
contributed to the continued use of interval treatment regimens. Veterinarians are variably
involved in parasite control and treatment decisions by owners are frequently made without
considering the biology of the parasites (Nielsen, 2009). In 1999, legislation for prescription‐
only availability of anthelmintics came into effect in Denmark, with the aim of encouraging
veterinary involvement to reduce anthelmintic usage and slow the development of AR
(Nielsen, 2009). Subsequent European studies reporting an increase in the use of FECs on a
routine basis (Nielsen et al., 2014c; Stratford et al., 2014a) indicate that the restriction on
anthelmintics has potentially played an important role in this. Sweden, the Netherlands and
Finland have subsequently implemented similar legislation and more EU countries are
predicted to follow (Nielsen, 2009). In Denmark, questionnaire‐based studies have found
that veterinarians have important roles in parasite control on equine establishments with a
considerable reduction in anthelmintic treatment intensity (Nielsen, 2009). Similarly, other
questionnaire studies have concluded that veterinary advice is often relied upon by equine
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owners for decisions regarding parasite control (Hinney et al., 2011; Lendal et al., 1998;
Nielsen et al., 2018a) and it therefore must be considered that this has the potential to
substantially influence an increase in the use of FECs and surveillance based treatment
protocols (Nielsen et al., 2018a).
The level of implementation of targeted treatment regimens and veterinary involvement in
parasite control practices on horse farms in Australia is currently unknown and before
specific recommendations can be made, a knowledge of current practices and perceptions
of horse owners is required.

2.4 Anthelmintic Resistance
2.4.1 General
There is widespread and increasing AR in equine nematode populations (Matthews, 2011)
and multiple‐drug resistant cyathostomins has been documented (Kaplan & Nielsen, 2010).
Identifying factors which contribute to the development of AR is an important consideration
for improvement of parasite control strategies. Frequent administration of anthelmintics,
high stocking rates, incorrect anthelmintic dosing (particularly under‐dosing or off‐label use)
and prolonged use of agents from the same anthelmintic class can influence the development
of resistance (Fritzen et al., 2010).
Maintaining adequate parasite refugium is important for slowing the development of AR (van
Wyk, 2001). Parasites in refugia are not exposed to selection for AR and provide a source of
susceptible alleles (Nielsen et al., 2010b). Parasites in refugia include free‐living stages,
parasites in untreated individuals and parasitic stages not exposed to anthelmintic drug e.g.
encysted cyathostomins following treatment with a non‐larvicidal anthelmintic (Nielsen et al.,
2010b).
A direct relationship between the frequency of treatment and the rate of development of AR
has been identified (Kelly et al., 1981; Nielsen et al., 2010b). Traditional interval‐dosing
treatment protocols have an emphasis of reducing the number of infective stages on pasture.
However, the result of these protocols is a reduction in the number of nematodes in refugia,
increased selection pressure for resistance genotypes and an acceleration in the development
of AR (Coles, 2002; Coles et al., 2006; van Wyk, 2001).
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No novel anthelmintic classes have been developed and introduced recently, with the
exception of the release of monepantel (an amino acetilnitril derivative) and derquantel (a
spiroindol) for use in sheep (Epe & Kaminsky, 2013; Kaminsky et al., 2008; Kaplan &
Vidyashankar, 2012). Hence, only a small number of effective agents across three
anthelmintic classes are available for the management of nematodes of horses (Kaplan &
Vidyashankar, 2012). Another important consideration is that reversion to drug sensitivity
does not appear to occur, even when exposure of nematode populations to a specific
anthelmintic class is avoided (Matthews, 2011). However, there is a dearth of information to
support whether reversion to sensitivity is or isn’t possible and further experimental evidence
is required. When designing parasite control programmes, strategies to preserve the efficacy
of currently available anthelmintics must be employed in an attempt to decrease the
magnitude of AR (Kaplan & Vidyashankar, 2012). As well as reducing the frequency of
anthelmintic administration, other strategies may include the integration of various non‐
chemotherapeutic parasite control techniques e.g. pasture management including pasture
resting and rotation. The use of combination anthelmintics in which two active ingredients
with different mechansims of action and resistance but similar spectrum of activity are
combined (Bartram et al., 2012), has been shown to slow the development of resistance to
the component anthelmintic classes and maintain effective control of nematodes in the
presence of single or multiple drug resistance (Bartram et al., 2012). The use of biological
control as an alternative to the use of anthelmintics has also recently been reported in studies
investigating the use of nematophagous fungi which can be directed to the capture and death
of larval stages of parasites and free‐living nematodes (Buzatti et al., 2015; Paraud et al.,
2012).
Anthelmintic resistance has been described in Parascaris and cyathostomins (Von Samson‐
Himmelstjerna, 2012) and is most concerning in these parasites; however, there is evidence
of resistance in O. equi (Kaplan & Vidyashankar, 2012; Reinemeyer & Nielsen, 2014) and
Habronema/Draschia (Kaplan & Vidyashankar, 2012). Despite the growing number of reports
of AR in Parascaris and cyathostomins, there is a lack of published reports of clinical cases of
disease resulting specifically from resistant populations (Von Samson‐Himmelstjerna, 2012).
This may be related to the inherent subclinical nature of infections and compensation through
husbandry practices, including nutrition management (Bellaw et al., 2016). However, there
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have been observations of an association between poor growth rates in foals and presence
of ivermectin‐resistant Parascaris (Peregrine et al., 2014). In addition, a study reported the
death of foals in Italy as a result of small intestinal obstruction caused by large burdens of
Parascaris despite regular treatment with ivermectin (Veronesi et al., 2009), suggesting that
AR can be of clinical importance.
In order to attribute clinical disease with the presence of AR, knowledge of the resistance
status of the farm involved is required. Routine FECs and FECRTs are not commonly
performed on equine premises and there is a need for appropriate diagnostic methods for
rapid quantification of AR (Peregrine et al., 2014).
2.4.2 Benzimidazoles
Widespread resistance to BZ anthelmintics has developed in cyathostomin populations as a
result of longstanding and frequent anthelmintic applications (Von Samson‐Himmelstjerna,
2012). Currently, BZ resistance is better understood than resistance in other anthelmintic
classes (Gilleard, 2006). Structural changes in the drug target molecule (beta‐tubulin)
resulting in reduced binding of BZs are associated with the development of BZ resistance in
many parasitic nematode species. Specific point mutations at codons 167 and 200 of the beta‐
tubulin gene appear to play a role in BZ resistance in cyathostomins (Matthews, 2011).
Although BZs remain an effective treatment for Parascaris in the majority of equine
populations worldwide, there are reports of resistance in Kentucky, USA and Australia
(Armstrong et al., 2014; Kaplan & Vidyashankar, 2012). Emerging resistance has also recently
been suspected in New Zealand (Bishop et al., 2014), however further investigation is
required.
2.4.3 Macrocyclic lactones
Macrocyclic lactones (MLs) are the most commonly administered anthelmintic class and
widespread resistance to avermectins and milbemycins has developed in many of the
important nematode species (Molento et al., 2012). Resistance in cyathostomins to MLs has
been reported (Lyons et al., 2008b; Molento et al., 2012; Traversa et al., 2009; von Samson‐
Himmelstjerna et al., 2007) which is of concern as ivermectin and moxidectin are currently
important in the management of cyathostomin and other nematode infections in horses
(Matthews, 2011). The availability of an increasing number of generic ivermectin and
moxidectin products has led to the increased and widespread use of MLs in horses (Fritzen et
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al., 2010). Although there may be some inconsistencies in efficacy against encysted stages,
moxidectin has been shown to be an effective treatment against both larval and adult stages
of cyathostomins, including 60% efficacy against late third and fourth‐stage larvae (Bertone
& Horspool, 2004). Moxidectin has become more widely used as the extent of resistance to
BZs and tetrahydropyrimidines has increased. It is therefore imperative that the effectiveness
of moxidectin is preserved (Matthews, 2011).
Resistance to MLs in Parascaris was first reported in 2002 (Boersema et al., 2002) and there
is now evidence that resistance is widespread (Beasley et al., 2015; Craig et al., 2007; Hearn
& Peregrine, 2003; Kaplan & Vidyashankar, 2012; Lindgren et al., 2008; Schougaard & Nielsen,
2007; Slocombe et al., 2007). As Parascaris predominantly infects foals and younger horses,
ML‐resistant populations are important on stud farms (Matthews, 2011) and have likely
developed as a result of excessive use of ML drugs in foals during their first year of life
(Reinemeyer, 2009). Macrocyclic lactones are larvicidal against Parascaris and when the
dosing interval is shorter than the prepatent period, parasite refugia within the host is
minimised. Refugia in the environment is also reduced by frequent dosing as susceptible
genotypes are unable to reproduce (Reinemeyer, 2009).
Effective drug concentrations of MLs can persist in plasma for days to weeks after a single
treatment and this property is unique to this anthelmintic class. Parasites acquired as drug
concentrations start to decline may be exposed to prolonged sub‐therapeutic concentrations
of the anthelmintic. "Tail selection" is the term used to describe the selection for AR during
the decay phase of persistent products when drug concentrations are low (Reinemeyer,
2009), and may occur with ML drugs.
Although MLs remain effective against cyathostomins, the development of resistance in these
parasites seems inevitable and evidence is emerging in a number of countries (Lyons et al.,
2008b; Molento et al., 2012; Traversa et al., 2009; von Samson‐Himmelstjerna et al., 2007),
as predicted by Sangster in 1999 (Sangster, 2003). Resistance to MLs is highly prevalent
among strongylid nematode populations of ruminants worldwide and these parasites are
closely related to equine cyathostomin populations (Kaplan, 2004).
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2.4.4 Tetrahydropyrimidines
There are recent reports of resistance of Parascaris to pyrantel pamoate in equine
populations in Texas and Kentucky (Craig et al., 2007; Lyons et al., 2008a) and in southern
Australia (Armstrong et al., 2014). Factors contributing to the development of resistance may
include the daily use of low‐dose pyrantel tartrate for the prevention of ascarid and strongyle
infections which is a common practice in the USA and Canada (Reinemeyer, 2009). In addition,
there are multiple reports of resistance to pyrantel or morantel in cyathostomin populations
in Europe, USA and Australia (Peregrine et al., 2014).

2.5 Current Diagnostic Techniques
2.5.1 General
The detection and enumeration of eggs or larvae in faeces has been the diagnostic
cornerstone of parasitology since 1923 (Andersen et al., 2013b; Stoll, 1923). Various
coprological techniques have since been developed for veterinary purposes. Currently
available diagnostic techniques are based on the microscopic detection or enumeration of
parasite eggs or larvae in the faeces from a horse (Reinemeyer & Nielsen, 2013). Patent adult
worm populations are required for detection of a parasite burden using these methods.
The FEC is the most widely used method of quantifying the nematode parasite burden of
domestic animals (Denwood et al., 2012) and numerous FEC methods have been described
(Reinemeyer & Nielsen, 2013). Live parasite larvae can be recovered from a faecal sample
using the Baermann technique and this may be used to recover recently emerged
cyathostomin larvae (Olsen et al., 2003). Strongyle type parasites comprise a group of 64
different species with over 50 of these belonging to the cyathostomins. The eggs of equine
strongyles cannot be discerned morphologically and coproculture (culturing of faeces) with
subsequent microscopy and identification of L3 is required to differentiate between several
strongyle species or genera. Larval cultures can determine if eggs are cyathostomin in origin
but cannot differentiate this group to species or genus level (Andersen et al., 2013b).
2.5.2 Faecal egg count
All egg‐counting methods for nematodes are based on faecal flotation which permits physical
separation of eggs from other organic material in a small volume for convenient microscopic
observation. The volumes of faeces and flotation solution used are measured carefully and a
specific representative volume of the mixture is examined. Numbers of eggs are then counted
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and recorded (Reinemeyer & Nielsen, 2013). The results are expressed in eggs per gram (epg)
of faeces and eggs of different parasite species are counted and reported separately. There
are various egg‐counting methods available which differ in how the quantity of faeces is
measured and how the eggs are isolated for counting (Reinemeyer & Nielsen, 2013).
Faecal egg counts (FECs) can be used for three general purposes: (1) as a diagnostic tool for
clinical cases, (2) as a surveillance tool for identifying high egg shedders and (3) to determine
anthelmintic efficacy in terms of faecal egg count reduction (FECRT) (Reinemeyer & Nielsen,
2013). The acknowledgement of the overdispersion of helminth infections among equine
hosts and identification of ‘high shedders’ forms the basis of targeted/selective treatment
regimens in that the horses contributing the majority of environmental contamination of
nematode eggs can be identified through FEC analysis and subsequently targeted with
effective anthelmintics to reduce egg shedding and pasture contamination (Lester &
Matthews, 2014; Sangster, 2003). In addition, it has been concluded that the strongyle egg
shedding status is consistent in an individual horse over time (Becher et al., 2010; Dopfer et
al., 2004; Lester et al., 2018; Nielsen et al., 2006a; Scheuerle et al., 2016). However, this
concept of egg shedding consistency is potentially only applicable to managed populations of
horses with regular administration of anthelmintics. A study examining a group of ponies
managed for conservation purposes that were infrequently treated or left untreated did not
demonstrate similar egg shedding consistency (Wood et al., 2013). Pasture levels of infectivity
were considered to be high and the egg shedding patterns were less overdispersed in this
population (Wood et al., 2013). There is a paucity of information on long‐term strongyle egg
shedding patterns in horses, particularly in populations where targeted treatment regimens
are implemented (Lester et al., 2018).
2.5.3 Faecal egg count reduction test
The FECRT is a useful method for the assessment of anthelmintic efficacy, an important
feature of targeted treatment programmes (Lester & Matthews, 2014) and an essential tool
in the process of monitoring the increasing prevalence of AR (Denwood et al., 2010).
The test measures the percentage reduction in FEC 14‐17 days after administration of an
anthelmintic (Coles et al., 1992): the first FEC is performed on day 0 (sample collected on the
day of anthelmintic administration) and the second sample for FEC is collected between day
14 and 17 after treatment (Tzelos & Matthews, 2016).
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The most common approach to assess efficacy using FEC data is to examine the arithmetic
mean for percentage reduction (Vidyashankar et al., 2012). Arithmetic means are reported to
be a more conservative measure of anthelmintic efficacy compared to geometric means
(Coles et al., 1992; Dash et al., 1988; Dobson et al., 2009). 95% lower confidence limits (Cls)
can be calculated in addition to the group mean percentage FECR to give an indication of the
range inherent in FEC datasets in horses (Coles et al., 2006). Mean reductions and 95% Cls can
be calculated by four methods: (i) calculation of the arithmetic mean (AM) of individual FECRs
(Cabaret & Berrag, 2004). This method has the advantages that no horses are required for a
control group, reducing the study size (or increasing group size) and comparing horses with
themselves reduces variation in efficacy calculations and therefore increases the power of
statistical tests (ii) AMs of arcsin‐transformed individual FECRs (Pook et al., 2002) (iii) FECR
estimated using the group AM of FECs pre‐ and post‐treatment (Tzelos & Matthews, 2016)
and (iv) correction of the AM of the treatment group FECR by changes in the AM of control
group FECR (using group means) (Coles et al., 1992; Dash et al., 1988). This method adjusts
for the variation in counts over the testing period but requires collection of the greatest
number of samples and is the most complicated to calculate (Pook et al., 2002). The presence
or absence of resistance is determined by cutoff values for the percent reduction in FEC
(Vidyashankar et al., 2012). Interpreting FECR data is complicated by the variety of different
methods available for their calculation and lack of an overall consensus of the most accurate
method (Craven et al., 1998; Vidyashankar et al., 2007). This makes comparisons between
different experiments difficult and there is often a lack of consistency in recommended cut‐
off values for the diagnosis of resistance (Levecke et al., 2012). In an attempt to standardise
the methodology, the World Association for the Advancement of Veterinary Parasitology
(WAAVP) has published methods for the calculation and interpretation of FECR results in
ruminants, horses and pigs (Coles et al., 1992; Craven et al., 1998)
This method does not take into account the difference between uncertainty regarding the
true mean of a sample, introduced by the Poisson variability of the counting process, and
variability in the true mean of the different samples (Denwood et al., 2010). Different FEC
methods can be used in the FECRT and these can differ in their relative sensitivity (egg
detection limit) and the equipment required for the test (Matthews & Lester, 2015). A FEC
method with a detection limit of 25 or fewer epg is recommended to increase the sensitivity
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of the method and ensure cases of emerging resistance (with low post‐treatment egg counts)
are detected (Reinemeyer & Nielsen, 2013) . By detecting resistance at an early stage, the
drug efficacy may be better maintained by implementing specific measures including reduced
treatment frequency and the promotion of refugium (Von Samson‐Himmelstjerna, 2012).
Variability in FECR among horses may be present and an estimate of anthelmintic efficacy
will be more precise if a greater number of horses from a single farm are included in the FECRT
(Reinemeyer & Nielsen, 2013). A minimum of five to ten horses, each with FEC ≥200epg,
should be used when calculating FECR on a farm (Reinemeyer & Nielsen, 2013). The World
Association for the Advancement of Veterinary Parasitology (WAAVP) have published
guidelines for the analysis of FECRT results for strongyles (Erskine et al., 2016). For BZ,
pyrantel and ML drugs, a FECR of <90%, <85% and <95% indicates resistance, respectively
(Erskine et al., 2016). Although the FECRT is not recommended for use in individuals, if the
group FECR indicates resistance, the data should be examined to determine if only one or two
horses have high post treatment counts which could indicate under‐dosing. These individuals
should be retested to confirm resistance (Lester et al., 2013b; Stratford et al., 2014b). There
are currently no guidelines for the interpretation of FECRT results for Parascaris.
2.5.4 Additional tests for the diagnosis of anthelmintic resistance
The egg reappearance period (ERP) is the interval between an anthelmintic treatment and
the time when strongyle eggs are detected in the faeces. This can be undertaken by
monitoring the FEC in individual horses, examining the egg‐shedding patterns and comparing
the results to expected ERPs in anthelmintic‐sensitive populations (Tzelos & Matthews, 2016).
Published guidelines for measuring ERP are lacking (Relf et al., 2014), however methods
include: (i) the first positive FEC post‐treatment (Lyons et al., 2008b); (ii) <90% reduction
(FECR) within the ERP for the product (Erskine et al., 2016; Larsen et al., 2011). These methods
are biased by individual differences in susceptibility to worm infection which are inherent in
pre‐treatment FECs (Beasley et al., 2017). The current AAEP Parasite Control Guidelines
recommend that horses are sampled weekly from 2 weeks post‐treatment and method (ii) is
used to determine the ERP (Erskine et al., 2016).
A shortened ERP may indicate developing resistance or alternatively, selection for worm
populations with shorter pre‐patent periods. Shortening of the ERP is considered to be the
first indication of AR (Sangster, 1999) and may facilitate the earlier detection of resistance
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compared to the FECRT (Lyons et al., 2009). While FECRT results may indicate continued
efficacy of an anthelmintic, simultaneous shortening of the ERP is a warning of impending
resistance (Beasley et al., 2017). By the time a FECRT can detect a reduction in anthelmintic
efficacy, it has been estimated that > 25% of the nematode population are resistant (Martin
et al., 1989). Hence, modifying parasite control strategies only once resistance is
demonstrated by FECRT results may be ineffective (Beasley et al., 2017).
A shortened ERP for both ivermectin and moxidectin has been observed in geographically‐
widespread populations (Beasley et al., 2017; Daniels & Proudman, 2016; Geurden et al.,
2014; Lyons et al., 2009; Lyons et al., 2011a; Relf et al., 2014; Rossano et al., 2010; Tzelos et
al., 2017; van Doorn et al., 2014; von Samson‐Himmelstjerna et al., 2007) and is attributed to
the frequent and continuous use of MLs (Geurden et al., 2014) and quicker maturation of
larval stages (Lyons et al., 2009; Lyons et al., 2010). Initially, ivermectin and moxidectin ERPs
were 8‐10 weeks and > 13 weeks, respectively (Borgsteede et al., 1993; Jacobs et al., 1995).
Subsequently, ERPs as short as 5 weeks for ivermectin or moxidectin have been reported
(Daniels & Proudman, 2016). The age of the population sampled needs to be considered as
immature horses usually have higher strongyle egg output and worm burdens than adult
horses, likely due to a lack of acquired immunity and higher susceptibility to infection (Relf et
al., 2013). Subsequently, strongyle ERPs after anthelmintic treatment tends to be shorter in
immature horses (Rossano et al., 2010) and ERP analyses of juvenile populations may lead to
false positive assumptions for emerging anthelmintic resistance (Tzelos et al., 2017).
Questionnaire studies have confirmed that it is common practice on equine establishments
worldwide to treat within the ERP of the anthelmintic products used (van Doorn et al., 2012).
Surveillance‐based approaches to parasite control are required to preserve the treatment
efficacies of MLs as moxidectin remains the only anthelmintic with efficacy against encysted
larval cyathostomins (Geurden et al., 2014). Surveillance of drug efficacy (FECRT and routine
monitoring of FECs to determine the ERP) should form the foundation of parasite control
strategies (Beasley et al., 2017). In order to identify AR at the earliest possible stage, collecting
ERP data is important (Beasley et al., 2017). Further work is required to define specific ERP
thresholds (Beasley et al., 2017). In vitro AR tests have also been described to assess the drug
sensitivity of cyathostomin populations. These tests measure the relative susceptibility of
free‐living stages including eggs or larvae, when exposed to different drug concentrations
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(Von Samson‐Himmelstjerna, 2012). For the cyathostomins, egg hatch and larval
development test protocols have been developed and applied to measure relative
susceptibility to BZ and pyrantel compounds (Matthews et al., 2012; Von Samson‐
Himmelstjerna, 2012). In the Egg Hatch Assay, nematode eggs isolated from faeces are
incubated in serial concentrations of anthelmintic and the percentage of eggs that hatch (or
die) at each concentration is determined. Data generated from the test include an EC50 value
which is the concentration of anthelmintic at which 50% of eggs are killed (Matthews et al.,
2012). Given BZ resistance is ubiquitous in cyathostomin populations worldwide, screening
for resistance to this drug class is of limited use (Matthews et al., 2012).
The larval development assay (LDA) measures the development of eggs through to L3.
Anthelmintics of different classes can be examined and if there is a concern of infection with
multiple nematode species, the L3 can be characterised (Matthews et al., 2012). There are a
number of limitations of this diagnostic technique including poor repeatability of results (Lind
et al., 2005) and lack of a meaningful correlation with FECRT results (Nielsen et al., 2014b)
and further research and validation is required.
The larval migration inhibition assay (LMIA) examines the migratory ability of L3 that are
exposed to serial concentrations of anthelmintic (Boisvenue et al., 1983) and is particularly
useful for examining resistance to MLs. Preliminary experiments using MLs with cyathostomin
populations have been undertaken (Matthews et al., 2012; van Doorn et al., 2010); however,
the LMIA is not considered useful for cyathostomins (Nielsen et al., 2014b). Because no
cyathostomin isolates have been characterised as explicitly resistant to MLs, there is a lack of
positive controls for use in molecular or in vitro assays to diagnose moxidectin and ivermectin
resistance (Nielsen et al., 2014b). As larval stages of Parascaris are not free‐living, in vitro
larval development or larval migration assays are not possible for this species
2.5.5 Limitations and challenges of current diagnostic techniques
2.5.5.1

FEC

Despite the widespread use of FECs in veterinary parasitology, there are numerous biological
and methodological sources of variability that potentially complicate the interpretation of FEC
data and determination of anthelmintic efficacy and/or resistance. Strongyle eggs cannot be
discerned morphologically and differentiation between large and small strongyles requires
coproculture with subsequent microscopy (Andersen et al., 2013b). Egg counts reflect the
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presence of adult female worm populations in the intestinal lumen and do not detect larval
stages, or adult male worms (Lester & Matthews, 2014; Reinemeyer & Nielsen, 2013) . The
major pathology associated with strongyle infection is caused by migrating or encysted larvae
which are not detected. Cyathostomin larvae can undergo arrested development and remain
encysted in the caecal or colonic mucosa for several years. Similarly, the inability to detect
infection by larval stages of S. vulgaris or Parascaris during the pre‐patency period can have
important clinical implications. Horses that develop disease often have no specific clinical
features that help discriminate the disease in practice. Several of the major equine parasites
have long pre‐patency periods and horses with high burdens of immature worms may have
low or negative faecal egg counts.
The over‐dispersion of parasites in horse populations is reflected by the high levels of
variability commonly found in FEC data which can complicate the interpretation of results
(Nielsen et al., 2010a). Low and moderate egg counts are more common than high counts
which are usually highly variable and therefore, linear correlations between test results and
worm burdens are unexpected (Nielsen et al., 2010a). Although it has been reported that FECs
do not provide an accurate indication of the total worm burdens in individual horses (Duncan,
1974), few published studies have specifically evaluated the association between egg counts
and corresponding adult worm burdens using statistical methods (Nielsen et al., 2010a).
However, in one study, significantly larger worm counts above cut‐off values up to 500epg
were found, suggesting an association between worm burdens and FEC (Nielsen et al., 2010a).
In the same study, there was no linear association between the number of Parascaris eggs
per gram of faeces and the number of adult worms in the SI leading to the conclusion that the
use of FECs as a quantitative diagnostic tool for these parasites is poor (Nielsen et al., 2010a).
However, another recent study evaluating an ultrasonographic transabdominal scoring
technique for monitoring ascarid burdens in foals concluded that the magnitude of the egg
count may reflect the size of the worm burden to some degree (Nielsen et al., 2016a).
Although the specific egg count number has limited diagnostic value, results may be used
qualitatively. Positive and negative predictive values (NPV) are often more useful for
interpretation of FEC results as more information regarding the reliability of positive and
negative test results is provided (Nielsen et al., 2010a). False negative test results are likely to
occur and hence, lower NPVs are often observed. In contrast, specificity and positive
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predictive values are often high (Nielsen et al., 2010a). Undertaking multiple FEC from the
same animal will increase the NPV of a 0 epg result (Becher et al., 2010; Nielsen et al., 2006a;
Torgerson et al., 2012).
There are multiple factors contributing to variability in FEC data and this variability can affect
the interpretation of results and subsequent determination of anthelmintic efficacy
(Vidyashankar et al., 2012). Consideration must be given to the variability between faecal piles
from the same animal, variability between samples taken from the same faecal pile and the
laboratory error associated with inaccurate weighing of faeces and egg loss during the
counting process (Carstensen et al., 2013; Denwood et al., 2012; Vidyashankar et al., 2012).
Therefore, variation in FEC between horses occurs as a result of both the over‐dispersion of
parasites between horses and the variation in FEC within an animal (Denwood et al., 2012).
Major sources of the variation in FEC include aggregation of eggs within faeces and variation
in egg concentration between faecal piles (Carstensen et al., 2013; Denwood et al., 2012;
Vidyashankar et al., 2012). Eggs in a faecal sample or diluted faecal suspension will be
randomly distributed and it has been proposed that this distribution will conform to a Poisson
process in a well‐mixed suspension (Torgerson et al., 2012). Therefore, raw egg count data
from repeated samples from the same well‐mixed faecal sample are unlikely to yield the same
result: rather, results will be variable and fit a Poisson distribution. However, when raw counts
are transformed to epg data, the variance between repeated samples of the same faecal
sample will be inflated as a result of the multiplication factor and the calculated results will
not be Poisson distributed (Torgerson et al., 2012). The variation of the estimated FEC (epg)
calculated by repeated samples from the same faecal sample decreases as the number of
samples taken are increased (Torgerson et al., 2012).
Although multiple studies have investigated the factors which may contribute to FEC
variability and the sources of this variation (Carstensen et al., 2013; Denwood et al., 2012;
Mes, 2003; Vidyashankar et al., 2012; Warnick, 1992), the findings have limited application in
a clinical setting. The conclusions made in previous studies involve the variance rather than
the mean and are made at the sample level rather than the population level. In situations
where FEC threshold values are used to determine the need for anthelmintic treatment,
knowledge of the population mean and the distribution of egg count results is required.
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To a limited extent, the spatial distribution of strongyle eggs in faeces has been investigated
and revealed over‐dispersion within a single faecal sample (Lester et al., 2012). This over‐
dispersion may reflect a tendency for nematode eggs to aggregate, resulting in variability in
faecal egg concentrations within faeces (Denwood et al., 2012). This has implications when
assessing post‐anthelmintic treatment samples: when egg density is lower, eggs may be
clumped and subsequently missed with incorrect interpretation of treatment efficacy (Lester
et al., 2012). There is also a difference in egg concentration between faecal piles from a single
animal which may reflect variations in faecal consistency as well as fluctuations in
cyathostomin fecundity over a period of days (Uhlinger, 1993).
The numbers of worms and relative proportion of the different species present in the host
may impact the number of eggs produced per worm (Vidyashankar et al., 2012). Studies of
the dynamics of Parascaris noted that the egg counts and adult worm counts do not peak at
the same time. There is a peak in the egg counts, followed one month later by a peak in the
adult worm counts (Fabiani et al., 2016; Nielsen et al., 2016a). Possible explanations for this
are a crowding effect caused by the increasing worm burden which subsequently suppresses
fecundity in adult female worms (Michael & Bundy, 1989) or a role of the host immune
response in suppressing egg counts (Chapman et al., 2003).
Coprological diagnosis of A. perfoliata has low sensitivity due to intermittent egg shedding
and the release of eggs in clumps within a tapeworm segment resulting in uneven distribution
of eggs within faeces (Slocombe, 1979). Modifications to coprological methods including the
use of an increased volume of faeces and centrifugation flotation may improve the diagnostic
sensitivity but are time consuming and labour intensive (Nielsen, 2016a). There is also a lack
of correlation between egg counts and worm numbers (Proudman & Edwards, 1992).
The McMaster technique has been found to contribute negligible variability to the FEC
procedure, suggesting that the technique is reliable and repeatable (Denwood et al., 2012).
Ensuring appropriate faecal sample collection, handling and storage

and sound

methodological technique can reduce the technical variability in FEC data (Vidyashankar et
al., 2012). Samples must be collected from freshly voided faeces (≤ 12hrs old) to minimise
development of eggs and faeces should be stored in an airtight container or bag, as egg
hatching is an aerobic process. Samples should be stored below 6˚C to delay egg hatching
(Lester & Matthews, 2014; Mfitilodze & Hutchinson, 1987; Nielsen et al., 2010c). At least
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three faecal balls should be collected at random from a faecal pile or multiple subsamples
should be taken from multiple faecal balls due to the potential for ‘clumping’ of eggs within a
faecal pile/ball which can impact the variability in FEC data (Lester et al., 2012; Lester &
Matthews, 2014).
2.5.5.2

FECRT

The FECRT is currently the method of choice for assessing anthelmintic efficacy and is the only
in vivo technique currently recommended for use with horses. It is essential for monitoring
the increasing prevalence of AR (Denwood et al., 2010). This test has several limitations and
there is a lack of precise standards for the design of FECRT studies. The inherent variability of
FEC data can lead to inconsistent FECRT data and small group sizes and a high proportion of
zero egg counts can complicate data interpretation (Denwood et al., 2010). Studies in sheep
suggest that the FECRT is a relatively insensitive method of diagnosing AR when the
proportion of genetically resistant worms is low (below 25%). Subsequently, low levels of
resistance are not detected and the time taken to diagnose resistance via FECRT allows wide
dissemination of resistance genes (Stratford et al., 2011). Inclusion of a large proportion of
the population in the FECRT will produce a more accurate assessment of anthelmintic
sensitivity (Stratford et al., 2011). For FECRT assessment, a minimum of 6 animals or ≥ 80% of
the property population has been recommended for inclusion (Coles et al., 2006).
Additional limiting factors of the FECRT method include variability of FEC data from over‐
dispersion of strongyle egg shedding between animals, over‐dispersion of strongyle eggs in
faeces, non‐uniform distribution of eggs in suspension, the FEC methodology used and the
sampling and storage of faeces (Lester & Matthews, 2014).
There is a lack of standardised FECRT methodology with thresholds for defining resistance in
both Parascaris ‐and cyathostomin populations (Peregrine et al., 2014). Accurate analysis of
FECRT data is heavily reliant on the use of appropriate statistical techniques (Denwood et al.,
2010). The potential consequences of increasing AR highlight the need to standardise the
statistical method used to analyse equine FECRT data.
2.5.6 Molecular diagnostic techniques
Molecular biology and related techniques have provided advances for research in veterinary
parasitology (Jacobs & Schnieder, 2006). New technologies are currently under development
for the molecular diagnosis of nematode infections and diagnosis of AR.
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Cyathostomins
Diagnostic assays for the detection of cyathostomins in faecal samples, including a species‐
specific PCR‐enzyme‐linked immunosorbent assay (PCR‐ELISA) and reverse‐line blot (RLB)
assays have recently been developed (Hodgkinson et al., 2003; Ionita et al., 2010; Traversa et
al., 2007). The RLB assay can provide species‐specific detection of 21 cyathostomin species
and qualitative identification of species associated with cases of AR and/or larval
cyathostominosis (Cwiklinski et al., 2012). While coproculture techniques can only be
performed on larvae, the PCR‐ELISA and RLB assay target ribosomal DNA and can be applied
on parasitic stages ranging from the egg to the adult worm (Andersen et al., 2013b).
Limitations associated with these techniques include the requirement for biological samples
(faeces) containing eggs, larvae or dead adult worms which restricts their use for diagnosis to
the patent stage of an infection. Another limitation is the inability to quantitatively detect the
parasite burden (Andersen et al., 2013b).
Diagnostic tools capable of detecting stages responsible for larval cyathostominosis
(emerging L4) are being developed, including a test that will allow quantitative diagnosis of
cyathostomin encysted larvae (Andersen et al., 2013b; Matthews, 2011). Two antigen
complexes have been identified and antibody responses to these antigens detected in serum
can be used as indicators of the presence and quantification of encysted cyathostomin larvae.
The antibody responses are specific to the cyathostomin group and are significantly higher in
clinical cases of larval cyathostominosis than in cyathostomin‐naive or ‐negative horses
(Matthews, 2011).
A candidate diagnostic molecule, referred to as cyathostomin gut associated larval antigen
(Cy‐GALA) has been identified by immunoscreening from a cDNA library generated from
mixed species late L3 and developing L4 cyathostomin larvae collected from a variety of
intestinal sites (McWilliam et al., 2010). This protein, or its transcript is specific for
cyathostomin species and is only expressed in encysted larval stages (Andersen et al., 2013b;
McWilliam et al., 2010). This antigen has considerable potential as the basis of a pre‐patent
diagnostic assay for the detection of encysted cyathostomins larvae (Andersen et al., 2013b;
McWilliam et al., 2010). Development of a diagnostic ELISA using recombinant versions of Cy‐
GALA for a variety of common cyathostomin species is ongoing. Species‐specific assays can
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be used to determine the role of individual cyathostomin species in disease and AR and also
determine which species are present on individual farms (Andersen et al., 2013b).
Anoplocephala perfoliata
The limitations of coprological techniques have led to research into immunological markers
of A. perfoliata infection and serum antibody responses to scolex somatic antigens, whole
worm somatic antigens and excretory/secretory (E/S) antigens have been investigated
(Proudman & Trees, 1999). An indirect ELISA that detects IgG antibodies against 12/13kDa ES
antigens is commercially available (Reinemeyer & Nielsen, 2013). There are considerable
limitations of serological assays currently available for the diagnosis of tapeworm infections.
Horses can remain antibody‐positive for up to 5 months post‐treatment and this can result in
a high proportion of false‐positive results (Reinemeyer & Nielsen, 2013). Serological assays
are therefore more useful for measuring A. perfoliata transmission intensity on a herd level
rather than for individual diagnosis and the determination of anthelmintic efficacy (Andersen
et al., 2013b).
A saliva antibody ELISA (EquiSal®) which measures antibodies to the same E/S antigens used
in the serum ELISA has recently been developed to facilitate uptake of testing by horse‐
owners (Lightbody et al., 2018). A recent study reported that the use of this diagnostic test
resulted in an 86% reduction in anthelmintic administration during the study period when
compared to an interval treatment regimen and there was no associated increase in
tapeworm infection prevalence (Lightbody et al., 2018). The sensitivity and specificity of the
test has been reported as 83% and 85%, respectively when used in horses with a
moderate/high tapeworm burden (Lightbody et al., 2018). As this test uses the same E/S
antigens as the serum ELISA, it is expected that similar limitations may occur.
A coproantigen ELISA capable of detecting A. perfoliata ES antigens present in faeces from
infected horses has also been developed (Kania & Reinemeyer, 2005). There is a positive
correlation between the antigen concentration and the number of tapeworms present and
the coproantigen ELISA therefore has potential for evaluating anthelmintic efficacy against
tapeworms (Andersen et al., 2013b).
Strongylus vulgaris
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Molecular techniques for the diagnosis of S. vulgaris have also been described. A real‐time
PCR assay which is species specific and semi‐quantitative can be performed on strongyle eggs
collected from faeces and can be used for the diagnosis of a patent infection (Andersen et al.,
2013b). This eliminates the need for coproculture and samples from multiple horses can be
tested simultaneously. S. vulgaris has a long prepatent period and attempts have been made
to achieve a reliable serological diagnosis of migrating larval stages. A selection of different
parasite antigens, including whole worm extract, ES antigens and surface antigens have been
evaluated, however there are currently no diagnostic tests commercially available (Andersen
et al., 2013b).

2.6 Conclusion
The threat of AR in equine parasites is increasing worldwide and strategies for sustainable
parasite control continue to evolve. Efforts need to be made to preserve the efficacy of
currently available anthelmintics as there is very little hope for the development of novel
anthelmintic compounds for equine use in the foreseeable future. The results of recent
questionnaire studies on parasite control strategies used in the UK, USA, Europe and New
Zealand (Allison et al., 2011; Bolwell et al., 2015; Lendal et al., 1998; Nielsen et al., 2018a; Relf
et al., 2012; Rosanowski et al., 2016; Stratford et al., 2014a) have identified common risk
factors for the development of AR and a lack of awareness of the prevalence of anthelmintic‐
resistant parasites and strategies to minimise AR. Information regarding parasite control
strategies in use in Australia is not available and this information is imperative to improving
methods of parasite control given the evidence of the increasing prevalence of anthelmintic‐
resistant nematode populations in this country (Armstrong et al., 2014; Beasley et al., 2015;
Beasley et al., 2017).
Monitoring the efficacy of anthelmintics is an important consideration when designing
parasite control programmes. Currently, the 'gold standard' for determining the efficacy of
anthelmintic treatments and for identifying AR is the FECRT, despite the lack of standardised
methodologies and thresholds for the definition of resistance. While there are a number of
limitations associated with FECRT, it remains an important tool for detection of AR in field
settings, defining patterns of AR and decision‐making at the herd level. Coprological
techniques (including FEC) are used for the diagnosis of nematode infections and FECRT.
Factors contributing to the variability in strongyle egg count results have been identified,
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however this information is not available for ascarid egg counts and there is no test available
to quantify the adult Parascaris worm burden in horses and identify foals at risk of verminous
small intestinal impactions. To best utilize FEC and FECRT in clinical and research settings,
greater understanding of nematode egg density in faeces and influence on FEC results is
required.
The development of reliable assays for the diagnosis of parasite infections and determination
of anthelmintic efficacy is technically challenging and nematodes have been well‐controlled
by regular anthelmintic treatments for a long time. However, there is an urgent requirement
for more sustainable, targeted control practices, based on sound epidemiological principles
that promote awareness of the prevalence of particular nematode species and on how
sensitive populations are to the anthelmintics available.
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2.7 Study Objectives
The objectives of this research are to:
1. examine the density of Parascaris eggs in solution and faeces and to describe the use
of hypothesis testing for treatment decision‐making
2. determine the potential impact of FEC variability on anthelmintic treatment decisions
for foals in a selective treatment regimen scenario and the reliability of a single FEC
result of zero
3. use an online questionnaire to investigate parasite control practices used on
Thoroughbred and Standardbred studs in Australia and

determine risk factors

associated with the development of AR
4. investigate the efﬁcacy of a morantel–abamectin combination for the treatment of
ML‐resistant Parascaris infections in foals
Anticipated outcomes of the research include the determination of the spatiotemporal
distribution of Parascaris eggs in faeces and subsequently the most appropriate statistical
distribution. This will facilitate the use of statistical inference about the mean FEC as the
basis for treatment decision‐making which has not been described previously. The
research will also investigate the impact of FEC variability on the diagnosis of Parascaris
and strongyles and targeted‐treatment protocols in a clinical scenario. The outcomes of
the questionnaire study will include the determination of parasite control practices that
are commonly used on studs in Australia for parasite control and identification of factors
that may influence anthelmintic efficacy and the development of resistance. Anthelmintic‐
resistant nematode populations are widespread and as the release of new anthelmintics
in the near future is unlikely, alternative management strategies for resistant populations
is required. Combination anthelmintics have been used successfully in ruminant
populations to slow the development and spread of AR and enable parasite control in the
presence of pre‐existing single‐ or multiple‐drug resistance. The use of combination
anthelmintics has the potential to control parasites in horses when AR is present: an
outcome of this research is to investigate the efficacy of a combination anthelmintic
preparation for the treatment of resistant Parascaris infections in foals.
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3 Chapter 3: Inhomogeneity of the density of Parascaris spp. eggs in
faeces of individual foals and the use of hypothesis testing for
treatment decision making
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a b s t r a c t
Faecal egg counts (FEC) are used widely for monitoring of parasite infection in animals, treatment
decision-making and estimation of anthelmintic efﬁcacy. When a single count or sample mean is used
as a point estimate of the expectation of the egg distribution over some time interval, the variability in
the egg density is not accounted for. Although variability, including quantifying sources, of egg count
data has been described, the spatiotemporal distribution of nematode eggs in faeces is not well understood. We believe that statistical inference about the mean egg count for treatment decision-making has
not been used previously. The aim of this study was to examine the density of Parascaris eggs in solution and faeces and to describe the use of hypothesis testing for decision-making. Faeces from two foals
with Parascaris burdens were mixed with magnesium sulphate solution and 30 McMaster chambers were
examined to determine the egg distribution in a well-mixed solution. To examine the distribution of eggs
in faeces from an individual animal, three faecal piles from a foal with a known Parascaris burden were
obtained, from which 81 counts were performed. A single faecal sample was also collected daily from
20 foals on three consecutive days and a FEC was performed on three separate portions of each sample.
As appropriate, Poisson or negative binomial conﬁdence intervals for the distribution mean were calculated. Parascaris eggs in a well-mixed solution conformed to a homogeneous Poisson process, while
the egg density in faeces was not homogeneous, but aggregated. This study provides an extension from
homogeneous to inhomogeneous Poisson processes, leading to an understanding of why Poisson and
negative binomial distributions correspondingly provide a good ﬁt for egg count data. The application of
one-sided hypothesis tests for decision-making is presented.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The faecal egg count (FEC) is the most commonly used quantitative method to detect helminth infection in animal species (Coles
et al., 1992), estimate the parasite burden, identify animals shedding high numbers of eggs and determine anthelmintic efﬁcacy
when used in a faecal egg count reduction test (FECRT) (Coles et al.,
1992; Nielsen et al., 2010). A decision on whether or not to treat
an animal is generally made on the basis of a single egg count.
Throughout this paper we assume that the count is regarded as an
estimate of the expected value of the statistical distribution of the
egg counts of that animal. It is well known that if more counts are
taken, a more reliable estimate of the distribution mean and conse-

∗ Corresponding author.
E-mail address: ewilkes@csu.edu.au (E.J.A. Wilkes).
http://dx.doi.org/10.1016/j.vetpar.2016.10.010
0304-4017/© 2016 Elsevier B.V. All rights reserved.

quent diagnosis will be made. Vidyashankar et al. (2012) suggested
using the average of three counts in place of a single egg count.
While many authors have commented on the high variability
in egg count data (Denwood et al., 2012; Mes, 2003; Vidyashankar
et al., 2012; Warnick, 1992) and previous studies have looked at the
percentage of variation at different levels (faecal pile/ball/portion)
(Carstensen et al., 2013; Denwood et al., 2012), there is no obvious
way to build on these conclusions as they involve variance rather
than the mean and are made at the sample level rather than the population/distribution level. In this paper, the focus is shifted to the
underlying statistical distribution and statistical inferences (specifically hypothesis tests) about the population mean are used to make
decisions about treatment.
It is extremely unlikely that sufﬁcient egg counts will be performed from one animal to use a distribution-free resampling
method such as the bootstrap. A distribution-based method must
therefore be used for statistical inference. We conducted three
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experiments to clarify the circumstances in which particular statistical distributions are appropriate. The appropriate distribution
depends on the spatiotemporal distribution of the density of eggs
through the faeces. We consider 3 spatial distributions: even (regular), uniformly distributed (complete spatial randomness, CSR), or
aggregated.
In the ﬁrst experiment, repeat counts from a well-mixed faecal solution were investigated. In the second experiment, counts
taken from 3 faecal piles from one foal passed over one day were
examined; the third experiment used counts taken over 3 days
from 20 foals. Poisson and negative binomial two-sided conﬁdence
intervals were calculated and the corresponding one-sided hypothesis tests of whether the expected egg count is below a preset
level (hence sufﬁciently low that treatment is not required) were
conducted. While statistical inference has recently been used in
FECRT research (Geurden et al., 2015; Lyndal-Murphy et al., 2014;
Torgerson et al., 2014), to the authors’ knowledge, the use of statistical inference about the mean FEC as the basis for treatment
decision-making has not been described previously. The methods
used in this study are all dependent on the spatial distribution of
eggs in the faeces although the location of the eggs is lost in the
sampling/counting process. In addition, the current study differs
from previous studies of faecal egg counting in that separate decisions are made on each animal whereas the majority of previous
work in the area considers animals as a herd/ﬂock and/or the use
of FECs as part of the FECRT (Dobson et al., 2009; Torgerson et al.,
2014; Vidyashankar et al., 2012).
This paper extends the work of Torgerson et al. (2012)
from homogeneous Poisson processes to inhomogeneous Poisson
processes, and veriﬁes experimentally their assertion that a wellmixed faecal solution conforms to a homogeneous Poisson process.
It should be noted that Torgerson et al. (2012) omit the term homogeneous in their work, but it should be used in view of the important
distinction between homogeneous and inhomogeneous Poisson
processes.
2. Materials and methods
2.1. Statistical background
2.1.1. Poisson processes
The location of eggs within faecal material in the intestine, as it is
passed from an animal onto the ground can be thought of as having
a spatial distribution, taking the egg locations as points within a
3D volume. The question arises as to whether this distribution is
constant through time and if it varies, at what temporal scale does
it vary: e.g. seconds, minutes, hours, days, weeks, months.
The homogeneous Poisson process with intensity  is perhaps
the simplest possible stochastic mechanism for generating spatial
point patterns. It is deﬁned simply by two rules (Cressie, 1991):
1. The number of points in any bounded region A has a Poisson
distribution with mean |A|.
2. Given that there are n events in A, those events are independent
and form a random sample from a uniform distribution on A.
Diggle (2003) gives an alternate formulation of these two
rules. There are two components to the rules: the number of
points/events (eggs) in a region (volume), and the distribution of
the locations of these points through the space.
There are also inhomogeneous Poisson processes in which the
intensity changes in space and the distribution of the locations
of the points is not uniform. The mean number of points in an
area differs with location. There are also numerous other types
of (non-Poisson) stochastic processes. Fig. 1 shows 3 point pro-

cesses, regular (even), completely random (uniformly distributed)
and aggregated.
If the number of points within a quadrat randomly located on
each of these patterns in turn is counted, for the regular pattern,
much the same count will be obtained no matter where the quadrat
is located. With the completely random pattern, there will be somewhat more variation, and with the aggregated pattern, we would
get more zero counts and high counts than with the other patterns
as the spatial variability is considerably higher (Fig. 1).
Following Diggle (2003), to test whether the material is consistent with a homogeneous Poisson process (CSR, complete spatial
randomness), we use the criterion
X2 =

n
i=1

2
(xi − x̄) /x̄,

where x1 , x2 , . . ., xn are n egg counts and x̄ is the sample mean.
This was shown to have a 2m−1 distribution under the null hypothesis (Hoel, 1943). The criterion is equivalent to (n − 1) times the
variance to mean ratio, denoted VMR. If X 2 is too high, we reject
CSR in favour of aggregation and if it is too low, we reject CSR in
favour of regularity.
If there is no evidence against CSR, we use the Poisson distribution as our statistical model for the egg counts. If we reject CSR
in favour of aggregation, we use the negative binomial distribution
for the egg counts: Diggle and Milne (1983) give several classes
of inhomogeneous Poisson processes for which the quadrat counts
will be approximately negative binomial. They also state that any
ﬂexible class of distribution with VMRs greater than 1 should also
provide a reasonable ﬁt to the quadrat counts.
The power of this test is low (around 0.6) against aggregated
alternative hypotheses at sample sizes of 50 or less (Darwin,
1957; Karlis and Xekalaki, 2000), i.e. the test is often unable to
detect aggregation when it exists, and instead one accepts the CSR
assumption.
For all statistical work, raw egg counts must be used, rather
than after application of the multiplication factor to standardise the
counts to eggs per gram (epg). This is because the Poisson distribution and negative binomial distribution are deﬁned on the integers
0, 1, 2, 3 etc., and not on the multiplied numbers (e.g. 0, 10, 20,
30 etc., using a multiplier of 10). The use of multiplied numbers
is incorrect because part of the deﬁnition of these distributions is
the set of possible values and 1, 2, 3 etc. are not possible values of
the multiplied distribution above. The multiplied numbers have the
wrong support to come from the Poisson or negative binomial distributions. Torgerson et al. (2012) give a consequence of this for the
Poisson case: the multiplied numbers have sample variance much
higher than the sample mean.
2.1.2. Conﬁdence intervals
With several counts, the sample mean can be calculated and
used as a point estimate of the distribution mean over some time
interval. However, to the statistician, a point estimate is of little
value as it ignores the sample variance and therefore using a conﬁdence interval (CI, generally a 95% two-sided CI) for the distribution
mean is preferred.
Conﬁdence intervals for the mean of discrete distributions can
be “exact” or rely on approximations. In both cases the behaviour
of the intervals is erratic. Two main criteria are used to assess how
good a CI is: the actual coverage probability and the length of the
CI. The nominal coverage probability is the stated conﬁdence level,
i.e.(1 − ˛). The actual coverage probability is the probability that the
interval contains the parameter and it may be greater or less than
the nominal level. Shorter intervals are preferred, as are intervals
with actual coverage close to nominal coverage.
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Fig. 1. Diagram demonstrating three different point processes (upper panel) and the counts within two different quadrats of the three processes (lower panel) From left to
right: regular, completely random, aggregated.

Exact CIs for discrete distributions have to be found by iterative
procedures. They have actual coverage probabilities higher than
the nominal level, and are longer than any other intervals (Brown
et al., 2003). Approximate intervals often perform better in terms of
actual coverage probability and length of interval. In addition they
are easier to calculate for the novice user as the approximations do
not use iteration.
The simplest approximate method which can be used for both
distributions is the Wald CI, based on the asymptotic standard nor 
X̄−E (X̄ )
ˆ X̄ means the estimated
mal distribution of
, where var
ˆ (X̄ )
var
variance of X̄. This is the method most often recommended in statistical texts for biological scientists. However, Wald CIs are found
to have very poor performance in terms of coverage and length
(Barker, 2002; Brown et al., 2003). Therefore, we provide a second approximate CI for the mean of each distribution that can be
readily calculated using Excel® . These intervals, although easy to
calculate, do not necessarily have the closest coverage to (1 − ˛)
out of all possibilities.
2.1.3. Poisson distribution conﬁdence intervals
If an egg count has a Poisson distribution, the probability of
observing the count x is given by
P (X = x) = e− x /x!

x = 0, 1, 2, 3, . . ..;  > 0,

 

ˆ
ˆ is
ˆ X̄ = /n,
which has E (X) = var (X) =  so thatvar
where 
the estimate of . The usual (maximum likelihood, method of
moments) estimator of  is X̄.
The 
100(1 − ˛) %Wald interval is therefore given by X̄ ±
Z(1−˛/2) X̄/n, where Zˇ is the ˇ quantile of the standard normal
distribution.
Another interval is based on the chi-squared distribution. Given
a single observation x from a Poisson distribution with E (X) = ,
a 100 (1 − ˛) % interval for  is given by ( 12 2(2x,˛/2), 21 2(2x+2,1−˛/2)

(Johnson et al., 2005).

This method can be extended to multiple observations from
a Poisson distribution: for a sample of n independent observations x1 , . . .xn from a Poisson distribution with E (X) = ,
putting nx̄ =

n


xi , a 100 (1 − ˛) % interval for n is given by

1
( 12 2(2nx̄,˛/2), 21 2(2nx̄+2,1−˛/2)

since the sum of independent Poisson

random variables has a Poisson distribution with mean equal to
means. The conﬁdence 
interval for 
the sum of the individual

is therefore given by

1 2
1 2


2n (2nx̄,˛/2), 2n (2nx̄+2,1−˛/2)

.This can be

implemented in Excel® by using the function CHISQ.INV.
2.1.4. Negative binomial distribution conﬁdence intervals
If an egg count has a negative binomial distribution, the probability of observing the count x is given by



P (X = x) =


 
x

; x = 0, 1, 2, . . .,  > 0,  > 0.
   + 
+

 +x
x! 

The negative binomial distribution has E (X) =  and var (X) =
 + 2 /. The parameter  is called the shape (or dispersion)
parameter.
The 
100(1-alpha)% Wald interval is given by formula, X̄ ±
Z(1−˛/2) S 2 /n where S 2 is the sample variance.
We also use a gamma approximation (Shilane et al., 2010), which
was the only simple-to-apply method the authors were able to ﬁnd.
Other approximation methods are either complex and applicable
only to a single observation from the distribution (Johnson et al.,
2005), or less complex but applicable only to n observations from a
one parameter negative binomial distribution (Brown et al., 2003).
ˆ n/
ˆ ),
The
interval
is
(Gamma(˛/2, n,
ˆ
Gamma(1 −
ˆ
ˆ
ˆ
The simplest estimators of  and  are the
˛/2, n, n/)).


ˆ = X̄and ˆ = X̄ 2 / S 2 − X̄ . The
method of moments estimators 
function GAMMA.INV is available in Excel® but it uses a different
parameterisation of the distribution from that above. In Excel® , the
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ˆ
parameters “ALPHA” and “BETA” are estimated by nˆ and /(n
ˆ
).
ˆ
Alternative estimators of 
ˆ and  are the Maximum Likelihood
Estimators, available for example using the function ﬁtdist in the
MASS library of R. The non-symmetric chi-squared and gamma
method for CIs are preferred to the symmetric Wald intervals as
they are shorter with better coverage (Patil and Kulkarni, 2012;
Shilane et al., 2010). Note that intervals cannot be calculated
for a single count (at least 2 counts are necessary to estimate 2
parameters) or if ˆ is negative (which occurs if x̄ > S 2 ). An Excel®
spreadsheet for calculation of the gamma approximation of the CI
has been included in the Supplementary material’.

Foal
Faecal pile
(n=3)
Faecal ball
(n=9)
Faecal portion
(n=27)

2.1.5. Hypothesis testing
There is a well-known correspondence between hypothesis
tests and CIs (Kendall and Stuart, 1979). The upper end points of
the CIs are used in the one-sided hypothesis testing approach to
decision making after adjusting the conﬁdence level to that for a
one-sided test.
The null hypothesis is always that there is no need for treatment,
i.e. that the parasite is present at a sufﬁciently low level or not
present. This occurs when the egg density is less than some critical
value, which differs according to purpose. In this paper we consider
a level of 150 epg.
As previously stated, these levels have to be reduced to the egg
counting scale by dividing by the usual multiplier of the FEC method
used. In statistical terms the null hypothesis is  <15, where  is
the distribution mean. We use the 100␣% signiﬁcance level, usually
5%.
If the one-sided upper conﬁdence limit is more than 15, we
reject the null hypothesis and treat the animal, otherwise conclude
that there is no need for treatment.

2.2. Methods
2.2.1. Faecal egg count method
For all components of the study, faecal samples obtained from
foals were stored in airtight containers and refrigerated until analysed. Counts of Parascaris eggs were performed within two days of
collection. The FEC method used was the modiﬁed McMaster technique, a quantitative ﬂotation test (Mines, 1977). In this study, 3.0 g
faeces was mixed with 57 mL of saturated magnesium sulphate to
create a suspension with total volume 60 mL. The suspension was
sieved to remove any organic material and an aliquot was aspirated using a pipette and transferred into each of four chambers on
a McMaster slide (J.A. Whitlock & Co® , Eastwood, NSW, Australia),
ﬁlling the entire chamber (volume 0.5 mL). For enumeration of
Parascaris eggs, the slide was examined by light microscopy using
the 10 x objective and eggs within the grid lines of each chamber
were counted to determine the total number of eggs on the slide.
The total number of eggs was multiplied by 10 to give the FEC [(total
sample volume/volume examined)/volume of faeces)], reported as
epg. Raw data were used for all analyses.

2.2.2. Experiment 1: density of parascaris eggs in solution
Faeces from two foals with Parascaris FEC >100 epg was pooled
and a 60 g sample was obtained. The sample was mixed with
1200 mL magnesium sulphate solution and strained through a wire
sieve into a beaker to remove organic material. The beaker was
placed onto a magnetic stirrer to ensure the sample remained
homogenised. Thirty McMaster slides, each containing 4 chambers, prepared from the sample were examined independently by
two operators (E.J.A.W, K.J.H) to determine if the egg count data
conformed to Poisson distribution.

McMaster slide
(n=81)
Fig. 2. Diagram demonstrating the hierarchical framework of Parascaris egg counts
on faeces collected from a foal over a 24 h period resulting in a total of 81 counts.

2.2.3. Experiment 2: density of parascaris eggs in faeces from a
single foal over one day
A single foal with Parascaris FEC >100 epg was used to assess
the distribution of eggs in faeces over a single day. Three faecal
piles passed by the foal over a 24 h period were collected. From
each pile, 3 faecal balls were selected and from each faecal ball,
three 3 g portions were weighed and processed. Each portion was
used to prepare 3 McMaster slides from the one well-mixed faecal
mixture. This hierarchical framework resulted in a total of 81 FECs
on faeces collected from the foal over a 24 h period (Fig. 2). All egg
counts were performed by a single operator (E.J.A.W.)
2.2.4. Experiment 3: density of parascaris eggs in faeces over
3 days
Foals aged between 3 and 18 months that presented to the
Veterinary Clinical Centre, Charles Sturt University for veterinary treatment and foals recruited from participating studs were
included in the study. A sample from a faecal pile passed in stables/yards was collected from 20 foals once daily for 3 days. For each
sample, multiple faecal balls were collected and egg counts were
performed on three 3 g portions. All egg counts were performed by
one operator (E.J.A.W.).
2.2.5. Statistical methods
All statistical analyses in this paper directly correspond to the
methods provided in Section 2.1 and were performed using R software v3.1.2.
In each experiment, ﬁrst, the test for homogeneity (CSR) of the
egg density in solution or faeces was applied against a two-sided
alternative (regularity or aggregation) at various levels of grouping
the egg counts.
In Experiments 1 and 2, 95% CIs for the population mean egg
density were calculated using the ﬁrst count (possible only for
homogeneous case), the ﬁrst 4 counts, the ﬁrst 10 counts and the
ﬁrst 30 counts. In Experiment 3, CIs were calculated for the mean
egg density of each animal using the ﬁrst 3 counts and all 9 counts.
Poisson CIs were used if the counts were homogeneous, and negative binomial CIs were used if they were inhomogeneous. Wald and
chi-squared or gamma intervals (as appropriate) were compared in
each experiment.
In Experiments 2 and 3, negative binomial generalised linear
models were ﬁtted to test whether the means were equal for the
different piles, balls and portions (experiment 2) and days (Experiment 3). In Experiment 3, separate models were ﬁtted for each foal
as the days were not the same.
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Table 1
Results of test of CSR for Parascaris eggs in solution at both the level of McMaster
slide and McMaster chamber for Operator 1.

n
Sample mean
Variance
VMR
2 sided p-value for test of CSR

Slide

Chamber

30
22.33
14.78
0.66
0.168

120
5.58
5.99
1.07
0.551

Table 4
Wald and gamma 95% negative binomial conﬁdence intervals (CI) for the Parascaris
egg distribution mean,  in faeces from a single foal over one day.
† CI cannot be calculated (mean > variance).
n

1
4
10
30

CSR, complete spatial randomness; n, number of counts; VMR, variance to mean
ratio.

1
4
10
30

Wald 95% CI
Upper

Lower

Upper

11.23
16.29
19.47
20.64

28.77
25.21
25.33
24.02

12.22
16.53
19.56
20.67

30.89
25.72
25.53
24.09

Gamma 95% CI

Lower

Upper

Lower

Upper

NA
29.81
26.61
29.14

NA
41.19
34.59
33.79

NA
†
28.60
30.30

NA
†
32.67
32.65

gave CIs of similar length, with similar endpoints, though the interval bounds for the chi-squared method were higher than the Wald
intervals as they are asymmetric in contrast to the Wald intervals.
The two types of interval became more similar as n increased.

Chi-squared 95% CI

Lower

Wald 95% CI

n, number of counts; NA, not applicable.
† CI cannot be calculated (mean > variance).

Table 2
Wald and chi-squared 95% conﬁdence intervals (CI) for mean Parascaris egg density
in 60 g of equine faeces in solution, calculated based on the total counts from 30
McMaster slides, using the ﬁrst count, the ﬁrst 4 counts, the ﬁrst 10 counts and all
30 counts.
n
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3.2. Experiment 2: density of parascaris eggs in faeces from a
single foal over one day

n, number of counts.

All the 81 Parascaris worm egg counts taken together were not
homogeneous (Table 3: p = 0.002). Grouping the counts so that
they were taken from less spatially and temporally diffuse parts of
the faeces, the material became more homogeneous: one pile was
aggregated (p = 0.044), one only just consistent with CSR (p = 0.083)
and the other consistent with CSR (p = 0.231); two of the balls were
aggregated and the other 7 were consistent with CSR. As the counts
from the full day were not homogeneous, CIs for , the distribution
mean, are based on the negative binomial distribution.
For both the Wald and gamma methods, the intervals became
smaller as n increased (Table 4). There was more difference
between the endpoints given by the two methods than for the Poisson case, and the gamma intervals were markedly smaller than
the Wald, i.e. the Wald intervals are conservative compared to
the gamma intervals. While the CIs were smaller at larger sample sizes, smaller intervals were not necessarily contained within
larger intervals. The gamma interval could not be calculated using
our ﬁrst 4 counts, a possible drawback of this method.
The tests that the mean is the same for each pile, ball and portion
(Table 5) showed differences between piles and portions but not
balls: p = 0.015, 0.000 and 0.736 respectively. This is consistent with
the conclusion that the density of eggs in the faecal output over a
single day is aggregated, not homogeneous.

In Experiment 3, for 6 foals, one-sided hypothesis tests were
used to make the decision to treat or not. Using an egg count
threshold of 150 epg treatment decisions were compared using the
egg counts from the ﬁrst day and the egg counts from all 3 days.
A conservative cut-off value was chosen, reﬂective of previously
described thresholds for strongyles (Nielsen et al., 2010, 2006).
This study was approved by the Animal Care and Ethics Committee (ACEC 13/082), Charles Sturt University.
3. Results
3.1. Experiment 1: density of parascaris eggs in solution
The test for homogeneity of the Parascaris egg density in the
solution showed no evidence against homogeneity at either slide
or chamber level (Table 1: p = 0.168, 0.551 respectively). The test
results were similar for Operator 2 and are omitted for brevity.
In Table 2, it can be observed that both Wald and chi-squared CIs
became smaller as n increased; smaller intervals give a clearer picture of where the population mean lies, so larger sample sizes are
preferred. In the majority of cases, each smaller interval was contained within the corresponding larger interval. The two methods

Table 3
Results of the analyses of 81 Parascaris egg counts performed on faeces from a single foal over one day: the mean, variance, VMR and two-sided p-values for the test of CSR
at 3 levels (all data, pile and ball) are provided.

All data
By pile

By ball

n

Mean

Variance

VMR

Two-sided p-value

81
27
27
27
9
9
9
9
9
9
9
9
9

31.04
31.37
28.70
33.04
30.33
30.56
33.22
28.67
27.78
29.67
31.11
34.00
34.00

48.54
42.01
46.91
50.50
45.75
38.28
46.69
41.25
79.69
29.50
35.86
31.00
91.00

1.56
1.34
1.63
1.53
1.51
1.25
1.41
1.44
2.87
0.99
1.15
0.91
2.68

0.002a
0.231
0.044a
0.083
0.297
0.527
0.377
0.349
0.007a
1.000
0.648
0.990
0.012a

CSR, complete spatial randomness; n, number of counts; VMR, variance to mean ratio.
a
p-value < 0.05, indicating that CSR is rejected.
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Table 5
Results of the analysis of deviance for the study of egg density in faeces from 81
Parascaris egg counts from a single foal. Three egg counts were performed on each
of three 3 g portions of faeces from 3 faecal balls from 3 separate faecal piles passed
by the foal over one day.

Pile
Pile:Ball
Pile:Ball:Portion

DF

Deviance

Residual DF

Residual Deviance

p-value

2
6
18

8.363
3.560
47.534

80
78
72
54

125.944
117.581
114.021
66.487

0.015
0.736
<0.001

DF, degrees of freedom.

3.3. Experiment 3: density of parascaris eggs in faeces over 3 days
The tests for CSR showed that CSR was rejected in favour of
aggregation in 17 of the 20 foals (Table 6). While there was no evidence against CSR in 3 foals, one result was borderline. In view of
the low power of the test especially with such small sample sizes
(9 counts per foal), it is possible that the test may fail to detect
aggregation when it is present.
The tests that the mean egg count is the same on each of the three
days showed differences in 13 of the 20 foals. Differences in mean
between days was not necessarily the cause of the aggregation as
differences between days were observed in 2 cases (foals 6 and 18)
for which CSR was accepted, although, as stated above, it is possible
that aggregation was present.
The lengths of the negative binomial CIs calculated using Wald
and gamma methods for the 6 foals with the lowest mean FEC did
not necessarily become smaller as n increased (Table 7). The Wald
intervals were larger using the data from 3 days compared to the
data from Day 1 for foals 9, 10 and 17. In all cases, the gamma
intervals were smaller than the Wald intervals. For foals 10 and
17, the 3 day and 1 day intervals barely overlapped, i.e. they were
extremely different as a result of the difference in mean counts
between days, one of the effects of the inhomogeneity of the egg
density.
Table 8 presents examples of the use of hypothesis tests for
treatment decision-making. Using a raw egg count threshold of 15,
the decision for treatment with an anthelmintic was different for
3 of 6 foals using counts from 3 days (n = 9) compared to counts
from one day (n = 3), reﬂective of statistically signiﬁcant differences
between mean counts of each day (Table 6). There was no differ-

ence in the decision for treatment between the two methods of
calculating the upper bound.

4. Discussion
Results of this study verify experimentally earlier work in which
a theoretical argument was used to justify the hypothesis that the
distribution of nematode eggs (Parascaris spp.) in a well-mixed suspension conforms to a Poisson process (Torgerson et al., 2012). In
a previous study, a Poisson model for the distribution of nematode eggs in suspensions of composite faecal samples from sheep
was used to estimate the group mean FEC (Morgan et al., 2005),
however, the Poisson distribution of the faecal suspension was
not conﬁrmed. In the current study, calculation of the Poisson CIs
showed that as the number of counts increased, the CI was consistently shorter.
This study has, for the ﬁrst time, provided theoretical reasoning that within an individual animal, the eggs in different parts of
faeces passed over the course of a day follow a negative binomial
distribution. An important outcome of our study was that egg density in faeces from a single animal over one day is aggregated and
conforms to an inhomogeneous Poisson process, indicating why the
negative binomial distribution has frequently been used to model
egg count data, although this may also be due to use of epg counts,
which have inﬂated variance, rather than raw counts. Overall, the
null hypothesis of CSR over days and between piles was rejected,
while only one pile was consistent with CSR. At the faecal ball
level, there is an increased likelihood for CSR, although aggregation occurred for 2 out of 9 balls. However, given the low power of
the test for CSR against aggregated alternative hypotheses at sample sizes of 50 or less (Darwin, 1957; Karlis and Xekalaki, 2000), it is
probable that aggregation was frequently present but not detected
in our study. In earlier studies, Lester et al. (2012) demonstrated the
spatial clustering of eggs within horse faeces and similarly, uneven
distribution of eggs taken from different parts of the same human
faecal pile has been found for Ascaris lumbricoides (Sinniah, 1982).
As a result of the differences in mean egg counts, multiple (nonadjacent) balls should be collected and counts should be performed
on multiple portions from each ball to best estimate the distribution mean and for more certainty in diagnosis. Previous studies
have incorporated the concept of allowing for repeated counts on
each faecal sample in the methodology (Torgerson et al., 2014,

Table 6
Results of the tests of CSR and effect of day for the 9 Parascaris egg counts obtained from 20 foals over three days.
Foal number

n

Mean

Variance

VMR

2-sided p-value for
CSR

Test for day effect

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

35.89
126.78
230.00
109.11
97.22
16.22
56.44
197.11
12.22
17.11
31.00
5.89
238.89
141.33
24.67
21.22
18.56
18.44
62.89
22.00

273.61
614.44
24,189.69
1215.61
285.94
33.19
275.28
7659.36
5.14
51.11
109.75
14.36
4105.36
447.50
42.50
132.19
322.53
32.53
283.11
248.50

7.62
4.85
105.07
11.14
2.94
2.05
4.88
38.86
4.21
2.99
3.54
2.44
17.19
3.17
1.72
6.22
17.38
1.76
4.50
11.30

<0.001
<0.001
<0.001
<0.001
0.006
0.075
<0.001
<0.001
<0.001
0.005
0.001
0.025
<0.001
0.003
0.175
<0.001
<0.001
0.158
<0.001
<0.001

0.004
0.104
<0.001
0.193
0.211
0.005
0.414
<0.001
0.024
<0.001
<0.001
0.015
0.001
0.014
0.449
0.014
<0.001
0.006
0.157
<0.001

CSR, complete spatial randomness; n, number of counts; VMR, variance to mean ratio.
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Table 7
Wald and gamma 95% conﬁdence intervals (CI) for the Parascaris egg distribution mean of the 6 foals with the lowest mean Parascaris egg counts.
Foal number

6
9
10
12
17
18

Wald 95% CI
(n = 9)

Wald 95% CI
(n = 3)

Gamma 95% CI
(n = 3)

Gamma 95% CI
(n = 9)

Lower

Upper

Lower

Upper

Lower

Upper

Lower

Upper

5.96
7.94
5.92
4.07
30.21
19.09

15.38
11.40
14.08
13.93
51.79
28.24

12.46
7.54
12.44
3.41
6.82
14.72

19.99
16.91
21.78
8.36
30.29
22.17

7.95
†
8.14
5.78
33.39
†

13.78
†
12.05
12.92
49.38
†

13.64
8.48
13.51
4.14
8.97
16.07

19.02
16.64
21.13
7.94
31.56
20.98

† CI cannot be calculated (mean > variance).
Table 8
Application of the upper bound of one-sided Wald and gamma 95% conﬁdence intervals (CI) for the Parascaris egg distribution mean for treatment decision-making in the 6
foals with the lowest overall egg counts, using counts from one day (n = 3) and three days (n = 9).
Foal number

6
9
10
12
17
18

Wald one-sided
95% CI (n = 9)

Wald one-sided
95% CI (n = 3)

Gamma one-sided
95% CI (n = 3)

Gamma one- sided
95% CI (n = 9)

Upper bound

Decision

Upper bound

Decision

Upper bound

Decision

Upper bound

Decision

14.62
11.12
13.42
13.14
50.05
27.50

NT
NT
NT
NT
T
T

19.38
16.15
21.03
7.97
28.40
21.57

T
T
T
NT
T
T

13.23
†
11.70
12.20
47.94
†

NT
NA
NT
NT
T
NA

18.55
15.85
20.43
7.57
29.03
20.55

T
T
T
NT
T
T

NA, not applicable.
No treatment (NT) if upper bound <15, treatment (T) if upper bound ≥15, i.e. test of hypothesis  <15.
† CI cannot be calculated (mean > variance).

2012), however our ﬁndings indicate that the variation in faeces
is predominantly between spatially separate portions of the faeces. In practical terms, if faecal samples are collected via rectal
palpation, only a small volume of faecal material is taken and the
material is spatially (and temporally) adjacent. However, because
of the inhomogeneous Poisson process, egg density varies through
space and time. Therefore, sampling after defaecation is preferred
to allow collection of faecal balls corresponding to spatially- and
temporally-separated faeces in the intestine from a larger volume.
A further consideration for egg counting is what represents
the most appropriate way to analyse multiple samples. In previous studies, samples were bulked to make one solution, from
which multiple counts were obtained to calculate the mean FEC for
individual or multiple animals (Denwood et al., 2012; Matthews
and Lester, 2015; Morgan et al., 2005). However, this approach
homogenises faeces with inhomogeneous egg densities and egg
counts from the solution will have the lower variance associated
with a Poisson distribution and a narrower CI than the negative
binomial CI derived from individual counts from multiple faecal
portions. In this paper, the practice of bulking and resampling from
a single solution is rejected, in line with traditional statistical views
(Mead et al., 1993). The uncertainty about the expected mean arises
from the variance of the original counts and this is the variance that
should be used for the calculation of CIs and hypothesis testing.
Multiple counts performed from faeces collected on multiple
days was best described by an inhomogeneous Poisson process.
Potential reasons for this inhomogeneity include aggregation of
eggs, differences in egg production by worms between days and
inﬂuence of faecal consistency. Variability in egg counts from individual animals has been investigated previously, however in these
studies the egg distribution was not described. Warnick (1992)
reported the daily variability of strongyle FECs was greater than
would be expected if a consistent number of eggs were produced
and dispersed randomly in the faeces, but was negligible from a
clinical perspective. In another study, the authors concluded that
no additional beneﬁt can be achieved from performing egg counts
over consecutive days to estimate levels of strongyle egg shedding

(Carstensen et al., 2013). However, our ﬁnding that the decision for
treatment was different for 3 of 6 animals using counts from 3 days
compared to one day indicate that, although impractical, wider
spatiotemporal sampling may allow better estimation of the distribution mean and information on egg shedding by an individual
horse.
In this study, calculation of the negative binomial CIs (Experiments 2 and 3) highlighted the difference in behaviour in
comparison to Poisson CIs (Experiment 1). The ﬂuctuating
behaviour of the negative binomial CIs reﬂects the greater variance that generally occurs in a negative binomial distribution than
with a Poisson distribution with the same mean. Single egg counts
and sample means are point estimates, which do not account for
the sample variance. The negative binomial CI for the distribution
mean provides a superior method using statistical inference. It is
important to consider that signiﬁcant differences in the egg count
means at various temporal scales (e.g. between days, faecal piles
and faecal ball portions) can occur. These differences will result
in differences in the negative binomial CIs, with possible implications for interpretation of hypothesis testing results (as shown in
Table 8).
5. Conclusions
The ﬁndings of this study provide an extension from homogenous to inhomogeneous Poisson processes for egg density, leading
to an understanding of why Poisson and negative binomial distributions correspondingly provide a good ﬁt for egg count data. The
understanding of the inhomogeneity of the egg density in faeces
has led to the application of hypothesis tests for treatment decision
making based on negative binomial CIs for the ﬁrst time.
Statistically signiﬁcant differences in mean egg counts between
days, faecal piles and portions of a faecal ball were demonstrated
and, given the inﬂuence of these ﬁndings on calculated negative
binomial CIs, we conclude that when collecting faecal samples for
FEC analysis, we need to sample widely both spatially and temporally.
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This paper describes two methods for calculating a negative
binomial CI. The methods used can be undertaken without the
need for specialist software. When data are highly variable, a larger
sample size is required for a pre-speciﬁed level of accuracy for a
parameter estimate. Consequently, when a lower number of egg
counts is obtained from faeces, the CIs for the population mean
will be larger (smaller intervals are preferred).
It is likely that conclusions from this paper regarding the inhomogeneous density of eggs in faeces can be applied to other parasite
species and other host species.
Conﬂict of interest statement
The authors have no ﬁnancial or personal relationship with
other people or organisations that could inappropriately inﬂuence
or bias this work.
Acknowledgements
This work was supported by the School of Animal and Veterinary Sciences, Charles Sturt University and CEVA Animal Health.
The funders had no role in the study design, data collection and
analysis, decision to publish or preparation of the manuscript. The
authors declare that there are no conﬂicts of interest. The authors
are grateful for the assistance provided by staff and students of the
Veterinary Clinical Centre, Charles Sturt University and staff of the
Veterinary Diagnostic Laboratory, Charles Sturt University and all
participating studs.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.vetpar.2016.10.
010.
References
Barker, L., 2002. A comparison of nine conﬁdence intervals for a poisson parameter
when the expected number of events is (greater than) 5. Am. Stat. 56, 85–89.
Brown, L.D., Cai, T.T., DasGupta, A., 2003. Interval estimation in exponential
families. Stat. Sin. 13, 19–49.
Carstensen, H., Larsen, L., Ritz, C., Nielsen, M.K., 2013. Daily variability of strongyle
fecal egg counts in horses. J. Equine Vet. Sci. 33, 161–164.
Coles, G.C., Bauer, C., Borgsteede, F.H., Geerts, S., Klei, T.R., Taylor, M.A., Waller, P.J.,
1992. World Association for the Advancement of Veterinary Parasitology (W:
A.A.V.P.) methods for the detection of anthelmintic resistance in nematodes of
veterinary importance. Vet. Parasitol. 44, 35–44.
Cressie, N., 1991. Statistics for Spatial Data, 1 st edition. John Wiley and Sons, New
York (920 p.).
Darwin, J.H., 1957. The power of the poisson index of dispersion. Biometrika 44,
286–289.
Denwood, M.J., Love, S., Innocent, G.T., Matthews, L., McKendrick, I.J., Hillary, N.,
Smith, A., Reid, S.W.J., 2012. Quantifying the sources of variability in equine
faecal egg counts: implications for improving the utility of the method. Vet.
Parasitol. 188, 120–126.

Diggle, P.J., Milne, R.K., 1983. Negative binomial quadrat counts and point
processes. Scand. Stat. Theory Appl., 257–267.
Diggle, P.J., 2003. Statistical Analysis of Spatial Point Patterns, 2nd edition. Edward
Arnold, London.
Dobson, R.J., Sangster, N.C., Besier, R.B., Woodgate, R.G., 2009. Geometric means
provide a biased efﬁcacy result when conducting a faecal egg count reduction
test (FECRT). Vet. Parasitol. 161, 162–167.
Geurden, T., Chartier, C., Fanke, J., di Regalbono, A.F., Traversa, D., von
Samson-Himmelstjerna, G., Demeler, J., Vanimisetti, H.B., Bartram, D.J.,
Denwood, M.J., 2015. Anthelmintic resistance to ivermectin and moxidectin in
gastrointestinal nematodes of cattle in Europe. Int. J. Parasitol. Drugs Drug
Resist. 5, 163–171.
Hoel, P.G., 1943. On indices of dispersion. Ann. Stat. 14, 155–162.
Johnson, N.L., Kemp, A.W., Kotz, S., 2005. Univariate Discrete Distributions, 3rd
edition. John Wiley and Sons, London.
Karlis, D., Xekalaki, E., 2000. A simulation comparison of several procedures for
testing the poisson assumption. Statistician 49, 355–382.
Kendall, M., Stuart, A., 1979. The Advanced Theory of Statistics, Vol. 2., 4th edition
Charles Grifﬁn and Company, High Wycombe, England.
Lester, H.E., Bartley, D.E., Morgan, E.R., Hodgkinson, J.E., Matthews, J.B., 2012. The
spatial distribution of strongyle eggs in horse faeces. J. Equine Vet. Sci. 32, 2.
Lyndal-Murphy, M., Swain, A.J., Pepper, P.M., 2014. Methods to determine
resistance to anthelmintics when continuing larval development occurs. Vet.
Parasitol. 199, 191–200.
Matthews, J., Lester, H., 2015. Control of equine nematodes: making the most of
faecal egg counts. Practice 37, 540–544.
Mead, R., Hasted, A.M., Curnow, R.N., 1993. Statistical Methods in Agriculture and
Experimental Biology, 2nd edition. Chapman and Hall, London.
Mes, T.H., 2003. Technical variability and required sample size of helminth egg
isolation procedures. Vet. Parasitol. 115, 311–320.
Mines, J.J., 1977. Modiﬁcations of the McMaster worm egg counting method. Aust.
Vet. J. 53, 342–343.
Morgan, E.R., Cavill, L., Curry, G.E., Wood, R.M., Mitchell, E.S., 2005. Effects of
aggregation and sample size on composite faecal egg counts in sheep. Vet.
Parasitol. 131, 79–87.
Nielsen, M.K., Monrad, J., Olsen, S.N., 2006. Prescription-only anthelmintics?a
questionnaire survey of strategies for surveillance and control of equine
strongyles in Denmark. Vet. Parasitol. 135, 47–55.
Nielsen, M.K., Baptiste, K.E., Tolliver, S.C., Collins, S.S., Lyons, E.T., 2010. Analysis of
multiyear studies in horses in Kentucky to ascertain whether counts of eggs
and larvae per gram of feces are reliable indicators of numbers of strongyles
and ascarids present. Vet. Parasitol. 174, 77–84.
Patil, V.V., Kulkarni, H.V., 2012. Comparison of conﬁdence intervals for the poisson
mean: some new aspects. Revstat. Stat. J. 10, 211–227.
Shilane, D., Evans, S.N., Hubbard, A.E., 2010. Conﬁdence intervals for negative
binomial random variables of high dispersion. Int. J. Biostat. 6 (Article 10).
Sinniah, B., 1982. Daily egg production of Ascaris lumbricoides: the distribution of
eggs in the faeces and the variability of egg counts. Parasitology 84, 167–175.
Torgerson, P.R., Paul, M., Lewis, F.I., 2012. The contribution of simple random
sampling to observed variations in faecal egg counts. Vet. Parasitol. 188,
397–401.
Torgerson, P.R., Paul, M., Furrer, R., 2014. Evaluating faecal egg count reduction
using a speciﬁcally designed package eggCounts in R and a user friendly web
interface. Int. J. Parasitol. 44, 299–303.
Vidyashankar, A.N., Hanlon, B.M., Kaplan, R.M., 2012. Statistical and biological
considerations in evaluating drug efﬁcacy in equine strongyle parasites using
fecal egg count data. Vet. Parasitol. 185, 45–56.
Warnick, L.D., 1992. Daily variability of equine fecal strongyle egg counts. Cornell
Vet. 82, 453–463.

4 Chapter 4: The application of faecal egg count results and statistical
inference for clinical decision making in foals

Manuscript in preparation for submission to Veterinary Parasitology

71

The application of faecal egg count results and statistical inference for clinical decision
making in foals.
E.J.A. Wilkes*, R.G. Woodgate, S.L. Raidal, K.J. Hughes
School of Animal & Veterinary Sciences, Charles Sturt University, Locked Bag 588, Wagga
Wagga, New South Wales 2678, Australia
*Corresponding author: Edwina Wilkes
School of Animal & Veterinary Sciences, Charles Sturt University, Locked Bag 588, Wagga
Wagga, New South Wales 2678, Australia
Phone: + 61 2 6933 2604
Fax: + 61 2 6933 2706
Email: ewilkes@csu.edu.au

72

4.1 Abstract
This study investigated the impact of variability in Parascaris spp. and strongyle faecal egg
counts (FEC) from foals on treatment decision‐making and detection of patent infection. A
single faecal sample was collected once daily for three days from 53 foals and a FEC was
performed on three separate portions of each sample (total of nine egg counts per foal).
Differences in the decision to administer an anthelmintic using the results of a single count
(C1), the mean of three (

1‐3)

or nine counts (

1‐9)

and the upper 5% confidence limit of the

gamma confidence interval (CI) of the estimate of the distribution mean (µ) from three (UCL1‐
3)

and nine counts (UCL1‐9) were determined for a range of egg count thresholds. The UCL1‐9

was used as the best estimate of µ, hypothesis testing for treatment and the comparison of
treatment decision‐making using C1,

1‐3,

demonstrated that a point estimate (C1 or

1‐9

and UCL1‐3. The results of this study

1‐3)

was of limited value for estimating the

distribution mean of egg counts in faeces and there was overall poor agreement in treatment
decision‐making for individual foals using C1 compared to UCL1‐9. Of the foals with C1 of zero
eggs per gram, 54% and 47% had Parascaris and strongyle eggs in subsequent counts,
respectively. The egg density in faeces is inhomogeneous, resulting in considerable variability
in egg count results for an individual foal: between faecal piles, different portions of a faecal
pile and days. The use of the negative binomial distribution CI for µ takes this variability into
account and is recommended for use when interpreting FEC data from horses.
Keywords: horse, McMaster, ascarid, Parascaris, cyathostomins
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4.2

Introduction

The faecal egg count (FEC) is the most commonly used method for quantifying the nematode
burden of horses (Coles et al., 1992; Vadlejch et al., 2011) and may be used as a diagnostic
tool, a surveillance tool to identify high egg shedders and as part of a faecal egg count
reduction test (FECRT) for detection of anthelmintic resistance (AR). A single FEC result is
commonly used to estimate the mean egg distribution in a horse and make an assessment of
the parasite burden in that animal. While many authors have reported high variability in egg
count data (Denwood et al., 2012; Mes, 2003; Vidyashankar et al., 2012; Warnick, 1992) and
previous studies have presented the percentage of variation at different levels (faecal
pile/ball/portion) (Carstensen et al., 2013; Denwood et al., 2012), the impact of this variability
on decision making in clinical practice has not been reported.
Parascaris equorum and Parascaris univalens are ascarids of foals and yearlings (Nielsen et
al., 2014d). Large numbers of Parascaris worms can result in small intestinal impaction, and
occasionally, intestinal rupture (Southwood et al., 1998). Patent ascarid infections are
commonly first encountered at 3‐5 months of age and are uncommon in horses older than 18
months of age as the majority of horses acquire immunity to Parascaris and egg shedding
ceases (Reinemeyer & Nielsen, 2013). However, foals can exhibit biphasic ascarid egg
shedding, with an initial peak at 3‐4 months and a second peak at 8‐10 months of age
(Donoghue et al., 2015; Fabiani et al., 2016), and obtaining egg counts from weanlings and
yearlings to monitor for ascarid infections, may be advisable. At this age, there may also be
concurrent infection with strongyles. Co‐infection represents a challenge for effective
parasite management as a single anthelmintic class may not be effective against both parasite
groups. This highlights the requirement for the use of FECs to determine the presence of
ascarids and strongyles and efficacy of anthelmintics against these parasites to direct
appropriate control regimens (Nielsen, 2013). Parasite control in foals is a poorly defined
balance of lessening anthelmintic use and risk of AR with preservation of animal health and
welfare and requires further elucidation of parasite epizootiology (Kaplan & Nielsen, 2010;
Leathwick et al., 2016). Recent investigations of parasite dynamics in foals have described
differences in progression of cyathostomin infection in comparison to mature horses (Nielsen
& Lyons, 2017), infection by large strongyles at an early age (Fabiani et al., 2016) and biphasic
peaks in Parascaris infection (Donoghue et al., 2015; Fabiani et al., 2016).
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Selective treatment regimens have been recommended for the control of strongyles (Duncan
& Love, 1991) and decisions may be based on cut‐off values ranging from 20‐500 eggs per
gram (epg) (Becher et al., 2010; Gomez & Georgi, 1991; Krecek et al., 1994; Little et al., 2003;
Matthee & McGeoch, 2004; Nielsen et al., 2006b). Although strongyle egg counts are not
linearly correlated with worm burdens (Dowdall et al., 2002; Nielsen et al., 2010a),
significantly higher worm counts above cut‐offs ranging from 100‐500 epg have been
reported (Nielsen et al., 2010a). Selective treatment regimens have been shown to reduce
the number of anthelmintic doses administered to horses by 36‐86% (Becher et al., 2010;
Gomez & Georgi, 1991; Krecek et al., 1994; Little et al., 2003; Matthee & McGeoch, 2004) and
reduce pasture contamination (Becher et al., 2010). In contrast, no guidelines for an egg count
treatment threshold are available for Parascaris (Nielsen et al., 2013). In one study, no
correlation between Parascaris egg counts and worm burden was found and the diagnostic
value of egg counts was considered low (Nielsen et al., 2010a). However, in other studies,
some association between the magnitude of ascarid egg counts and worm burdens was found
(Donoghue et al., 2015; Nielsen et al., 2016a). Further investigation of the association with
Parascaris worm burden is necessary before the quantitative merit of FECs and suitability of
selective treatment regimens can be determined. Although unproven, leaving young foals
untreated is considered a potential health risk and interval administration of anthelmintics is
frequently undertaken (Nielsen, 2016b; Nielsen et al., 2014a; Robert et al., 2015).
Increased selection pressure for AR results from intensive regimens of anthelmintic
administration (Kaplan & Nielsen, 2010) and AR in Parascaris may increase the risk of
accumulation of worm burdens and disease in foals (Donoghue et al., 2015). Anthelmintic
resistance in Parascaris and cyathostomins is an important threat to effective control: e.g.
macrocyclic lactone resistance in Parascaris (Armstrong et al., 2014; Lindgren et al., 2008) and
benzimidazole resistance in cyathostomins (Kaplan, 2004) is widespread. Development of
appropriate guidelines for endoparasite control in foals, including assessment of anthelmintic
efficacy, prudent use of anthelmintics and safe implementation of parasite refugia (Leathwick
et al., 2017; Nielsen, 2016b; Peregrine et al., 2014) is necessary to reduce selection pressure
for AR. Any strategy for selective anthelmintic use is reliant on the detection of animals
requiring treatment, most commonly through FEC analysis.
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The aims of this study were to determine (1) the potential impact of FEC variability on
anthelmintic treatment decisions for foals in a selective treatment regimen scenario and (2)
the reliability of a single FEC result of zero. Worm eggs in faeces conform to an
inhomogeneous Poisson process and a negative binomial distribution can be used to model
egg count data (Wilkes et al., 2016). We hypothesized that the use of negative binomial
confidence intervals would provide a more appropriate estimate of the egg distribution mean
for treatment decision‐making than point estimates, including single counts and sample
means, which do not account for sample variance.

4.3 Materials and methods
4.3.1 Faecal sample collection and FEC
For all components of the study, faecal samples obtained from foals were stored at 4°C in
airtight containers until egg counts were performed within two days of collection. The FEC
method used was the modified McMaster technique, a quantitative flotation test (Mines,
1977), with an egg detection limit of 10 epg. Raw data were used for all analyses as a negative
binomial distribution is defined on the integers 0, 1, 2, 3 etc., and not on the multiplied
numbers (e.g. 0, 10, 20, 30 etc., using a multiplier of 10).
4.3.2 Treatment decision making using multiple faecal samples
Faecal samples were collected from foals aged between 4 and 18 months that presented to
the Veterinary Clinical Centre, Charles Sturt University (CSU) for veterinary treatment and
from foals recruited from participating studs. A sample from a fresh faecal pile passed in
stables/yards was collected from 53 foals once daily for 3 days. For each sample, multiple
faecal balls were collected and egg counts were performed on three 3 g portions, resulting in
a total of nine egg counts for each foal. All egg counts were performed by one operator
(E.J.A.W.).
For each foal, the two‐sided negative binomial 95% confidence interval (CI) of nine counts
(CI1‐9) was taken as the gold standard for the best estimate of the egg distribution mean (µ)
(Wilkes et al., 2016). For hypothesis testing for treatment decision‐making, the one‐sided
negative binomial upper 5% confidence limit (UCL) for µ from 9 counts was used (UCL1‐9), as
the null hypothesis is that treatment is always not necessary (i.e. the parasite is present at a
sufficiently low level, which occurs when the egg density is below a threshold value) (Wilkes
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et al., 2016). In addition, the mean of the first three counts (

1‐3),

mean of nine counts (

1‐9)

and the UCL for µ from three egg counts (Day 1: UCL1‐3) were calculated.
The number of foals requiring treatment was calculated based on results from the first egg
count (C1),

1‐3

and

1‐9

UCL1‐3 and UCL1‐9 for treatment thresholds of 100, 200, 300, 400 and

500 epg (calculated from raw egg count data) for both Parascaris and strongyles. Using UCL1‐
9

as the reference method, the percentage of foals with

1‐9

>0 (i.e. evidence of patent

infection) for which the decision to treat would be different was calculated for C1,
3

and

1‐9

1‐3,

for each treatment threshold. Results were also calculated for foals with

UCL1‐
1‐9 >5.

This egg count value was selected to remove foals with low egg counts (and unlikely to require
treatment) from the analysis.
4.3.3 Consistency of an egg count of zero
The percentage of foals with a C1 of zero was calculated and compared to the percentages of
foals for which the three counts on Day 1 were zero and all nine counts were zero, for both
Parascaris and strongyles. The sensitivity and negative predictive value (NPV) of C1 were
calculated, using the results from nine counts as the gold standard. As the detection of one
or more eggs was considered to represent infection, the specificity and positive predictive
value were not calculated.
4.3.4 Statistical analysis
As the density of nematode eggs in faeces is inhomogeneous (Wilkes et al., 2016), CIs based
on the negative binomial distribution were used for µ, the distribution mean. A gamma
approximation of the CI was calculated in Excel® using the GAMMA.INV function:
(Gamma.Inv(α/2,n ,
The estimators of
⁄

, where

⁄ ̂ ),Gamma.Inv(1‐ α/2, n ,
and
and

⁄ ̂)

are the method of moments estimators

̂

and

are the mean and variance of the sample, respectively.

Negative binomial CIs cannot be calculated for a single count or if

is negative (

).

An online link to the Excel® spreadsheet for calculation of the gamma approximation of the
two‐sided 95% CI and one‐sided UCL is included in the Supplementary Material.
The study was approved by the Animal Care and Ethics Committee, CSU (ACEC 13/082).
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4.4 Results
4.4.1 Treatment decision‐making using multiple faecal samples
For Parascaris, 42/53 foals had patent infection (median 1‐9: 3.4, range 0.1‐238.9). For
strongyles, 44/53 foals had patent infection (median

1‐9:

4.7, range 0.1‐140.3). Infections

were highly overdispersed: 80% of the eggs counted were in 15.1% and 18.9% of foals for
Parascaris and strongyles, respectively.
The CI1‐9 could be calculated for 30/42 (71.4%) foals with patent (

1‐9>0) Parascaris infections,

of which C1 was outside the CI in 22/30 (73.3%). The CI 1‐9 could be calculated for 34/44
(77.3%) of foals with patent strongyle infections: C1 was outside the CI in 24/34 (70.6%).
Table 4.4.1 (Parascaris) and Table 4.4.2 (strongyles) present the percentages of foals with
9 >0
1‐9

and

1‐9 >5

for which the decision to treat would be different when C1,

1‐3,

1‐

UCL1‐3 and

were used, compared to UCL1‐9 for all selected treatment thresholds. For Parascaris, the

percentage of foals with

1‐9 >0

for which the decision to treat was different when compared

to UCL1‐9 ranged from 0‐17%, 0‐13%, 0‐10% and 0‐22% for C1,

1‐3,

1‐9

and UCL1‐3,

respectively. For strongyles, the decision to treat differed for 0‐15% 0‐18%, 0‐9% and 0‐13%
for C1,

1‐3,

1‐9 and

UCL1‐3, respectively. For Parascaris, the percentage of foals with

1‐9 >5

for which the decision to treat was different when compared to UCL1‐9 ranged from 0‐25%, 0‐
20%, 0‐15% and 0‐31% for C1,

1‐3,

1‐9 and

UCL1‐3, respectively. For strongyles, the decision

to treat differed for 0‐25% 0‐30%, 0‐15% and 0‐19% for C1,

1‐3,

1‐9 and

UCL1‐3, respectively.

Table 4.4.1: Number (%) of foals with patent Parascaris infection for which the decision to treat
was different in comparison to UCL1‐9 at selected treatment thresholds
Raw egg count
parameter comparison
Foals with 1‐9 >0

UCL1‐9/C1
UCL1‐9/ 1‐3
UCL1‐9/UCL1‐3
UCL1‐9/ 1‐9
Foals with

Treatment threshold
FEC >100
3/30 (10%)
2/30 (6.7%)
1/18 (5.6%)
0/30 (0%)

FEC >200
2/30 (6.7%)
2/30 (6.7%)
1/18 (5.6%)
3/30 (10%)

FEC >300
5/30 (16.7%)
4/30 (13.3%)
4/18 (22.2%)
1/30 (3.3%)

FEC >400
2/30 (6.7%)
2/30 (6.7%)
2/18 (11.1%)
1/30 (3.3%)

FEC >500
0/30(0%)
0/30(0%)
0/18 (0%)
0/30 (0%)

FEC >100
3/20 (15%)
2/20 (10%)
1/13 (7.7%)
0/20 (0%)

FEC >200
2/20 (10%)
2/20 (10%)
1/13 (7.7%)
3/20 (15%)

FEC >300
5/20 (25%)
4/20 (20%)
4/13 (30.8%)
1/20 (5%)

FEC >400
2/20 (10%)
2/20 (10%)
2/13 (15.4%)
1/20 (5%)

FEC >500
0/20 (0%)
0/20 (0%)
0/13 (0%)
0/20 (0%)

1‐9 >5

UCL1‐9/C1
UCL1‐9/ 1‐3
UCL1‐9/UCL1‐3
UCL1‐9/ 1‐9
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C1: first egg count; UCL1‐3: one‐sided negative binomial upper 5% confidence limit for the egg

distribution mean from 3 counts; UCL1‐9: one‐sided negative binomial upper 5% confidence
limit for the egg distribution mean from 9 counts; 1‐3: mean of 3 counts; 1‐9: mean of 9
counts
Table 4.4.2: Number (%) of foals with patent strongyle infection for which the decision to treat
was different in comparison to UCL1‐9 at selected treatment thresholds
Raw egg count
parameter comparison
Foals with 1‐9 >0

UCL1‐9/C1
UCL1‐9/ 1‐3
UCL1‐9/UCL1‐3
UCL1‐9/ 1‐9
Foals with

Treatment threshold
FEC >100
5/34 (14.7%)
6/34 (17.7%)
2/23 (8.7%)
1/34 (2.9%)

FEC >200
5/34 (14.7%)
4/34 (11.8%)
2/23 (8.7%)
3/34 (8.8%)

FEC >300
3/34 (8.8%)
2/34 (5.9%)
3/23 (13.0%)
1/34 (2.9%)

FEC >400
1/34 (2.9%)
1/34 (2.9%)
1/23 (4.4%)
1/34 (2.4%)

FEC >500
0/34 (0%)
0/34 (0%)
0/23 (0%)
0/34 (0%)

FEC >100
5/20 (25%)
6/20 (30%)
1/16 (12.5%)
1/20 (5%)

FEC >200
5/20 (25%)
4/20 (20%)
2/16 (12.5%)
3/20 (15%)

FEC >300
3/20 (15%)
2/20 (10%)
3/16 (18.8%)
1/20 (5%)

FEC >400
1/20 (5%)
1/20 (5%)
1/16 (6.3%)
1/20 (5%)

FEC >500
0/20 (0%)
0/20 (0%)
0/16 (0%)
0/20 (0%)

1‐9 >5

UCL1‐9/C1
UCL1‐9/ 1‐3
UCL1‐9/UCL1‐3
UCL1‐9/ 1‐9

C1: first egg count; UCL1‐3: one‐sided negative binomial upper 5% confidence limit for the egg

distribution mean from 3 counts; UCL1‐9: one‐sided negative binomial upper 5% confidence
limit for the egg distribution mean from 9 counts; 1‐3: mean of 3 counts; 1‐9: mean of 9
counts
4.4.2 Consistency of an egg count of zero
4.4.2.1

Parascaris spp.

Twenty four foals (45%) had C1 of zero: for 11 foals, all nine FECs were zero, while for 13 foals,
at least one subsequent FEC was >0 (range: 1‐3). The sensitivity and NPV of C1 were 69% and
46%, respectively.
4.4.2.2

Strongyles

Seventeen foals (32%) had C1 of zero: for 9 foals, all nine FECs were zero and for 8 foals, at
least one subsequent FEC was >0 (range: 1‐9). The sensitivity and NPV of C1 were 82% and
53%, respectively.

4.5 Discussion
The results of this study demonstrate that variability in Parascaris and strongyle egg counts
from individual foals may influence clinical decision‐making. In clinical practice, a single egg
count is commonly undertaken to diagnose infection, guide treatment or assess anthelmintic
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efficacy. Despite the need for accurate results for diagnostic and research applications,
variability in egg counts from an individual animal is unavoidable. Variation in strongyle FECs
at levels such as day, faecal pile, faecal ball and portion has been reported (Carstensen et al.,
2013; Denwood et al., 2012; Warnick, 1992). While the results of these studies are consistent
with egg aggregation, spatiotemporal egg distribution and an estimate of the distribution
mean (µ) were not determined, precluding extension to clinical settings as variance cannot
be used for treatment decision‐making, particularly when threshold values are applied. The
spatial clustering of strongyle eggs within horse faeces has been reported (Lester et al., 2012)
and uneven distribution of eggs in different parts of the same faecal pile has been found for
Ascaris lumbricoides, a nematode of humans (Sinniah, 1982). Aggregation of eggs may result
in misclassification when assessing anthelmintic efficacy using the FECRT (Lester et al., 2012).
Recently, we demonstrated that the density of Parascaris eggs in faeces is inhomogeneous
and can be described by the negative binomial distribution (Wilkes et al., 2016), explaining
the variability in egg counts from the same animal. However, the impact of inhomogeneous
egg density in the same or multiple samples from the same foal on decision‐making has not
been assessed previously.
Our results demonstrate that a single egg count is often not a good estimate of µ. The first
egg count (C1) was outside the 95% CI for µ from nine counts for >70% of foals for which a CI
could be calculated, for both Parascaris and strongyles. These findings are likely due to the
inhomogeneous density of eggs in faeces (Wilkes et al., 2016), which cannot be accounted for
by a point estimate.
Overall, there was poor agreement in treatment decision‐making for individual foals when
using C1 compared to UCL1‐9. The level of agreement varied for different egg count thresholds
(Tables 1‐2). Using C1 and a threshold of >500 epg, there were no differences in treatment‐
decision making for both Parascaris and strongyles. This likely reflects the distribution of eggs
within the foal population used. In a population with higher egg distribution means, we may
expect greater disagreement at higher egg count thresholds. When only foals with

1‐9>5

(i.e.

50 epg) were analysed (representing foals more likely to be considered for selective
treatment), the levels of agreement in decision‐making for C1 and

1‐3

were lower,

emphasizing the poor performance of point estimates to direct selective treatment. If FECs
are used to determine infection patency, there would be little influence of the inhomogeneity
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of egg density on decision making. However, when using a treatment threshold, this
inhomogeneity may influence treatment decisions. Similarly, the estimated efficacy of an
anthelmintic could be inaccurate if based only on single FECs pre‐ and post‐treatment, with
implications for the detection of AR. Our results, and those of Lester et al. (2012), confirm
that aggregation of nematode eggs occurs and the spatial distribution of eggs in faeces should
be considered in the assessment of anthelmintic efficacy.
In this study, faecal samples were collected soon after defaecation and stored at 4°C for less
than two days to avoid variation in egg counts due to prolonged storage. Our methods were
optimal to minimise development or degradation of eggs (Mfitilodze & Hutchinson, 1987;
Nielsen et al., 2010c) and the variability in egg counts was unlikely to be due to effects of
storage or sub‐optimal collection techniques.
The decision to treat a foal can be based on whether the one‐sided 5% UCL of multiple egg
counts is greater than a threshold value. In comparison to a point estimate (e.g. single FEC),
the use of statistical inference through application of a UCL for decision‐making is likely
superior, as it is a more reliable estimate of µ (Wilkes et al., 2016). The variation of the
estimated egg count for a sample decreases as the number of counts is increased (Torgerson
et al., 2012) and for interpretation of strongyle FECs, the average of two or more counts from
the same faecal sample has been recommended (Carstensen et al., 2013; Vidyashankar et al.,
2012). However, a mean FEC is a poor estimate of µ and of limited use for statistical inference
for hypothesis testing and repeat counts from a single sample are likely to be reasonably
similar, compared to spatially separate portions of faeces (Wilkes et al., 2016). In up to 30%
of foals with

1‐9 >5,

the decision to treat was different when results of

1‐3

were compared

to UCL1‐9. Given the inhomogeneous density of eggs in faeces, multiple counts from non‐
adjacent portions of a faecal pile (or preferably, multiple faecal piles) will provide a more
accurate estimate of µ. In an effort to reduce variability, mixing of multiple faecal portions
before calculating the mean FEC from multiple counts has been recommended (Denwood et
al., 2012; Matthews & Lester, 2015; Morgan et al., 2005). However, mixing homogenises
faeces with inhomogeneous egg densities, and egg counts will have the lower variance
associated with a Poisson distribution and a narrower CI than the negative binomial CI derived
from individual counts from multiple faecal portions. As such, the practice of bulking and
resampling from a single solution should be avoided, in line with traditional statistical views
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(Mead et al., 1993). The uncertainty about the expected mean arises from the variance of the
original counts and it is this variance that should be used for calculation of CIs and hypothesis
testing.
The egg count threshold values were selected to demonstrate the potential impact of FEC
variability on treatment decisions and were based on previously described values (Gomez &
Georgi, 1991; Krecek et al., 1994; Little et al., 2003; Matthee & McGeoch, 2004; Nielsen et al.,
2006b; Nielsen et al., 2014a). The aim of this study was not to recommend the use of a specific
threshold value and other cutoff values may be used for different animal populations and
requirements. As such, the outcomes from the application of the methods described in this
study will likely vary for different animal and parasite populations and different threshold
values.
Although a linear correlation between egg count and worm burden doesn’t exist for
strongyles (Nielsen et al., 2010a), selective treatment regimens are recommended for
sustainable strongyle control and to decrease pasture contamination (Becher et al., 2010;
Duncan & Love, 1991; Kaplan & Nielsen, 2010; Krecek et al., 1994; Matthee & McGeoch, 2004;
Nielsen et al., 2006a). Significantly higher strongyle worm counts above FEC cutoff values of
100‐500 epg were found in one study (Nielsen et al., 2010a), suggesting selective treatment
may be worthwhile. A tendency for similar patterns of strongyle egg shedding by individual
horses over time has been reported (Becher et al., 2010; Nielsen et al., 2006a; Scheuerle et
al., 2016), supporting selective treatment of horses to reduce pasture contamination and
maintain a parasite refugium. Conversely, no correlation between worm numbers and egg
counts was found for Parascaris (Nielsen et al., 2010a), leading to conclusions that selective
treatment is not appropriate (Bellaw et al., 2016; Nielsen, 2016b). However in other studies,
the egg count did reflect the worm count to some degree (Donoghue et al., 2015; Nielsen et
al., 2016a). Further assessments of Parascaris control strategies are required for
consideration of whether selective treatment regimens are appropriate, especially in older
foals. While Parascaris populations often decline in foals older than 6 months, biphasic
patterns of infection may occur, with peaks of egg and worm counts at 4‐5 and 8‐10 months
of age (Donoghue et al., 2015; Fabiani et al., 2016), indicating that monitoring egg counts in
older foals with targeted anthelmintic administration as part of a parasite control programme
may be of benefit. Regular (interval) administration of anthelmintics is expected to eliminate
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the majority of Parascaris egg excretion by infected foals, given the long pre‐patent period of
the parasite and decline in worm survival with increasing foal age (Leathwick et al., 2016).
Sustained reduction in egg excretion by susceptible genotype worms provides an advantage
for resistant genotypes to proportionally increase in subsequent Parascaris generations with
development of AR (Leathwick et al., 2016), of which there is evidence of widespread
occurrence (Armstrong et al., 2014; Hearn & Peregrine, 2003; Lindgren et al., 2008; Lyons et
al., 2008a; Nielsen, 2016b). Changes in the management of Parascaris infection are necessary
to avoid reliance on interval treatment regimens and delay development of resistance to
anthelmintics that are currently effective.
Parascaris eggs are often claimed to be capable of remaining viable in the environment for
several years (Clayton, 1986; Reinemeyer & Nielsen, 2009); however, there is little evidence
to support the longevity of egg survival (Nielsen, 2016b). Available evidence suggests that
environmental conditions likely influence viability and in colder temperatures in autumn, eggs
may persist in the environment for longer and potentially remain viable until the following
spring (Nielsen, 2016b). The level of contamination largely depends on soil type, season and
climate and the survival of eggs will vary considerably between different geographical regions
(Nielsen, 2016b).

Shorter periods of egg survival and large reductions in annual egg

production by susceptible genotypes through regular treatment of foals will decrease
environmental refugia and result in development of AR (Leathwick et al., 2016). While
evidence‐based approaches to sustainable control of nematodes in juvenile horses have yet
to be established, the application of a model of Parascaris dynamics and genetics for AR to
investigate effects of treatment regimens on development of AR has been described recently
(Leathwick et al., 2017). In that study, monthly treatment rapidly resulted in AR, while a single
treatment or two treatments given at 60 and 150 days of age slowed the development of AR,
suggesting limited environmental contribution to parasite refugia and the importance of the
contribution of susceptible genotype worms to subsequent generations (Leathwick et al.,
2017).
Overdispersion of equine nematode infections within the population of foals in our study was
present, similar to other studies of strongyles (Lester et al., 2013b; Relf et al., 2013). This is
the first time this has been demonstrated for Parascaris and may have implications for
selective treatment regimens as part of integrated parasite control programmes designed to
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decrease the risk of AR. Parascaris are considered ubiquitous parasites of foals less than 6‐8
months of age, prior to the development of age‐dependent immunity (Leathwick et al., 2016;
Nielsen, 2016b; Reinemeyer & Nielsen, 2009). The principle concern with Parascaris infection
is intestinal impaction by a large burden of luminal stages in foals older than 3 months
resulting in abdominal pain and possibly fatal intestinal rupture (Bellaw et al., 2016; Nielsen,
2016b; Reinemeyer & Nielsen, 2009), and it has been proposed that this syndrome is
predisposed by inadequate anthelmintic treatment (Nielsen, 2016b). Our findings suggestive
of overdispersion of Parascaris in foals may reflect, in part, pre‐patent infections; however, it
remains possible that true differences in worm numbers exist. In a small study of ascarid
burdens in 13 untreated foals aged 5‐10 months, nine had less than 10 luminal worms
(Donoghue et al., 2015), suggestive of overdispersion. The identification of high strongyle egg
shedders is considered important for targeted treatment to decrease pasture contamination
(Becher et al., 2010; Nielsen et al., 2006a), and while unproven, similar principles may be
applicable to programmes for Parascaris control.
The method of calculation of the negative binomial CI described in this study is simple;
however, CIs or UCLs cannot be calculated if >

. If the CI/UCL is calculated from a small

number of counts, the reliability of this estimate of µ will be decreased. Further, because the
egg density of separate samples/faecal piles/days can change considerably in an individual
foal (Wilkes et al., 2016), the CI for µ may increase, not decrease, when a larger number of
counts are used. This explains why the CI was larger for 9 counts than for 3 counts in some
foals as a consequence of the inhomogeneous egg density and increased variability with
increasing n and the difference in the sample mean between days. However, because of the
aggregation of eggs in faeces, the use of more egg counts will result in a better estimation of
µ. Despite these limitations, the method for calculation of negative binomial CIs in this study
is applicable for use in veterinary practice.
Our results demonstrated that an observed single egg count of zero can come from an animal
with a patent nematode infection. Although the decision to treat was not different and egg
counts remained low, falsely classifying an animal as free from parasites may impact the
assessment of the prevalence of patent infection, environmental contamination and
anthelmintic efficacy. In our study, the sensitivity and NPV of C1 were low for Parascaris.
Similarly, the high risk of false negative results using a single FEC of 0 has been described
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previously (Nielsen et al., 2010a; Torgerson et al., 2014; Torgerson et al., 2012). The
sensitivity of C1 was higher for strongyles, however the NPV was low. Anthelmintic resistance
is continuing to develop in nematodes of importance in horses and monitoring of anthelmintic
efficacy is recommended (Kaplan & Nielsen, 2010). Although post‐treatment egg count
results were not examined in this study, we assume eggs in faeces post‐treatment are
inhomogeneous, and the negative binomial CI method would be applicable for decision‐
making and best estimates of anthelmintic efficacy. In a previous study, use of a Bayesian
approach to model sheep nematode egg counts and egg reduction post‐treatment (Torgerson
et al., 2014) demonstrated that the probability distribution of the true egg count for an
observed egg count of zero included the possibility of non‐zero egg counts, indicating
absolute certainty that the true egg count is zero is not possible.

4.6 Conclusion
The inhomogeneity of egg density in faeces can influence the interpretation of FECs and the
decision of whether an animal requires treatment, particularly when based on a single count
which is a poor estimate of µ. More than one FEC should be performed from non‐adjacent
sections of a faecal pile to account for inhomogeneous egg density. Notwithstanding the
limitations of the method, calculation of negative binomial CIs/UCLs will provide a better
estimate of µ in individual animals and represents a readily achievable method for statistical
inference that may improve diagnosis and interpretation of FEC data.
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4.9 Supplementary Information
A link to the Excel® spreadsheet for calculation of the gamma approximation of the two‐
sided 95% CI and one‐sided UCL can be found online at:
http://dx.doi.org/10.1016/j.vetpar.2016.10. 010.
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5 Chapter 5: A questionnaire study on parasite control practices on
Thoroughbred and Standardbred studs in Australia
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5.1 Summary
Background: Information regarding parasite control practices currently used on
Thoroughbred and Standardbred studs in Australia is lacking. Anthelmintic resistance (AR) is
a global problem which has the potential for considerable implications for equine health and
welfare.
Objectives: To identify parasite control practices currently used on Thoroughbred and
Standardbred studs in Australia and investigate the frequency of use of management factors
that have been associated with the likelihood of promoting or delaying resistance.
Study Design: Questionnaire study of equine parasite control on Thoroughbred and
Standardbred studs in Australia.
Methods: A link to an online questionnaire was emailed to 300 studs in Australia. Information
obtained included general property details, grazing management, deworming drug practices,
other parasite control practices, use of faecal egg counts and perceptions of anthelmintic
resistance.
Results: There was a 25% response rate to the questionnaire, with 75 responses received for
analysis. The macrocyclic lactones were the most commonly administered anthelmintics in
mares and foals and less than 10% of respondents used targeted treatment regimens. The
implementation of pasture hygiene practices was variable. The majority of respondents (97%)
reported that they considered AR to be important, however few respondents were aware of
the use of faecal egg count reduction tests for drug efficacy monitoring.
Main Limitations: The low response rate and potential for nonresponse bias were the main
limitations of this study.
Conclusions: Parasite control strategies in Australia remain over‐reliant on anthelmintic use.
The frequent use of macrocyclic lactones, particularly when administered at frequent
intervals is of concern for the increased selection pressure for AR. There is a lack of awareness
of the importance of non‐chemotherapeutic strategies in integrated approaches to parasite
control aimed at delaying the development of AR. There is the potential for greater veterinary
involvement in the implementation of more sustainable parasite control practices with
greater emphasis placed on surveillance through FEC testing.
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5.2 Introduction
Parasite control is an important aspect of equine husbandry as infection with intestinal
helminths can adversely impact horse health. Cyathostomins and Parascaris spp. are
considered the most important parasites of horses (Kaplan & Vidyashankar, 2012; Love et al.,
1999) due to high prevalence, pathogenic potential and increasing development of resistance
to available anthelmintics. Control of these parasites has largely focused on lessening
infection pressure through administration of anthelmintics to reduce worm burdens in horses
and worm egg contamination of pastures. Anthelmintic use may be categorised into three
chemotherapeutic protocols: interval, strategic and targeted dosing (Proudman & Matthews,
2000). While interval dosing has markedly reduced parasite‐associated disease in horses
(Kaplan & Nielsen, 2010), frequent anthelmintic administration within the egg reappearance
period (ERP) results in increased selection pressure for resistance genotypes (Kaplan, 2002,
2004). Subsequently, paradigm shifts in parasite control practices of adult horses have been
proposed, with emphasis on surveillance‐based programmes and targeted dosing based on
faecal egg count results (Kaplan, 2002; Kaplan & Nielsen, 2010; Matthews, 2014). While
targeted dosing strategies lessen selection pressure for anthelmintic resistance (AR)
(Matthews, 2008; Wolstenholme et al., 2004), some authors consider these approaches
inappropriate for foals as immunity to Parascaris infection is likely age‐dependent (Bellaw et
al., 2016; Nielsen, 2016b). Targeted dosing regimens result in suppression of pasture
contamination, while allowing a proportion of the parasite population to remain in refugia.
Despite the likely benefits of these strategies to ensure parasite refugia and lessen selection
pressure for resistant genotypes, studies performed in North America, the UK and New
Zealand have documented that parasite control protocols reliant on frequent anthelmintic
administration with little or no parasite surveillance are used commonly on horse properties
(Bolwell et al., 2015; Lloyd et al., 2000; Relf et al., 2012; Robert et al., 2015; Rosanowski et al.,
2016).
The frequent use of anthelmintics in combination with other inappropriate management
strategies has led to the widespread development of resistance to the anthelmintic classes
currently available. Three classes of anthelmintic are available for the control of
gastrointestinal nematodes in horses: benzimidazoles (BZ), tetrahydropyrimidines (THP) and
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macrocyclic lactones (ML). Widespread resistance of cyathostomins to BZ drugs has
developed (Kaplan, 2002) and resistance of these parasites to THPs has been reported also
(Chapman et al., 1996; Kaplan, 2002). In addition, shortened strongyle ERP following
treatment with ivermectin and moxidectin and faecal egg count reduction test (FECRT) results
suggestive of emerging resistance of cyathostomins to MLs in cyathostomins have been
reported (Matthews, 2014; Molento et al., 2008; Peregrine et al., 2014). Parascaris
populations are commonly resistant to MLs (Armstrong et al., 2014; Bishop et al., 2014;
Veronesi et al., 2009) and resistance to BZs and THPs has been described recently (Armstrong
et al., 2014; Lyons et al., 2011b; Peregrine et al., 2014). Given the lack of new anthelmintic
classes for use in horses and greater understanding of endoparasite epizootiology, shifts in
parasite control programmes from frequent interval drenching to surveillance‐based
treatment approaches that are targeted to specific parasites have been recommended to
slow development of AR (Duncan & Love, 1991; Gomez & Georgi, 1991; Kaplan & Nielsen,
2010; Nielsen et al., 2013). Despite these recommendations, the level of implementation of
these strategies and veterinary involvement in development of parasite control programmes
on horse studs in Australia is currently unknown.
The objectives of this study were to determine parasite control practices used on
Thoroughbred and Standardbred studs in Australia and to investigate the frequency of use of
management factors which may be associated with the development of anthelmintic
resistance. Understanding of current practices and potential risk factors for AR are required
to facilitate the implementation of recommended parasite control regimens.

5.3 Materials and methods
5.3.1 Questionnaire distribution
An online questionnaire was created using web‐based softwarea. A link to the questionnaire
was distributed to 300 studs located in Queensland, New South Wales, Victoria, South
Australia and Western Australia via email. The questionnaire was available between 21/06/15
and 01/07/16.
The study was approved by the Charles Sturt University Faculty of Science Ethics in Human
Research Committee (Approval number 400/2014/28).
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5.3.2 Questionnaire design
The questionnaire consisted of 62 questions (10 open‐ended; 52 close‐ended) and divided
into sections to obtain information on general property details (e.g. stocking rates, housing
practices, feeding practices), grazing management, deworming drug practices (in foals and
adults), other parasite control practices, use of faecal egg counts and perceptions of AR.
Respondents were given the opportunity to include additional information for some close‐
ended questions.
A copy of the questionnaire is included in Appendix 3.
5.3.3 Data analysis
After checking the data for errors, descriptive statistics were performed using Microsoft
Excel® (2013). Free text comments were checked and coded into categories where
appropriate. For continuous data, median (range) were calculated. For calculation of
percentages of respondents, any missing responses were excluded from denominator (total
number of respondents). The number of respondents could vary if questions in the
questionnaire were not relevant or respondents elected not to provide answers. For
respondents who did not complete all questions, responses were included if > 50% of the
questionnaire was completed.
Univariable associations between potential explanatory variables (farm demographic
information, management and parasite control practices) and the following dichotomous
response variables were assessed: (1) anthelmintic drug use frequency in mares (< 3 months;
≥ 3 months), (2) anthelmintic drug use frequency in foals (< 3 months; ≥ 3 months), (3) FEC
use (yes; no), (4) parasite‐associated disease on the farm (yes; no), (5) AR on the farm (yes;
no) and (6) manure removal (yes; no). These response variables were chosen due to
considered association with risk of selection of AR and/or development of nematode
infection. For categorical variables, Pearson’s Chi‐square test or Fisher’s Exact test was used,
while for continuous variables, the independent t test or Mann‐Whitney test was used for
normally distributed and non‐normally‐distributed data, respectively. Variables with P<0.2
were included in multivariable logistic regression models with backwards elimination of the
least significant variables until only variables with P<0.05 remained. Plausible and clinically‐
relevant two‐way interactions between variables were considered in each model. All analyses
were performed in Rb (version 3.4.2).
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5.4 Results
5.4.1 Questionnaire response rate
A total of 77 responses were received, of which 97% were >50% complete. The remaining 3%
were excluded from the study. The questionnaire was emailed to 300 studs, suggesting a 25%
response rate; however, additional internet publication and the use of mailouts to advertise
the questionnaire precluded determination of a true response rate.
5.4.2 Demographic data
Thoroughbreds were the predominant breed on the property for 59 respondents (78.7%) and
Standardbreds for 16 respondents (21.3%). Properties had been used for horse breeding for
1‐149 years (median: 17). The median property size and total grazing area were 140 acres (1‐
10000) and 100 (1‐3500), respectively. The majority of respondents (51.3%) were from New
South Wales, while there were 26.3% from Victoria, 11.8% from Queensland, 6.6% from South
Australia and 3.9% from Western Australia. Overall, parasite control practices were detailed
for 7210 horses and of these horses, 52.8% were mature (> 3 years), 27.8% were young horses
(1‐3 years) and 19.3% were foals (< 1 year). The median total number of horses on the farms
was 63 (4‐1152) and the stocking density ranged from 0.05‐4 horses/acre (median: 0.68). Over
the 12 month period, there were 23 (2‐400) adult horses, 8 (0‐220) young horses, 5 (0‐220)
foals, 12 (0‐250) resident mare, 1 (0‐200) visiting mares, 0 (0‐18) stallions and 2 (0‐140) other
resident horses. All horses had access to grazing, with 97.2% respondents stating that mares
were at pasture for 24 hours and 95.7% respondents stating that foals were at pasture for 24
hours.
5.4.3 Pasture management
Most (81.5%) respondents rotated pastures between grazing groups and of these, 47.2%
rotated pastures every 1‐2 months (Figure 5.1). Twenty‐four respondents reported that there
was some variation between groups or seasonal variation. The majority (88.3%) of
respondents rested pastures (Figure 5.2), of which, 36.7% rested pastures every 3‐6 months.
19 respondents reported that there was some variation between groups or seasonal
variation.
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Figure 5.1: The percentage of respondents performing pasture rotation (n = 65) and pasture resting
(n = 68) and the frequency with which these practices are employed.

Manure was never removed from the pasture by 40% of respondents. Of the remaining
respondents, manure removal was either undertaken manually, using machine removal,
harrowing or dung beetles (Figure 5.2). Properties that moved horses to a new paddock after
anthelmintic administration were 10 times less likely to undertake manure removal from
pasture (Table 5.1). Other commonly performed pasture management practices reported
included mowing/slashing, fertilising, seeding, and ploughing/harrowing (Figure 5.3). Co‐
grazing with cattle was reported by 49.2% of respondents, with varying frequencies of daily,
monthly, 1‐3 monthly, 4‐6 monthly or yearly.

17%

1%
Never

40%
13%

Manually
Machine
Harrowing

29%

Dung beetles

Figure 5.2: Methods used by respondents (n = 70) for manure removal.
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Figure 5.3: The frequency of mowing/slashing, seeding, fertilising and ploughing/harrowing as
reported by respondents (n = 69).

Of the respondents that received visiting horses on their property, 85.7% administered an
anthelmintic prior to entry onto the property: macrocyclic lactones (abamectin, moxidectin
or ivermectin) were used by 97.7% of respondents, and the most common anthelmintic
administered was abamectin in combination with praziquantel (27.3%).
Table 5.1: Results of multivariable logistic regression models of management factors associated with
defined parasite control practices.
Model
Model 1: anthelmintic
drug use frequency > 3
months in mares
Model 2: anthelmintic
drug use frequency > 3
months in foals

Model 3: use of FEC

Variables retained in final
models
Year established

Category

Manure removal

New paddock post‐
treatment

Odds ratio (95% CI)

P value

0.82 (0.67‐0.93)

0.012

No

Reference

0.033

Yes

6.10 (1.36‐44.06)

No

Reference

0.041

Yes

0.31 (0.10‐0.93)
1.01 (1.00‐1.02)

0.037

Total horses
Model 4: worm disease

Tapeworm treatment
Stocking density

No
Yes

Reference
0.17 (0.03‐0.70)
0.21 (0.05‐0.70)

0.023
0.019
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Model 5: aware of AR
on property

Deworm prior to entry

No

Reference

0.003

Yes

0.05 (0.01‐0.33)
4.22 (1.40‐20.11)

0.024

Stocking density
Model 6: manure
removal

New paddock post‐
treatment

No

Reference

Yes

0.10 (0.01‐0.46)

0.008

CI = confidence interval

5.4.4 Anthelmintic selection and administration
Ninety seven percent of respondents used anthelmintics to manage worms in horses on the
property. The most commonly used anthelmintics in mares and foals were abamectin and
ivermectin in combination with praziquantel (Figure 5.4). Drug rotation was the most
important factor for 41.2% of respondents when selecting a dewormer drug to use (Figure
5.5). Rotation between different dewormers occurred most commonly every 3‐6 months for
mares (Figure 5.6) and every 4‐6 months for foals (Figure 5.7). Veterinary advice or faecal egg
count results were the most important factor for anthelmintic selection in only 13.2% and
4.4% of respondents, respectively (Figure 5.5).

Percentage (%) of respondents
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Figure 5.4: Anthelmintics most commonly administered by respondents to mares and foals (n =
63). ABA = abamectin; PRAZ = praziquantel; IVM = ivermectin; OXF = oxfendazole; PYR = pyrantel;
FEN = fenbendazole.
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Figure 5.5: Factors considered most important to respondents when selecting an anthelmintic.
Respondents could only select one factor (n = 68).
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Figure 5.6: Frequency at which respondents rotate between different anthelmintics when treating
mares (n = 66).
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Figure 5.7: Frequency at which respondents rotate between different anthelmintics when treating
foals (n = 60).

While 57.4% of respondents reported that they specifically treated horses for encysted
cyathostomins, of these, only 25% reported the use of a larvicidal anthelmintic: moxidectin
(87.5%) or a 5‐day course of fenbendazole (12.5%).
For anthelmintic treatment of mares, 41% of respondents reported that interval dosing was
used (Figure 5.8) and 43.3% dosed mares every 2 months (Figure 5.9). Strategic dosing was
used on 32.8% farms and only 4.5% of respondents used targeted dosing based on faecal egg
count results. The administration of anthelmintics at intervals of ≥ 3 months was more likely
to occur in more recently established farms (P = 0.012) (Table 5.1).
For anthelmintic treatment of foals, 80% of respondents reported that interval dosing was
used (Figure 5.8) and the majority (50.9%) dosed foals every 2 months (Figure 5.9). Fifteen
percent and 4.6% of respondents used strategic dosing of foals and targeted dosing based on
faecal egg count results, respectively. The first anthelmintic treatment was administered to
foals ≤ 6 weeks of age by 55.6% of respondents. The odds of an anthelmintic dosing interval
of ≥ 3 months for foals was 6.1 times greater if manure removal was undertaken in
comparison to those properties where it was not (Table 5.1).
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Figure 5.8: Anthelmintic treatment regimen used by respondents for mares (n = 67) and foals (n =
65). Only one answer could be selected.
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Figure 5.9: Frequency of anthelmintic administration by respondents to mares (n = 67) and foals (n
= 57).

Prior to dosing, 60‐70% of respondents stated that a visual estimate of bodyweight of mares
and foals was used, while objective measurements of weight (scales or weightape) were used
by 4.6% and 17.9% of respondents in mares and foals, respectively.
Approximately half of the respondents (51.4%) reported parasite‐associated disease on the
property in the last 12 months. Diagnosis was based on faecal egg count results (38.9%),
veterinary examination (27.8%) or the presence of worms in the manure (27.8%). Signs of
illness suggestive of parasite‐related disease included the presence of worms in manure
(69.4%), rough haircoat (44.4%), tail rubbing (27.8%) and weight loss (16.7%). Other less
frequently reported clinical signs were diarrhoea and colic. Parasite‐associated disease was
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nearly 6 times less likely on properties that incorporated treatment for tapeworms in the
anthelmintic regimen and 5 times lower on properties with higher stocking densities (Table
5.1). Most often, respondents considered that anthelmintics were as effective as in previous
years for mares (66.2%) and foals (60.3%). Of the remainder, 6.2% (mares) to 7.9% (foals) and
9.2% (mares) to 14.3% (foals) considered anthelmintics less and more effective, respectively.
5.4.5 Faecal egg counts
A third of respondents (34.8%) stated that faecal egg counts were never performed on their
property. Of those properties where faecal egg counts were performed, reasons included
monitoring and disease diagnosis (63.2%), detection of AR (42.1%) and selection of horses for
treatment (15.8%) and mares, youngsters and foals after weaning were most frequently
sampled. The use of FECs was 3 times less likely on properties that moved animals to a new
paddock after treatment and marginally more likely on properties with greater number of
horses (OR: 1.01) (Table 5.1). Sixty‐two respondents were aware of the faecal egg count
reduction test (FECRT) and of these, 35.7% stated that a FECRT had been performed on their
property.
5.4.6 Anthelmintic resistance
Ninety‐seven percent of respondents stated that they considered AR to be important and
14.9% were aware of resistance to anthelmintics used on their property, based on FECRT
results. Properties that administered an anthelmintic to visiting horses at time of arrival were
20 times less likely to report known AR on the property, while the odds of AR were greater
with higher stocking density (Table 5.1).

5.5 Discussion
This questionnaire study has identified an over‐dependence on anthelmintic use for parasite
control on Thoroughbred and Standardbred studs in Australia. There was also variable
implementation of farm management procedures including pasture management and
quarantine of new arrivals, which are recommended for limiting anthelmintic use and
selection of AR and reducing introduction of resistant parasites onto the property.
This is the first study to record parasite control practices, including over‐reliance on
anthelmintic drugs, on Australian Thoroughbred and Standardbred stud farms. Drug rotation
was the most important consideration when selecting a dewormer by study respondents
(41%), followed by previous experience (16%) and veterinary advice (13.2%). While 62.3% of
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respondents had used FECs, of these, 15.8% used this method for the selection of horses to
treat with an anthelmintic and for only 4.4% FEC results was the most important consideration
for guiding anthelmintic use, indicating that recommended surveillance‐based strategies for
anthelmintic use (i.e. targeted treatment regimens) are uncommonly applied on Australian
stud farms. Only 2 respondents used targeted regimens for mares, while 41% used interval
treatment regimens, of which, almost half treated every 2 months. In addition, 80% of
properties used interval treatment regimens for foals often with an interval of 2 months.
Recently, studies performed in New Zealand (Bolwell et al., 2015; Rogers et al., 2007), UK (Relf
et al., 2012) and USA (Robert et al., 2015) have similarly reported a predominance of interval
drenching and frequent drug rotation on stud farms, despite current recommendations
(Kaplan & Nielsen, 2010; Matthews, 2008) for surveillance‐based approaches to parasite
control which have been advocated for over 3 decades (Duncan & Love, 1991; Gomez &
Georgi, 1991). Such approaches have also been reported to be extensively used in other
equine industries, including training yards in the UK (Comer et al., 2006; Earle et al., 2002)
and New Zealand (Rosanowski et al., 2016) and pleasure horses in the UK (Allison et al., 2011;
Lloyd et al., 2000) and Ireland (O'Meara & Mulcahy, 2002). These findings indicate that
traditional approaches for parasite control are widely used on horse properties, reluctance to
adopt alternative regimens, a lack of understanding of the use of FECs in parasite
management and potentially a lack of dissemination of knowledge and recommendations by
veterinarians, with implications for development of AR. While the costs of parasite control
programmes, including surveillance, is often important to horse owners (Lind et al., 2007; Relf
et al., 2012; Robert et al., 2015), a recent study demonstrated that targeted treatment
regimens were likely to reduce the annual costs compared to interval treatment programmes
and be associated with fewer annual treatments (Lester et al., 2013a). Further, there is
considerable over‐dispersion of nematode FECs in animal populations, including horses, with
only 15‐20% of animals responsible for shedding 80% of nematode eggs (Kaplan & Nielsen,
2010; Sangster, 2003; Shaw & Dobson, 1995; Shaw et al., 1998), providing opportunities for
detection of high egg shedders and control of pasture contamination. Importantly, the use of
a targeted treatment regimen decreases selection pressure for AR by leaving a proportion of
the worms in the population unexposed to anthelmintics. Some studies have reported lower
treatment frequency of horses, notably in countries with regulation of anthelmintic drug use
(Lind et al., 2007; Nielsen et al., 2014a). Despite the predominance for frequent drug
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administration to horses in our study, properties that had more recently been established as
horse farms were significantly more likely to administer anthelmintics at intervals of 3 months
or greater (P = 0.012), suggesting greater willingness to reduce drug use.
Over half of the respondents reported that foals were ≤ 6 weeks of age when first dosed with
an anthelmintic; however, current recommendations state that anthelmintic therapy is not
required or recommended in foals < two months of age (Reinemeyer & Nielsen, 2017). Prior
to this age, there will be few Parascaris or cyathostomins worms in the gastrointestinal tract
and larvae, including migrating stages, will predominate. For Parascaris, ML drugs, if active
against larval stages, will reduce refugia and increase selection pressure for AR, as
demonstrated recently in a modelling exercise (Leathwick et al., 2017). In the current study,
MLs in interval treatment programmes for foals were extensively used by respondents which
may be associated with development of resistance to ivermectin in Parascaris, which has
been described recently to occur on Australian stud farms (Armstrong et al., 2014; Beasley et
al., 2015; Wilkes et al., 2017).
In this study, respondents commonly rotated between anthelmintic drugs at least two to four
times over a 12 month period, 10% rotated every time and less than 20% rotated annually.
Frequent rotation between anthelmintic classes on stud farms (Bolwell et al., 2015; Relf et al.,
2012; Robert et al., 2015), training yards (Rosanowski et al., 2016) and pleasure horse
properties (Allison et al., 2011; Lind et al., 2007; Lloyd et al., 2000; O'Meara & Mulcahy, 2002)
has been reported previously, indicating this practice is widespread. In these studies, 58‐86%
of properties used at least two broad‐spectrum anthelmintic classes annually and 9‐22% had
used three classes (Lind et al., 2007; Lloyd et al., 2000; O'Meara & Mulcahy, 2002; Relf et al.,
2012; Robert et al., 2015). Rotation was originally recommended to account for adequate
parasite control when using drugs with limited spectrum and subsequently to prevent
resistance with the introduction of broad‐spectrum drugs (Kaplan & Nielsen, 2010). However,
there is no evidence of decreased prevalence of resistance gene alleles with frequent drug
rotation, and in one study, this practice did not to delay the development of anthelmintic
resistance (Uhlinger & Kristula, 1992). Further, it has been suggested that frequent drug
rotation may increase the rate at which resistance develops by simultaneously selecting for
resistance to more than one anthelmintic (Kaplan, 2002). In a modelling study of sheep
nematodes, frequent rotation of anthelmintics didn’t prevent the accumulation of resistance
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alleles or delay the development of resistance, while annual rotation resulted in slower onset
of AR (Barnes et al., 1995). More recently, in a modelling exercise of Parascaris, rotation of
anthelmintic actives did not delay the development of AR in an interval regimen (Leathwick
et al., 2017), emphasising that drug rotation practices should be avoided, particularly in the
absence of routine testing for AR at the individual farm level.
In this study, macrocyclic lactones (usually abamectin or ivermectin) were the class of
anthelmintics most commonly used in both mares and foals. This is consistent with previous
studies where MLs was the most frequently administered anthelmintic drug class on stud
farms and other equine enterprises (Allison et al., 2011; Bolwell et al., 2015; Hinney et al.,
2011; Lendal et al., 1998; Lloyd et al., 2000; Relf et al., 2012; Rosanowski et al., 2016; Stratford
et al., 2014a). The extensive use of ML drugs, likely reflecting availability, marketing, advice,
previous experience and perceptions on efficacy, is concerning in terms of selection pressures
for AR. Indeed, Parascaris resistance to ivermectin has been reported worldwide (Armstrong
et al., 2014; Bishop et al., 2014; Veronesi et al., 2009; Wilkes et al., 2017) and there is evidence
of emerging resistance of luminal cyathostomins to MLs (Geurden et al., 2014; Relf et al.,
2014; Rossano et al., 2010; van Doorn et al., 2014) which warrants concern for further
development of AR with continued indiscriminate use of ML drugs. While Parascaris
populations are commonly susceptible to BZ and THP drugs (Lyons et al., 2011b; Veronesi et
al., 2009), there is widespread resistance of cyathostomins to these drugs (Kaplan, 2002;
Kaplan & Nielsen, 2010; Matthews, 2014) and further selection pressure for resistance to ML
drugs may lead to multi‐drug resistant cyathostomins isolates as has been described recently
(Molento et al., 2012; Peregrine et al., 2014). In addition, in the current study, 75% of the
respondents who perceived they were treating specifically for encysted cyathostomins were
not actually using an appropriate larvicidal anthelmintic, suggesting that horse owners may
lack awareness of targeted anthelmintic use for specific purposes.
Resistance to MLs has been reported in populations of Parascaris spp. worldwide since 2002
(Reinemeyer, 2009) and has developed as a result of frequent and widespread use in foals
during the first year of life. There are also multiple reports of resistance to pyrantel pamoate
(Craig et al., 2007; Lyons et al., 2008a) as well as emerging resistance to BZs (Armstrong et al.,
2014). Given development of resistance to all currently available classes of anthelmintics in
horses and high selection pressures, ongoing reliance on interval administration of
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anthelmintics for control of Parascaris in foals is not sustainable and there is a pressing need
for alternative strategies. Macrocyclic lactones have larvicidal activity against migrating
Parascaris stages and parasites in refugia within a treated foal will be fewer than after
treatment with BZ or THP drugs, likely increasing selection pressure for AR (Leathwick et al.,
2017). However, successful control of macrocyclic lactone‐resistant Parascaris populations
with combination anthelmintics has been reported (Wilkes et al., 2017) and two combination
anthelmintic treatments per year delayed development of AR in Parascaris in a modelling
scenario (Leathwick et al., 2017). Use of combination anthelmintics will result in a reduction
in the number of resistant genotypes that survive treatment, thereby delaying resistance
development, as multiple resistant alleles must be present for parasite survival (Bartram et
al., 2012). However, use of combination anthelmintics in the absence of adequate parasite
refugia will not slow selection pressure for AR (Leathwick et al., 2017).
With the imminent threat of multiclass AR, it is imperative that anthelmintics selected are
effective and routine monitoring of drug efficacy are incorporated into parasite control
practices. In this study, most respondents believed the anthelmintics to be as effective as in
previous years and a minority of respondents were aware of AR on their property. Macrocyclic
lactones were identified as the anthelmintic class to which there was resistance, however
reduced efficacy was not always confirmed using an FECRT. While over 60% of respondents
stated awareness of the FECRT, only a third had experience of this method. Similarly, other
studies have reported only 10‐25% of horse farms in the UK (Relf et al., 2012; Stratford et al.,
2014a), Europe (Lendal et al., 1998), New Zealand (Bolwell et al., 2015) and the USA (Nielsen
et al., 2018a; Robert et al., 2015) performed FECR testing. These results indicate that
infrequent uptake of drug efficacy monitoring on horse properties is common despite many
respondents in the current study (77%) and previous studies stating that AR is of considerable
concern and veterinarians are a common source of information regarding parasite control
(Allison et al., 2011; Hinney et al., 2011; Lendal et al., 1998; Lind et al., 2007; Nielsen et al.,
2014b; O'Meara & Mulcahy, 2002; Robert et al., 2015; Rosanowski et al., 2016). As such, there
appears to be widespread disparity between horse owner concerns and parasite control
practices, an unwillingness to change current practices and veterinarians may not be
providing current recommendations on parasite control. Since 1999, prescription‐only
restrictions on anthelmintic use in horses have been enforced in Denmark (Nielsen et al.,
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2006b) and similar legislation has been subsequently introduced in other European countries,
including Finland, Sweden, Netherlands and Italy (Nielsen et al., 2014a). Practitioners are
required to establish a diagnosis of parasite‐related disease prior to treatment and
prophylactic treatments are prohibited. In Denmark, the implementation of this legislation
has resulted in increased veterinary involvement and FEC surveillance and decreased
anthelmintic use (Nielsen et al., 2006b; Nielsen et al., 2014a) in comparison to practices prior
to 1999 (Lendal et al., 1998), indicating that the co‐ordinated approaches between
veterinarians and horse owners, selective treatment regimens and reduced anthelmintic use
is achievable.
Fifty one percent of respondents reported that they thought horses were affected by worms
over the preceding 12 months. In an earlier study of parasite control practices on New Zealand
stud farms (Bolwell et al., 2015),43% of respondents reported signs of parasite‐related illness.
In contrast, several studies of stabled horses and training yards reported a parasite‐associated
disease prevalence of 8% (Stratford et al., 2014b), 28% (Lind et al., 2007), 27% (O'Meara &
Mulcahy, 2002), 18% (Lloyd et al., 2000) and 2‐5% (Rosanowski et al., 2016). This may reflect
lower opportunity for parasite acquisition by horses in these studies in comparison to horses
that are maintained at pasture. However, in the current and previous studies (Earle et al.,
2002; Lloyd et al., 2000; O'Meara & Mulcahy, 2002; Stratford et al., 2014a), diagnosis of
parasite‐associated disease often relied on non‐specific clinical signs (weight loss, diarrhoea,
abdominal pain, poor coat condition) or detection of parasite eggs or worms in faeces and
infrequently by veterinary examination, and it is therefore important that the reported
disease rates are considered in light of the potential limitations in diagnostic specificity. These
results also highlight the common misconceptions held by owners with regard to the
pathogenicity of some parasite burdens which subsequently often leads to false correlations
between vague clinical signs and parasite‐associated disease. In the current study, properties
that included anti‐cestode treatment in parasite control programmes were 5 times less likely
to report parasite‐associated disease. Although tapeworm infestations have been reported
to significantly increase the risk of colic in horses (Back et al., 2013; Proudman et al., 1998;
Proudman & Holdstock, 2000), while suggestive of an association, the results in this study
cannot be used to confirm a role of tapeworms in the development of gastrointestinal disease
in the study population. Respondents were not asked to provide information about diagnostic
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tests specifically used for confirmation of a tapeworm burden. Properties on which anti‐
cestode treatments were used may also implement other important management practices
to reduce the risk of diseases that can cause the range of clinical signs that respondents may
correlate with parasite‐associated disease. Higher stocking densities were associated with a
5 fold reduction in the likelihood of parasite disease. While this result appears counter‐
intuitive, it may indicate that properties with greater numbers of horses may not be able to
monitor for signs of disease as closely. Additionally, properties with higher stocking densities
were four times more likely to be aware of AR which may have led to the utilisation of
combination anthelmintics. Overall, it is difficult to make accurate conclusions regarding
specific contributing factors to the development of parasite‐associated disease without
definitive diagnosis.
In addition to the use of anthelmintics, there are important non‐chemotherapeutic strategies
which should be implemented on farms to contribute to integrated parasite control and delay
the development of AR. These measures include strict quarantine protocols for new horses
arriving on the farm, appropriate pasture management practices including manure removal,
FEC monitoring and use of FECRT to routinely assess the efficacy of anthelmintics.
Administration of a larvicidal and cestocidal anthelmintic to all new arrivals prior to pasture
turnout is an important management factor in preventing the introduction of resistant
parasites, thereby limiting the spread of AR (Stratford et al., 2014a). Most (85.7%)
respondents that received visiting horses stated that an anthelmintic was administered prior
to entry onto the property. The most common anthelmintic administered was abamectin in
combination with praziquantel and only 16% of respondents used a larvicidal anthelmintic
(moxidectin).
Nearly a third (32.4%) of respondents reported that after anthelmintic administration, horses
were moved to a new paddock. This practice is no longer recommended as it may promote
the contamination of clean pastures by resistant worms that survive treatment (Relf et al.,
2012). Additionally, movement of horses after treatment was significantly more likely on
properties that didn’t use FECs or remove faeces from pasture, suggesting that multiple
strategies currently recommended for parasite control and reduction of worm burdens were
not performed. Forty percent of respondents stated that manure was never removed from
pasture, despite evidence that this pasture management practice is effective for controlling
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nematode parasites and conserving anthelmintic efficiency (Herd, 1986a; Herd, 1986b; Herd
& Coles, 1995). Horses grazing these pastures are therefore likely to be exposed to greater
number of infective stages, dependent on grazing patterns (Proudman & Matthews, 2000).
Of the 60% of properties that did remove manure, 57.1% undertook this activity at least
weekly while others did so less frequently. However, it is important that manure removal is
combined with less frequent anthelmintic use as parasite refugia on the pasture will be
reduced and continued interval dosing may increase selection pressure for AR. In several
studies, manure removal was not associated with reduced frequency of anthelmintic
treatment (Comer et al., 2006; Lloyd et al., 2000; Relf et al., 2012; Stratford et al., 2014a)
indicating a lack of awareness of integrated strategies for parasite control and limiting AR.
However, in our study, multivariable logistic regression modelling demonstrated that
anthelmintic use at intervals of >3 months in foals was associated with 6 times greater
likelihood of manure removal, suggesting that some properties are adopting current
recommendations. Additional pasture management activities were commonly undertaken on
the properties, including pasture rotation and resting, mowing/slashing, ploughing or
harrowing and co‐grazing with ruminants, similar to previous studies of parasite control
practices on horse studs (Bolwell et al., 2015; Relf et al., 2012) and other horse establishments
(Fritzen et al., 2010; Hinney et al., 2011; Lind et al., 2007; O'Meara & Mulcahy, 2002; Stratford
et al., 2014a). While these activities are considered beneficial in parasite control through
reducing exposure to parasites and should be encouraged, the common association with
continued use of frequent interval anthelmintic administration will reduce parasites in
refugium.
An important limitation of this study was the low response rate and the potential for
nonresponse bias. Nevertheless, respondents were from several Australian states and
territories and the study results may reflect parasite control practices over a broad
geographical area. Likely bias occurs in questionnaire studies of parasite control on horse
properties as respondents may be more conscientious and have positive attitudes to parasite
control methods than non‐respondents (Robert et al., 2015; Stratford et al., 2014a), and this
may hold true for our study. As such, the proportion of Australian farms that do not undertake
pasture management and other strategies to reduce anthelmintic use and increase
surveillance may be higher than reported in this study.
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The results of this study confirm that parasite control strategies used on both Thoroughbred
and Standardbred studs in Australia currently remain over‐reliant on anthelmintic use. In an
effort to preserve anthelmintic efficiency and reduce the development of AR on horse studs,
revision of parasite control strategies is required. Such strategies should include greater
emphasis on surveillance through FEC testing, integrating and expanding pasture hygiene
practices with reduced anthelmintic use to preserve parasite refugia and effective veterinary
advice for the implementation of sustainable parasite control practices.
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Efﬁcacy of a morantel–abamectin combination for the treatment
of resistant ascarids in foals
EJA Wilkes,a FF McConaghy,b RL Thompson,a K Dawson,c NC Sangstera and KJ Hughesa*

Background This study was performed to investigate the efﬁcacy of a morantel–abamectin combination for the treatment of
macrocyclic lactone (ML)-resistant Parascaris spp. infections in
foals.
Methods Foals on ﬁve properties with a Parascaris faecal egg
count (FEC) > 50 eggs per gram were used to estimate the FEC
reduction (FECR) and efﬁcacy of the anthelmintic combination.
Results & Conclusion On all properties, resistance to ivermectin
and abamectin was present and the Parascaris FECR in foals administered the morantel–abamectin combination was > 99%, indicating that this combination effectively controlled ML-resistant
parasites.
Keywords anthelmintics; horses; Parascaris spp; resistance;
roundworms
Abbreviations ABA, abamectin; AM, arithmetic mean; AR,
anthelmintic resistance; epg, eggs per gram; FEC, faecal egg
count; FECpost, faecal egg count after treatment; FECpre, faecal egg
count prior to treatment; FECR, faecal egg count reduction; IVM,
ivermectin; ML, macrocyclic lactone; MOR, morantel
Aust Vet J 2017;95:85–88

Materials and methods
Foals aged 4–10 months on ﬁve properties with evidence of MLresistant ascarids underwent faecal egg count (FEC) testing in two
trials. Recruited foals were randomly allocated to treatment or control groups for FEC reduction (FECR) testing. For randomisation,
foals were stratiﬁed by FEC result before treatment (FECpre) into
blocks (of 2 foals [Trial 1] or 4 foals [Trial 2]) and then each group
was assigned within each block by random number generation. For
each foal, on the day of treatment (d0) bodyweight was estimated
using a girth weigh tape (Virbac Australia, NSW, Aust), the allocated
treatment dose was rounded up to the next 50-kg increment on the
application syringe and the dose was administered. The girth tape
used has been determined previously to not underestimate body
weight of foals (KJ Hughes, unpubl. data).

doi: 10.1111/avj.12559

P

arascaris spp. are pathogenic parasites of foals and can result
in ill-thrift, abdominal pain and death subsequent to intestinal impaction or perforation.1 Anthelmintics are important
for the control of Parascaris, but there is increasing evidence of anthelmintic resistance (AR). Resistance of Parascaris to macrocyclic
lactones (MLs) has been described to occur in Europe,2 North America3,4 and Australasia.5,6 Evidence of resistance of Parascaris to fenbendazole and pyrantel has been reported also.5 Therefore, strategies
are required to reduce the development of AR, maintain parasite
control and assist foal health. Although prudent use of anthelmintics
is advocated, there are few other control options and so anthelmintic
use is necessary to prevent disease. In ruminant grazing systems, the
use of combinations of anthelmintics with a similar spectrum of
activity and different mechanisms of action is a strategy for achieving sustainable parasite control.7–11 Combination anthelmintics are
used to slow the development and spread of AR and enable parasite
control in the presence of pre-existing single or multiple drug
*Corresponding author:
a
School of Animal and Veterinary Sciences, Charles Sturt University, Wagga Wagga,
New South Wales, Australia; krhughes@csu.edu.au
b
Ceva Animal Health Pty Ltd, Glenorie, NSW, Australia
c
Dawbuts Pty Ltd, Camden, NSW, Australia

© 2017 Australian Veterinary Association

resistance.8–12 The use of combination anthelmintics has the potential to control equine parasites when AR is present. The purpose of
this study was to determine the efﬁcacy of a combination of two
nematocides, abamectin (ABA) and morantel (MOR), against
ivermectin- (IVM) and ABA-resistant Parascaris.

Trial 1
From three properties, a McMaster technique with a detection limit of
25 eggs per gram (epg) was used and 44 foals with a FECpre > 50 epg
were recruited (Figure 1). Treatment groups were ABA-MOR combination (ABA-MOR) (AMMO, Ceva Animal Health, NSW, Aust; n = 23)
and ABA-praziquantel (ABA) (Equimax, Virbac Australia; n = 21).
Trial 2
From two different properties, a modiﬁed McMaster technique with
a detection limit of 10 epg was used and 37 foals with a FECpre > 100
epg were recruited. Treatment groups were ABA-MOR (n = 20),
ABA (n = 8), IVM (Equimec paste, Merial Australia, NSW, Aust;
n = 9) and untreated controls (n = 7). The 37 foals were administered 44 treatments after 7 foals were initially used as control animals (Figure 1). Block stratiﬁcation of the 7 foals was used for
randomisation to treatment groups as described above.
The differences in the McMaster technique and FECpre used between
the trials reﬂected the operating practices of the respective laboratories involved in the study.
A post-treatment FEC (FECpost) was performed for each foal on a
faecal sample obtained on d28 (Trial 1) or d14 (Trial 2) after
treatment (based on the standard operating procedures of the
laboratories involved). For each foal, the FECR was calculated as
100 × (1−FECpost/FECpre).
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Figure 1. Flow charts of the number (n) of foals allocated to control and treatment groups in Trial 1 (A) and Trial 2 (B). The total number of treated
foals in each group is shown. ABA, abamectin; ABA-MOR, abamectin–morantel combination; CON, control; FEC, faecal egg count; FECR, faecal egg
count reduction.

Four foals in the ABA group in Trial 1 were subsequently administered
ABA-MOR on d28 and underwent FECR testing on d56 (Figure 1).
Each foal in the control group in Trial 2 was then randomly allocated to a treatment group after block stratiﬁcation using the d14
FEC results and random number generation, treated and a FEC
obtained 14 days later for FECR testing (Figure 1).
Anthelmintic efﬁcacy for each treatment group was determined by calculations of FECRs using the arithmetic mean (AM) of individual foal
FECR results, group AM, AM of arcsin-transformed individual FECRs13
and correction of the AM of the treatment group FECR by changes in
the AM of the control group FECR.14 A FECR < 90% was considered
to represent AR. The study was approved by the Animal Care and Ethics Committee, Charles Sturt University (approval no. 13/090).

Anthelmintic combinations delay resistance by reducing the number
of resistant genotypes that survive treatment, as multiple resistance
alleles must be present for parasite survival, resulting in greater dilution by unselected susceptible genotypes in the population.8 As such,
prudent use of anthelmintic combinations may contribute to more
sustainable control of endoparasites in horses.

Discussion

Despite the efﬁcacy of ABA-MOR in the current study, the effect of
the combination on slowing development of AR could not be determined, because long study periods or modelling are necessary.8,10,12
Previous studies have demonstrated that the ability of anthelmintic
combinations to delay AR requires the survival of susceptible genotypes in refugia to increase the dilution of resistant genotypes posttreatment.8,10,12 Many Australian horse studs adopt interval drenching
of foals and do not leave any foals untreated (Wilkes et al. unpubl.
data), reducing the potential for refugia of unselected genotypes. In
addition to the use of combination products, a range of management
strategies, such as maintaining a refugium, reducing frequency of
treatment and targeted treatment of foals with FECs above a threshold, may help maximise the efﬁcacy and longevity of anthelmintics.16

The results of this study demonstrated that the ABA-MOR combination
was highly effective against Parascaris. Evidence of ABA- and IVMresistant ascarids on the properties was conﬁrmed and supported by a
previous study on several of these properties.5 These ﬁndings indicate

A limitation of the current study was the lack of a MOR group
(a single MOR preparation was not commercially available), preventing the determination of individual drug nematocidal contributions
in the ABA-MOR combination and whether any resistance to MOR

Results
Results of the FEC testing are shown in Table 1. The FECR for
ABA-MOR in Trials 1 and 2 was greater than 99.5%, while resistance
to ABA and IVM was demonstrated.
The interpretation of AR was not different when a FECR cut-off
value < 95% was applied.
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that combination anthelmintics can potentially provide control when
resistance to one of the constitutive drugs is present in Parascaris populations. There is evidence that combinations are effective for control of
nematodes with AR in ruminants7,11,12,15 and slow the development of
AR, especially when introduced before resistance is evident.8,10–12
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Table 1. Results of faecal egg count reduction (FECR) testing for abamectin–morantel combination (ABA-MOR), abamectin (ABA) and ivermectin
(IVM) performed on foals with Parascaris infection

ABA-MOR
ABA
IVM
Control

Trial

1
2
1
2
2
2

No. of foals

25
20
23
8
9
7

FECR method
AM of individual
foal FECR (%)

AM of group
FECR (%)

100
99.97
−54.4
−208.4
49.71
−26.19

100
99.89
−15.49
−116.28
57.43
10.34

AM of arcsin-transformed
individual foal FECR (%)

Correction of group
FECR by changes in
control group (%)

100
41.02
88.3

EQUINE

Treatment group

99.86
−181.44
44.61

AM, arithmetic mean.

was present. Given the poor FECR following ABA treatment, it is
likely that MOR contributed predominantly to the efﬁcacy of the
combination, supporting previous ﬁndings of good efﬁcacy of pyrantel, another tetrahydropyrimidine drug, against ML-resistant Parascaris2,3 and suggesting that resistance of Parascaris to pyrantel,
which has been reported,5 may not be widespread. Further, an additive or synergistic pharmacodynamic effect8 between ABA and MOR
against Parascaris could not be discounted. The inclusion of praziquantel in the ABA preparation was not expected to inﬂuence the
FECR results, because this drug does not possess activity against
nematodes or antagonistic effects with MLs.17
Although the ABA-MOR combination anthelmintic did not include
IVM, our results indicated that the combination was highly effective
against IVM-resistant Parascaris spp., which has relevance given that
side resistance between chemically related ML drugs may occur.18
A further limitation of the current study was that the age of individual foals was not recorded. Because of acquired immunity to Parascaris and reductions in egg output as foals increase in age, it is
possible that anthelmintic efﬁcacy may be overestimated. Coprophagy is a normal behaviour in foals and is another potential inﬂuence
on the FECR testing in this study. However, the prevalence of falsepositive Parascaris FECs in foal faeces is low19 and unlikely to have
affected the FECRT results.
In the current study, there was evidence of IVM and ABA resistance
in the Parascaris populations tested. In foals, ML drugs are commonly used in interval dosing regimens, alone or in rotation with
other anthelmintics.1,2,5 Because of these practices and the larvicidal
activity of ML drugs, refugia within treated animals will be minimised, increasing the selection pressure for AR. The ﬁndings of the
current study and previous reports of resistance of Parascaris to
IVM in Europe,2 North America3,4 and Australasia5,6 suggest widespread IVM resistance in ascarid populations.
Sustainable strategies are necessary for parasite control and foal
health. The efﬁcacy of the ABA-MOR combination against MLresistant Parascaris was conﬁrmed in the current study and the combination provides an option for incorporation into a control program for these parasites.

© 2017 Australian Veterinary Association
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BOOK REVIEW
Equine pharmacology. C Cole, B Bentz and L Maxwell (editors). Wiley Blackwell, 2015. 320 pages. Price A$142.29.
ISBN 9780813822624.

I

n equine practice,
clinical pharmacology
is often the basis for
suitable
therapeutic
approaches for the management of speciﬁc clinical conditions. As such, a
sound
understanding
and application of pharmacological principles is
important in allowing
the clinician to determine
the most appropriate
treatment regimen for
the individual animal.

The objective of Equine
pharmacology is to provide
a balance between detained presentation of relevant scientiﬁc literature and a drug formulary that will fulﬁl the requirements of
veterinary students and busy practitioners that work with horses.
To achieve this, the book is divided into two principal sections. The
ﬁrst section contains nine chapters and provides general review
and background information, including the differences between
horses and other species from a clinical pharmacology perspective.
Broad topics relevant to clinical pharmacology in equine practice
are also covered and include major drug groups (antimicrobials,
non-steroidal anti-inﬂammatory drugs, parasiticides, anaesthesia
and sedation in the ﬁeld, clinical application of equine analgesics),
ﬂuid and electrolyte management, treatment of foals and regulatory aspects of drug use in athletic horses. The second
section contains eight chapters and utilises a systems approach,
whereby the therapeutic management of disease processes is
presented in an integrated fashion, rather than consideration of
individual drug classes in isolation.
Overall, the book achieves its objectives, with information presented in a clear and easily-read manner. Some chapters make
good use of tables to present drug dose regimens, while other
chapters would beneﬁt from inclusion of tables, particularly from
the standpoint of consistency and quick reference to serve the
busy clinical setting.
The systems approach in this book is a point of difference from
other pharmacology texts and will be of use to practitioners and
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veterinary students, with pharmacological agent use presented in
the context of speciﬁc diseases with consideration of clinical information and treatment goals.
A limitation of Equine pharmacology is the disparity between the
length of chapters and the frequency of disease presentation. For
example, the chapter on clinical pharmacology of nervous system
disorders (Chapter 12), while informative, is four times longer than
the chapter dedicated to the gastrointestinal system (Chapter 11).
Most equine practitioners will encounter horses with gastrointestinal disease much more frequently than those with neurological
disease, and unfortunately Chapter 11 in this book suffers from
brevity and the approach to analgesia in a horse with abdominal
pain is not covered in a systems-based manner, rather the reader
is directed to Chapter 4 (Clinical application of equine analgesics).
In addition, Chapter 11 doesn’t present the management of endotoxaemia, which is contained within Chapter 7 (Foals are not just
mini horses). As such, a logical and thorough approach to the clinical pharmacology of gastrointestinal disorders is difﬁcult for the
reader to obtain in an ordered or integrated manner.
The management of some body systems is not presented in the
book, including skin, the hepatobiliary system (with the exception
of hepatic encephalopathy), the haematopoietic system and the
female reproductive tract. Such omissions are surprising, given the
importance of diseases of these body systems in equine practice.
Although not pharmacology per se, Chapter 8 (Fluids and electrolytes for the equine clinician) is well placed and provides the reader
with sound information for the integrated treatment approach of
equine patients. Similarly, the chapters on clinical pharmacology in
foals (Chapter 7) and drug and medication control in equine athletes (Chapter 9), albeit with a North American focus, are useful
and extend the book beyond that of a drug formulary.
Notwithstanding the limitations, Equine pharmacology will be of
beneﬁt to veterinary students and practitioners, providing a succinct basis and approach to the clinical application of pharmacology in horses. As such, it will serve as a useful reference text in
both hospital-based and ambulatory clinician settings for the provision of practical pharmacological management of equine patients.
KJ Hughes
Kris Hughes is a registered specialist in equine medicine and
associate professor at Charles Sturt University, Wagga Wagga, NSW
doi: 10.1111/avj.12476
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7.1 Variability in faecal egg counts
Helminth infections are highly dispersed among equine hosts (Lester et al., 2013b; Relf et al.,
2013) and the ’80:20’ rule is frequently used to describe this distribution, whereby
approximately 80% of strongyle egg shedding is observed in approximately 20% of the total
population (Kaplan & Nielsen, 2010; Wood et al., 2013). The horses that contribute more to
pasture contamination, as identified by faecal egg count (FEC) analysis at specific times of
year, may be referred to as ‘high shedders’ and it is reported that horses appear to sustain
strongyle egg shedding status over time (Becher et al., 2010; Dopfer et al., 2004; Lester et al.,
2018; Nielsen et al., 2006a; Scheuerle et al., 2016). Co‐grazing horses may have different
levels of strongyle egg shedding despite similar levels of parasite exposure (Becher et al.,
2010; Nielsen et al., 2006a). The evidence for this egg shedding consistency at the individual
level is clearer in managed populations of horses receiving regular anthelmintic treatments
when compared to less well managed populations in which levels of pasture infectivity is high
(Lester et al., 2013b; Relf et al., 2013; Wood et al., 2013).
The over‐dispersion of nematodes within an equine population forms the basis for the
selective/targeted treatment regimen as part of sustainable parasite control (Sangster, 2003)
in which horses identified as ‘high shedders’ can be targeted with effective anthelmintics to
reduce egg shedding, pasture contamination and subsequent infection of horses. Horses
shedding low numbers of eggs are left untreated contributing to the population of parasites
in refugia. These worms will escape selection pressure for anthelmintic resistance (AR) (van
Wyk, 2001). The threshold FEC value (in eggs per gram) for treatment administration varies
but is usually between 200 and 500epg (Larsen et al., 2011; Uhlinger, 1993).
The FEC is the most commonly used method of quantifying the egg excretion and nematode
burden of horses (Coles et al., 1992) and can be applied to (i) estimate the parasite burden in
an individual animal (including quarantine protocols to identify egg shedding in new arrivals
(Lester & Matthews, 2014)), (ii) identify animals shedding high numbers of eggs and (iii)
determine anthelmintic efficacy when used in a faecal egg count reduction test (FECRT) (Coles
et al., 1992; Nielsen et al., 2010a). The decisions made from FEC data are usually based on a
single count from a single faecal sample from individual animals.
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Multiple studies have investigated the factors which may influence the outcome and
interpretation of FEC. The over‐dispersed distribution of egg shedding between individuals
(Lester et al., 2013b; Vidyashankar et al., 2012) and variation in egg shedding in individual
horses over time (Denwood et al., 2012; Vidyashankar et al., 2012) contribute to the
variability in FEC data. Another important consideration is the distribution of strongyle eggs
in faeces (Denwood et al., 2012; Lester et al., 2012). The tendency for nematode eggs to
aggregate causes over‐dispersion in FEC, resulting in true variability in faecal egg
concentrations within faeces (Denwood et al., 2012; Lester et al., 2012). In samples collected
post‐anthelmintic administration, egg density is often low and eggs may be missed during
sample collection and FEC examination, leading to an over‐estimation of treatment efficacy
(Lester et al., 2012). The ability of a FEC to predict the ‘true’ mean FEC of the horse is
considered to be influenced by the mass of faeces used in the homogenised sample. The
variability between sub‐samples from the same sample of faeces can be reduced by increasing
the homogenised faecal sample mass (Denwood et al., 2012). Egg loss during the egg counting
procedure will also contribute to the variability; however, this is difficult to avoid.
The egg‐counting technique used will also contribute to FEC variability. Techniques which
have a lower egg detection limit will be more sensitive and have less variability than
techniques with higher detection limits (Carstensen et al., 2013). This is particularly important
for post‐treatment FECs which are often low (Vidyashankar et al., 2012). The most important
source of variation within strongyle FEC data is the difference in egg concentration between
faecal piles from a single animal (Denwood et al., 2012). This likely reflects variations in faecal
consistency and fluctuations in the fecundity of cyathostomins over a period of days
(Uhlinger, 1993). The analysis of multiple faecal samples per individual has been
recommended to improve the accuracy of the procedure (Denwood et al., 2012). Some
authors have also recommended replicating the FEC (e.g. triplicate measurements) and
calculating the average in an attempt to decrease the variability (Vidyashankar et al., 2012).
The majority of variation in FEC between animals is likely due to true differences between
animals (Denwood et al., 2012).
This variation needs to be accounted for in data analysis for studies involving FEC in horses
(Denwood et al., 2012) as the variability in FEC can significantly affect the assessment of
anthelmintic efficacy and the diagnosis of AR using FECRT. Accurate diagnosis of AR is
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important, particularly when the prevalence is rare as early detection of AR will successfully
slow the development of resistance within a population. If the variability in FEC data is too
high, statistically detecting a small reduction in efficacy is difficult: to diagnose AR in the early
stages of development, the detection of these small changes in efficacy is critical
(Vidyashankar et al., 2012). It is important to be able to distinguish between a true reduction
in efficacy and variability in FEC results. Methods to reduce levels of variability in FEC data
including increasing the faecal sample mass and for inherent variability that cannot be
removed, performing thorough and accurate statistical analysis (Vidyashankar et al., 2012).
Factors such as egg loss during the procedure, which cannot be eliminated, will lead to egg
count measurements lower than the actual level of epg in the faeces (Vidyashankar et al.,
2012). This may increase the number of post‐treatment egg count results of 0 epg and
subsequently lead to a false assessment of 100% efficacy and overestimation of the efficacy
of an anthelmintic (Vidyashankar et al., 2012).
Being able to quantify the sources of egg count variability contributing to the distribution of
FEC means between faecal samples is crucial for providing estimates of statistical power in
FEC and FECRT results (Denwood et al., 2012). Sources of unwanted variability can also be
minimised and the use of larger homogenised faecal samples has been shown to reduce the
variability (Denwood et al., 2012). A hierarchical statistical model combined with repeated
FEC observations from a single animal over a short period of time was used by Denwood et
al. (2012) to provide the first comparative estimate of multiple sources of within‐horse FEC
variability (Denwood et al., 2012). The results confirmed that a substantial proportion of the
observed variation in FEC between horses occurs as a result of variation in FEC within an
animal, the major sources being aggregation of eggs within faeces and variation in egg
concentration between faecal piles (Denwood et al., 2012).
Vidyashanker et. al (2012) investigated the biological and technical sources of variability that
affect the measurements of FECs and subsequently the assessment of anthelmintic efficacy
using FECR testing (Vidyashankar et al., 2012). The authors recommended approaches for
reducing variability which include increasing the number of horses used in a FECRT for
evaluation of anthelmintic efficacy and performing triplicate FEC measurements on each
sample (Vidyashankar et al., 2012). The authors also presented comparisons between
different statistical models for the evaluation of anthelmintic efficacy. Methods chosen
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largely depend on assumptions made on the distributions of egg counts (pre‐ and post‐
treatment) and acknowledgement and understanding of both the assumptions and
limitations of the methods used is imperative (Vidyashankar et al., 2012). When considering
the pre‐treatment egg count distribution to use in the analysis, the decision is complicated by
the small sample size and the over‐dispersion of FEC results on a farm (most horses will have
low FEC and few have high FEC) (Vidyashankar et al., 2012). Statistical distributions that
account for this over‐dispersion usually have the property that the variance in egg counts is
larger than the mean egg count. A negative binomial distribution is considered to be a
reasonable assumption for the pre‐treatment distribution when used for a large population
of animals, however, commonly on horse farms, the sample size is small (Vidyashankar et al.,
2012).
The statistical process underlying the FEC is complex (Denwood et al., 2012) and the variability
of the McMaster technique remains incompletely understood (Torgerson et al., 2012).
Consideration of the egg count distribution is required to determine the most appropriate
statistical methods to use when analysing FEC data, particularly in the context of the FECRT
(Vidyashankar et al., 2012).

7.2 The distribution of nematode eggs in faeces
It has previously been proposed that nematode eggs in a faecal suspension or a well‐mixed
faecal sample will conform to a Poisson process and have a random distribution in the same
way that yeast cells will be randomly distributed in a well‐mixed fluid suspension (Torgerson
et al., 2012). The Poisson distribution is a discrete probability distribution that expresses the
probability of a given number of events occurring in a fixed interval of time, space or volume,
if these events occur with a known average rate and independently of the time, space or
volume since the last event (Torgerson et al., 2012). Obtaining repeated samples with uniform
raw egg counts from the same well mixed faecal sample is not possible with a Poisson
distribution. The results will instead be variable and will fit a Poisson distribution (Torgerson
et al., 2012). However, previous studies have made attempts to obtain samples with uniform
FECs (in epg) from the same faecal sample by repeating and varying the stirring method of
the faecal sample (Vidyashankar et al., 2012) and this is evidence of a lack of understanding
and misconceptions of Poisson processes (Torgerson et al., 2012). This Poisson counting error
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process for each sample is compounded by an underlying continuous distribution of means
between faecal samples (Denwood et al., 2012).
Using the McMaster technique, the variance of egg count estimates (in epg) between
repeated samples from the same faecal sample is inflated due to the multiplication factor
when transforming the raw egg counts to epg and the calculated epg will not be Poisson
distributed (Torgerson et al., 2012). As the number of samples taken from the same well
mixed faecal sample to estimate the epg are increased, the variation of the estimated epg
decreases (Torgerson et al., 2012). Given the intrinsic factors that influence the variability in
FEC results, important research objectives of this thesis were to determine the
spatiotemporal distribution (density) of eggs through faeces and the influences of egg density
on the distribution of FEC data and treatment decision‐making based on statistical inference.

7.3 Contribution of the research to the scientific literature: Chapters 3 and 4
7.3.1 The distribution of Parascaris eggs in faeces
The research discussed in Chapter 3 of this thesis confirmed that Parascaris eggs in faeces
conform to an inhomogeneous Poisson process and a negative binomial distribution can be
used to model the egg count data. This explains the variability in egg counts when repeat
counts are performed on faecal samples from the same animal. Previously, it has been
proposed that the random distribution of eggs in a well‐mixed faecal suspension follow a
Poisson process (Torgerson et al., 2012) and the current work provides experimental
verification of this hypothesis. However, Torgerson et al. (2012) did not specifically use the
term homogeneous and the distinction between homogeneous and inhomogeneous Poisson
processes is important in understanding egg distributions in faeces and mixed solutions.
This research also confirmed that egg density in faeces is aggregated, conforms to an
inhomogenous Poisson process and negative binomial distributions are suitable to model egg
count data. This work was then used to present the use of statistical inferences (hypothesis
tests) about the estimate of the egg distribution mean (µ) to make decisions regarding the
administration of an anthelmintic. The use of statistical inference about the egg distribution
mean as the basis for treatment decision‐making has not been described previously. Although
many authors (Carstensen et al., 2013; Denwood et al., 2012; Lester & Matthews, 2014;
Vidyashankar et al., 2012; Warnick, 1992) have discussed the numerous factors contributing
to variability in egg count data, their conclusions are based on the variance rather than the
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mean and conclusions are also made at a sample level rather than a population/distribution
level. The focus of the research presented in Chapter 3 was on the underlying statistical
distribution and three experiments were used to clarify the circumstance in which particular
statistical distributions are appropriate. The appropriate distribution depends on the
spatiotemporal distribution of the density of eggs through the faeces, and it is important to
acknowledge that the location of the eggs is lost in the sampling/counting process. Three
spatial distributions were considered in this paper: even (regular), uniformly distributed
(complete spatial randomness, CSR) and aggregated.
These research objectives were achieved by undertaking three experiments: First, repeat
counts from a well‐mixed faecal solution were investigated; second, multiple counts taken
from 3 faecal piles from one foal passed over one day were examined and third, counts were
taken over 3 days from 20 foals. Poisson and negative binomial two‐sided confidence intervals
were calculated and the corresponding one‐sided hypothesis tests of whether the expected
egg count is below a treatment threshold value were conducted in experiment 3. In
comparison to the majority of previous studies of faecal egg counting techniques and analysis
that consider animals as a herd/group and/or use the FECs as part of the FECRT (Denwood et
al., 2012; Torgerson et al., 2012; Vidyashankar et al., 2012; Vidyashankar et al., 2007), in this
research, separate decisions were made on each animal.
In the first experiment, it was demonstrated that Poisson confidence intervals (CI) for egg
density in solution could be calculated from one or multiple raw egg counts as the distribution
was homogenous. Further, as the number of counts increased, the Poisson CIs calculated
using the Wald and Chi‐squared methods were consistently shorter (demonstrated in Table
2, Chapter 3). In experiments 2 and 3, because the egg density in faeces was inhomogenous,
negative binomial CIs for µ were calculated. These results highlighted the difference in
behaviour between Poisson CIs and negative binomial CIs: there is greater variance in a
negative binomial distribution compared to a Poisson distribution with the same mean, and
this is reflected in the fluctuating behaviour of the negative binomial Cis, whereby smaller
intervals were not necessarily contained within larger intervals (Table 4, Chapter 3). These
findings have important implications when using egg counts for statistical inference and
treatment decision‐making. Because single egg counts and sample means are point estimates,
sample variance is not taken into account and the results of experiments 2 and 3 support our
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conclusion that calculation of negative binomial CIs for µ is superior for statistical inference.
For this statistical inference‐based decision making, two different methods for calculating the
upper confidence limit (UCL) of the one‐sided negative binomial CI are discussed in Chapter
3: the symmetric Wald CI and the non‐symmetric gamma method. Calculation of the Wald CI
requires sophisticated statistical software, whereas the gamma approximation of the CI is
simpler to use and an online link to an Excel® spreadsheet with the calculation has been
included as supplementary information in Chapters 3 and 4. This method is often preferred
to the symmetric Wald intervals as it is shorter with better coverage (Patil & Kulkarni, 2012;
Shilane et al., 2010), however intervals cannot be calculated for a single count (at least 2
counts are required) or if the mean is greater than the variance. The method provided in
Chapter 3 and in the accompanying Excel® spreadsheet provides the profession a simple
approach to calculating the CIs that can be used for FEC‐based decision‐making in clinical and
research situations.
The study confirmed that egg density in faeces from a single animal over one day is
aggregated and conforms to an inhomogeneous Poisson process, most notably over days and
between piles. While there was an increased likelihood of CSR (homogeneity) at the faecal
ball level it was speculated that aggregation was likely frequently present but not detected in
this study due to low power of the test for CSR when small sample sizes were used. Our
findings of inhomogeneity of egg density is supported by previous studies which
demonstrated the spatial clustering of strongyle eggs within horse faeces (Lester et al., 2012)
and Ascaris lumbricoides in human faeces (Sinniah, 1982).
An important outcome of this study is the results can be used to inform techniques for the
collection of faecal samples that will result in more accurate FEC analysis. A key finding was
that the variation in egg distribution in faeces is predominantly between spatially separate
portions of faeces. Consequently, multiple (non‐adjacent) faecal balls should be collected,
corresponding to spatially‐ and temporally‐separated portions from within the intestine and
nematode egg counts should be performed on multiple portions from each ball to best
estimate µ. Application of this method in clinical practice should provide greater certainty in
diagnosis, determination of the magnitude of egg shedding by individual horses and
assessment of anthelmintic efficacy in FECR testing. When analysing multiple samples, bulking
and sampling from a single solution should be avoided, despite previous recommendations
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for the calculation of the mean FEC from multiple counts obtained from a solution made from
bulked samples (Denwood et al., 2012; Matthews & Lester, 2015; Morgan et al., 2005). The
results of experiments 1 and 2 allow us to conclude that bulking samples into one solution
homogenises faeces with inhomogeneous egg densities and egg counts will have the lower
variance associated with a Poisson distribution and a narrower CI than the negative binomial
CI derived from individual counts from multiple faecal portions.
Results from the third experiment confirmed that multiple counts performed from faeces
collected on multiple days was best described by an inhomogeneous Poisson process. As well
as aggregation of eggs, this likely reflects differences in egg production by worms between
days and variations in faecal consistency. Previous studies have suggested negligible impact
of daily variation in FEC results from a clinical perspective (Carstensen et al., 2013; Warnick,
1992). However, conclusions from this study are that wider spatiotemporal sampling would
allow for a better estimation of µ and information on egg shedding by an individual horse,
although practical aspects of such sampling need to be considered.
The differences in egg count means that can occur at various temporal scales (between days,
faecal piles and faecal ball portions) can have a significant impact on the negative binomial
CIs and this subsequently has implications for interpretation of hypothesis testing results.
Although the findings from this research relate specifically to Parascaris, it is likely that
conclusions regarding the inhomogeneous density of eggs in faeces also apply to other
parasite and host species.
7.3.2 The impact of faecal egg count variability in a clinical setting
Chapter 4 of the thesis describes the practical application of the findings from the research
presented in Chapter 3. The research aims were to investigate the impact of variability in
Parascaris and strongyle FECs from foals on anthelmintic treatment decision‐making and
detection of a patent infection. The reliability of a single FEC result of 0 was also investigated
as this can impact on assessment of anthelmintic efficacy, particularly when FECRT thresholds
for detection of AR of ≥95% are applied.
Although many authors have investigated variability in egg counts from equine faeces
(Carstensen et al., 2013; Denwood et al., 2012; Lester et al., 2012; Torgerson et al., 2012), the
impact of inhomogeneous egg density in the same or multiple samples from the same foal on
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decision‐making has not been assessed previously. The variation in strongyle FECs at levels
such as day, faecal pile, faecal ball and portion has been reported (Carstensen et al., 2013;
Denwood et al., 2012; Warnick, 1992) and while these results suggest egg aggregation, the
spatiotemporal egg distribution and an estimate of µ were not determined precluding
extension of these results to clinical scenarios, as it is the expected µ, not variance that is used
for treatment decision‐making, particularly when threshold FEC values are applied. For the
interpretation of strongyle FECs, it has been previously recommended that the average of 2
or more counts from the same faecal sample is calculated (Carstensen et al., 2013;
Vidyashankar et al., 2012). The basis for this recommendation is the understanding that the
variation of the estimated egg count for a sample decreases as the number of counts is
increased (Torgerson et al., 2012). However, a mean FEC is a poor estimate of µand of limited
use for statistical inference for hypothesis testing and repeat counts from a single sample are
likely to be reasonably similar, compared to spatially separate portions of faeces, as discussed
in Chapter 3.
In this study, it was hypothesised that the application of the UCL of one‐sided negative
binomial CI for µ would be superior for treatment decision‐making than point estimates of µ,
including a single count or sample mean, which do not account for sample variance. The
negative binomial CI is a more reliable estimate of µ and this was the basis of the research
findings presented in Chapter 4 and builds on the conclusions of Chapter 3, that account for
the inhomogeneous density of eggs in faeces. The differences in the decision to administer
an anthelmintic using either the results of a single count (C1), the mean of 3 (
(

1‐9)

1‐3)

or 9 counts

or the UCL of the gamma CI of the estimate of µ from 3 counts (UCL1‐3) and from 9

counts (UCL1‐9) were determined for a range of egg count thresholds. The UCL of 9 counts
(UCL1‐9) was used as the best estimate (‘gold standard’) of µ for hypothesis testing for
treatment administration and the comparison of treatment decision‐making using point
estimates (C1,

1‐3,

1‐9). Overall, there was poor agreement in treatment decision‐making for

individual foals using C1 compared to the UCL1‐9, confirming that a point estimate is of limited
value for estimating µ and for selecting horses to treat with anthelmintics in a targeted
protocol. While

1‐9 and

to a lesser degree

1‐3,

performed better than C1, lack of agreement

in treatment decision‐making in comparison to UCL1‐9 was present for up to 30% of foals,
emphasising the limitations of point estimates.
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The method used for calculation of negative binomial CIs described in the research is simple
and does not require the use of advanced statistical software programmes. This has practical
applications for the use of this method in clinical practice or in settings other than research
or laboratory settings. As a result of the aggregation of eggs in faeces, the use of a greater
number of egg counts will result in a better estimation of the mean.
If the purpose of performing a FEC is to determine infection patency, the inhomogeneity of
egg density has little influence on decision‐making. However when using a FEC threshold to
determine the need for anthelmintic treatment, this inhomogeneity may influence treatment
decisions. Similarly, if based only on a single FEC pre‐ and post‐treatment, the estimated
efficacy of an anthelmintic may be inaccurate with potential implications for the detection of
AR.
Another aim of the research in Chapter 4 was to determine the reliability of a single FEC result
of 0 epg. A high risk of false negative results using a single negative FEC result has been
described previously (Nielsen et al., 2010a; Torgerson et al., 2014; Torgerson et al., 2012) and
in the results presented in Chapter 4 confirm that a single egg count of 0 epg can come from
an animal with a patent nematode infection. This has implications in clinical practice as a false
negative FEC result can impact the assessment of FECRT results and may lead to anthelmintics
incorrectly being classified as 100% effective. As well as the impact on assessment of
anthelmintic efficacy, erroneous classification of an animal as free from parasites can alter
the assessment of the prevalence of a patent infection and the level of environmental
contamination from that animal. It was concluded that the sensitivity and negative predictive
value of a single count were low for both Parascaris and strongyles. In line with this
conclusion, a study of Bayesian modelling of sheep nematode egg counts demonstrated that
the probability distribution of the true egg count for an observed count of zero included non‐
zero egg counts, indicating absolute certainty that the true egg count is zero is not possible
(Torgerson et al., 2014).
This study also confirmed over‐dispersion of nematodes (Parascaris and strongyles) within
the population of foals used in the study, similar to other studies of strongyles (Lester et al.,
2013b; Relf et al., 2013). This is the first time that over‐dispersion, based on FEC results, has
been demonstrated for Parascaris and may have implications for selective treatment
regimens as part of integrated parasite control programmes designed to decrease the risk of
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AR. Importantly, the presence of mature and immature ascarids in the intestines was not
confirmed as no foals underwent necropsy, and over‐dispersion of worm numbers could not
be confirmed in this study. However, in a previous study (Donoghue et al., 2015), egg shedding
and intestinal ascarid stages was determined for 13 untreated foals, of which most of the
recovered worms were in 3 foals (23%), which may also suggest over‐dispersion of Parascaris
occurs. The use of selective treatment regimens in foals is not currently recommended
(Nielsen et al., 2014a) and is an area of current active discussion amongst parasitologists and
researchers. A predominant concern with the use of selective treatment regimens in this age
group is their susceptibility to parasite infection and the possibility of significant morbidity
and/or mortality as a result of small intestinal impaction from a Parascaris worm burden. The
high rate of false negative results from FECs for the detection of a patent Parascaris infection
(Nielsen et al., 2010a) and the risks associated with leaving foals untreated has also driven
the persistent use of interval treatment regimens in foals. However, there is minimal evidence
that Parascaris‐associated disease occurs in animals treated less frequently. In a recent study
investigating the dynamics of Parascaris and strongyles in a population of untreated foals,
83% were infected with intestinal stages of Parascaris at the time of necropsy, yet there were
no reports of disease associated with these worm burdens (Fabiani et al., 2016). This also
indicates that 17% of the foals did not have intestinal stages of Parascaris despite never being
treated with an anthelmintic. Although pre‐patent stages may have been present in these
foals, morbidity associated with Parascaris burdens is more commonly associated with patent
infections. The results from the current and previous studies (Donoghue et al., 2015; Fabiani
et al., 2016) suggest that blanket treatment of all foals on a property, as in an interval
treatment regimen, may not be appropriate. Instead, FECs performed periodically would
identify foals with patent worm burdens and using the methods described in Chapter 4,
greater confidence in FEC results could be achieved and applied for treatment decision‐
making. More recent recommendations for the treatment of foals and juvenile horses suggest
the administration of two anthelmintic treatments during the first 5 months of life (Nielsen
et al., 2013; Reinemeyer & Nielsen, 2017) as a method of slowing the development of
resistance by facilitating the contribution of susceptible genotypes to subsequent generations
of worms (Leathwick et al., 2017). Currently, foals and yearlings receive the most frequent
anthelmintic treatments and it is imperative that strategies involving more responsible
anthelmintic use in this age group are considered in order to reduce selection pressure for
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anthelmintic resistance (Nielsen et al., 2014a). Importantly, in a study using modelling of the
dynamics of Parascaris and genetics of AR, regular (monthly) interval anthelmintic treatments
were shown to result in development of resistance within 40 months, providing further
justification for revision of parasite‐control practices in all age groups, including foals.
Consideration of the practical applications of this research in a clinical setting and formulating
realistic recommendations is important. The analysis of multiple samples as demonstrated in
the experiments in Chapters 3 and 4 can be considered the ‘gold standard’ and should be
achievable in a research setting. However there may be limitations in replicating the
experiments in a clinical setting. It is often not possible or feasible to obtain faecal samples
from individual horses multiple times per day and on multiple days, however the results from
this research highlight the need to try to avoid relying on the results of a single count from
one faecal sample when a best estimate of the egg production/mean is required. At a
minimum, if only one faecal pile can be used, collecting small amounts of faeces from multiple
faecal balls within a single pile and performing more than one FEC will allow for calculation of
the negative binomial CI and subsequently a better estimate of the mean FEC. Although there
will be an associated increase in labour and cost with a greater number of counts per sample,
it would not be unreasonable to consider that laboratories could establish a fee for ‘bulk
samples’ that would ensure the costs associated with an increased number of counts are
adequately covered while still remaining affordable for the client. It is outside of this research
to determine the financial implications of this method. Given that a large proportion of people
in equine industries are reluctant to adopt regular FECs (as determined in Chapter 5), the
adoption of these recommendations may be challenging.
The extra effort required in establishing a more accurate estimate of the mean FEC must also
be considered in light of any potential impact this may have from a clinical perspective. It
could be argued that the difference between a strongyle FEC result of 150epg and 450epg
may not alter the management or clinical outcome in an otherwise healthy horse but it has
implications for the pasture egg contamination. The results of this research must be
interpreted in light of the overall impact on equine parasite control rather than focusing on
the impact on an individual horse. In addition, if these results were obtained post‐
administration of an anthelmintic, this would affect the assessment of anthelmintic efficacy
and subsequently the detection of anthelmintic resistance. The objectives of this research
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and other current veterinary parasitology research are largely focused on the development
of more sustainable approaches to parasite control with an important aim of decreasing the
over‐reliance on anthelmintic use. With the recommendations to implement targeted
treatment regimens, FECs will continue to be widely used as the recommended diagnostic
test for the detection of parasite burdens until more sophisticated diagnostic tests are
available and the results of this research suggest ways to improve the sensitivity of this
diagnostic test.
These results are applicable to both adults and foals. Although there is some resistance to
implement targeted treatment regimens in foals as a result of the concern for the pathogenic
effects of a Parascaris spp. burden, this research has detected the presence of over‐dispersion
of nematode burdens in foals. This may have implications for the implementation of more
selective treatment regimens in foals and the use of FECs to detect foals with a patent burden.
This may not be to the same extent as in adults, however the continued use of interval
treatment regimens and blanket treatment of all foals is not recommended.

7.4 Parasite control practices and the development of anthelmintic resistance
Chapter 5 presents the results of an online questionnaire that was distributed to
Thoroughbred and Standardbred studs in Australia. The objectives of the study were to
determine parasite control practices used on the studs and investigate management factors
which may be associated with the development of AR.
Control of parasites in horses has been predominantly based on the administration of
anthelmintics at regular intervals, within the documented egg reappearance period (ERP),
with the aim of reducing worm burdens in horses and egg contamination of the environment.
The nematode species considered most important, based on prevalence, pathogenic
potential and increasing development of AR, are cyathostomins and Parascaris. The interval
treatment regimen originally promoted in the 1960s specifically targeted S. vulgaris which
was considered the most important parasite at the time (Nielsen, 2012). As a result of
frequent anthelmintic administration, this parasite is now considered rare, however the
consequences of this treatment regimen include promotion of the development of AR and
increased prevalence of cyathostomins. Subsequently, the concept of targeted dosing
regimens was introduced in the early 1990s (Drudge & Lyons, 1966; Duncan & Love, 1991;
Gomez & Georgi, 1991) based on the knowledge that parasite burdens in a herd are over‐
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dispersed. The aim of this treatment strategy was to decrease the selection pressure for AR
by allowing a proportion of the parasite population to remain in refugia (van Wyk, 2001).
Despite their introduction nearly three decades ago, there has been an overall reluctance to
adopt selective/targeted treatment regimens amongst the wider equine industry worldwide
with a persistent predominance of interval drenching (Bolwell et al., 2015; Nielsen, 2009; Relf
et al., 2012; Robert et al., 2015; Rosanowski et al., 2016; Stratford et al., 2014a).
The use of interval treatment regimens has led to an over‐reliance on the use of anthelmintics
for parasite control. There are only three major classes of anthelmintics for the control of
nematode parasites in horses: macrocyclic lactones (MLs), tetrahydropyrimidines (THP) and
benzimidazoles (BZ). It has been longer than three decades since an anthelmintic with a
new/unique mode of action was introduced for use in horses (Reinemeyer & Nielsen, 2013)
and it is unlikely that this will occur in the immediate future.
Anthelmintic‐resistant populations of nematodes, in particular cyathostomins and Parascaris,
have developed as a consequence of frequent anthelmintic treatment in the majority of
equine populations worldwide (Matthews, 2011). Reduced anthelmintic efficacy is reflective
of reduced sensitivity in an increasing proportion of the nematode population to a particular
anthelmintic and the development of AR (Sangster, 2001). For the classification of reduced
efficacy, results of a FECRT indicating low levels of reduction approximately two weeks
following treatment or a shortened ERP is required (Tzelos & Matthews, 2016). Currently,
reduced efficacy has been reported for all available classes of anthelmintics (Tzelos &
Matthews, 2016).
Resistance to BZ and pyrantel in cyathostomin populations has been reported in multiple
countries (Kaplan et al., 2004; Lester et al., 2013b; Peregrine et al., 2014; Traversa et al.,
2009). In addition, evidence is emerging for the reduced efficacy of MLs (as documented by a
reduced ERP) for the control of cyathostomins (Beasley et al., 2017; Lyons et al., 2008b;
Molento et al., 2012; Traversa et al., 2009; von Samson‐Himmelstjerna et al., 2007) and
hence, it is likely that the development of resistance to this class of anthelmintics is imminent.
Fourth‐stage larvae living in the intestinal lumen have been shown to survive treatment at
labelled dosages of the MLs (Lyons et al., 2009; Lyons et al., 2011a). This reduced efficacy has
been demonstrated in ivermectin and moxidectin (Lyons et al., 2011a; Molento et al., 2008;
Rossano et al., 2010), a newer agent only available for use in horses since the mid‐1990s. The
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selection for populations of cythostomins with shorter ERPs to these anthelmintics is a result
of frequent and exclusive treatment with macrocyclic lactones.
The frequent use of macrocyclic lactones in foals on stud farms has also led to the
development of ivermectin and moxidectin resistance in Parascaris. This resistance has been
reported extensively worldwide (Armstrong et al., 2014; Beasley et al., 2015; Boersema et al.,
2002; Craig et al., 2007; Hearn & Peregrine, 2003; Reinemeyer, 2012; Schougaard & Nielsen,
2007; Veronesi et al., 2010; von Samson‐Himmelstjerna et al., 2007) and recent reports have
also confirmed resistance of Parascaris to THPs in the USA and Australia (Armstrong et al.,
2014; Craig et al., 2007; Lyons et al., 2008a). The potential of ascarids to develop multi‐drug
class resistance is a major concern and is further supported by documented evidence of
emerging resistance to BZs in Australian populations (Armstrong et al., 2014) and anecdotal
reports of reduced efficacy of fenbendazole on UK stud farms (Tzelos & Matthews, 2016).
Benzimidazoles are currently considered the most effective anthelmintic for the control of
Parascaris and development of resistance to this class of anthelmintics is of major concern.
Although cases of ascarid‐related disease definitively associated with AR have not specifically
been described, cases of foal mortality resulting from intestinal obstruction with substantial
Parascaris burdens, despite regular treatment with ivermectin, have been reported in Italy
(Veronesi et al., 2009), Sweden (Lind & Christensson, 2009) and Finland (Näreaho et al., 2011)
and therefore, the potential for the development of multi‐drug class resistance in this parasite
poses a real threat to the health of foals and perhaps a larger threat to equine health than
resistance in cyathostomins (Peregrine et al., 2014).
There are anecdotal reports suggesting the development of resistance to MLs and THPs in
Oxyuris equi, however published evidence of this resistance is limited (Reinemeyer & Nielsen,
2014; Sallé et al., 2016; Wolf et al., 2014). This resistance has also likely developed as a result
of frequent exposure to these anthelmintics, however it needs to be considered that the
efficacy of MLs for the treatment of O. equi has never been considered to be 100% and hence,
some worms may survive treatment with these anthelmintics as a result of incomplete
oxyuricidal efficacy rather than the development of resistance (Reinemeyer & Nielsen, 2014).
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7.4.1 Contributions of the research to the scientific literature: Chapter 5
7.4.1.1

Parasite control practices in Australia

The evidence for ongoing development of AR in cyathostomins and Parascaris indicates the
requirement for discontinuation of the indiscriminate use of anthelmintics and the
implementation of integrated and more sustainable methods of parasite control. Methods
less reliant on anthelmintic use and more reliant on management practices aimed at reducing
environmental contamination are necessary (Matthews, 2014). In order to inform changes in
the approach to parasite control amongst horse owners and stud managers in Australia,
information regarding current practices is required: this was the primary aim of the
questionnaire study presented in Chapter 5. Similar questionnaire studies in the UK, Scotland,
New Zealand and USA have been recently reported (Bolwell et al., 2015; Nielsen et al., 2018a;
Relf et al., 2012; Robert et al., 2015; Rosanowski et al., 2016; Stratford et al., 2014a) and the
results of these studies have been used to recommend approaches for more sustainable
parasite control.
The study population in the questionnaire presented in Chapter 5 consisted of Thoroughbred
and Standardbred studs in Australia. Distribution to stud farms rather than other types of
equine establishments, was considered appropriate as anecdotal reports suggest extensive
use of anthelmintics on these properties. The key findings of the study were in line with
findings from recent questionnaire studies performed in other countries. There was an over‐
reliance on the use of anthelmintics with a high proportion of respondents reporting the use
of an interval treatment regimen in mares and foals. Our results confirm that recommended
surveillance‐based strategies for anthelmintic use (i.e. targeted treatment regimens) are
rarely implemented on Australian stud farms, with only 4.4% of respondents reporting that
the use of FECs was the most important consideration to guide anthelmintic use and only 2
out of 75 respondents reporting the use of targeted treatment regimens in mares. Results of
questionnaire studies from New Zealand (Bolwell et al., 2015), UK (Relf et al., 2012), Scotland
(Stratford et al., 2014a) and USA (Nielsen et al., 2018a; Robert et al., 2015) have also reported
predominance of interval dosing regimens for anthelmintic use on stud farms. Drug rotation
is another practice used frequently worldwide and was commonly used on participating studs
in the study presented in Chapter 5. Although drug rotation was originally recommended to
decrease the rate of development of AR, there is no evidence of decreased prevalence of
resistance gene alleles with frequent drug rotation or a delay in the development of AR
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(Uhlinger & Kristula, 1992) and this has been demonstrated for strongyles and Parascaris
(Leathwick et al., 2017) as well as in parasites affecting ruminants (Barnes et al., 1995;
Leathwick & Besier, 2014). There is now concern that the frequent rotation of anthelmintic
drug classes, as reported by some study respondents in this research, may actually increase
the rate of development of AR (Kaplan, 2002).
Results of the questionnaire study confirmed extensive use of MLs on the majority of studs
and this has been previously reported in questionnaire studies from other geographical
regions (Bolwell et al., 2015; Nielsen et al., 2018a; Relf et al., 2012; Rosanowski et al., 2016;
Stratford et al., 2014a). This is concerning against the backdrop of emerging evidence of
resistance in luminal stages of cyathostomins to MLs (Geurden et al., 2014; Relf et al., 2014;
Rossano et al., 2010; van Doorn et al., 2014) which will likely continue to progress if current
practices aren’t altered. Although resistance to MLs in Parascaris was first reported in 2002
(Boersema et al., 2002), there are recent reports from Australia (Armstrong et al., 2014;
Beasley et al., 2015; Wilkes et al., 2017), suggesting that the prevalence of resistance to MLs
in Parascaris is continuing to increase and is reflective of increased selection pressure for AR
as a consequence of frequent interval drenching with MLs in foals. Treating foals at frequent
regular intervals leaves little opportunity for survival of parasites unexposed to anthelmintic.
A recent study using computer modelling to investigate the dynamics of Parascaris infection
confirmed that treatment strategies involving treatment 12 times per year led to the
development of resistance within a relatively short timeframe and the use of drug rotation
did not prevent resistance from developing (Leathwick et al., 2017).
There are various pasture management practices that are recommended as part of a more
integrated approach to parasite control and these include manure removal, pasture rotation
and resting, cross‐grazing with ruminants, ploughing or harrowing. The perceived benefit of
these practices is a reduced exposure to parasites, however careful implementation of such
practices is imperative to ensure anthelmintics are used appropriately alongside these
pasture management strategies. If anthelmintics are continued to be administered
frequently, as in an interval treatment regimen, parasite refugia will be reduced and selection
pressure for AR will be increased. In our study, 40% of respondents never removed manure
from pasture, despite widespread recommendation of this practice and high numbers of
infective parasite stages would therefore be expected on these pastures. Although 60% of
131

respondents removed manure from pastures, the majority of these respondents reported
that anthelmintics were used frequently in an interval treatment regimen and hence, the
benefit of improved pasture management is lessened. This is likely reflective of an overall lack
of understanding and awareness of the concept of pasture hygiene in integrated parasite
control amongst respondents and the urgent need to decrease the reliance on anthelmintics
to slow the development of AR. As such, our results indicate that strategies to educate horse
owners and veterinarians on the benefits and appropriate implementation of pasture
management are warranted.
Parasite refugia is often overlooked as potentially the most important factor relating to the
development of AR (van Wyk, 2001). Parasites in refugia are those not exposed to a particular
control measure, namely anthelmintic treatment, and subsequently selection for resistance
(van Wyk, 2001). This proportion of the worm population will be free‐living on pasture and
after administration of an anthelmintic, worms that survive the treatment will develop
alongside these free‐living worms. The size of the population of parasites in refugia will have
a direct impact on reducing the selection for resistance (van Wyk, 2001). This concept explains
why the practice of moving horses to a new ‘clean’ paddock immediately after anthelmintic
administration is no longer recommended (van Wyk, 2001). These pastures will contain few
or no worms in refugia (van Wyk, 2001) and the dissemination of resistant worms amongst
these pastures will ensue. Of concern, over 50% of respondents in the current study
considered that moving to a clean pasture after anthelmintic treatment is important,
indicating a further area of pasture management where communication and improvement of
practices is necessary.
The results presented in Chapter 5 emphasise that current pasture management on
Australian stud farms is variable and often combined with an over‐reliance on anthelmintic
drug use. Pasture hygiene has important implications for parasite refugia which is integral to
delaying AR. Parascaris eggs have been thought to survive for many years on pasture and this
was previously proposed to provide a constant presence of considerable refugia. However, in
a recent review, it has been proposed that eggs may not survive in the environment for as
long as previously assumed and refugia may be less prominent (Nielsen, 2016b). Egg survival
is temperature‐dependent and the majority of eggs may survive for less than one year
(Nielsen, 2016b). This is supported by the evidence that this parasite has developed resistance
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to all currently available anthelmintics. Despite these limitations, Parascaris eggs in the
environment do provide a source of unselected genotypes and hence, contribute to refugia if
managed appropriately (Leathwick et al., 2017).
In a targeted treatment regimen, leaving a proportion of the population considered to be ‘low
shedders’, untreated, is a means of increasing the size of the worm population in refugia and
provides further justification for the promotion of such practices. The over‐dispersion of
parasites in a population highlights the need to implement accurate methods of identifying
horses that require anthelmintic treatment. The research presented in Chapters 3 and 4
discussed how to best use FECs in a surveillance‐based treatment regimen and recommended
the calculation of CIs as a means of determining a better estimate of the egg distribution
mean. In Chapter 5, although 62.3% of respondents reported using FECs, only 15.8% of these
used FECs to guide anthelmintic treatment and this was not necessarily as part of a targeted
treatment approach. This reflects an overall lack of understanding of the benefit of the use of
FECs in parasite management on Australian stud farms. It is possible that reluctance to
perform regular FECs may relate to a perceived increased cost associated with this practice.
However, a recent study reported reduced annual costs associated with a targeted treatment
regimen compared to interval treatment regimens as a consequence of the administration of
fewer annual treatments (Lester et al., 2013a).
In order to promote a change in attitudes towards parasite control and encourage a
surveillance‐based targeted treatment approach, members of the wider equine community
need to be sufficiently informed. Although a large number of respondents reported the use
of veterinary advice to guide anthelmintic use, a high proportion of these respondents were
not using FECs and/or were administering anthelmintics at regular intervals (Bolwell et al.,
2015; Hinney et al., 2011; Lendal et al., 1998; Robert et al., 2015). Veterinarians may not be
communicating information on helminth control effectively or alternatively, they may be
unaware of current recommendations for slowing the development of AR. This suggests an
urgent need to better inform veterinarians on the current recommendations for effective and
sustainable parasite control and actively promote their role in communicating and driving the
implementation of these control practices amongst horse owners and stud managers.
The results of Chapter 5 identified minimal evidence of surveillance of anthelmintic efficacy
and/or resistance amongst the participating studs. This was despite the majority of
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respondents (77%) stating that they considered AR to be very important, demonstrating
disparity between the concerns of the study respondents and their parasite control practices.
Some respondents reported awareness of AR on their property, yet this was not always based
on results of FECRT and only 35% of respondents reported the use of an FECRT previously on
the property. In addition, those respondents who considered AR to be very important did not
appear to be making any attempts to use anthelmintics less frequently. The lack of drug
efficacy monitoring reported in this study is consistent with the findings of other
questionnaire studies performed in the UK (Relf et al., 2012; Stratford et al., 2014a), New
Zealand (Bolwell et al., 2015) and the USA (Nielsen et al., 2018a; Robert et al., 2015) and
overall, highlights the unwillingness of horse owners and stud farm managers to move
forward from parasite control practices implemented decades ago and a considerable lack of
understanding and appreciation of the aims and benefits of a more surveillance‐based
treatment approach.

7.5 Anthelmintic resistance: strategies to slow the development
7.5.1 The use of combination anthelmintics
In Chapter 6, the results of a study investigating the efficacy of a combination anthelmintic
for the treatment of ivermectin‐resistant populations of Parascaris is reported. The rapid
progression of the development of AR to multiple drug classes in Parascaris and
cyathostomins in recent years and the likely lack of development of new anthelmintic classes
in the near future are major driving forces for the implementation of alternate strategies for
parasite control.
The use of combination anthelmintics poses a logical option for slowing the development of
AR. A combination anthelmintic is one containing two or more distinct classes of
anthelmintics with a similar spectrum of activity and different mechanisms of action and
resistance (Bartram et al., 2012). This needs to be differentiated from combinations that are
formulated to provide broad spectrum control of different parasite species e.g. nematodes
and tapeworms which are designed specifically to include anthelmintics specifically targeted
to these different species. The main justifications for the use of combination anthelmintics
are: (i) to maintain effective control of nematodes in the presence of single or multiple drug
resistance and (ii) to slow the development of resistance to the component anthelmintic
classes. The ability of combinations to slow the development of AR is a result of a reduction
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in the number of resistant genotypes which survive treatment, thereby limiting the
proportion of resistant parasites in the population available to reproduce(Bartram et al.,
2012). In order for a resistant genotype to successfully survive treatment, multiple alleles
conferring resistance to all component anthelmintic classes need to be present in the same
parasite (Bartram et al., 2012). Any surviving parasites will however then be diluted by
unselected parasites in refugia (van Wyk, 2001). As long as the active ingredients in the
combination have independent modes of action and mechanisms of resistance, nematodes
which are able to survive treatment with one of the anthelmintics will be killed by the other
anthelmintic, provided the nematodes are not multi‐drug resistant (Bartram et al., 2012).
Anthelmintic resistance is a global problem with the potential of threatening the welfare and
production of horses and other grazing livestock (Waller, 2006). There has been extensive
research into management strategies to combat AR in species other than horses. The
administration of combination anthelmintics is an established practice in grazing ruminants
in Australia (Dobson et al., 2001) and New Zealand (Leathwick et al., 2009) and both field
studies and computer model simulations of sheep nematode populations have confirmed the
ability of combination anthelmintics to increase treatment efficacy and slow the development
of resistance (Bartram et al., 2012; Leathwick et al., 2008; Leathwick et al., 2012). There are
certain criteria which are required to maximise the reduction in the rate of resistance
development including allowing susceptible nematodes to survive in refugia and the pre‐
existing levels of resistance to each of the anthelmintics in the combination (Bartram et al.,
2012). It has been concluded that the use of combinations provides more sustainable control
of sheep nematodes than the use of the anthelmintics separately (Bartram et al., 2012). If
cross‐resistance exists between the two anthelmintic classes or if there are moderate levels
of pre‐existing resistance to one of the classes, this may not limit the effectiveness of the
combination (Bartram et al., 2012). A recent study reported that combination anthelmintics
were highly effective for the control of ML‐resistant Cooperia and Haemonchus spp. in cattle
(Smith, 2014). The results showed an increased efficacy of a combination of ML and
levamisole compared to the use of ML alone (Smith, 2014).
Administration of drugs in combination is a strategy not only reserved for use in veterinary
medicine. In human medicine, combination therapy is commonly used for the treatment of
viral, bacterial and protozoan infections and cancer (Geary et al., 2012). In addition,
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combination therapy is now considered effective for preventing the spread of resistance in
the treatment of malaria and is recommended over monotherapy (Hastings, 2011).
From a pharmacodynamics perspective, when anthelmintic classes are administered
concurrently in combination, the interaction most likely to occur is an additive effect (Bartram
et al., 2012; Entrocasso et al., 2008). Other possibilities may include an antagonistic or
synergistic affect or no effect at all (Entrocasso et al., 2008). As a result of the additive effect,
a higher efficacy is achieved compared to the effect of administering either drug alone
(Bartram et al., 2012).
The ability of combination anthelmintics to specifically slow the development of AR has not
yet been demonstrated in horses; however, this is a priority for future research into strategies
for effectively managing AR. Reports of the efficacy of various anthelmintic combinations for
the treatment of resistant nematodes in horses are increasing and hence, the findings
presented in Chapter 6 provides a valuable contribution to our understanding of the potential
for combination anthelmintic treatment for parasite control in horses. Kaplan et al. (2014)
reported a combination treatment of pyrantel pamoate and oxibendazole for the control of
equine cyathostomins achieved greater FECR (> 90%) on all properties following treatment
than either anthelmintic drug alone (Kaplan et al., 2014).
7.5.2 Contributions of the research to the scientific literature: Chapter 6
7.5.2.1

Combination anthelmintics for the treatment of resistant ascarids in foals

The aim of the study in Chapter 6 was to investigate the efficacy of a morantel‐abamectin
combination for the treatment of ML‐resistant Parascaris infections in foals. To the authors’
knowledge, this is the first study investigating the use of this particular combination for
treating Parascaris in foals. The widespread documented evidence of resistance to MLs in
Parascaris populations indicates that these drugs can no longer reliably be used as a sole
therapeutic option for parasite control (Reinemeyer, 2012). Foals from five properties with
known resistance to ivermectin and abamectin were enrolled in the study and the FECR
following treatment was used to estimate the efficacy of the combination. Results revealed a
FECR of >99% in foals administered the combination, indicating effective control of ML‐
resistant parasites (Wilkes et al., 2017). The study was not able to determine whether the
combination effectively slowed the development of AR as this would require much longer
study periods and/or modelling (Leathwick, 2012; Leathwick et al., 2012). Studies
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investigating this in horses are currently lacking but would provide valuable information. The
use of this particular combination has the potential to provide broad spectrum control of
Parascaris whereas if either anthelmintic was used alone, the efficacy would be markedly
decreased and AR would be further promoted. The study presented in Chapter 6 did not
investigate the efficacy of the combination against strongyles and this should be addressed in
future studies.
While the current and previous studies (Bartram et al., 2012; Dobson et al., 2001; Leathwick
et al., 2009; Leathwick et al., 2008; Leathwick et al., 2012; Smith, 2014) of the use of
combination anthelmintics has been shown to be effective for the treatment of resistant
nematode species in horses and ruminants, it must be considered that use should not be at
the expense of other important parasite control strategies aimed at decreasing the
development of AR. Rather, the use of combination anthelmintics should be carefully
incorporated into an appropriate and sustainable parasite control programme. The ability of
combination anthelmintics to delay AR requires the survival of susceptible genotypes in
refugia as this increases the dilution of resistant genotypes post‐treatment (Bartram et al.,
2012; Leathwick, 2012; Leathwick et al., 2012). Therefore, interval drenching with
combination anthelmintics should not be advocated as this will reduce the potential for
refugia of unselected genotypes and hence, may hasten the development of AR. A recent
study investigating AR in Parascaris using computer models confirmed that the use of
combination anthelmintics in an interval treatment programme did not prevent resistance
from developing (Leathwick et al., 2017). The development of multi‐drug resistance may also
ensue if combination anthelmintics are administered at regular intervals, ultimately causing
failure of the combination. As well as maintaining a refugium of susceptible genotypes, the
implementation of the use of combination anthelmintics within a targeted treatment regimen
is recommended. Although this is currently not recommended in foals, the common practice
of regular anthelmintic administration, as revealed in the results of the questionnaire study
presented in Chapter 5, can no longer be sustained. More recent recommendations of
reducing the number of treatments to two, administered at approximately 60 and 150 days
of age would successfully increase parasite refugium (Leathwick et al., 2017).
Numerous combination anthelmintics for ruminants and horses are available in Australia and
New Zealand, whereas elsewhere around the world, these drugs are currently used less
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frequently (Geary et al., 2012) but it is expected that their use will increase in other
geographical locations in the near future. The most appropriate use of combination
anthelmintics will most likely vary between individual farms but general recommendations
regarding their use can be applied on most properties (Kaplan et al., 2014). In situations where
resistance to both anthelmintics is already present, it is not possible to delay the development
of resistance, however the use of the combination will facilitate continued efficacy of these
drugs, in contrast to their use alone which would not be recommended (Kaplan et al., 2014).
This will decrease the dependence on particular classes of anthelmintics, namely the MLs,
which have been widely documented to be the anthelmintic class most commonly used, as
also revealed in the results of the questionnaire study presented in Chapter 5. By reducing
the frequency of their usage, the development of resistance to these drugs which appears to
be progressing at alarming rates, will be delayed (Kaplan et al., 2014). In line with current
recommendations for parasite control, the periodic monitoring of treatment efficacy through
the use of a FECRT is also advocated when using combination anthelmintics. As revealed in
the results presented in Chapter 5, FECRT are rarely performed on most properties in
Australia. Horse owners and farm managers urgently require better informed
recommendations for effective parasite control from industry leaders and veterinarians.
These recommendations should include periodic monitoring of anthelmintic efficacy which
would facilitate the early detection of a reduction in efficacy and subsequently, the
development of AR.

7.6 Conclusion
The research presented in this thesis has provided a valuable contribution to the scientific
literature. Investigation of the distribution of nematode eggs in faeces has built on previous
published results, however calculation of the negative binomial CI for estimation of the egg
distribution mean and statistical inference for decision‐making have not previously been
investigated. This can be used to inform techniques for faecal sample collection that will lead
to more accurate FEC analysis which can be used in clinical and research settings. This
research successfully confirmed that single egg counts and sample means (which are point
estimates), as used in conventional FEC analysis, do not account for the sample variance and
provide a poor estimate of the distribution mean.
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In order to invoke change in parasite control programmes, it is imperative that we understand
the current practices being undertaken in Australia. Little was previously known about
parasite control practices undertaken on Thoroughbred and Standardbred farms in Australia.
The literature provides evidence that questionnaires are a useful method for the investigation
of parasite control practices in other countries including the UK, USA, Europe and New
Zealand (Bolwell et al., 2015; Lind et al., 2007; Nielsen et al., 2018a; O'Meara & Mulcahy,
2002; Relf et al., 2012; Robert et al., 2015; Stratford et al., 2014a) and results of these studies
have been used to inform recommendations for more sustainable parasite control. The
results of the questionnaire in this thesis confirm that there is considerable over‐reliance on
the use of anthelmintics with variable knowledge or understanding of the importance of other
management strategies e.g. pasture rotation and resting, manure removal from pastures and
co‐grazing with ruminants. Maintaining a refugium of susceptible genotypes on pasture is
now widely accepted as perhaps the most important feature of any strategy used for the
management of AR (Leathwick & Besier, 2014; Leathwick et al., 2012; van Wyk, 2001).
Although pasture management strategies are undertaken to some extent, there is a clear
disconnect between the use of these strategies on farms and other aspects of parasite
control. Interval drenching is still commonplace on the majority of farms and this is in line
with results from other questionnaire studies. While there is continued frequent
administration of anthelmintics, the benefits gained from pasture management in terms of
decreasing the development of AR, will be lost.
Parascaris has now demonstrated the capacity to develop resistance to all three currently
available anthelmintic classes and if the intensity of treatments that is common practice on
stud farms and other equine establishments worldwide is continued, it is possible that this
will inevitably result in reduced efficacy of all anthelmintics against this parasite (Leathwick
et al., 2017). Although there is some controversy regarding the appropriateness of the use of
targeted treatment regimens in foals, the current practice of regular anthelmintic
administration can no longer be advocated. The recent recommendation of reducing the
number of anthelmintic treatments administered in foals by treating twice for ascarids at
approximately 2‐3 and 5‐6 months of age (Leathwick et al., 2017; Nielsen et al., 2013;
Reinemeyer & Nielsen, 2017) has the potential to slow the development of resistance by
allowing the contribution of small numbers of susceptible genotypes to subsequent
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generations of worms (Leathwick et al., 2017). The role played by Parascaris eggs in the
environment in contributing to parasite refugia must also be considered.
The MLs are the most commonly used anthelmintic class on the properties included in the
questionnaire study and there is evidence of extreme over‐reliance on this anthelmintic class
elsewhere in the world (Allison et al., 2011; Bolwell et al., 2015; Hinney et al., 2011; Lendal et
al., 1998; Relf et al., 2012; Rosanowski et al., 2016; Stratford et al., 2014b). This has been
largely driven by the extensive resistance of cyathostomins to benzimidazoles, particularly as
these nematodes are considered the most prevalent and important endoparasites of mature
horses (Kaplan & Nielsen, 2010). The recent reports documenting evidence of emerging
resistance of cyathostomins to ivermectin and moxidectin is a consequence of the over‐use
of these drugs and unless there is imminent change of current parasite control practices, this
will most definitely continue to progress.
Although the questionnaire study specifically investigated parasite control practices used on
Thoroughbred and Standardbred stud farms, it is likely that the results are reflective of the
practices also in place in other equine establishments in Australia e.g. training yards,
agistment centres, pleasure horse owners. Similar results have been found in a variety of
equine establishments overseas with consistent evidence of an over‐reliance on anthelmintic
use and overall reluctance to implement targeted treatment regimens (Nielsen et al., 2018b;
Relf et al., 2014; Stratford et al., 2014b).
The use of combination anthelmintics has the potential for effective control of parasites for
which there is documented evidence of resistance to commonly used anthelmintics and for
slowing the development of resistance, however the use of these drugs needs to be carefully
instigated within an appropriately designed targeted treatment regimen. Currently, there is
very little evidence that FECs are performed routinely and this is partly a consequence of a
considerable lack of understanding of the possible benefits of incorporating FECs into a
parasite control programme. The importance of drug efficacy monitoring through the use of
FECRT needs to be communicated to horse owners and stud managers as there is very little
evidence of this occurring currently.
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The findings from this research have the potential for significant impact on informing horse
owners as well as veterinarians, who have a vital role in promoting more sustainable
surveillance‐based parasite control practices.
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Appendix 1

Inhomogeneity of the density of Parascaris spp. eggs in faeces of individual
foals and the use of hypothesis testing for treatment decision making
Faecal Egg Count Data
A copy of the raw data for Experiments 1 and 2 is included in this Appendix
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(i) Experiment 1

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 11
Sample 12
Sample 13
Sample 14
Sample 15
Sample 16
Sample 17
Sample 18
Sample 19
Sample 20
Sample 21
Sample 22
Sample 23
Sample 24
Sample 25
Sample 26
Sample 27
Sample 28
Sample 29
Sample 30

Chamber 1
FEC
#1
#2
4
4
5
5
5
4
5
5
4
4
10
9
4
3
7
6
3
3
4
5
1
1
4
3
7
7
7
7
1
1
2
2
4
5
4
4
4
4
7
8
4
3
3
4
3
2
7
6
6
6
5
5
5
5
1
2
7
8
9
9

Chamber 2
FEC
#1
#2
6
6
9
9
3
3
7
9
8
8
6
6
4
5
4
4
3
3
10
10
4
4
9
5
8
8
6
5
5
5
6
6
4
4
6
5
4
3
3
3
1
1
8
9
4
4
5
7
5
5
7
8
9
9
6
6
4
4
8
8

Chamber 3
FEC
#1
#2
4
4
5
5
8
7
6
5
5
5
1
2
3
4
11
12
3
3
7
6
4
3
12
11
5
5
5
5
10
10
11
10
2
3
5
5
8
7
5
4
8
8
7
6
9
10
3
3
5
5
5
5
8
9
7
8
3
3
6
6

Chamber 4
FEC
#1
#2
6
6
2
2
4
4
4
3
5
6
10
9
10
11
7
6
7
6
5
6
8
8
4
4
2
2
5
5
5
6
8
9
2
2
6
6
9
9
6
6
7
8
3
3
7
7
10
11
6
5
3
3
6
6
5
6
10
10
3
4

TOTAL FEC
#1
#2
20
20
21
21
20
18
22
22
22
23
27
26
21
23
29
28
16
15
26
27
17
16
29
23
22
22
23
22
21
22
27
27
12
14
21
20
25
23
21
21
20
20
21
22
23
23
25
27
22
21
20
21
28
29
19
22
24
25
26
27

#1: operator 1; #2: operator 2
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(ii) Experiment 2
Pile

Ball
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2

Egg
Sample McMaster Chamber count
McMaster total
1
1
1
15
1
1
2
7
1
1
3
8
1
1
4
11
41
1
2
1
13
1
2
2
5
1
2
3
12
1
2
4
11
41
1
3
1
8
1
3
2
9
1
3
3
11
1
3
4
5
33
2
1
1
10
2
1
2
6
2
1
3
10
2
1
4
7
33
2
2
1
4
2
2
2
7
2
2
3
6
2
2
4
11
28
2
3
1
8
2
3
2
10
2
3
3
11
2
3
4
10
39
3
1
1
13
3
1
2
5
3
1
3
15
3
1
4
8
41
3
2
1
7
3
2
2
9
3
2
3
9
3
2
4
12
37
3
3
1
12
3
3
2
11
3
3
3
9
3
3
4
21
53
1
1
1
6
1
1
2
8
1
1
3
4
1
1
4
10
28
1
2
1
8
1
2
2
4
1
2
3
5
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1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2

2
3
3
3
3
1
1
1
1
2
2
2
2
3
3
3
3
1
1
1
1
2
2
2
2
3
3
3
3
1
1
1
1
2
2
2
2
3
3
3
3
1
1
1
1
2

4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1

3
9
7
11
4
8
2
11
7
3
4
5
6
7
8
7
9
1
5
8
6
9
6
8
6
5
4
6
12
8
7
3
2
9
8
6
8
8
7
5
9
3
15
5
11
8

20

31

28

18

31

20

29

27

20

31

29

34
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1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3

2
2
2
3
3
3
3
1
1
1
1
2
2
2
2
3
3
3
3
1
1
1
1
2
2
2
2
3
3
3
3
1
1
1
1
2
2
2
2
3
3
3
3
1
1
1

2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3

5
6
8
10
6
7
6
8
10
9
12
14
5
6
8
10
12
7
11
8
10
5
11
7
10
4
4
8
6
8
3
7
12
8
2
4
4
4
6
8
10
6
9
6
10
11

27

29

39

33

40

34

25

25

29

18

33
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2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
3

3
3
3
3
3
3
3
3
3
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
1

1
2
2
2
2
3
3
3
3
1
1
1
1
2
2
2
2
3
3
3
3
1
1
1
1
2
2
2
2
3
3
3
3
1
1
1
1
2
2
2
2
3
3
3
3
1

4
1
2
3
4
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Appendix 2

The application of faecal egg count results and statistical inference for clinical
decision making in foals

Faecal Egg Count Data
A copy of the raw data (Parascaris and Strongyle FEC) is included in this Appendix
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Parascaris FEC data for 53 foals

Foal
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Count
1
25
127
0
0
113
114
7
0
86
0
0
0
0
1
12
0
0
59
1
0
0
2
0
0
0
149
0
10
14
30
2
11
300
168
34
0
0
5
6
24
0

Count
2
35
109
0
0
132
32
2
0
96
0
0
0
0
0
14
0
0
53
2
0
0
2
0
0
0
148
0
8
9
20
2
4
316
168
19
0
0
5
4
27
0

Count
3
33
132
0
0
94
117
0
0
100
1
2
0
0
0
6
0
0
48
3
0
0
2
0
0
0
121
0
11
7
21
0
12
294
138
14
1
3
9
2
45
0

Count
4
19
85
1
0
129
84
0
1
86
0
0
0
0
0
16
0
0
76
1
0
0
4
0
0
0
225
0
12
23
44
0
7
214
116
22
0
0
4
5
7
2

Count
5
26
97
1
0
179
125
0
0
64
0
0
0
0
0
20
0
0
39
3
0
0
5
1
0
0
109
1
30
13
51
0
2
166
118
27
0
0
2
3
29
0

Count
6
32
154
0
0
139
96
0
0
117
0
0
0
0
0
27
0
0
37
1
0
0
6
0
0
0
137
0
13
17
32
2
8
174
138
22
0
1
1
9
15
0

Count
7
76
154
0
0
483
147
2
0
118
0
0
0
0
0
15
0
0
84
3
0
0
6
0
0
0
257
0
4
29
30
0
2
231
157
34
0
0
1
0
16
0

Count
8
43
145
0
0
339
136
0
0
106
0
0
0
0
0
18
0
0
68
3
0
0
13
0
0
0
252
0
11
23
29
0
3
158
117
25
0
1
2
0
17
0

Count
9
34
138
0
0
464
131
0
1
102
0
0
0
0
1
18
0
0
44
6
0
0
4
0
0
0
376
0
11
19
22
0
4
297
152
25
0
3
1
2
11
0
153

42
43
44
45
46
47
48
49
50
51
52
53

0
42
4
23
3
89
0
0
0
0
4
0

0
50
0
20
3
67
0
0
0
1
6
0

0
31
0
28
0
68
0
0
0
0
3
1

0
17
0
13
2
49
0
1
2
0
27
0

Count
3
29
11
8
35
0
1
19
0
2
4
0
0
3
0
78
0
0
3
0
0
96
2
0
0
75
118
0

Count
4
3
4
5
27
0
6
31
0
7
7
0
0
11
2
89
0
1
28
1
0
82
11
0
1
56
153
0

0
9
0
10
2
48
0
0
0
1
34
1

0
5
0
15
4
84
0
0
0
0
51
1

0
5
0
23
0
60
0
0
0
0
22
1

0
3
0
19
1
64
0
0
0
0
23
0

Count
6
38
12
16
22
1
6
23
0
2
7
1
0
9
1
131
0
0
8
1
0
98
6
0
0
61
102
0

Count
7
27
18
3
60
3
5
16
0
3
5
0
0
4
3
119
0
1
8
0
0
68
6
0
3
145
165
0

Count
8
27
16
3
53
6
1
20
1
3
17
0
0
10
2
120
0
0
9
1
0
87
4
0
0
103
207
0

0
5
0
15
2
37
0
0
0
0
28
1

Strongyle FEC data for 53 foals

Foal
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Count
1
24
3
3
29
0
1
15
1
3
2
0
0
4
0
99
1
1
16
0
0
63
4
0
0
77
98
5

Count
2
17
1
7
19
0
3
15
0
4
1
0
0
9
0
64
0
0
2
0
0
116
1
0
0
68
118
0

Count
5
31
17
13
29
0
2
28
0
3
10
1
0
10
1
90
0
0
13
0
0
75
3
0
1
57
96
0

Count
9
10
10
4
50
9
3
22
0
1
15
3
0
5
1
84
0
0
8
0
0
90
3
0
1
91
206
0
154

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

18
9
9
17
5
0
0
0
0
0
6
3
2
0
0
7
12
10
12
0
1
6
2
36
0
1

7
13
6
19
0
0
0
0
0
0
5
7
0
0
0
2
31
4
15
0
2
10
0
24
0
1

6
6
1
11
0
1
0
0
0
0
5
5
0
0
0
7
28
6
7
0
0
7
0
19
0
0

19
14
4
15
0
0
0
0
0
0
10
4
0
4
2
3
26
4
7
0
0
1
0
33
0
2

20
23
3
12
0
0
0
0
0
0
25
1
1
0
1
2
27
4
9
0
0
7
0
31
0
0

37
9
2
25
0
0
0
0
0
0
35
1
0
2
0
10
15
8
12
0
0
2
0
19
0
0

42
15
13
29
2
0
0
0
0
0
23
3
3
1
0
3
0
4
7
0
0
3
0
28
0
1

61
24
9
16
0
1
0
0
0
0
21
3
0
0
1
9
10
5
4
0
0
1
0
17
0
0

26
11
10
25
1
0
0
0
0
0
11
2
0
0
1
1
9
9
5
0
0
3
0
15
0
0
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Appendix 3

A questionnaire study on parasite control practices on Thoroughbred and
Standardbred studs in Australia

Final questionnaire
A copy of the questionnaire distributed to study participants is included in this Appendix
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Parasite Control Questionnaire
A study of parasite control practices on horse stud farms in Australia.

Invitation
You are invited to participate in a research study on parasite control practices performed on Australian
horse stud farms. The study is being conducted by researchers at the School of Animal and Veterinary
Sciences at Charles Sturt University.
Before you decide whether or not you wish to participate in this study, it is important for you to
understand why the research is being done and what it will involve. Please take the time to read the
following information carefully and discuss it with others if you wish.
Researchers
Doctor of Veterinary Studies (DVStud) candidate:
Ms Edwina Wilkes BVSc MPharm MANZCVS
Ph: 0411 487438
Email: ewilkes@csu.edu.au
Supervisors:
Associate Professor Kristopher Hughes BVSc FANZCVS DipECEIM
Ph: 0488 111973
Email: krhughes@csu.edu.au
Dr Rob Woodgate BSc BVMS PhD
Ph: 02 69334905
Email: rwoodgate@csu.edu.au
Associate Professor Sharanne Raidal BVSc PhD FANZCVS
Ph: 0409296417
Email: sraidal@csu.edu.au
School of Animal & Veterinary Sciences, Charles Sturt University
1. What is the purpose of this study?
The aim of this project is to identify parasite control practices used on horse studs in Australia, to
ascertain current industry approaches and whether risk factors for the development of resistance to
deworming drugs (anthelmintics) are common. Increasing prevalence of anthelmintic resistance in horse
worms is being documented in Australia and these findings signify the need to identify factors
influencing worm control efficacy and development of resistance. Information regarding parasite control
practices commonly used on studs in Australia is unknown: improved understanding would facilitate
development of sustainable parasite control practices less reliant on anthelmintics.
2. Why have I been invited to participate in this study?
You have been invited to participate in this study as we wish to recruit owners/managers of registered
horse breeding studs in Australia.
3. What does this study involve?
If you agree to participate in the study, you will complete the following questionnaire which contains

questions involving approaches to parasite (worm) control on the stud farm that have been employed
over the past 12 months.
It is estimated that the questionnaire will take approximately 30 minutes to complete.
4. Are there risks and benefits to me in taking part in this study?
The risk of disclosure of the parasite control practices performed on your stud farm is avoided through
all data being analysed and published in an anonymous state. The aims and benefits of this
questionnaire study will be to identify parasite control practices currently employed on horse farms in
Australia and aspects of these practices that may predispose to the development of anthelmintic
resistance. These results can then be used to develop more sustained, targeted control practices based
on sound epidemiological principles. Please follow the instructions provided at the end of the
questionnaire if you would like a summary of the results and findings from this study.
5. How is this study being paid for?
This study is being funded by the School of Animal and Veterinary Sciences, Charles Sturt University as
part of the Doctorate of Veterinary Studies degree of Edwina Wilkes.

Parasite Control Questionnaire
A questionnaire study of parasite control practices on horse stud farms in Australia.

6. Will taking part in this study cost me anything, and will I be paid?
There is no cost to participate, nor is there any payment for participating.
7. What if I don't want to take part in this study?
Participation in this research is entirely your choice. Only those people who give their informed consent
will be included in the project. Whether or not you decide to participate is your decision and will not
disadvantage you. If you do decide to participate, you may withdraw from the project at any time without
giving a reason.
8. How will my confidentiality be protected?
Any information collected by the researchers which might identify you will be stored securely at Charles
Sturt University and will only be used anonymously. Privacy and confidentiality for data entered into this
questionnaire are protected as per the 'Survey Monkey' privacy and security policies which can be
viewed at https://www.surveymonkey.com/mp/policy/privacy-policy/ and
https://www.surveymonkey.com/mp/policy/security/.
9. What will happen to the information that I give you?
The information will be reported in a research thesis by Edwina Wilkes and may be presented at
conferences and published in a scientific journal. All information reported and presented will be
anonymous and individual stud farms will not be identified. Study participants will have the option to
receive a summary of the results and findings from the study.
10. What should I do if I want to discuss this study further before I decide?
If you would like further information, please contact Edwina Wilkes (0411 487438; ewilkes@csu.edu.au)
or Kristopher Hughes (0488 111973; krhughes@csu.edu.au). Further, if you consent to participation in
the study, you can contact the researchers at any time to discuss any questions or concerns you may
have.
11. Consent for Participation
If you complete the questionnaire, this implies provision of your consent for participation in the project.
12. Who should I contact if I have concerns about the conduct of this study?
NOTE: Charles Sturt University’s Human Research Ethics Committee (School of Animal and Veterinary
Sciences) has approved this project. If you have any complaints or reservations about the ethical
conduct of this project, you may contact the Committee through the Executive Officer:
Ingrid Stuart
Faculty of Science Minimal Risk Human Ethics Committee
Charles Sturt University
8 Tony McGrane Place
Locked Bag 49

Dubbo NSW 2830
Tel: (02) 68857327
Email: scienceFHEC@csu.edu.au; istuart@csu.edu.au

Parasite Control Questionnaire
Property Information

* 1. Property Post Code

2. Property size (acres)

3. Annual rainfall (mm)

4. What is the predominant horse breed on the property?
Thoroughbred
Standardbred
Other (please specify)

5. In what year was the property established as a horse farm?
(If not known exactly, please give an estimate)

6. Total grazing area for all horses on the property (acres)

7. Total number of horses currently on the property
Total number of
adult horses (>3
years)
Total number of
youngsters (1-3
years)
Total number of
foals (<1 year)
Average number of
foals born each year
Number of resident
mares
Number of visiting
mares
Number of stallions
Other permanent
resident horses
(number and breed)

Parasite Control Questionnaire
Grazing Management

8. On average, how many hours per day are your mares at pasture?

9. On average, how many hours per day are your foals at pasture?

10. How are mares allocated to different grazing groups?
By Age

Resident / Visitor

At random

Other

Dry mares
Wet mares
If 'Other' please specify:

11. How are all other horses allocated to different grazing groups?
Resident /
By Age
Weaned foals
1-3 year olds
Other horses
If 'Other' please specify:

By Sex

Visitor

At random

Other

Parasite Control Questionnaire
Grazing Management

12. Please indicate the relevant grazing group size(s) and corresponding average paddock
size(s) for the dry mares.
1-5 acres

6-10 acres

11-15 acres

16-20 acres

> 20 acres

1-5 mares
6-10 mares
11-15 mares
16-20 mares
> 20 mares
Comments:

13. Please indicate the relevant grazing group size(s) and corresponding average paddock
size(s) for the wet mares.
1-5 acres
1-5 mares
6-10 mares
11-15 mares
16-20 mares
> 20 mares
Comments:

6-10 acres

11-15 acres

16-20 acres

> 20 acres

14. Please indicate the grazing group size and corresponding average paddock size for the
weaned foals.
1-5 acres
1-5 foals
6-10 foals
11-15 foals
16-20 foals
> 20 foals
Comments:

6-10 acres

11-15 acres

16-20 acres

> 20 acres

Parasite Control Questionnaire
Grazing Management

15. Please indicate the relevant grazing group size(s) and corresponding average paddock
size(s) for the 1-3 year olds.
1-5 acres

6-10 acres

11-15 acres

16-20 acres

> 20 acres

1-5 horses
6-10 horses
11-15 horses
16-20 horses
> 20 horses
Comments:

16. Please indicate the relevant grazing group size(s) and corresponding average paddock
size(s) for all other horses (>3yo).
1-5 acres
1-5 horses
6-10 horses
11-15 horses
16-20 horses
> 20 horses
Comments:

6-10 acres

11-15 acres

16-20 acres

> 20 acres

Parasite Control Questionnaire
Grazing Management

17. How often are pastures rotated between grazing groups?
Never
Every 1-4 weeks
Every 1-2 months
Every 3-6 months
Every 6-12 months
Yearly
Please comment on any variation between groups or if there is any seasonal variation in pasture
rotation:

18. How often are pastures rested from grazing?
Never
Every 1-4 weeks
Every 1-2 months
Every 3-6 months
Every 6-12 months
Yearly
Please comment on any variation between groups or if there is any seasonal variation:

19. How often are pastures co-grazed or alternately grazed with any other livestock (i.e. mixed
grazing)?
1-3
Never

Daily

Weekly

Monthly

Cattle
Sheep
Alpacas
Goats
Other (please specify)

20. How often is horse manure removed from the pasture?
Never
Daily
Weekly
Fortnightly
Monthly
Seasonally
Other (please specify)

4-

monthly 6 monthly

Don't
Yearly

know

Parasite Control Questionnaire
Grazing Management

21. How is manure removed?
Manually
Machine
Other (please specify)

22. How often are each of the following pasture management practices undertaken?
Every 6
Never
Ploughing/harrowing
Fertilising
Seeding
Mowing/Slashing
Other (please specify)

Monthly

months

Every 2
Annually

years

Don't know

Parasite Control Questionnaire
Parasite Control Practices (Deworming)

23. Do you think any horses on the property were affected by worms in the last 12 months?
Yes
No
Don't know

Parasite Control Questionnaire
Parasite Control Practices (Deworming)

24. What signs of illness were present? (choose all options that apply)
Colic
Diarrhoea
Weight loss
Tail rubbing
Worms in manure
Rough haircoat
Other (please specify)

25. How was a diagnosis made? (choose all options that apply)
Faecal worm egg count
Signs of illness
Veterinary advice
Other (please specify)

Parasite Control Questionnaire
Parasite Control Practices (Deworming)

26. Do you use dewormers (anthelmintics) to manage worms in horses on the property?
Yes
No

Parasite Control Questionnaire
Parasite Control Practices (Deworming)

27. When selecting a dewormer drug to use, which is theMOST important to you? (Please choose
one option only)
Price
Brand name
Veterinary advice
Produce store advice
Magazines
Internet
Drug rotation
Faecal worm egg count
Previous experience
Other (please specify)

28. After dewormer dosing, are horses moved to a new paddock?
Yes
No

29. Is a dewormer administered to visiting horses (including visiting mares) prior to entry onto
the property?
Yes
No
Not applicable

Parasite Control Questionnaire
Parasite Control Practices (Deworming)

30. How many days prior to entry onto the property is the dewormer administered?

31. Please list the trade name of the dewormer that ismost commonly used.

Parasite Control Questionnaire
Parasite Control Practices (Deworming)

32. Do you specifically treat horses for tapeworms?
Yes
No
Don't know

33. Do you specifically treat horses for small redworms (encysted cyathostomins)?
Yes
No
Don't know

Parasite Control Questionnaire
Parasite Control Practices (Deworming)

34. Please list the trade name of the deworming product you most commonly use to treat horses
for small redworms:

Parasite Control Questionnaire
Parasite Control Practices: Mares

35. How do you choose to treat mares on the property with dewormers? (choose one option
only)
Regular intervals
Strategic dosing (e.g. certain times of the year to target specific worms)
Targeted dosing (e.g. based on Faecal worm egg count results)
Only if showing signs of disease
Other (describe):

36. Do mares receive a dewormer in the last 2 months of pregnancy?
Yes
No
Don't know

Parasite Control Questionnaire
Parasite Control Practices: Mares

37. Please list the trade name of the dewormer you most commonly use in the last two months of
pregnancy:

Parasite Control Questionnaire
Parasite Control Practices: Mares

38. How do you determine the dose of dewormer to give each mare?
Scales
Weightape
Visual estimate of weight
One tube per horse
Other (please specify)

39. How frequently are mares on the property dosed with a dewormer?
Every month
Every 2 months
Every 3 months
Every 4-6 months
Other (please specify)

40. Please list the trade names of all deworming products used to dose mares on the property
over the last 12 months:

41. Please list the trade name of the deworming product youmost commonly use for mares:

42. How often do you rotate between different dewormers for mares?
Never
Every time
Every 3-6 months
Every 6-9 months
Annually
At random
Comments:

43. In comparison to use in previous years, do you think the deworming drugs you used for
mares in the last 12 months are:
Less effective
As effective
More effective
Don't know
Comments:

Parasite Control Questionnaire
Parasite Control Practices: Foals

44. How do you choose to treat foals on the property with dewormers? (choose one option only)
Regular intervals
Strategic dosing (e.g. certain times of the year to target specific worms)
Targeted dosing (e.g.based on Faecal egg count results)
Only if showing signs of disease
Other (describe):

45. What is the age of foals at first dosing with a dewormer?

46. How do you determine the dose of dewormer to give to each foal? (choose one option)
Scales
Weightape
Visual estimate of weight
One tube per horse
Other (please specify)

47. How frequently are foals on the property dosed with a dewormer?
Every month
Every 2 months
Every 3 months
Every 4-6 months
Other (please specify)

48. Please list the trade names of all the deworming products used to dose foals on the property
over the last 12 months:

49. Please list the trade name of the deworming product you most commonly use for foals:

50. How often do you rotate between different dewormers for foals?
Never
Every time
Every 2-3 months
Every 4-6 months
At random
Comments:

51. In comparison to use in previous years, do you think the deworming drugs you used for foals
in the last 12 months are:
Less effective
As effective
More effective
Don't know
Comments:

Parasite Control Questionnaire
Anthelmintic Resistance

52. Are you aware of any resistance to dewormer drugs on your property?
Yes
No
Don't know

Parasite Control Questionnaire
Anthelmintic Resistance

53. Please specify which dewormer/s (trade name and/or class) there is resistance to.

54. What makes you think there is resistance to this/these dewormer/s?

Parasite Control Questionnaire
Anthelmintic Resistance

55. When are faecal worm egg counts performed on manure samples from your horses?
Never
Monthly
Every 2-3 months
Every 4-6 months
Every 7-12 months
When parasite related disease is suspected
At random
Other (please specify)

Parasite Control Questionnaire
Anthelmintic Resistance

56. When faecal worm egg counts are performed, why are they used?
Routine monitoring
For selection of horses to give a dewormer
For detection of drug (anthelmintic) resistance
Other (please specify)

57. When faecal egg worm counts are performed, which horses are sampled?
Mares
Other adult horses
Youngsters (1-3 years)
Foals prior to weaning
Foals after weaning
Sick or underweight horses as part of the diagnostic evaluation

58. Are you aware of what the faecal egg count reduction test (FECRT) is?
Yes
No

Parasite Control Questionnaire
Anthelmintic Resistance

59. Has a FECRT ever been performed on your property?
Yes
No

Parasite Control Questionnaire
Anthelmintic Resistance

60. For which dewormer(s) has a FECRT been performed? (Please list all)

Parasite Control Questionnaire
Anthelmintic Resistance

61. Please indicate how important you consider each of the following are for the control of
worms:
Not important
Resistance to dewormer
drugs
Rotating between dewormer
drugs
Moving to clean pasture
after deworming
Reducing the frequency of
deworming drug use

Somewhat important

Important

Very important

Parasite Control Questionnaire
Questionnaire Conclusion

62. Would you like to receive a summary of the results and findings from this questionnaire
study?
Yes
No

Parasite Control Questionnaire
Request a summary of results

Please email Edwina with your contact details, including your name, email address and phone number.
Click here to Email: Edwina

Appendix 4
A questionnaire study on parasite control practices on Thoroughbred
and Standardbred studs in Australia
Table A4.1: Results of univariate analysis of associations between independent
variables and the defined parasite control practices

192

Dependent variables
FEC use
Worm disease
Known AR on property
Year established
Annual rainfall
Manure removal
Manure removal frequency
Pasture rotation
Pasture resting
Co‐grazing
Ploughing/harrowing
Fertilizer
Mowing/slashing
Decrease Dose‐importance
Rx efficacy
Deworm on entry
New paddock post‐Rx
FECRT aware
FECR performed
Drug rotation mares
AR importance
Pasture resting interval
Manure removal method
Worm Dx method
FEC reason
FEC frequency
Dewormer selection
Dewormer selection FEC/Vet advice
Tapeworm Rx

Anthelmintic drug
use frequency > 3
months in mares

Outcome variables of interest
Anthelmintic drug
use frequency > 3
Worm disease
months in foals
FEC use
on property

Known AR on
property
0.075

Manure
removal

0.142
0.005

0.06
0.029
0.034

0.075
0.073
0.026
0.115
0.104
0.145
0.092

0.057

0.077
0.052
0.009
0.051
0.063
0.01
0.154 <0.001

0.174
0.114

0.094
0.066

0.008

0.081
0.021

0.061

0.007
0.118

0.158

0.097
0.118

0.021
0.186

0.144

0.008
0.015
0.059

0.005
0.001

0.074
0.082

0.041
0.075
0.042

0.115
0.095
0.178
0.039
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Cyathostomin Rx
Larvacidal Rx
Mare Rx regimen
Mare drug rotation freq
Rx last2months of pregnancy
Foal Rx freq (ord)
Foal Rx freq (dichot)
Foal firstRx (dichot)
Foal firstRx (ord)
Foal dose calc (dichot)
Foal drug efficacy (ord)
Total horses (cont)
Total adults (cont)
Total resident mares (cont)
Total visiting mares (cont)
Total horses 1to3yrs (cont)
Total foals (cont)
Grazing area (cont)
Stocking density (cont)
Other horses
Tr Total horses
Tr Total adults
Tr 1to3yrs
Tr Total resident mares
Tr Total visiting mares
Tr Grazing area
Tr Stock dens
Tr Days prior entry
importance move to clean pasture
importance of drug rotation
AR: anthelmintic resistance, FEC: faecal egg count,

0.097
0.031

0.154
0.006
0.087

0.035

0.075
0.026
0.029
0.125
0.007

0.142
0.029
0.157
0.002

0.014

0.003

0.006

0.127

0.014
0.029
0.003
0.036
0.104

0.018
0.03
0.105
0.038
0.108
0.042

0.008
0.011
<0.001
0.009
0.018
0.065

0.032

0.169

0.195

0.027
0.178
0.177
0.162
0.057

0.131
0.029

0.029

0.065

0.106
0.046

0.134
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Appendix 5
Efficacy of a morantel‐abamectin combination for the treatment of
resistant ascarids in foals.

Faecal Egg Count Data
A copy of the raw data for Trial 1 and Trial 2 is included in this Appendix
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Trial 1 FEC Data
Group ‐ Ammo
Horse Id
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Day 0
50
1900
1400
4350
12800
650
150
100
4450
50
50
2200
650
100
800
200
200
500
550
650
700
1000
1200
1650
4250

Day 28

Day 56
0
0
0

NS
0
0
0
0
0
0
0
0
NS
NS
NS
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Group ‐ Equimax
1
2
3
4
5
6
7
8
9
10
11
12
13

4350
3100
300
550
800
10650
50
2300
100
400
100
2700
300

6450
NS
0
1300
350
NS
0
NS
NS
NS
NS
NS
NS

12800
650
NS
50
0
2200
NS
0
0
0
0
50
0
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14
3850 NS
50
15
50
0
0
16
200
0
0
17
200
2900
0
18
300
0
0
19
650
0
0
20
650
1150
50
21
750
0
0
22
850
900
100
23
1600
0
0
____________________________________
NS: no sample

Trial 2 FEC Data
Foal
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

d0 Count 1

d0 Count 2

Av FEC d0

d14 Count 1

d14 Count 2

130
210
160
770
140
120
140
100

110
350
70
960
120
220
110
150

0
0
0
0
0
0
0
0

0
0
0
10
0
0
0
0

110
50
170
100
400
100
300
260
90
270
290
110
120
370
350
60

190
70
220
110
260
150
260
250
80
240
410
110
170
330
500
80

120
280
115
865
130
170
125
125
545
135
300
130
150
60
195
105
330
125
280
255
85
255
350
110
145
350
425
70

0
0
0
0
0
0
0
0
20
20
460
30
2810
700
0
0

0
0
0
0
0
0
0
0
30
10
440
40
2390
490
0
0

Av FEC
d14

0
0
0
5
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
25
15
450
35
2600
595
0
0

FECR

100
100
100
99.421965
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
70.588235
94.117647
‐28.57143
68.181818
‐1693.103
‐70
100
100
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

160
120
270
120
640

160
180
260
180
620

240
210
80
30
50
40
300
80
400

300
110
80
50
80
70
270
80
420

160
150
265
150
630
130
270
160
80
40
65
55
285
80
410

500
0
270
0
0

580
0
340
0
0

0
0
0

0
0
0

60
50
120
340
150

80
70
150
260
110

540
0
305
0
0
0
0
0
85
70
60
135
300
130

‐237.5
100
‐15.09434
100
100
100
100
100
100
‐112.5
‐7.692308
‐9.090909
52.631579
‐275
68.292683

Av: average
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