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Abstract 

Ticks and lice are ectoparasites of veterinary importance to UK livestock. Infestation of 
livestock can result in economic losses for farmers, caused by reduced animal health and 
productivity, either by direct feeding effects or through the spread of vector-borne 
pathogens. A detailed understanding of the prevalence, distribution and associated risk 
factors for infestation and subsequent vector-borne disease is important to allow effective 
and targeted control measures to be designed and implemented. Despite this, there is 
limited national data about tick or louse infestation on livestock farms. The aims of this thesis 
were to assess the prevalence, distribution, and risk of infestation of ticks and lice and 
associated vector-borne disease on sheep and cattle farms across Great Britain. 

A retrospective questionnaire survey was sent to a nationally representitative 
demographic of sheep and cattle farms to collect  data on the presence/absence of livestock 
infestation (Chapter 2). Tick infestation risk is shown to be spatially aggregated, with areas of 
significantly elevated risk in north Wales, northwest England and western Scotland (Chapter 
3). Overall, the prevalence of farms reporting ticks was 13% for sheep farms and 6% for cattle 
farms, but in ‘hotspot’ clusters prevalence ranged between 48-100%. The prevalence of farms 
reporting lice was 16% for sheep farms and cattle farms (Chapter 6). ‘Hotspot’ clusters of 
farms with louse infestation were only identified for sheep farms, in Wales, northwest England 
and southwest Scotland, with prevalence in these areas ranging from 31-40%. 

In the future, it is expected that tick and tick-borne disease risk will change, as tick 
distribution is strongly influenced by climate. However, Europe-wide models lack sensitivity 
when predicting future tick distributions. A spatial model was built to predict the future risk 
of ticks on livestock farms under a range of climate-change scenarios (Chapter 4). Both tick 
hazard and livestock exposure were incorporated into the model, to capture a niche which 
may be missed by broader-scale models. Overall, the probability of ticks on livestock farms 
was predicted to increase under future climate scenarios, particulary at higher altitudes and 
latitudes, further increasing the risk of tick-borne disease on farms in these areas.  

Two of the production-limiting pathogens ticks transmit to cattle in the UK are the 
protozoa Babesia divergens, the causal agent of redwater, and Anaplasma phagocytophilum, 
the causal agent of tick-borne fever. The prevalence and distribution of Babesia spp. and A. 
phagocytophilum in ticks on cattle farms in southwest England, an area of identified high risk, 
was investigated through tick collection from cattle grazing areas (Chapter 5). B. divergens 
and A. phagocytophilum were identified from 21% and 88% of farms, respectively. There 
were multiple positive samples for Babesia on individual farms, suggesting that Babesia 
distribution is clustered within the tick population, and may impact clinical redwater cases 
more than cattle immunity or tick density.  

The data presented in this thesis contribute to an understanding of the epidemiology 
of ectoparasite infestation on British livestock farms. Findings are discussed in relation to 
livestock ectoparasite control and management strategies, and future changes in risk factors 
for infestation, such as land-management (Chapter 7). 
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Chapter 1 

Ticks and lice: a review of their 
importance in livestock 

 
 

Introduction 

Ectoparasites are external parasites that feed on the skin, hair or feather debris, wounds or 

blood of their living host, and thereby have a negative impact on the fitness of the host. The 

infestation of animals by parasites, therefore, can result in economic losses for farmers, 

caused by reduced animal health, welfare and productivity (Pegram and Chizyuka, 1990; 

Colebrook and Wall, 2004; Nieuwhof and Bishop, 2005; Sargison, 2008; Woldehiwet, 2010; 

Grøva et al., 2011;Stubsjøen et al., 2018). The UK farms around 34,000,000 sheep and 

10,000,000 cattle (AHDB, 2019a,b), with sheep and cattle meat, and milk production outputs 

in the UK being valued at around £9,000,000,000 (Department for Environment and Rural 

Affairs (Defra), 2019a). In livestock key ectoparasites of importance include agents of larval 

myiasis, such as Lucilia sericata, and the adult flies Hydrotaea irritans, Haematobia spp., 

Musca autumnalis, and Stomoxys calcitrans; mites, Psoroptes ovis, Sarcoptes scabiei, 

Chorioptes spp.; ticks, Ixodes ricinus, Haemaphysalis punctata, and Dermacentor reticulatus; 

and lice, Bovicola ovis, Bovicola bovis, Lingonathus vituli, Haematopinus eurysternus, 

Solenoptes capillatus. The primary focus of this thesis will be the ticks and lice that affect 

sheep and cattle in the UK. 
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1.1  Ticks  
 

Ticks are obligate, hematophagous chelicerates, in the order Acari, and sub-order Ixodida 

(Oliver, 1989). They parasitise a wide range of vertebrates, including, reptiles, birds, and 

mammals, with varying degrees of host specificity across species (Milne, 1949; Oliver, 

1989). Tick infestation of ruminant livestock occurs worldwide (Heyman et al., 2010; Walker, 

2011), and is of veterinary concern, both because the direct effects of tick feeding can 

reduce livestock productivity and compromise animal welfare (Pegram and Chizyuka, 1990; 

Jonsson et al., 1998) but also because tick feeding is associated with the transmission of 

tick-borne disease and secondary conditions caused by a reduced immune response 

(Doherty and Reid, 1971; Brodie, 1985; Brodie, Holmes and Urquhart, 1986; Woldehiwet, 

2010; Grøva et al., 2011; McFadzean et al., 2021). Ticks act as vectors for several livestock 

pathogens in the UK (Foggie, 1959; Walker et al., 2001; Jeffries et al., 2014; McFadzean et 

al., 2021). 

 

1.1.1 Tick biology 

Twenty different tick species have been recorded as endemic in the UK (Jameson 

and Medlock, 2011). The three main tick species which parasitise livestock in the UK are 

Ixodes ricinus, Haemaphysalis punctata, and Dermacentor reticulatus (Cull et al., 2018). 

These tick species are in the family Ixodidae (the hard ticks), characterised by the presence 

of a scutum on their dorsal surface, and pulvilli between the claws (Walker et al., 2003). The 

species which is of the greatest veterinary importance throughout north western Europe is I. 

ricinus (Fig. 1.1), commonly known as the ‘sheep’, or ‘castor-bean’, tick, due to its 
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widespread distribution, lack of host specificity, and its ability to transmit a variety of vector-

borne pathogens to its hosts (Zintl et al., 2003; Woldehiwet, 2010; Gilbert, 2016; Cull et al., 

2018). 

 

 

A 

 

 

 

 

 

 

B 

 

C 

Fig. 1.1: A) Adult female I. ricinus; B) Adult male I. ricinus; C) I. ricinus nymph 
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Ixodes ricinus has a 3-host life cycle, with larva, nymphs and adults each feeding on 

a different host, each separated by an environmental stage and a moult (Macleod, 1932; 

Nicholson et al., 2019). Ixodes ricinus is non-host specific, and will feed on a range of 

mammals and birds in the UK (Macleod, 1932; Milne, 1949), including, but not limited to, 

rodents (Boyard, Vourc’h and Barnouin, 2008; Halos et al., 2010), deer, ruminants (Cull et 

al., 2018), companion animals (Abdullah et al., 2016; Davies et al., 2017), and humans 

(Milne, 1949; Jameson and Medlock, 2011). Ixodes ricinus acquires its hosts by ‘questing’, 

which involves them climbing vertically up vegetation, and raising their forelegs in the air in 

wait of a passing host (Macleod, 1935; Lees, 1948; Lees and Milne, 1951). Initial attachment 

to the host is aided by claws on the pretarsi, the distal segments of the legs (Voigt and 

Gorb, 2017). Once on a host, the tick will move to a feeding site, which is often an area of 

thin-skin (Lees, 1948). Feeding involves the insertion of the mouthparts, known as the 

hypostome. Teeth-like structures on the chelicerae allow the hypostome to penetrate the 

host skin (Richter et al., 2013). Once attached, I. ricinus engorge with larva and nymphs 

feeding for an average of 3 days and adults for an average of 7 days (Militzer et al., 2021). 

Ixodes ricinus has a low metabolic rate relative to insects, which allows survival between 

long feeding intervals (Alasmari and Wall, 2021). Adult male I. ricinus do not engorge, they 

instead locate feeding adult females and mate (Macleod, 1932; Kiszewski, Matuschka and 

Spielman, 2001). After full engorgement, which stimulates completion of fertilization and 

egg production (Kiszewski, Matuschka and Spielman, 2001), the engorged adult female 

drops off the host and oviposits up to several hundred eggs in the vegetation (Macleod, 

1932; Lees, 1948; Oliver, 1989).  
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The survival and questing behaviour of I. ricinus is strongly influenced by the 

microclimate. This tick is highly susceptible to desiccation, and shows positive geotropism 

at saturation deficits above 4.4 mm Hg (equivalent to 71% relative humidity at 18 °C or 80% 

relative humidity at 24 °C; MacLeod, 1935). So, although I. ricinus is widespread across the 

UK (Cull et al., 2018), its distribution is heterogenous on a local scale, being limited to 

habitats which provide a suitably humid microclimate and host availability (Medlock et al., 

2008). The highest tick densities are therefore found in habitats consisting of thick 

vegetation layers, such as woodland (Boyard et al., 2008; Dobson et al., 2011; Walker et al., 

2001), and moorland (Lees, 1948). The hosts on which the various life-cycle stages feed are 

strongly linked to humidity-constraints which influences their questing height (Macleod, 

1935; Lees and Milne, 1951; Randolph, 2009). Earlier life-cycle stages of I. ricinus are more 

susceptible to desiccation (Lees, 1948), so quest lower in the vegetation, where relative 

humidity is higher, and therefore are more likely to attach to smaller hosts, such as rodents 

(Boyard, Vourc’h and Barnouin, 2008). However, the separation of life-cycle stages onto 

different host-types is not distinct, for example, sheep in upland areas may act as the 

primary host for all 3-life cycle stages (Steele and Randolph, 1985; Ogden, Nuttall and 

Randolph, 1997).  

Questing activity of nymphs and adults in the UK usually begins in February/March, 

when average maximum daily temperatures reach at least 7 °C (Randolph and Šumilo, 

2007), although there is thought to be local variation in the response of different tick 

populations to temperature (Gilbert, Aungier and Tomkins, 2014). Questing activity of 

nymphs and adults then peaks around May-July, depending on the weather that year (Cull 

et al., 2018; Dobson et al., 2011; Macleod, 1932). The threshold temperature for larvae is 
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around 10 °C and peak larval questing occurs later than that of nymphs and adults after 

eggs have hatched (Randolph et al., 2002).  Tick questing in mid-summer is limited by 

saturation deficit (Macleod, 1935; Perret et al., 2003). A second peak in questing densities is 

sometimes seen in late summer and early autumn (Cull et al., 2018). The drivers of tick 

phenology are complex and it has been suggested that shortening day lengths trigger a 

winter morphogenetic diapause in unfed ticks (Gray et al., 2016) which then survive for a 

year until they feed and moult in the following autumn, or starve (Randolph et al., 2002). 

However, this interpretation of tick phenology has been disputed, with the alternative 

hypothesis, based on the analysis of lipid as a proxy for time since the last blood meal, 

indicating that ticks simply enter a temperature-based quiescence rather than winter 

diapause and resume activity as soon as the appropriate temperature thresholds are 

achieved in spring (Abdullah et al., 2019). 

Ixodes ricinus use many different sensory modalities to detect their environment 

(Lees, 1948; Perret et al., 2003; Crooks and Randolph, 2006). The Haller’s organ is a sensory 

structure on the forelegs, found only in ticks and mites. It is composed of sensillae, 

including: humidity receptors, chemoreceptors, temperature sensillae, and tactile bristles, 

usually within a pit (Lees, 1948). Questing in I. ricinus can be triggered by various different 

stimuli, including: vibrations, temperatures higher than the ambient, host odour cues, and a 

sudden fall in light intensity (Lees, 1948). 
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1.1.2 Ticks as vectors 
 

Worldwide, ticks act as vectors for a wide variety of pathogens of wildlife, livestock, 

companion animals and humans (Walker et al., 2001; Randolph, 2004; Boyard, Vourc’h and 

Barnouin, 2008; Heyman et al., 2010; Smith et al., 2011; Walker, 2011; Rose Vineer, Ellse 

and Wall, 2016; Stuen, 2016).   

Once attached, I. ricinus larva and nymphs feed for an average of 3 days, and adults for 

an average of 7 days (Militzer et al., 2021). The relatively long period of blood feeding and 

the large volumes ingested increase the probability that pathogens will be ingested and 

transmitted in the egested saliva. Ticks aid pathogen transmission via saliva-assisted 

transmission (SAT), whereby components in the tick’s saliva suppress the host-immune 

response via their anti-haemostatic, anti-inflammatory and immunomodulatory properties 

(Randolph, 2009; Kazimírová and Štibrániová, 2013). 

Transmission cycles are localised, with regional variations in tick-borne disease (TBD) 

incidence influenced by pathogen prevalence and vector abundance, which are both 

influenced by the relative proportions of different host species (Layzell et al., 2018; 

Mysterud et al., 2018). Maintenance hosts support the continued survival of tick populations 

(Estrada-Peña et al., 2013). In the UK, deer species, sheep, and cattle can all act as 

maintenance hosts for I. ricinus, because all 3 life-cycle stages can potentially feed on them, 

including the reproductive stage, adult females (Steele and Randolph, 1985; Gray et al., 

1992; Ogden, Nuttall and Randolph, 1997). The abundance of maintenance hosts therefore 

has a direct effect on the abundance of tick populations (Gray et al., 1992; Estrada-Peña et 

al., 2013). Transmission hosts allow pathogen transmission from host to the tick vector, and 
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reservoir hosts are those on which the pathogen relies to contribute to the continued 

spread of the pathogen via the feeding tick population (Gern et al., 1998; Estrada-Peña et 

al., 2013; Gilbert, 2016). Different host species act as transmission and reservoir hosts for 

different pathogens (Bown et al., 2009; Boyard et al., 2008; Gern et al., 1998; Gilbert, 2016; 

Gray et al., 2021; Randolph et al., 1999; Stuen, 2016; Wikel, 2018). Non-transmission hosts 

can act as dilution hosts by maintaining a pathogen-free proportion of the tick population 

(Steele and Randolph, 1985; Heyman et al., 2010). However, this effect can be offset, if 

these hosts make a contribution to maintaining high tick abundance (Porter, Norman and 

Gilbert, 2013; Gilbert et al., 2020; Gandy et al., 2021). Additionally, maintenance hosts can 

sometimes allow transmission via co-feeding ticks, without experiencing bacteraemia or 

viraemia (Jones et al., 1997; Ogden, Nuttall and Randolph, 1997; Randolph et al., 1999; 

Randolph, 2009). Transmission cycles can be further complicated by the presence of 

genotypically distinct subpopulations of the pathogen, with differing vectoral 

compatibilities (Bown et al., 2009). 

The commonly observed aggregated, over-dispersed, or negative binomial 

distribution of parasite and pathogen infection in hosts populations, (Anderson and May, 

1978; Woolhouse et al., 1997), is also seen with ticks (Milne, 1949; Elston et al., 2001; 

Boyard, Vourc’h and Barnouin, 2008; Sae-Lim et al., 2017), and aggregation is often 

coincident with different life cycle stages (Randolph, 2009). Clustering in the environment 

occurs through synchronization of feeding and drop-off from the host (Matuschka et al., 

1990), and aggregation pheromones (Oliver, 1989; Kiszewski, Matuschka and Spielman, 

2001). The aggregated distribution aids pathogen transmission through focusing 

transmission within a small number of hosts (Woolhouse et al., 1997; Perkins et al., 2003). 
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This is important in maintaining transmission cycles of pathogens with low R0 values 

(Randolph, 2004). Co-feeding of different life cycle stages further aids pathogen 

transmission, allowing transmission between life cycle stages without bacteraemia or 

viraemia in the host (Jones et al., 1997; Ogden, Nuttall and Randolph, 1997; Randolph et 

al., 1999; Perkins et al., 2003; Randolph, 2009). Additionally, aggregation also occurs on 

hosts due to clustered attachment at favourable feeding sites (Ogden, Halles and Nuttall, 

1998). The over-dispersed distribution of the tick vector can also result in over-dispersion of 

tick-borne disease in host populations (Perkins et al., 2003; Gilbert et al., 2020), whilst 

maintaining an approximately normal distribution of infection intensity in the tick population 

(Walker et al., 2001). In this case, the rate of tick attachment is a more important factor in 

allowing pathogen transmission than infection prevalence (Randolph, 2001, 2004; Walker et 

al., 2001). 

 

1.2  Livestock tick-borne disease in the UK 

For livestock in the UK, I. ricinus, is particularly important in the transmission of 

anaplasmosis (Anaplasma phagocytophilum; Stuen, Granquist and Silaghi, 2013), Louping-

ill virus (LIV; Jeffries et al., 2014), and tick pyaemia (Staphylococcus aureus; Foggie, 1947). 

For cattle in the UK, I. ricinus also transmits A. phagocytophilum (Stuen, Granquist and 

Silaghi, 2013) and LIV, although reported prevalence is lower than in sheep (Jeffries et al., 

2014). It is also a vector of Babesia divergens, the causal agent of redwater (Zintl et al., 

2003). 
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Haemaphysalis punctata (the red sheep tick) can transmit tick pyaemia and Theileria 

spp. to sheep and cattle, causing Theileriosis (Alani and Herbert, 1988; Folly et al., 2020; 

MacRelli et al., 2020). Bovine theileriosis has not been identified in the UK (Folly et al., 

2020). Ovine theileriosis, caused by Theileria luwenshuni has been found in sheep in the 

UK, associated with high tick burden (Phipps et al., 2016; MacRelli et al., 2020). But the 

distribution of Haemaphysalis punctata is mainly limited to grasslands in south-east 

England, so disease cases are localised (Medlock et al., 2018). 

Dermacentor reticulatus can transmit Anaplasma marginale to ruminants, the causal 

agent of Bovine anaplasmosis, but this has not been reported in the UK (Dumler et al., 

2001). In the UK, Dermacentor reticulatus is localised to coastal areas, generally associated 

with sand dune habitats (Medlock et al., 2017). 

 

1.2.1 Anaplasma 
 

Anaplasmosis is a widely dispersed tick-borne disease throughout Europe, caused 

by the gram-negative bacterium Anaplasma phagocytophilum (formerly Ehrlichia 

phagocytophilum). A. phagocytophilum infects a wide range of animals including mammals, 

reptiles and birds, with different strain types causing disease in different species (Jahfari et 

al., 2014). A ruminant-specific variant of A. phagocytophilum causes disease in both sheep 

and cattle, otherwise known as tick-borne fever (Stuen, Granquist and Silaghi, 2013), and 

human variants of A. phagocytophilum can also cause anaplasmosis in people (Stuen, 

2016). A. phagocytophilum infects granulocytes, causing leucopenia, and therefore results 

in secondary infections due to immunosuppression (Brodie, 1985; Woldehiwet, 2010). 
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Anaplasmosis, or tick-borne fever, in sheep and cattle is therefore often associated with 

other, co-existing tick-borne disease (Foggie, 1959; Brodie, 1985; Brodie et al., 1986; 

Daniel et al., 2020; Johnson et al., 2020; McFadzean et al., 2021).  

Outbreaks in livestock are most common after animals are first exposed to tick-

infested pastures (Stuen, 2016). Colostral immunity is not complete, so young animals are 

the most susceptible (Brodie, 1985; Stuen, 1992). Acquired immunity is dependent upon 

factors such as host age, frequency of exposure, time since previous challenge and strain 

type (Stuen, 1992; Ogden et al., 2002; Stuen et al., 2009; Woldehiwet, 2010). It has been 

shown that sheep remain partially susceptible to re-infections, but that this is dependent on 

the number of feeding ticks (Ogden et al., 2002, 2003). 

Clinical signs of anaplasmosis in livestock are generic, with the main signs of 

bacteraemia being pyrexia and anorexia (Macleod and Gordon, 1933; Brodie, 1985; Stuen, 

2016). Diagnosis can be confirmed by the presence of basophilic inclusions on blood 

smear, showing Anaplasma within vacuoles in the cytoplasm of leukocytes, by competitive 

ELISA (cELISA), indirect fluorescence antibody (IFA), or Polymerase chain reaction (PCR), 

which allows distinction of Anaplasma species (Shabana, Alhadlag and Zaraket, 2018). 

Infected livestock can be treated with antibiotics, with short-acting oxytetracyclines being 

the most effective treatment option (Elsheikha, 2009). Prophylactic use of long-acting 

tetracyclines can prevent infection in endemic areas (Brodie, 1985; Elsheikha, 2009). 

Transstadial transmission of A. phagocytophilum can occur, whereby the pathogen 

is transmitted from one tick developmental stage to the next (Macleod and Gordon, 1933; 

Ogden et al., 1998). Deer species are potentially important reservoir hosts for A. 
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phagocytophilum, (Alberdi, Walker and Urquhart, 2000; Skarphédinsson, Jensen and 

Kristiansen, 2005; Robinson, Shaw and Morgan, 2009). Sheep may also be important 

reservoir hosts, especially in UK uplands (Ogden et al., 1998, 2003; Perrin, 2017). However, 

the relative importance of different host species in transmission is thought to vary with 

different sub-populations of A. phagocytophilum (Bown et al., 2009). Studies investigating 

A. phagocytophilum within I. ricinus tick populations report prevalence’s ranging from 

around 0.3 – 9% across UK regions and life cycle stages, with prevalence higher in adults 

(Alberdi et al., 1998; Guy, Tasker and Joynson, 1998; Ogden et al., 1998; Walker et al., 

2001; Bown et al., 2009; Perrin, 2017; Gandy et al., 2022).  

 

1.2.2 Louping-ill 
 

Louping-ill virus (LIV), also called infectious ovine encephalomyelitis, is an acute viral 

disease which affects the brain and the nervous system and is caused by a flavivirus closely 

related to the causal agent of tick-borne encephalitis (TBEV), which causes disease in 

humans (Süss, 2011; Gilbert, 2016; Mansfield et al., 2016). LIV is also a potential zoonosis, 

although cases in humans are rare (Walkington, Hulgur and Yates, 2013). LIV can cause 

disease in sheep, and less commonly cattle (Jeffries et al., 2014; Mansfield et al., 2016).  

Disease caused by LIV is characterised by nasal discharge, fever, depression, 

anorexia, ataxia, paralysis and coma, leading in many cases to death (Doherty and Reid, 

1971). Clinical disease can be more severe when associated with tick-borne fever (Brodie, 

Holmes and Urquhart, 1986). Lambs are protected by colostral immunity, so the number of 

clinical cases is often highest post-weaning (Wilson and Gordon, 1948; Laurenson et al., 
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2000; Elsheikha, 2009). Diagnosis is based upon clinical sings, or serological assays and 

reverse transcriptase PCR (Jeffries et al., 2014). No treatment has found to be effective in 

sheep, but in cattle, nursing and symptomatic treatment can be effective (Elsheikha, 2009). 

To prevent clinical disease in exposed animals, louping-ill anti-serum can be given within 48 

hours of exposure (Elsheikha, 2009). A vaccine used to be licensed in the UK, but has now 

been withdrawn (Dagleish, 2020). A new recombinant vaccine is in the early developmental 

stage (Dagleish, 2020). 

It is likely that sheep are important reservoir hosts for louping-ill virus, as they can 

maintain enzootic cycles of LIV in the absence of other hosts, and treating sheep with 

acaracides reduces LIV seroprevalence in other hosts (Gilbert et al., 2000; Laurenson et al., 

2007; Newborn and Baines, 2012). LIV can also be transmitted by red grouse (Lagopus 

scoticus), where mortality rates from disease can be high (Hudson et al., 1995; Porter, 

Norman and Gilbert, 2013). Mountain hare can act as transmission hosts without 

experiencing viraemia, via co-feeding ticks (Jones et al., 1997). Louping-ill can also be 

transmitted by transstadial transmission (Hudson et al., 1995), and in red grouse, infection 

can also be transmitted via the ingestion of infected I. ricinus ticks (Hudson et al., 1995).  

LIV has been identified in other hosts, such as deer 

, but with no evidence that they act as transmission hosts (Jeffries et al., 2014; 

Holding et al., 2020).  

LIV has been reported from most regions in the north and west of the UK, but has 

not been found in central or east England (Jeffries et al., 2014). Holding et al., found a 

prevalence of 0.3% of LIV in ticks in areas of England and Scotland. A recent study found 
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that 22.4% (N=125) of randomly selected Scottish sheep farms had at least one sheep that 

tested positive for LIV antibodies (Gilbert et al., 2020). Higher seroprevalences were 

associated with upland habitats, higher deer density, and warmer climates (Gilbert et al., 

2020). A study in Lancashire found that 49% (N=93) of sheep farms tested had at least one 

sheep positive for LIV antibodies (Laurenson et al., 2007). LIV has also been identified in 

Ireland (McGuire et al., 1998), and regions of France, Norway (Gao et al., 1993; McGuire et 

al., 1998), Denmark (Andersen et al., 2019), and Spain (Ruiz-Fons et al., 2014).  

 

1.2.3 Pyaemia 
 

Pyaemia results from the infection of lambs or sheep with the bacterium 

Staphylococcus aureus (Foggie, 1947; Brodie, 1985). It is not directly transmitted by ticks, 

but S. aureus, usually found on the skin, may become pathogenic when transferred 

mechanically to the bloodstream via the wound created by a tick bite (Taylor, Holman and 

Gordon, 1941; Foggie, 1947; Webster and Mitchell, 1989). Pyaemia affects young lambs 

born on, or newly introduced to, a tick infected area, and shows a peak in spring when tick 

abundance is high (Foggie, 1946; Brodie et al., 1986; Aitken, 2013). Brodie et al  (1986), 

estimated that 300,000 lambs develop tick pyaemia every year in the UK. 

Pyaemia causes skin abscesses, and in immunosuppressed animals, can spread to 

joints causing arthritis, and sometimes paralysis (Foggie, 1946; Brodie, 1985; Elsheikha, 

2009; Aitken, 2013). Because clinical disease is more severe in immunosuppressed animals 

there is a strong association between tick-borne fever and pyaemia (Foggie, 1956; Brodie, 

1985; Brodie, Holmes and Urquhart, 1986). Diagnosis is by clinical signs or bacterial culture 
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of infected joints (Foggie, 1946; Aitken, 2013). If the lesions are not too advanced, pyaemia 

can be treated by parenteral administration of penicillin or tetracycline, and long-acting 

antibiotics can be given prophylactically (Elsheikha, 2009; Aitken, 2013).  

 

1.2.4 Babesia 
 

Babesiosis has several causal agents in Europe, but in the UK, the causal agent of 

babesiosis in cattle is Babesia divergens (Zintl et al., 2003). In infected cattle, 

intraerythrocytic Babesia merozites cause lysis of erythrocytes in the process of asexual 

division, leading to haemoglobinaemia, haemoglobinuria and pyrexia (Collins, Nuallain and 

Ferguson, 1970; Christensson, 1989; Mackenstedt et al., 1990; Sherlock et al., 2000; 

McFadzean et al., 2021). It is the haemoglobinuria which gives babesiosis the name 

‘redwater’. B. divergens also occasionally causes disease in humans (Mørch et al., 2015; 

Johnson et al., 2020; Hildebrandt et al., 2021). B. motasi and B. capreoli have both been 

isolated from sheep on the UK, but cases of babesiosis in sheep in the UK are rarely 

reported (Sargison and Edwards, 2009; Stuen, 2013). 

Clinical cases in cattle are generally seen when naïve cattle are exposed to infected 

pastures as adults (McFadzean et al., 2021), as prior exposure provides protective immunity 

(Joyner and Davies, 1967). In these naïve adult hosts, infection may cause death within a 

few days (Collins, Nuallain and Ferguson, 1970). Milder forms of the disease, associated 

with juvenile or immune hosts, are characterized by pyrexia and anorexia for a period of 

several days (Christensson, 1989). Diagnosis is based on clinical signs (anaemia and red 

urine) and microscopic giemsa-stained blood smear examination to identify the intra-
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erythrocytic dividing Babesia merozoites, with the divergent angle typical of B. divergens 

(Elsheikha, 2009; McFadzean et al., 2021). Treatment for redwater is the antiprotozoal drug, 

Imidiocarb (commercially known as Imizol), along with supportive therapy (Sherlock et al., 

2000; Elsheikha, 2009). Imidiocarb can also be used as a preventative, but withdrawal times 

are long (Elsheikha, 2009). A French vaccine has been developed, but is not commercially 

available in the UK, although can be imported by vets for problem farms (McFadzean et al., 

2021). 

In addition to transstadial transmission, Babesia is also transmitted via transovarial 

transmission within the tick, allowing the larvae, nymphs and adults of the next generation 

to transmit infection to cattle (Donnelly and Peirce, 1975). Cattle are likely to be important 

reservoir hosts as parasetima persists post-infection (Zintl et al., 2003; Malandrin, L’Hostis 

and Chauvin, 2004). Other transmission hosts for Babesia divergens are not well 

understood, but infection has been identified in red deer populations in the UK (Gray et al., 

2021).  

Babesia divergens is found across northern Europe (Zintl et al., 2003). Most studies 

investigating B. divergens within I. ricinus tick populations in northern European report a 

prevalence of about 1% across life cycle stages (Hartelt et al., 2004; Laurenson et al., 2007; 

Øines et al., 2012; Hamšíková et al., 2016; Davies et al., 2017; Abdullah et al., 2018; 

McKiernan et al., 2022). A prevalence of 3 and 4% was reported from one study in Lithuania 

and Norway, respectively, with prevalence higher in adults, and females (Radzijevskaja, 

Paulauskas and Rosef, 2008). Taylor et al. (1982) found a farm prevalence of 64-93%, with 

cattle testing positive for Babesia divergens antibodies throughout Northern Ireland. In 
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Ireland, there is evidence that redwater cases have been declining in recent years, but that 

due to warming winters, cases can now occur at any time of year (Zintl et al., 2014). Reports 

of redwater as early as February have also now been reported in the UK (Johnson, Phipps, 

McFadzean, et al., 2020).  

 

1.3  Lice 

Lice are dorsoventrally flattened, wingless insects in the Order Psocodea, with parasitic lice 

in the clade Phthiraptera (Mullen and Durden, 2019; de Moya et al., 2021). Like ticks, lice 

are all obligate parasites, and infest a range of vertebrates including reptiles, birds, and 

mammals (Light et al., 2010; Benelli et al., 2018). Lice are usually more host specific than 

ticks, as they spend their entire  lifecycle on the host, being spread mainly by direct contact, 

as survival time in the environment is usually in the order of a few days (Hopkins, 1949; 

Crawford, James and Maddocks, 2001; Light et al., 2010; Mullen and Durden, 2019). 

Various species of lice infest ruminants worldwide (Craufurd-Benson, 1941b; Matthysse, 

1944; James, Moon and Brown, 1998; Milnes and Green, 1999; Sargison, 2008; Hornok et 

al., 2010; Taylor, 2012; Foster, Mitchell and Wall, 2015), and are of veterinary concern as 

heavy infestations can cause inflammation and pruritis resulting in severe irritation to the 

infected animal (James, Bartholomaeus and Karlsson, 2007; Campbell, James and Horton, 

2016). This impacts livestock productivity and welfare and can cause economic losses to the 

farmer (Coles et al., 2003; Gibney et al., 1985; James et al., 1998a; Otter et al., 2003). 

However, generally few studies have attempted to quantify the relationship between the 
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intensity of infestation and economic impacts or welfare issues, and this remains an 

important gap in our understanding.    

 

1.3.1 Louse biology 

The Phthiraptera can be divided on functional grounds, into Anoplura (sucking), and 

Mallophaga (chewing) lice (Mullen and Durden, 2019; de Moya et al., 2021). Sucking lice 

are haematophagous and have modified mouthparts for piercing and feeding directly from 

host blood vessels (Snodgrass, 1945; Light et al., 2010). Sucking lice are only found on 

mammals (Light et al., 2010; Mullen and Durden, 2019). The mouthparts of chewing lice are 

adapted for feeding on host debris, such as skin, fur, feathers, sebaceous secretions, and 

occasionally blood (Snodgrass, 1945; Sinclair, Butler and Picton, 1989). Mallophaga is made 

up of the three sub-orders: Amblycera, Ischnocera, and Rhynchophthirina. Species of 

Mallophaga parasitise mammals, birds, and reptiles (Mullen and Durden, 2019).  

Both chewing and sucking lice are present in the UK, but chewing louse infestations 

are more prevalent (Craufurd-Benson, 1941a; Titchener, 1983; Milnes and Green, 1999). 

Louse species endemic in cattle are the chewing louse, Bovicola bovis, and three species of 

sucking louse: Lingonathus vituli, the long-nosed cattle louse, Haematopinus eurysternus, 

the short-nosed cattle louse and Solenoptes capillatus, the little blue cattle louse, may be 

present ((Craufurd-Benson, 1941a; Milnes and Green, 1999); Fig. 1.2). The only species of 

veterinary importance infesting sheep in the UK is the chewing louse, Bovicola ovis 

(formerly described as Damalinia ovis; Sargison, 2008). These species range in size from 1 – 

5mm in length (Matthysse, 1944; Mullen and Durden, 2019). 



34 
 
 

 

 

 

 

 
Fig 1.2: Species of cattle louse found in the UK (females). A) Bovicola bovis; B) Linognathus vituli; C) 

Solenopotes capillatus); D) Haematopinus eurysternus. Source: (Matthysse, 1946); original illustrations by Ellen 

Edmonson. 

 

Lice are hemimetabolous insects- they have three nymphal stages before moulting 

into adults (Craufurd-Benson, 1941b; Matthysse, 1944). The life cycle of UK cattle lice 

species takes around a month (egg-egg), but varies slightly depending on species and 

environmental conditions (Craufurd-Benson, 1941a, 1941b; Matthysse, 1944; Hopkins and 

Chamberlain, 1972; Grubbs, Lloyd and Kumar, 2007; Colwell, 2014). Once females have 

reached sexual maturity, they will lay one to several eggs every day for the remaining of 

weeks of their life, with eggs hatching a few days after oviposition (Matthysse, 1944; 

Hopkins and Chamberlain, 1972; Grubbs, Lloyd and Kumar, 2007; Colwell, 2014). 

Matthysse, (1944) identified that parthenogenesis was an important method of reproduction 

in B. bovis, however parthenogenesis has not been identified in all UK louse species 

infesting livestock (Craufurd-Benson, 1941b; Hopkins and Chamberlain, 1972). 
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The on-host microclimate, including temperature, humidity and light intensity, is 

important for louse survival and completion of their life cycle, as well as affecting the rate of 

life cycle completion (Craufurd-Benson, 1941a; Matthysse, 1944; Colwell, 2014). 

Environmental requirements are species specific, with the optimum  temperatures required 

for egg hatching often limited to within a few degrees, therefore limiting louse populations 

to specific host body sites (Matthysse, 1944; Colwell, 2014). Lice attach to, and move 

around on the host by clinging to hairs using tibio-tarsal claws (Miller, 1970; Sinclair, Butler 

and Picton, 1989; Foster, Mitchell and Wall, 2015). Sensory structures are present on lice 

antennae and include tactile, olfactory, chemosensory, and thermohygroreceptor sensilla 

(Miller, 1970; Clarke, 1990). 

 

1.3.2 Epidemiology of sheep and cattle lice in the UK  

Infestation of livestock with lice (pediculosis) is more prevalent during winter housing 

(Geden, Rutz and Bishop, 1990; Milnes, O’Callaghan and Green, 2003; Otter et al., 2003), 

when animals may be in relatively poor condition, stocking density is high and physical 

contact facilitates transmission, the coat is at its longest and climatic conditions of low 

temperatures, high humidity and relatively low light intensities allow high rates of survival 

(Craufurd-Benson, 1941b; James, Moon and Brown, 1998; Crawford, James and Maddocks, 

2001). The introduction of lice into a flock or herd usually occurs via bought-in stock or 

contact with neighbouring animals (Horton et al., 2009). Different lice species have different 

optimal feeding sites, reflecting their microclimatic requirements (Mullen and Durden, 

2019). Common sites include the head, neck, shoulder, rump, and mid-line (Craufurd-
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Benson, 1941b; Milnes, O’Callaghan and Green, 2003; Foster, Mitchell and Wall, 2015; 

Mullen and Durden, 2019). Feeding sites may also change with season – and it has been 

suggested that in summer lice may be more commonly found in more protected locations, 

such as between the legs and by the tail (Matthysse, 1944). 

Pediculosis in livestock is diagnosed by clinical signs, or by a wool sample or skin 

scrape to find evidence of lice or lice eggs (Foster, Mitchell and Wall, 2015). In low 

numbers, lice often go undetected, causing only a minor, chronic dermatitis (Milnes and 

Green, 1999; Foster, Mitchell and Wall, 2015). Heavy burdens are more likely on susceptible 

individuals, such as young (Milnes and Green, 1999; Milnes, O’Callaghan and Green, 2003), 

malnourished or immunocompromised animals (James, 1999; Foster, Mitchell and Wall, 

2015). Even surface-feeding chewing lice can stimulate an immune response in their host 

(James, Moon and Ragsdale, 1998; James, 1999). High intensity infestations of both 

chewing or sucking lice can cause inflammation, pruritis, alopecia, and excoriation, which 

can reduce time spent feeding (Weeks, Nicol and Titchener, 1995), resulting in reduced 

weight gains (Gibney et al., 1985; James, Moon and Brown, 1998). Heavy infestations of 

sucking lice can result in anaemia (Lasisi, Eyarefe and Adejinmi, 2011), and even death 

(Otter et al., 2003). Economic losses are also incurred due to light spot damage to leather 

hides (Coles et al., 2003), downgrading of fleece value (Campbell, James and Horton, 2016; 

SHAWG, 2016), and production losses caused by interference with host thermoregulation 

due to hair loss (Sargison, 2008; Mullen and Durden, 2019). 

Lice can act as vectors of pathogens (Benelli et al., 2018; Hernández-Velasco et al., 

2020). However, there is only limited evidence that the species of lice found on ruminants in 
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the UK can act as vectors of disease: Anaplasma spp. have been reported in L. vituli in 

Hungary (Hornok et al., 2010), but the lice examined in the latter study could potentially 

have been contaminated with infected animal blood.  

 

1.4  Management of ectoparasites on UK livestock farms 
 

Worldwide, the control of ectoparasites on livestock usually involves a combination of 

synthetic insecticide treatment of animals plus the use of farm management strategies to 

reduce the risk of exposure (Casida and Quistad, 1998; Taylor, 2001; James, 2010; Plant 

and Lewis, 2011; Walker, 2011). The synthetic insecticide classes used for livestock 

ectoparasite treatment in the UK are the macrocyclic lactones (ML), synthetic pyrethroids 

(SP), organophosphates (OP), and insect-growth regulators (IGR) (Agriculture and 

Horticulture Development Board (AHDB), 2020; Table 1.1).  

Macrocyclic lactones act by activating glutamate-gated Cl- channels which blocks 

nerve signals; synthetic pyrethroids act by modulating voltage-gated Na+-channel causing 

prolonged opening of sodium channels in nerve, muscle and other excitable cells; 

organophosphates act by inhibiting the action of acetylcholiesterase (AChE) at cholinergic 

synapses and at muscle end plates; and insect-growth regulators act by inhibiting an aspect 

of insect growth/moulting, such as inhibiting chitin synthesis (Rodríguez-Vivas et al., 2014; 

Sparks and Nauen, 2015). Application to livestock varies with class and product, but 

includes spot-ons, pour-ons, injections and dips (Agriculture and Horticulture Development 

Board (AHDB), 2020; Table 1.1).  
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1.4.1 Tick control 
 

In the UK, neurotoxic insecticides which are licensed for use against ticks on sheep 

include the synthetic pyrethroids (SPs): Deltamethrin; Alphacypermethrin; Cypermethrin, 

and the organophosphate (OP), Diazinon (AHDB, 2020; Table 1.1). There are no licensed 

products specifically for use against ticks on cattle in the UK (AHDB, 2020; Table 1.1). The 

residual efficacy of acaracides range from 3-12 weeks (AHDB, 2020; Table 1.1), therefore 

some treatments need to be re-applied throughout the tick season, otherwise livestock 

experience periods of vulnerability to tick bites (Newborn and Baines, 2012; Baines, Becker 

and Hart, 2019). Inappropriate use of acaricides by farmers, or incomplete application, 

which have been previously reported (Armstrong and Davies, 2007; Bisdorff and Wall, 2008; 

Taylor, 2012), could also result in livestock exposure to tick bites. Additionally, 

inappropriate or incomplete application of treatments can result in the development of 

insecticide resistance (McNair, 2015). Resistance has been reported from the one-host tick, 

Boophilus microplus, to avermectins in Brazil (Martins, 2001) and Mexico (Rodríguez-Vivas 

et al., 2014). However, the development of resistance may be less likely in I. ricinus, as its 

lack of host specificity, and its 3-host life cycle, can maintain a population of untreated ticks 

‘in refugia’, reducing the selection pressure from insecticides (Coles and Dryden, 2014; 

McNair, 2015).  

Treating livestock reduces the incidence of tick-borne disease in the treated 

population by reducing exposure to bites (Steele and Randolph, 1985; Randolph, 2001, 

2004; Walker et al., 2001; Laurenson et al., 2007). The number of animals treated, the 

efficacy of the acaricide and the length of residual efficacy all determine the ability of 



39 
 
 

 

 

treatment to prevent TBD, as illustrated by multi-host LIV mathematical models (Porter, 

Norman and Gilbert, 2013). The relative densities of different transmission vs maintenance 

hosts can also alter the need for treatment to reduce transmitted disease (Porter, Norman 

and Gilbert, 2013). Control focused on key tick maintenance hosts, such as sheep in upland 

areas (Ogden, Nuttall and Randolph, 1997), can reduce exposure in other hosts (Dobson 

and Randolph, 2011; Newborn and Baines, 2012). Newborn and Baines (2012), found that 

doubling the number of acaricide treatments on upland sheep resulted in a 90% reduction 

in tick burdens on grouse chicks, and Gilbert et al., (2012), found that reducing deer 

densities were associated with a lower abundance of I. ricinus. However, removal of key 

maintenance hosts, for example culling deer, could result in an increase in disease 

transmission, as tick burdens on the remaining hosts will be higher because of frequency-

dependent transmission (Dobson and Randolph, 2011; Kilpatrick and Randolph, 2012). 

Treatment of naïve animals prior to their introduction to tick-infested pasture is 

particularly important to reduce TBD incidence, such as the treatment of lambs being 

turned out for the first time (Foggie, 1946; Brodie, 1985; Brodie, Holmes and Urquhart, 

1986; Stuen, 1992; Aitken, 2013; McFadzean et al., 2021). Treatments usually help to 

reduce the tick burden, and therefore disease challenge, but are unlikely to be able to 

completely eliminate exposure to tick bites (Steele and Randolph, 1985; Randolph, 2001, 

2004; Walker et al., 2001). Furthermore, some tick exposure is important in helping to 

stimulate the development of acquired immunity (Stuen, 1992; Woldehiwet, 2010), 

especially when regarding TBD such as babesiosis, which is usually less pathogenic in 

younger stock (Christensson, 1989). 
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Table 1.1: Drugs licensed for use against sheep and cattle ectoparasites in the UK including: active ingredients, 

drug class, example products, licensed for and application. Abbreviations: ML = Macro-cyclic Lactone, SP = 

Synthetic pyrethroid, IGR = Insect-growth regulator, OP = Organophosphate, SC = sub-cut, PO = pour-on, IM = 

Intra-muscular, T = Treatment, P = Preventative. Adapted from Parasite control guide (AHDB, 2020). Details of 

mode of action from Sparks and Nauen (2015). 

Drug  Class (mode of action) Example 
Products  

Licensed for 
(efficacy) 

Application 

Ivermectin ML (Blocks nerve signals by 
activating Glutamate-gated Cl–-
channels) 

Animec 

Bimectin 

Ecomectin 

Ivomec 

Molemec 

Cattle: lice, mites, 
warbles, eyeworm  

Sheep: nasal bots, 
scab  

Cattle: 
Injection SC, 
PO 

Sheep: Oral 
drench, 
Injection SC  

Moxidectin ML (Glutamate-gated Cl–-
channels activator) 

Cydectin 

Moxodex 

Zermex  

Cattle: lice, mites, 
warbles, hornflies 

Sheep: nasal bots, 
scab 

Cattle: PO, 
Ear injection 

Sheep: Oral 
drench, 
Injection SC 

Doramectin ML (Glutamate-gated Cl–-
channels activator) 

Dectomax Cattle: lice, mites, 
warbles, hornflies, 
eyeworm, nasal 
bots, scab 

Cattle: 
Injection SC, 
PO 

Sheep: 
Injection IM 

Eprinomectin ML (Glutamate-gated Cl–-
channels activator) 

Eprecis 

EpriMole 

Eprinex 

Eprizero 

Epromec 

Cattle: lice, mites, 
warbles, hornflies  

PO, Injection 
SC 

Deltamethrin SP (Modulates voltage-gated 
Na+-channel causing prolonged 
opening of sodium channels in 
nerve, muscle and other 
excitable cells) 

Butox swish 

Dectospot 

Deltanil 

Flydown 

Spotinor  

Cattle: lice, flies, 
hornflies, Sheep: 
lice (4-6wks 
reduction, 
ticks (6wks), 
blowfly (T)  

Cattle: Spot 
on, PO 

Sheep: PO 

Alphacypermethrin SP (Voltage-gated Na+-channel 
modulator) 

Dysect 

Zermasect 

Cattle: lice, flies, 
hornflies 

Sheep: lice (kills 
existing),  ticks (8-

PO 
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12wks), blowfly (8-
10 wks P+T) 

Cypermethrin SP (Voltage-gated Na+-channel 
modulator) 

Flectron fly 
tags  

Crovect 

Ectofly 

Fly off 

MoleEcto 

Cattle: flies, 
hornflies 

Sheep: lice (kills 
existing), ticks 
(10wks), blowfly (6-
8wks P+T) 

Cattle: Ear 
tag 

Sheep: PO 

Permethrin SP (Voltage-gated Na+-channel 
modulator) 

Flypor Cattle: lice, mites, 
flies, hornflies 

PO 

Dicyclanil  IGR (cyano-pyrimidines) CLiK 

CliK EXTRA 

CliKZiN 

Sheep: blowfly  PO 

Cyromazine IGR (Chitin synthesis inhibitor) Vetrazin Sheep: blowfly 
(10wks)  

PO 

Diazinon OP (Inhibits action of 
acetylcholiesterase at 
cholinergic synapses and 
muscle end plates) 

Osmonds 
Gold 
fleece  

Paracide 

Sheep: lice, ticks (3-
6wks),  scab (4wks), 
blowfly (8wks) 

Dip 

 

1.4.2 Louse control 
 

The control of lice on livestock, again, usually involves exposure and transmission-

risk reducing farm management strategies, and the use of insecticides (Geden, Rutz and 

Bishop, 1990; James, 2010). Farm management strategies include reducing indoor stocking 

densities, quarantining and treating bought-in stock, and, in some areas of the world such 

as Australia, selecting for resistant stock (James, 1999; 2010). Control of lice using synthetic 

insecticides involves treatment of livestock during periods of high risk (Barton et al., 2006; 

Benelli et al., 2018; Bisdorff and Wall, 2008; Campbell et al., 2001; Fraser et al., 2006; 

Mclean et al., 2003), such as over winter housing (Geden, Rutz and Bishop, 1990; Milnes, 
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O’Callaghan and Green, 2003; Otter et al., 2003). Application of SPs or OPs result in a 

reduction in louse burden for both and chewing and sucking lice, whereas MLs are less 

effective against chewing lice because they are systemic (Campbell, Boxler and Davis, 2001; 

Taylor, 2001; Campbell, James and Horton, 2016). Synthetic insecticides licensed for use 

against sheep lice in the UK include the synthetic pyrethroids: Deltamethrin, 

Alphacypermethrin, and Cypermethrin, and the OP Diazinon (AHDB, 2020; Table 1.1). The 

duration of efficacy for products licensed for use against sheep lice ranges from 4-6 weeks 

(AHDB, 2020). Synthetic insecticides licensed for use against cattle lice in the UK include 

the macro-cyclic lactones: Ivermectin; Moxidectin; Doramectin; Eprinomectin, and the 

synthetic pyrethroids: Deltamethrin, Alphacypermethrin and permethrin (AHDB, 2020; 

Table 1.1). Most of the licensed insecticides are ineffective at killing louse eggs, therefore a 

second treatment is required to kill newly-hatched nymphs if the residual activity time of the 

product used is less than two weeks (Foster, Mitchell and Wall, 2015; AHDB, 2020). 

It is thought that because lice spend the majority of their life cycle on-host, and they 

are usually highly host specific, selection for resistance to synthetic insecticides is usually 

quick (James, 2002; Benelli et al., 2018). The development of resistance can be hastened by 

inappropriate or incomplete application of synthetic insecticides (Taylor, 2001). Inappropriate 

use of louse treatment in sheep and cattle has been reported previously in the UK (Fraser et 

al., 2006; B. Bisdorff and Wall, 2008). In the UK, there have been reports of resistance to 

synthetic pyrethroids in the horse/donkey louse (Bovicola (Werneckiella) ocellatus (Ellse et al., 

2012), and the cattle chewing louse (Bovicola bovis) (Sands et al., 2015). Pyrethroid resistance 

has also been reported in Ireland in chewing lice of cattle (Mckiernan et al., 2021), and in 
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Australia in chewing lice of sheep (Levot et al., 1995). There have also been reports of 

Bovicola ovis resistance to IGRs in Australia (James, Cramp and Hook, 2008).  

 

1.4.3 Alternative control methods 
 

Synthetic insecticide use may be associated with environmental contamination, 

leading to reduced insect biodiversity, delays in faeces decomposition on pasture, and 

reduction of water quality (Strong and Wall, 1990; Virtue and Clayton, 1997; Natural 

England, 2009; Beynon, 2012; Sands and Wall, 2018; Forbes, 2021). There are also 

concerns regarding toxicity to human health, particularly with organophosphate sheep dips 

(Natural England, 2009; Povey, 2010). Licenses to sell cypermethrin-based dips were 

suspended in 2006 (Natural England, 2009). Compulsory sheep dipping for sheep scab was 

ended in 1992, which, along with health and environmental concerns, has led to a reduction 

in farms using OP sheep dips in recent decades (Taylor, 2009).  

Alternative tick control methods include environmental control, such as pasture 

burning, although these often involve habitat destruction which has long-term 

environmental consequences (Polito et al., 2013). Less extreme environmental 

management, such as fencing woodland to exclude stock and managing vegetation, can 

help to reduce tick abundance by reducing suitable tick habitat in livestock grazing areas 

(Gilbert et al., 2017; Millins et al., 2017). There has been some success using essential oils 

to prevent I. ricinus attachment (Soutar, Cohen and Wall, 2019), although due to the volatile 

nature of essential oils, the duration of efficacy is low (Ellse and Wall, 2014). Several studies 

have suggested the use of biocontrol agents such as Bacillus thuringensis, to contribute to 
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tick control (Samish, Ginsberg and Glazer, 2004; Walker, 2011; McNair, 2015). Options 

include entomopathogenic fungi, such as Metarhizium anisopliae and Beauveria bassiana, 

entomopathogenic nematodes, and parasitoid wasps (Samish, Ginsberg and Glazer, 2004). 

However, none of these have proved sufficiently effective to be used as practical control 

tools. There is also potential for vaccines to protect livestock against ticks. Some vaccines 

have been made commercially available against R. microplus in Australia and Latin America, 

with varying degrees of success (McNair, 2015; Pereira et al., 2022), and there has been 

success in trials immunising calves against I. ricinus using proteins from tick mid-gut and 

salivary glands (Knorr et al., 2021). 

In regard to alternative control approaches for lice on livestock, there has been 

success using essential oils to reduce louse burdens in vivo on sheep and donkeys (James 

and Callander, 2012; Ellse and Wall, 2014; Ellse et al., 2016) and a commercial Tea-tree oil 

based product for louse control has been available for several years. But due to the volatile 

nature of essential oils, duration of efficacy is low (Ellse and Wall, 2014), and this limits the 

commercial viability of essential oils as an option for control on production animals. 

 

1.5  Thesis aims 
 

As described above, tick and louse infestation in UK livestock compromises animal welfare, 

and results in economic losses to the farmer through reduced productivity, animal mortality, 

and the subsequent cost of treatment. A detailed understanding of the prevalence, 

distribution and associated risk factors for infestation and subsequent vector-borne disease 

is important to allow effective and targeted control measures to be designed and 
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implemented. However, current knowledge of the epidemiology of tick and louse 

infestation on livestock in the UK is based largely on relatively old, small and localised 

studies (Titchener, 1983; Milnes and Green, 1999; Miles, 2014; Perrin, 2017). A more recent, 

nationally representative study is required to allow comparison of infestation prevalence 

across the country and to assess the areas of highest risk. The aims of this thesis, therefore, 

were to use a cross-sectional retrospective questionnaire to quantify the prevalence, spatial 

distribution, and risk factors associated with tick and louse infestation and associated 

vector-borne disease, on sheep and cattle farms across Great Britain. A further aim was 

then to use these data to model the risk of ticks and tick-borne disease on livestock farms 

under a range of climate-change scenarios. Finally, the work aimed to assess the prevalence 

and distribution of economically important tick-borne pathogens on cattle farms, in the 

southwest of England, an area of identified high risk. 
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Chapter 2 

Questionnaire survey methods and 
respondent demographics 

 

Summary 

To collect data on the national prevalence and distribution of ticks and lice on livestock farms, 

7200 retrospective postal questionnaire surveys were sent to a randomised, stratified, 

selection of sheep and cattle farmers in Great Britain. The questionnaire asked for general 

information about the holding and information about livestock numbers, tick/louse presence, 

and cases of TBD in the previous 12 months between November 2017 and October 2018. 

Farm postcodes were used for spatial analysis of case (tick/louse presence), and control 

(tick/louse absence) farms. Spatial scan statistics and kernel density maps were used to assess 

spatial clustering and identify areas of significantly high risk, independent of the underlying 

distribution of respondents. Factors associated with tick/louse presence were tested using 

multivariable logistic regression models. 964 farms responded, a response rate of 13.4%, with 

926 providing valid postcodes. The data were generally representative of the underlying farm 

population of England, Wales and Scotland, in terms of farm density, ratio of upland to 

lowland farms, and the ratio of beef to dairy farms. 
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2.1  Introduction 
 

Appropriate strategies for ectoparasite and vector-borne disease management require an 

assessment of risk (Milne, Dalton and Stott, 2007; Lihou and Wall, 2019), and this 

neccessitates up-to-date data on ectoparasite prevalence and distribution (Walker, 2011), in 

relation to livestock hosts.  

Questionnaire surveys allow the collection of large-scale prevalence data, which 

would be too time-consuming and costly to collect first-hand. They also allow the collection 

of retrospective data, allowing information to be gathered for specific periods of time, 

rather than just at the moment of collection, so controls for short-term variations in 

incidence. Previously published farmer questionnaire surveys reporting the prevalence of 

livestock ectoparasites in regions of the UK have included: a national survey of sheep scab, 

lice and blowfly strike (N=1067; Bisdorff et al., 2006); a survey of lice on dairy cattle in 

Wales (N=1040; Milnes and Green, 1999); a survey of sheep scab in Wales (N=972; Chivers, 

Vineer and Wall, 2018); a survey of scab, lice, blowfly strike, and ticks in sheep in Wales 

(N=2070; Armstrong and Davies, 2007); a survey of lice, flies, and ticks on beef farms in 

southwest England (N=72; Barton et al., 2006); and a survey of ectoparasites in extensive 

hill sheep flocks (N=34; Morgan-Davies et al., 2006). Some of these surveys include no 

methodological details about how they ensured survey participants were representitative of 

the farm population of interest (Barton et al., 2006; Morgan-Davies et al., 2006; Armstrong 

and Davies, 2007). Some surveys used a regionally stratified design and ensured the 

number of farms surveyed in each region was proportional to the number of farms in that 

region (Milnes and Green, 1999; Bisdorff, Milnes and Wall, 2006). Chivers et al. (2018) was 
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the only study that assessed distribution as well as prevalence, and they accounted for the 

underlying distribution of the respondent data by analysing both cases and controls. Only 

one of these surveys was a national survey (Bisdorff, Milnes and Wall, 2006), and it did not 

include ticks or cattle ectoparasites. 

This Chapter details the methodology used to provide the data to be analysed in 

Chapters 3 and 4, the aim of which was to investigate the national prevalence and 

distribution of tick and louse infestation on both cattle and sheep farms in Great Britain. 

This chapter describes the design of a restrospective questionnaire survey of farmers to 

collect national data of ectoparasite infestation on farms, the use of spatial statistics to 

identify ‘hotspot’ areas of high risk, and statistical models to assess factors associated with 

infestation. The demographic of the questionnaire respondents, and the representiveness 

of the survey population compared to the underlying farm population is assessed. 

 

2.2  Methods 
 
2.2.1  Questionnaire survey 
 

To collect nation-wide data on tick and louse presence on livestock farms, a two-

page retrospective postal questionnaire survey was sent to sheep and cattle farmers in 

Great Britain. The sample area was first stratified into 6 regions: Scotland, Wales, north, 

central, southwest, and eastern England. A total of 7,200 questionnaires were sent to farm 

addresses randomly selected from a commercial database (Map of Agriculture, 2018). 

Questionnaires were only sent to farms meeting the following criteria: more than 50 sheep, 

or more than 20 beef cattle, or more than 30 dairy cattle, to avoid surveying smallholdings 
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and ‘hobby farmers’, which may not be representative of commercial farms. Power analysis 

was used to obtain regional sample sizes to accurately estimate the proportion of cases in 

each region (Table 2.1). The number of questionnaires sent out in each region, was based 

on the number of cattle or sheep holdings in each (Department for Environment and Rural 

Affairs (Defra), 2017; Agriculture and Horticulture Development Board (AHDB), 2018b, 

2018a; Table 2.1), an estimated prevalence rate of 15% (based on previous farm surveys of 

lice; Bisdorff, Milnes and Wall, 2006; Armstrong and Davies, 2007), an estimated response 

rate of 30% (based on the response rate from a previous national farmer ectoparasite 

survey; Bisdorff, Milnes and Wall, 2006), a confidence level of 95%, and a margin of error of 

5% (Win Episcope v2.0; Thrusfield et al., 2001). Questionnaires were sent to around 8% of 

cattle and sheep farms in Britain which met the criteria (Agriculture and Horticulture 

Development Board (AHDB), 2018b, 2018a).  
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Table 2.1. The number of British sheep and cattle farms that were sent a questionnaire survey in November 

2018 about ectoparasites on their livestock in the previous year, stratified by 6 regions. The quota refers to the 

number of questionnaires sent to each region, and this was proportional to the number of holdings in that 

region. The number of holdings refers to the total number of sheep and cattle holdings in that region. Holding 

number data for England were sourced from (Department for Environment and Rural Affairs (Defra), 2017); data 

for Scotland and Wales were sourced from (Agriculture and Horticulture Development Board (AHDB), 2018b, 

2018a). 

Region Number of holdings Quota 

East England 11376 678 

Central England 19052 1081 

North England 26462 1388 

Southwest England 21443 1289 

Wales 23417 1419 

Scotland 24377 1345 

Total 126127 7200 

 

The questionnaire was restricted to 2 sides of A4, and a freepost envelope was 

provided (registered as VETPAR), as this has been shown to improve response rate (Church, 

1993). A total of 18 questions were included, divided into three different sections titled: 

‘About you and your farm’, ‘Sheep’, and ‘Cattle’. Questions asked about general holding 

information and information about livestock numbers, tick or louse presence, cases of tick-

borne disease and tick or louse treatment (Appendix 1). Questions required a variety of 

responses, including tick box answers, giving numbers, and free text writing. Most 

questions were kept closed, to minimise variation in response. It was made clear that all 

information supplied would be kept strictly confidential, in accordance with the data 

protection act, and that all data would be summarised so that no farm would be individually 

identifiable. Returned questionnaires were securely disposed of at the end of the study. The 

questionnaire was sent out in November of 2018, to avoid clashing with lambing, and asked 
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about livestock in the previous 12 months between November 2017 and October 2018, to 

control for temporal differences in ectoparasite abundance and distribution. 

Respondent data were entered into an Excel spreadsheet. To ensure the 

respondents were a representative sample of livestock farms, the distribution of 

respondents was externally validated by qualitative comparison with the distribution of 

cattle and sheep holdings in the UK (Animal and Plant Health Agency (APHA), 2017b, 

2017a, 2022), and the respondent farm demographic were externally validated by 

qualitative comparison of average herd/flock sizes (Agriculture and Horticulture 

Development Board (AHDB), 2019b, 2019a; Department for Environment and Rural Affairs 

(Defra), 2020a), the ratio of upland to lowland farms (Department for Environment and Rural 

Affairs (Defra), 2017), and the ratio of dairy to beef farms (Agriculture and Horticulture 

Development Board (AHDB), 2018a). Questionnaires were also checked for internal 

consistency by removing questionnaires with missing tick or louse presence/absence data 

and by qualitatively comparing monthly reported tick and louse prevalence with expected 

temporal trends.  

Ethical approval was obtained from the Bristol University’s Animal Welfare and 

Ethical Review Body (AWERB), with the reference: UB/18/073. 

 

2.2.1  Prevalence analysis 
 

Responses for sheep or cattle farms were analysed separately, except when a direct 

comparison was made between sheep and cattle in reported tick or louse prevalence. 

Differences in tick and louse prevalence (proportion of farms reporting tick/louse presence 
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compared to tick/louse absence) between regions, farm terrain types (upland/lowland), 

cattle type (beef/dairy), and farm type (conventional/organic) were examined using R 

(version 3.6.1; (R Core Team, 2019)) using Chi-squared using the chisq.test function, or by 

univariable logistic regression using the glm function with ‘family = binomial’. For Chi-

squared, if expected values were less than five, Monte-Carlo simulated P-values were used, 

and df = NA (Hope, 1968). All prevalence values are reported ± 95% Wald’s confidence 

intervals. When statistics are reported, “n” refers to the number of farms in the relevant 

sample of the population (the numerator used in calculation of the percentage), whereas 

“N” refers to the sample size used in any specific analysis (the denominator used in 

calculation of the percentage). 

 
 
2.2.3  Spatial analysis 
 

Farm postcodes were used for spatial analysis of cases (reported tick/louse 

presence) and controls (reported tick/louse absence) and converted to latitude and 

longitude (UK Grid Reference Finder, 2020). Deviation from complete spatial randomness 

(CSR) was assessed by plotting significance envelopes of the G function, based on 

MonteCarlo simulation (100 repeats; Gest function in the spatstat R package (v1.60-1; 

(Baddeley, Rubak and Turner, 2015)). To identify case ‘hotspots’ (areas which contain a 

higher density of points than would be expected with CSR) whilst accounting for the 

underlying distribution of the data points, the spatial relative risk of a respondent reporting 

the presence of ticks or lice was estimated from the relative densities of cases and controls 

using the risk function in the sparr R package (v2.2-13; (Davies, Marshall and Hazelton, 
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2018)). As the study used a cross-sectional design, the data cannot be used to give an 

assessment of true risk of infestation, rather relative risk was used to assess the spatial 

patterns of louse infestation as a proxy for prevalence ratio. An adaptive bandwidth was 

used, to compensate for potential over-smoothing in dense areas, calculated symmetrically 

with respect to cases and controls, and diggle edge correction was applied (Davies, 

Marshall and Hazelton, 2018). Asymptotic tolerance contours of P values were plotted to 

show statistically significant areas of high risk (tol.contour function in the sparr R package; 

(Davies, Marshall and Hazelton, 2018)). 

 Spatial clustering was assessed on different spatial scales using envelopes of the L-

function (a standardised version of the K-function), which calculates the number of data 

points within a specified radius of each point (10 repeats; envelope function with Lest 

argument and “Ripley” correction in the spatstat R package). L-functions were compared 

between case and control points to detect whether case points were more clustered than 

clustering caused by the underlying point distribution. Clustering was assessed for 

significance using SaTScanTM (Kulldorff, 1997), which uses MonteCarlo discrete spatial scan 

statistics to detect non-random clusters of cases, whilst adjusting for the underlying spatial 

distribution of the data points. A Bernoulli model was used as data were binary. Maximum 

cluster size was set to a radius of 150 km to prevent inappropriately large clusters.  

 

2.2.4  Associated factors 
 

Factors associated with tick or louse presence were tested using multivariable 

logistic regression models, applied using the glm function in R with ‘family = binomial’. As 
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well as data from the questionnaire survey, published data on sheep and cattle density 

(head per km2), at a spatial resolution ~ 0.5 x 1 km, were obtained (Robinson et al., 2014). 

Selected variables which met assumptions for logistic regression were first analysed using 

univariable logistic regression or Chi-squared. Any variables with a P-value <0.25 were 

selected for multivariable analysis (Hosmer and Lemeshow, 2000). The number of variables 

included in the initial multivariable model did not exceed the frequency of the least 

common outcome (presence of ticks/lice) divided by 10 (Stoltzfus, 2011). Categorical 

variables were dummy-coded and the reference levels were selected as those with the 

lowest probability of reporting ticks/lice (Sperandei, 2014). The final models were selected 

using stepwise selection to minimise the AIC (Aikike Information Criterion) value. The 

Variance Inflation Factor (VIF) was used to check that multicollinearity between explanatory 

variables was low (<4), using the vif function in the car R package (v3.0.5; (Fox and 

Weisberg, 2019)). Model accuracy was assessed using the area under the receiver operating 

curve (AUC; AUROC function in InformationValue package (v1.2.3; (Prabhakaran, 2016))) 

which plots sensitivity (the true positive rate) against 1 - specificity (the false positive rate) at 

different threshold values. Values range from 0.5 – 1.0, with 1.0 depicting a perfect model, 

which would correctly detect 100% of both true and false positives. The threshold for 

sensitivity and specificity was selected to optimise both, by using maximum Youden’s Index 

(optimalCutoff function in InformationValue R package). Odds ratios and confidence 

intervals were calculated as exp(β), where β is the coefficient estimate, and using profile 

likelihood confidence intervals (confint function in R) respectively, to assess the relative 

impact of variables in the final model on the reported presence of ticks/lice. 
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2.3  Results 
 
2.3.1  Response rate 
 

The overall questionnaire response rate was 13.4% (N=964), with 926 respondents 

providing valid postcodes (906 of these were full postcodes, with the remaining 20 valid to 

at least district level; Fig. 2.1). This represents ~1% of sheep and cattle farms in Britain 

(Table 2.1). G function analysis showed that respondent density differed significantly from 

CSR, as would be expected due to the heterogeneous nature of underlying farm density 

(Fig. 2.2). The majority of respondents replied in the second week after the questionnaires 

were sent (Fig. 2.3). Forty questionnaires were received after the stated end date in week 6. 

These questionnaires did not significantly differ from questionnaires received before the 

end date in terms of reported prevalence of sheep ticks (χ²=0.3, df=1, P=0.587), cattle ticks 

(χ²=2.1, df=1, P = 0.165), sheep lice (χ²=2.3, df=1, P = 0.132), or cattle lice (χ²=0.5, df=1, 

P=0.462), so they were not excluded from analysis. Regional response rate was 10.1% 

(±1.6; n=136) in Wales, 10.6% (±1.6, n=151) in Scotland, 13.0% (±2.5, n=88) in east 

England, 13.0% (±2.0; n=141) in central England, 13.2% (±1.8; n=170) in southwest 

England, and 17.1% (±2.0, n=238) in north England (Fig. 2.4).  
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Fig. 2.1: The location of farm respondents (N=926) from a retrospective questionnaire survey of ectoparasites on 

sheep and cattle farms in Great Britain, sent in 2018. 
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A  

B  

Fig 2.2: G function analysis to assess whether farm respondent density to a retrospective livestock ectoparasite 

survey of British farmers, sent in 2018, differed significantly from Complete Spatial Randomness (CSR), for sheep 

farm respondents (A), and cattle farm respondents (B). The red dashed line represents CSR, with confidence 

intervals shaded grey. The black line represents the respondent data. 

0.00 0.05 0.10 0.15

0
.0

0
.2

0
.4

0
.6

0
.8

G envelope for all respondents

r

G
(r

)
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Fig. 2.3: The number of questionnaire responses received each week after sending, for a postal retrospective 

questionnaire survey of sheep and cattle farmers in Britain sent in November 2018. 

 

  

Fig. 2.4: Left: Regional stratification of questionnaire surveys for a retrospective livestock ectoparasite 

questionnaire survey of farmers sent in 2018. Right: The regional questionnaire response rate, as a percentage 

of questionnaires sent to each region. Error bars represent 95% CI. 
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2.3.2  Respondent demographic 
 

Of the total respondents, 17% (C.I.±2; n=159) farmed only sheep, 33% (±3; n=316) 

farmed only cattle, and 51% (±3; n=489) farmed both. Of the farms with cattle, 72% (±3; 

n=580) farmed beef, 13% (±2; n=104) farmed dairy, and 15% (±3; n=121) farmed both. The 

majority of farms, 84% (±2; n=810), were conventional and 5% (±1; n=50) were organic, 

with 11% (±2; n=104) unspecified. Of the respondents, 63% (±3; n=605) described their 

farms as being lowland, 31% (±3; n=294) as upland, 3% (±1; n=25) as both, and 4% (±1; 

n=40) did not specify. 7% (±2; n=71) of farms used common grazing (Fig. 2.5). The median 

flock size by number of breeding ewes, as an average of the mean number of ewes 

between Jan – Oct 2018, was 281 (IQR=489). The median herd size was 95 (IQR=128) for 

beef herds, and 184 (IQR=212) for dairy herds (Fig. 2.6). 

 



60 
 
 

 

 

                        

A Sheep (yellow), cattle (green), both 
(blue) 

B Conventional (orange), organic (blue), 
unspecified (green) 

 

C Upland and hill (pink), lowland 
(green), both (purple), unspecified 
(orange) 

  

D Common grazing (turquoise) E Beef (purple), dairy (yellow), both 
(orange) 

 

Fig. 2.5: Questionnaire respondent locations from a retrospective livestock ectoparasite survey of British farmers 

(N=926) sent in 2018,  with points coloured by demographic: A) Livestock type, B) Farm type, C) Terrain type, D) 

Common grazing, E) Cattle type. 
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A  

B  

Fig. 2.6: The mean number of ewes (A) and mean number of beef cattle (B) averaged from reported monthly 

numbers between Oct 2017 – 2018, on each farm that responded to a retrospective questionnaire survey of 

ectoparasites on their livestock. Larger and darker circles indicate larger flock/herd sizes. The flock/herd size 

categories are given in the key, with the raw number of farms in that category in square brackets. 
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2.3.3  Questionnaire validation 

 

Both the mean flock size, and the mean herd size, were higher among questionnaire 

respondents compared to the underlying population. The mean number of ewes reported 

by sheep farm respondents, averaged form January, April, June and October, was 421. The 

mean flock size reported by the DEFRA December survey 2020 (Department for 

Environment and Rural Affairs (Defra), 2020a) was 350 ewes. The mean number of cattle 

reported by cattle farm respondents, averaged form January, April, June and October, was 

143 and 252 for beef and dairy cattle, respectively. AHDB (2019), based on data from 

DEFRA December survey 2017, reported that the mean herd size, based on cows over 2 

years of age with offspring, averaged for England and Scotland (no data was available for 

Wales), was 38 for beef herds and 95 for dairy herds (Agriculture and Horticulture 

Development Board (AHDB), 2019a).  

The respondent population was generally representative of the farm holding 

population of England, Wales and Scotland, in terms of farm density (Fig. 2.7;(Animal and 

Plant Health Agency (APHA), 2017b, 2017a). Respondent density was highest in the 

southwest England, northwest England, and Wales, consistent with the underlying density 

of sheep and cattle farms (Animal and Plant Health Agency (APHA), 2017b, 2017a). 
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A 

  

B 

  

Fig. 2.7: A) Kernel density estimation of sheep farm respondents from a  questionnaire survey of sheep and 

cattle farmers in Britain (left), and kernel density estimation of sheep farms in Britain (right; source: (Animal and 

Plant Health Agency (APHA), 2017b). B) Kernel density estimation of cattle farm respondents (left), and kernel 

density estimation of cattle farms in Britain (right; source: (Animal and Plant Health Agency (APHA), 2017a). 
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The respondent population were generally representative of the underlying farm 

population of England in terms of the ratio of upland to lowland farms (Department for 

Environment and Rural Affairs (Defra), 2017). The percentage of sheep farm respondents 

from England that reported their farm being upland was 29.7%, and lowland was 72.4%. 

Results from the DEFRA June survey 2016 reported that the percentage of sheep farms in 

England that are classified as upland (defined as Less Favoured Areas (Department for 

Environment and Rural Affairs (Defra), 2010)) and lowland farms is 28.2% and 71.8%, 

respectively (Department for Environment and Rural Affairs (Defra), 2016). The percentage 

of cattle farm respondents from England that reported their farm being upland was 22.0%, 

and lowland was 78.0%. Defra (2016) reported that the percentage of cattle farms in 

England that are classified as upland and lowland farms is 23.2% and 77.2%, respectively 

(Department for Environment and Rural Affairs (Defra), 2016). The respondent distribution 

of upland farms and farms using common grazing was consistent with the location of upland 

areas (Fig 2.5; (Department for Environment and Rural Affairs (Defra), 2010)). 

The respondent population was generally representative of the farm holding 

population of England, Wales and Scotland in terms of the ratio of dairy to beef farms 

(Agriculture and Horticulture Development Board (AHDB), 2018a). The percentage of cattle 

farm questionnaire respondents that contained beef cattle was 76%, and the percentage 

that contained dairy cattle was 24%. AHDB (2018), based on data from DEFRA December 

survey 2016, reported that the percentage of cattle farms (summed for England, Scotland 

and Wales) that contained beef and dairy cattle was 72% and 28%, respectively (Agriculture 

and Horticulture Development Board (AHDB), 2018a). The distribution of respondent farms 
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with dairy cattle (Fig. 2.5) showed a similar distribution to areas of high dairy farm density in 

the UK in 2020 (Animal and Plant Health Agency (APHA), 2022); Fig. 2.8). 

 

 

 

Fig. 2.8: The kernel density of dairy holdings in GB (data from the Cattle Tracing System (CTS)) in July 2020. A 

map of the kernel density of the dairy cattle population in GB is inset. Source: (Animal and Plant Health Agency 

(APHA), 2022). 
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2.4  Discussion 
 

The questionnaire respondent demographic was generally representiative of the underlying 

holding population in terms of holding density, the ratio of upland to lowland farms, and 

the ratio of dairy to beef farms. As it was not possible to obtain raw data regarding the 

underlying population, for which only summary statistics are available, it was not possible to 

compare the respondent population with the underlying population statistically, so 

validation is dependent largely on qualitative comparision. Respondent flock and herd sizes 

were slightly bigger than those averaged from population data. This study only sent 

questionnaires to farms with >50 sheep, or >20 beef cattle, or >30 dairy cattle, to avoid 

surveying small-holdings, so results from this study are only representative of farms meeting 

this criteria. The respondent data was also not directly comparable with the popualation 

data as population data were from different years and were not avaiable for all regions – for 

example data on herd sizes in Wales were unavailable. Among respondent farms 51% 

reported having both sheep and cattle. Sheep and cattle farms will be analysed seperatley 

in future chapters, but it is important to note that the sheep and cattle results are not 

completely independent. The questionnaire contained separate sections for sheep and for 

cattle, but there will be some replication in the farms used between analysis of sheep and 

cattle farms.  

The value of data from questionnaire surveys rely on accurate reporting by 

respondents. Farmers may mis-diagnose clinical signs, such as scratching, as an 

ectoparasite infestation, or they may be unable to tell the difference between a tick/louse 

or a mite infestation, or may be unaware of infestation or tick-borne disease. Milnes and 
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Green (1999) compared questionnaire responses of louse prevalence in dairy cattle with 

follow up visits to examine the animals for lice and found that farmers were only accurate 

60% of the time. The retrospective nature of the questionnaire increases the potential for 

error, as farmers may mis-remember past events. Farmers may also be more likely to 

respond to a questionnaire survey if they have previously experienced a problematic 

ectoparasite infestation. Abdullah et al. (2016) suggested that the high tick prevalence rates 

found in their study were likely to be due to over-reporting of cases, and Milnes and Green 

(1999) found that farmers responding to a 3rd mailing of a questionnaire were significantly 

less likely to report lice. In this study, late responders were not significantly more likely to 

report infestation of ticks or lice. It is assumed that the liklihood of a farmer accuratley 

reporting ectoparasite infestation is the same across regions, and therefore will not effect 

regional comparisons of prevalence or an assesment of relative risk.  

Keeping the questionnaire concise to maximise response rate was a trade off with 

asking more risk-factor based questions, as the main aim of the survey was to identify areas 

with infestation problems. For example, no question was included about the quarantine of 

new stock, which could potentially play a role in risk of louse infestation, as was found with 

sheep scab (Chivers, Vineer and Wall, 2018). No question was included about zero-grazed 

livestock, as in the UK the prevalence of farms with zero-grazed sheep and cattle is low – a 

recent DEFRA survey of cattle farming practices in England (N=3001) found that only 4% of 

cattle farms housed their cattle all year round (Department for Environment and Rural 

Affairs (Defra), 2019b). 
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The overall questionnaire response rate was 13.4%, which is lower than the 30% 

response rate originally estimated and reported from a previous national ectoparasite 

farmer survey by (Bisdorff et al. 2006), and lower than some previous localised UK farmer 

ectoparasite surveys (53% (Milnes and Green, 1999); 83% (Barton et al., 2006)). However, 

the response rate from this survey is similar to response rates from some more recent UK-

based farmer surveys, which report response rates of 10-20% (Armstrong and Davies, 2007; 

Miles, 2014; Chivers, Vineer and Wall, 2018). Farmer response rate differed with region, 

ranging from 10-17%, with North England slightly over-represented, and Scotland and 

Wales slightly under represented. The stratified design allowed prevalence to be assessed 

independently in each region, therefore is unaffected by regional response rates. The 

underlying farm respondents are shown to be clustered in space, as is expected due to the 

underlying distribution of farms (Fig. 2.2), and the density distribution of respondents was 

similar to the underlying farm density (Fig. 2.7). Analysis of this dataset will have to account 

for the distribution of the underlying data points to avoid identifying false foci of infestation. 

Assessing relative risk allows both cases and controls to be considered when assessing risk, 

and therefore accounts for over or under surveyed regions.  
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Chapter 3 

The prevalence and distribution of ticks 
on sheep and cattle farms 

 
 
 

 

Summary 

Using the questionnaire survey data described in Chapter 2, here the prevalence and spatial 

distribution of cattle and sheep farms reporting ticks in Great Britain was determined. Tick 

infestation risk for livestock is shown to be spatially aggregated, with areas of significantly 

elevated risk in north Wales, northwest England and western Scotland. Overall, the 

prevalence of farms reporting tick presence was 13% for sheep farms and 6% for cattle farms, 

but in ‘hotspot’ clusters prevalence ranged between 48–100%. Upland farming, larger flock 

sizes, region and the presence of sheep on cattle farms were all significantly associated with 

tick presence. The prevalence of farms reporting tick-borne disease overall was 6% for sheep 

and 2% for cattle, but on farms reporting ticks, prevalence was 44% and 33% for sheep and 

cattle farms respectively. Redwater cases were significantly clustered in the southwest of 

England. Of the farms reporting ticks, 88% of sheep farms and 60% of cattle farms reporting 

treating their animals for ticks. 
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3.1  Introduction 
 

In the UK ticks act as vectors for a range of production-limiting pathogens with economic 

and welfare impacts on the livestock industry through reduced production and animal 

mortality (Zintl et al., 2003; Gilbert, 2016). Despite the known range of tick-borne 

pathogens and concern over their impact on the welfare of livestock, there is very little 

quantitative information available about the prevalence of tick-borne disease in many areas 

of the United Kingdom. Previous systematic surveys in the UK have most usually been 

undertaken in the context of public health (Jameson and Medlock, 2009; Tulloch et al., 

2019), companion animal health (Abdullah et al., 2016; Davies et al., 2017; Tulloch et al., 

2017), game birds (Scharlemann et al., 2008), or by measuring tick abundance in the 

environment (Dobson, Taylor and Randolph, 2011), which is not necessarily a good proxy 

for tick attachment risk (Estrada-Peña et al., 2013). Those studies of tick prevalence on 

livestock in the UK that have been undertaken have usually been focussed on localised 

geographical regions with little area-wide context (Miles, 2014; Perrin, 2017). Variability in 

sampling approach, time and context, also make reliable comparison between studies 

difficult. Furthermore, the fact that relatively few acaricidal pharmaceutical products are 

licensed for tick control in livestock, indicates that the control of ticks and TBD represents 

something of a neglected issue. 

Appropriate strategies for tick and TBD management require an assessment of risk 

(Milne, Dalton and Stott, 2007), and this neccessitates up-to-date data on tick prevalence 

and distribution (Walker, 2011), in relation to livestock hosts. The aim of the work reported 

here, therefore, was to investigate the prevalence and spatial distribution of ticks and tick-
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borne disease reported in cattle and sheep in Great Britain, using data from the 

retrospective questionnaire survey described in Chapter 2, and then to identify areas of 

high risk of tick attachment to livestock using spatial distribution modelling.   

 

3.2  Methods 
 
3.2.1  Questionnaire survey 
 

Data were collected using a cross-sectional retrospective questionnaire, as 

described previously in Chapter 2. Addresses were selected at random from a commercial 

database (Map of Agriculture, 2018). A total of 7,200 questionnaires were sent, stratified 

into 6 regions: Scotland, Wales, north, central, southwest and eastern England. All selected 

farms met the following criteria: greater than 50 sheep, or greater than 20 beef cattle, or 

greater than 30 dairy cattle. The number of questionnaires sent out in each region was 

based on the number of cattle or sheep holdings in each (Agriculture and Horticulture 

Development Board (AHDB), 2018b, 2018a), an estimated response rate of 30%, an 

estimated prevalence rate of 15%, a margin of error of 5%, and a confidence level of 95% 

(Win Episcope v2.0; (Thrusfield et al., 2001)). The questionnaire was sent out in November 

of 2018 and asked for general information about the holding and information about 

livestock numbers, tick presence and tick treatment in the previous 12 months between 

November 2017 and October 2018 (see the appendix 1 for the questionnaire).  

To ensure the respondents were a representative sample of livestock farms, the distribution 

of questionnaire respondents and the holding types of respondents were externally 

validated by qualitative comparison with the distribution of sheep and cattle holdings in 
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Britain (Animal and Plant Health Agency (APHA), 2017b, 2017a); the known average flock 

and herd sizes (Agriculture and Horticulture Development Board (AHDB), 2019a; 

Department for Environment and Rural Affairs (Defra), 2020a); the known ratio of dairy to 

beef farms (Agriculture and Horticulture Development Board (AHDB), 2018a); and the 

known ratio of upland to lowland farms (Department for Environment and Rural Affairs 

(Defra), 2016), as presented in Chapter 2. Questionnaires were also checked for internal 

consistency by removing questionnaires with missing tick presence/absence data and by 

qualitatively comparing monthly reported tick prevalence with expected temporal trends.  

 

3.2.2  Prevalence  
 

Tick prevalence was defined as the percentage of farms reporting tick infestation on 

their livestock during the 12 months covered by the retrospective questionnaire survey (Nov 

2017 – Oct 2018). Differences in tick prevalence (percentage of farms reporting tick 

presence compared to tick absence) were tested between variables using univariable 

logistic regression for continuous independent variables and Chi-squared tests for 

categorical independent variables. All prevalence values are reported ± their 95% Wald 

confidence intervals. When statistics are reported, “n” refers to the number of farms in the 

relevant sample of the population (the numerator used in calculation of the percentage), 

whereas “N” refers to the sample size used in any specific analysis (the denominator used in 

calculation of the percentage).  
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3.2.3  Spatial analysis and associated factors 

 

Farm postcodes were used for spatial analysis of cases (reported tick presence) and 

controls (reported tick absence). Spatial statistical analyses were used to assess the relative 

risk of tick prevalence, and identify ‘hotspot’ clusters of significantly higher risk- areas where 

case farms deviated from complete spatial randomness (CSR) significantly more than control 

farms. Relative risk was assessed using the ratio of kernel density estimates between case 

and control farms. Envelopes of the G and L function assessed CSR of farm data points, and 

CSR of case and control farms at different spatial scales, respectively, to detect whether 

case points were more clustered than control points, which represent clustering caused by 

the underlying point distribution. Clustering significance was assessed using uses 

MonteCarlo discrete spatial scan statistics in SaTScanTM, which adjusts for the underlying 

spatial distribution of the data points (Kulldorff, 1997). Spatial analyses were repeated for 

reported tick-borne diseases. Associated factors for tick presence were assessed using 

multivariable logistic regression models. Analyses were conducted in R (version 3.6.1; (R 

Core Team, 2019)). For full details of data analysis, see Chapter 2. 

 

3.3  Results 
 
3.3.1  Respondents 
 

In total, 964 farms responded to the questionnaire survey, a response rate of 13.4%. 

Of these farms, 926 contained valid postcodes (906 full postcodes, with the remaining 20 

valid to at least district level; Fig. 2.1). The data were generally representative of the 

underlying holding population of England, Wales and Scotland, in terms of holding density 
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(Animal and Plant Health Agency (APHA), 2017b, 2017a), ratio of upland to lowland farms 

(Department for Environment and Rural Affairs (Defra), 2016), and ratio of beef to dairy 

farms (Agriculture and Horticulture Development Board (AHDB), 2018a). A full description 

of the respondent demographic is given in Chapter 2. After internal validation, 7 sheep 

farm respondents and 8 cattle farm respondents were removed from analysis of tick 

prevalence and distribution due to uncertainty interpreting farmer response.  

 

3.3.2  Tick prevalence 
 

Ticks were reported in all months (Fig. 3.1). The prevalence, expressed as the 

percentage of sheep and cattle farms reporting tick infestation each month, followed a 

normal distribution from January – December with the highest proportion of reports 

between May-July. This is consistent with the unimodal peak of tick activity characteristic in 

environments with cold winters (Boyard, Vourc’h and Barnouin, 2008), so no questionnaires 

were excluded on the basis of temporal trends.  
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Fig. 3.1: Sheep and cattle farms reporting tick infestation in each month in 2018 in a retrospective questionnaire 

survey in Great Britain, as a percentage of the total number of sheep or cattle respondents (±95% confidence 

intervals).  

 

After internal validation, the total number of sheep farm respondents was 642, and 

the total number of cattle farm respondents was 797. Among sheep farm respondents 

13.2% (C.I.±2.6; n=85) and among cattle farm respondents 6.2% (±1.7; n=49) reported ticks 

on their livestock (Fig. 3.2). Overall, the prevalence of sheep farms with reported tick 

presence was higher than the prevalence of cattle farms with reported tick presence (χ² = 

18.41, N=1,380, P<0.001). When stratified by region, the prevalence of sheep farms 

reporting ticks was higher than the prevalence of cattle farms reporting ticks in all regions, 

but this difference was only significant in Wales (χ² = 4.93, n=256, P<0.05) and the north of 

England (χ² = 8.97, n=368, P<0.01; Fig. 3.3).  
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A Sheep farms  

 B Cattle farms  

Fig. 3.2: Sheep farm respondents (A) and cattle farm respondents (B) from a retrospective questionnaire survey 

in Great Britain sent in 2018. Farms reporting ticks on their livestock (case farms) are shown in red, and farms not 

reporting ticks on their livestock (control farms) are shown in black.  
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The prevalence of farms reporting tick presence differed significantly between 

regions for both sheep farms (χ²=20.17, n=648, P<0.01) and cattle farms (χ² = 15.35, 

n=805, P<0.05; Fig. 3.3). The prevalence of sheep farms (as a percentage of the number of 

farms in each region) was highest in Scotland at 20.0% (±8.0, n=19) and Wales at 16.0% 

(±6.6, n=19), and lowest in east England at 4.1% (±5.5, n=2) and central England at 2.2% 

(±3.1, n=2; Fig. 3.3). The prevalence of cattle farms was highest in Scotland at 10.3% (±5.5, 

n=12) and southwest England at 9.6% (±4.8, n =14) and lowest in east England at 1.4% 

(±2.8, n=1) and central England at 1.9% (±2.65, n=2; Fig. 3.3).  

 

 
Fig. 3.3: The percentage of sheep farms and cattle farms in a retrospective questionnaire survey in Great Britain 

(2018) reporting tick infestation on their livestock, relative to the number of sheep or cattle farm respondents in 

that region (±95% confidence intervals).  

 

0

5

10

15

20

25

30

Scotland Wales N England C England E England SW England

P
e
rc

e
n

ta
g

e

Region

Sheep Cattle



78 
 
 

 

 

The prevalence of farms reporting tick presence was 24.3% (±5.3; n=61) on upland 

sheep farms, compared to 4.3% (±2.1; n =15) on lowland farms (Fig. 3.4). For cattle farms, 

prevalence was 10.0% (±3.8; n=24) for upland farms and 3.8% (±1.7; n=19) for lowland 

farms. 

 

 
Fig. 3.4: The percentage of upland and lowland sheep and cattle farms in a retrospective questionnaire survey in 

Great Britain (2018) reporting tick infestation on their livestock (±95% confidence intervals). 

 

3.3.3  Spatial distribution of ticks 
 

After internal validation, and removing farms with invalid postcodes, 642 sheep farm 

respondents and 797 cattle farm respondents were used in the spatial analysis. The density 

of farm respondents reporting ticks differed to the density of farm respondents not 

reporting ticks (Fig. 3.5). The density of farms not reporting ticks (control farms) was more 

similar to the underlying distribution of respondents, whereas the density of tick case farms 

appeared to be more spatially clustered for both sheep and cattle farms (Fig. 3.5; Fig. 2.7). 
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Comparison of the case/control L envelope functions confirmed that case points (reported 

tick presence) were more clustered than control points (tick absence) at radii > 5km for 

sheep and > 7.5km for cattle (Fig. 3.6). 
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A Sheep

 
Cases 

A sheep 

 

Controls 

B Cattle 

 

Cases 

 B cattle

 
Controls 

Fig. 3.5: Kernel density estimate of sheep (A) and cattle (B) farm respondents from a retrospective questionnaire 

survey in Great Britain sent in Nov 2018, which reported ticks on their livestock (case farms; left) and which did 

not report ticks on their livestock (control farms; right), in the previous year. 
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A Sheep

 

 

B Cattle 

 

 

Fig. 3.6: The L envelope function for sheep (A) and cattle (B) farms reporting ticks (cases) and not reporting ticks 

(controls) on their livestock from a retrospective questionnaire survey in Great Britain (2018). Left: up to a radius 

of 150km. Right: up to a radius of 10km (A) and 15km (B). The x-axis represents the distance between any two 

points in metres. The y-axis represents the calculated L-function. The red dashed line represents CSR, with 95% 

confidence intervals shaded grey. The black lines represent the case (bumpy line) and control (smooth line) data. 

Values above the CSR envelope (grey-shaded area) represent significant spatial clustering. 
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The relative risk of farmers reporting sheep ticks and tolerance contours showed that 

north Wales, northwest England, and western Scotland, were areas of statistically 

significantly high risk (Fig. 3.7a; P<0.05). Cases in these areas were also confirmed as 

significantly clustered by SaTScanTM analysis (Fig. 3.8a; Table 3.1). The prevalence of sheep 

farms reporting ticks in these clusters ranged from 59 – 100%. 

Spatial heterogeneity in predicted relative risk was lower for cattle ticks, but, similar 

to the analysis for sheep farms, areas of statistically significantly high risk were identifed in 

north Wales, northwest England and Scotland (Fig. 3.7b). Cases in these areas were also 

confirmed as significantly clustered by SaTScanTM analysis (Fig. 3.8b; Table 3.1). The 

prevalence of cattle farms reporting ticks in these clusters ranged from 48 – 100%. 

Although the reported prevalence of cattle tick cases was highest in southwest England, 

when considering case points on a more continuous geographical scale, taking into account 

the underlying distribution of respondents, cases were not found to be significantly 

clustered in this region. 
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A 

B  

Fig. 3.7: The relative risk (RR) of farms reporting tick infestation in (A) sheep and (B) cattle in a retrospective 

questionnaire survey in Great Britain (2018), with tolerance contour lines overlain. Lighter colours indicate higher 

risk and areas with significantly higher risk (P<0.05) shown by the bold contour. The colour scales show loge and 

raw relative risk.  
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 A Clusters of sheep farms with ticks  

 

 B Clusters of cattle farms with ticks    

      
Fig. 3.8: Significant spatial clusters of farms reporting ticks on their livestock for A) sheep and B) cattle farms, as 

identified by SaTScanTM analysis of data from a retrospective questionnaire survey in Great Britain (2018). Points 

show all sheep or cattle farms in the cluster (both those reporting and not reporting ticks). 
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Table 3.1. The location (latitude and longitude), radius (km), number of respondents, tick prevalence and relative 

risk for significant clusters of cases of tick infestation in sheep and cattle, as identified by SaTScanTM analysis of 

data from a retrospective questionnaire survey in Great Britain. Asterix shows statistical significance value (*P < 

0.05, **P < 0.01, ***P < 0.001). 

 Cluster location 

(lat/long of cluster 
centroid) 

Cluster 
radius (km) 

Number of respondents 
in cluster 

Tick 
prevalence 

Relative 
risk 

Sheep N Wales *** 

(52.94, -4.43) 

57.23 23 65.2% 5.43 

 NW England *** 

(54.41, -3.43) 

44.45 21 66.7% 5.49 

 SW Scotland * 

(55.33, -5.69) 

70.16 5 100.0% 7.52 

 N Scotland * 

(56.48, -5.98) 

103.29 17 58.8% 4.62 

      

Cattle N Wales *** 

(52.94, -4.43) 

57.23 24 54.2% 7.79 

 NW England *** 

(54.29, -3.26) 

46.32 29 48.3% 7.03 

 W Scotland ** 

(55.48, -5.98) 

103.29 5 100.0% 12.78 

 

3.3.4  Factors associated with tick presence 

For sheep, variables included in the initial model, based on having a significance 

value of P<0.25 in univariable logistic regression analysis, were: terrain type 

(upland/lowland), flock size, farm type (organic/conventional), and region, but farm type was 

eliminated from the model during stepwise selection. After farms with missing data were 

removed, 480 remained in the final model. The VIF was <4 for all variables in the final 

model. Factors significantly associated (P<0.05) with reported tick presence on sheep were 
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upland terrain, larger flock sizes and being located in southwest England (Table 3.2; AUC = 

0.77, χ² = 480, residual deviance = 305.4 (df = 472), null deviance = 377.0 (df = 479)).  

For cattle, variables included in the initial model, based on having a significance 

value of P<0.25 in univariable logistic regression analysis, were: terrain type 

(upland/lowland), livestock type (cattle only farm/cattle and sheep farm), cattle type (beef 

farm/dairy farm/both) and region, but cattle type was eliminated from the model during 

stepwise selection. After farms with missing data were removed, 711 remained in the final 

model. The VIF was <4 for all variables in the final model. Factors significantly associated 

with reported tick presence on cattle were upland terrain, presence of sheep, and being 

located in southwest England (Table 3.2; AUC = 0.73, χ² = 711, residual deviance =  285.5 

(df = 704), null deviance =  319.1(df = 710)).).  
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Table 3.2. Factors associated with tick infestation, included in logistic regression models, for sheep (n=480) and 

cattle (n=711) farms, based on data from a retrospective questionnaire survey in Great Britain, showing the 

coefficient estimate ± standard error and the odds ratio (±95% confidence interval). Asterix shows statistical 

significance value (*P<0.05, **P<0.01, ***P<0.001). ‘Upland’ refers to regions classified as Less Favoured Areas 

and characterized by rough grazing, heathland and moorland (Department for Environment and Rural Affairs 

(Defra), 2010). 

 Associated factor  Coefficient estimate 
(±SE)  

Odds ratio  

(±95% CI) 

Sheep Terrain ***   

Lowland - 1.00 

Upland *** 1.92 (0.43) 6.84 (3.04 – 16.90) 

Flock size (log10) *** 1.37 (0.39) 3.94 (1.88 – 8.80) 

Region *   

C England  - 1.00 

Wales 0.44 (0.81) 1.56 (0.37 – 10.69) 

N England 1.11 (0.80) 3.03 (0.77 – 20.30) 

E England 1.17 (1.06) 3.22 (0.35 – 29.58) 

Scotland 1.02 (0.82) 2.77 (0.65 – 19.21) 

SW England * 2.0 (0.82) 7.13 (1.68 – 49.64) 

Cattle 

 

 

Terrain *   

Lowland  - 1.00 

Upland * 0.89 (0.39) 2.44 (1.15 - 5.36) 

Livestock type **   

Cattle only   - 1.00  

Cattle and sheep ** 1.26 (0.47) 3.53 (1.51 – 9.69) 

Region **   

C + E England  - 1.00 

Wales 0.99 (0.83) 2.68 (0.60 – 18.80) 

N England 2.61 (0.81) 2.61 (0.63 – 17.69) 

Scotland 1.45 (0.82) 4.26 (0.10 – 29.32) 

SW England ** 2.27 (0.77) 9.68 (2.61 – 62.82) 
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3.3.5  Tick-borne disease (TBD)  
 

The prevalence of farms reporting at least one TBD case was 5.7% (±1.8; n=37) for 

sheep and 2.0% (±1.0; n=16) for cattle. Of those that reported finding ticks on their 

livestock, 43.5% (±10.5; n=37) of sheep respondents and 32.7% (±13.1; n=16) of cattle 

respondents also reported having at least one TBD. Of farms reporting disease, 5.4% (±7.3; 

n=2) of sheep disease cases and 18.8% (±19.1; n=3) of cattle disease cases were reported 

to be diagnosed by a vet or diagnostic laboratory. Of sheep farm respondents reporting 

disease, 97.1% (±5.4; n=34) were from upland farms, and of cattle farm respondents, 57.1% 

(±24.3; n=8) were from upland farms.  

In sheep, the most common TBD was tick-borne fever (4.2% ±1.5; n=27), followed 

by louping ill (2.2% ±1.5; n=14), and tick pyaemia (2.0% ±1.1; n=13; Fig. 3.9a). Two farms 

reported redwater in their sheep (0.3% ±0.4) and two reported ‘other’ TBD (0.3% ±0.4). In 

cattle, redwater was the most reported tick-borne disease (1.2% ±0.8; n=10), followed by 

tick-borne fever (0.9% ±0.6, n=7), then louping ill (0.3% ±0.2, n=2; Fig. 3.9b).  
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A) Tick-borne disease on sheep farms 

 

B) Tick-borne disease on cattle farms 

 
Fig. 3.9: The percentage of regional respondents to a retrospective questionnaire survey in Great Britain (2018) 

reporting different tick-borne diseases on their livestock (+95% confidence intervals) for (A) sheep farms, 

showing reported tick-borne fever (TBF); pyaemia; and louping-ill (LIV), and (B) cattle farms, showing reported 

tick-borne fever (TBF); and redwater. 
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The kernel density of respondents reporting tick-borne sheep disease was highest in 

Wales and northwest England, and for tick-borne cattle disease it was highest in southwest 

England (Fig. 3.10). No tick-borne disease was reported from central or east England for 

sheep or cattle (Fig. 3.9). For sheep farms, the relative risk of the different tick-borne 

diseases followed a similar pattern to the relative risk of ticks, although due to the relatively 

low number of disease case points, relative risk for each TBD was less defined than it was 

for ticks, and no areas of significantly high risk were identified (as shown by the tolerance 

contours; Fig 3.11). For cattle, the relative risk of TBD was less similar to the relative risk of 

ticks, especially for Babesia, where risk was highest in the southwest (Fig. 3.11). Although 

the low number of disease case points meant it was generally not possibly to identify areas 

of significantly high risk, SaTScanTM did identify a significant cluster of tick pyaemia in sheep 

in northwest England and of redwater in cattle in southwest England (Fig. 3.12; Table 3.3).  
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A Tick-borne disease on sheep farms 

 
B Tick-borne disease on cattle farms 

Fig. 3.10: The kernel density of sheep (A) and cattle (B) farm respondents reporting tick-borne disease in their 

livestock in 2018 in a retrospective questionnaire survey in Great Britain. Lighter colours show higher density. 

Red points show the locations of farms reporting tick-borne disease. 
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A TBD on sheep farms

 

 

                      

 

 

i) Tick-borne fever ii) Pyaemia iii) Louping-ill 

B TBD on cattle farms 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

i) Tick-borne fever ii) Redwater  

Fig. 3.11: The relative risk (RR) of (A) sheep and (B) cattle farms reporting different tick-borne diseases (TBD) in a 

retrospective questionnaire survey in Britain (2018), with tolerance contour lines overlain. Lighter colours 

indicate higher risk and areas with significantly higher risk (P<0.05) shown by a bold contour. The colour scales 

show loge relative risk. The location of farms reporting each TBD are shown by the red points. 
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 A Clusters of sheep farms with tick pyaemia  

 

  B Clusters of cattle farms with redwater   

 
Fig. 3.12: Significant spatial clusters of farms reporting tick-borne disease in their livestock as identified by 

SaTScanTM analysis of data from a retrospective questionnaire survey in Great Britain (2018). Clusters found to 

be significant were tick pyaemia on sheep farms (A), redwater on cattle farms (B). Points show all sheep or cattle 

farms in the cluster (both those reporting and not reporting ticks). 
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Table 3.3. The location (latitude and longitude), radius (km), number of respondents, disease prevalence and 

relative risk for significant clusters of tick-borne pyaemia cases in sheep and redwater in cattle, as identified by 

SaTScanTM analysis of data from a retrospective questionnaire survey in Great Britain (*P<0.05). 

 Cluster location 

(lat/long of 
cluster centroid) 

Cluster 
radius (km) 

Number in 
cluster 

Disease 
prevalence 

Relative 
risk 

Pyaemia in 
sheep  

 

NW England *  

(54.29, -3.26) 

31.19 15 33.3% 25.29 

Redwater in 
cattle 

 

SW England * 

(50.38, -4.00) 

139.79 109 6.4% 21.35 

 

 

 
3.3.6  Tick treatment  
 

In total, 18.2% (±3.0, n=118) of sheep farms reported treating for ticks (Fig. 3.13). 

SPs were the most common drug class used, reported by 12.7% (±2.6, n=82) of sheep 

farms. Of the sheep farms reporting ticks, 88.2% (±0.1, n=85) reported treating for ticks. 

SPs were more likely to be used by farms reporting ticks (Fig. 3.14).  

In total, 8.1% (±1.9, n=65) of cattle farms reported treating for ticks (Fig. 3.15). Of 

the cattle farms reporting ticks, 60.4% (±13.8, n=48) reported treating for ticks. SPs were 

reported by 4.5% (±1.4, n=36) of cattle farms and MLs were reported by 2.9% (±1.2, n=23) 

of cattle farms. Of the cattle farms reporting ticks, 60.4% (±13.8, n=29) reported treating for 

ticks with insecticide. SPs were more likely to be used by cattle farms reporting ticks, 

compared with those not reporting ticks (Fig. 3.16).  
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Fig. 3.13: The percentage of sheep farms in a retrospective questionnaire survey in Great Britain (2018) 

reporting using different tick treatments in the previous year (±95% confidence intervals). Some farms reported 

using more than one treatment option. 

 

 

Fig. 3.14: The percentage of each drug class used as treatment for sheep ticks on sheep farms with and without 

sheep ticks as reported from a retrospective questionnaire survey in Great Britain (± 95% confidence intervals).  
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Fig. 3.15: The percentage of cattle farms in a retrospective questionnaire survey in Great Britain (2018) reporting 

different cattle tick treatments (±95% confidence intervals). Some farms reported using more than one treatment 

option. 

 

 
Fig 3.16: The percentage of each drug class (Macro-cyclic lactones (ML); Synthetic pyrethroids (SP)) used as 

treatment for cattle ticks on cattle farms with and without cattle ticks (±95% confidence intervals), as reported 

from a retrospective questionnaire survey in Great Britain (2018).  
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3.4  Discussion 
 

The spatial analysis approach used here identifies clusters, areas which contain a higher 

density of points than would be expected whilst accounting for the underlying distribution 

of the respondents to the survey. The distribution of tick infestation and tick-borne disease 

prevalence in sheep and cattle reported here are consistent with the known distribution of I. 

ricinus (Medlock et al., 2008; Abdullah et al., 2016; Cull et al., 2018). Overall, 13% of sheep 

farms and 6% of cattle farms reported that their animals had had ticks in the study year, but 

with areas of significantly higher prevalence in north Wales, northwest England and western 

Scotland. Livestock in these regions primarily graze upland pastures - and this was a factor 

significantly associated with the presence of ticks. The prevalence of tick infestation on 

upland farms was higher than the national prevalence, at 24% and 10% for sheep and 

cattle, respectively, and the prevalence of ticks on farms in statistically significant ‘hotspot’ 

clusters ranged between 48 – 100%.  

Upland regions, which are classified by the EU as ‘Less Favoured Areas’ 

characterized by rough grazing, heathland and moorland (Department for Environment and 

Rural Affairs (Defra), 2010), often contain a high density of questing ticks due to the 

combination of appropriate microclimates suitable for tick survival and abundant wildlife 

hosts (Steele and Randolph, 1985; Dobson and Randolph, 2011), and are therefore areas of 

high contact between livestock and ticks. Although tick populations can still be high in 

lowland regions, they are more limited by the lower availability of suitably humid 

microhabitats (Medlock et al., 2009).  
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It is notable that for cattle the presence of sheep on the farm was a factor that was 

significantly associated with tick infestation. Although deer are important hosts for ticks 

(Scharlemann et al., 2008), especially in Scotland (Gilbert, 2010), sheep have been shown to 

maintain stable tick populations in upland regions, in the absence of other wildlife hosts, 

acting as hosts for all I. ricinus life cycle stages (Steele and Randolph, 1985; Ogden, Nuttall 

and Randolph, 1997). Hence sheep are able to act as important maintenance hosts for tick 

populations in upland areas. It was suggested by Evans (Evans, 1951), that on mixed farms, 

because sheep are turned out onto pasture earlier than cattle, sheep may be a particularly 

important food source for the early spring population of ticks and the presence of sheep 

co-grazing may increase the tick population, but in some circumstances may also help to 

reduce the infestation on cattle.  

Although under some conditions there may be a positive relationship between 

pathogen prevalence and tick density, this is highly variable (Coipan et al., 2013), and tick 

presence or absence has been found to be a better predictor of pathogen transmission risk 

than tick abundance (European Centre for Disease Prevention and Control and European 

Food Safety Authority., 2018b). Therefore, risk based upon presence and absence data 

gives valuable information on the areas where livestock are most at risk from tick-borne 

disease, although presentation of clinical cases will also depend upon population immunity. 

Host density is also important for disease transmission, as has been found with LIV models 

(Gilbert, 2016), and the areas of elevated risk for tick presence are also generally areas of 

high livestock density (Animal and Plant Health Agency (APHA), 2017b, 2017a). The relative 

risk of reported TBD generally mirrored the relative risk of reported tick cases, although due 

to the relatively low proportion of reported disease cases, elevated risk in these areas was 
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generally not found to be significant. An exception was redwater in cattle, where a 

significant cluster of cases was found in southwest England. Barton et al. (2006) also found a 

high reported prevalence of redwater in a survey of cattle farms in the southwest, with 66% 

of farms reporting ticks also reporting redwater. Redwater is endemic to the UK, but clinical 

cases are generally only apparent when there is a breakdown in population immunity 

(Christensson, 1989; Zintl et al., 2014). Cases may be more prevalent in the southwest 

because of less consistent contact between cattle and ticks, resulting in occasions where 

cattle are unexposed at a younger age, but are then later grazed on tick infested pastures. 

Further investigation of seroprevalence in cattle, the prevalance of B. divergens in questing 

ticks and the management factors that lead to a higher redwater risk in this area, is 

required.   

Relatively high levels of variation in the number of cases of tick-borne diseases 

across regions has been demonstrated previously (Mysterud et al., 2018). Using records of 

bovine babesiosis and anaplasmosis available from the Norwegian cattle and sheep health 

recording systems for 2006 to 2015, the incidences of livestock diseases were shown to be 

lower in eastern compared to western Norway. Climate and the much lower populations of 

sheep and cattle in the east were considered to contribute to this pattern (Mysterud et al., 

2018). In contrast, qualitative assessment of redwater cases reported in a survey of Irish 

farmers and veterinary practitioners found no observable foci of infection (Zintl et al., 2014). 

However, spatial statistics quantifying risk are necessary to elucidate spatial patterns which 

are not obvious based on qualitative assessment alone and correct for sampling bias 

(Chivers, Vineer and Wall, 2018). The underlying distribution of respondents can vary for a 

number of reasons such as sample selection bias due to differences in response rates 
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between regions or farming sectors, or simply due to the underlying distribution of farms, 

which may lead to false conclusions of “hotspots” for infection in regions of high farm 

density based on qualitative assessment alone. In this study, the low sample population 

density in Scotland meant that Scotland was only identified as an area of high risk when 

relative risk was assessed, which accounted for the underlying density of data points, and 

not in the case-only density maps. The analyses applied to the data here provide robust 

statistical estimates of the spatial distribution of risk, taking into account the potential 

spatial bias of respondents through applying a presence/absence design.  

When analysing risk, it is important to consider the effects of spatial scale (Daniel, 

Kolář and Zeman, 2004). When considered on a continuous scale in the spatial analysis, 

cases in southwest England were not significantly clustered, but the 

southwest was significantly associated with tick presence in the multivariable analysis (Table 

3.2). The high tick prevalence in this region cannot be explained by the other factors in the 

models. Mapping on the relatively broad scale used here may not detect fine-grained 

variations in risk (Daniel, Kolář and Zeman, 2004), but at this scale results are buffered 

against variations in microclimate which affect tick distribution on a local scale (Randolph, 

2004), allowing relative risk to be assessed in relation to broader trends, such as host 

density and the macroclimate (Dobson, Taylor and Randolph, 2011). Host densities and 

climatic variables were not directly included in the models however, so it is important to 

note that factors that appear as significant correlates of tick and TBD prevalence may be 

proxies for these more-influential drivers. 
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Some caution is also required with questionnaire surveys. Although they allow the 

collection of large data sets, they rely on accurate reporting by farmers. Reporting tick 

presence requires farmers to be aware of what ticks are and to be in close enough contact 

with livestock to spot their presence. The higher reported tick prevalence in sheep 

compared to cattle, for example, may be associated, to some degree, with the more 

frequent handling of sheep compared to beef cattle. Similarly, in terms of TBD, it is likely 

that farmers are under-diagnosing and may be misinterpreting clinical signs; notably, overall 

farmers reported that only around 11% of reported TBD cases were confirmed by a vet or 

laboratory and two farms reported the presence of redwater in sheep, despite this not 

being an ovine disease. It should also be noted that this study excluded farms with 

relatively small numbers of animals, specifically to exclude smallholders and ‘hobby 

farmers’, since they might not be representative of commercial husbandry practices. 

However, the proportion of such holdings varies across the country, which may affect the 

contributions of these animals to the overall landscape prevalence of ticks and TBD. This 

possibility requires further investigation.  

Effective control in ‘hotspot’ regions, treating livestock with acaricides so that they 

act as “lethal traps”, may result in reduced tick attachment, not just to livestock, but also to 

other tick hosts (Dobson and Randolph, 2011; Newborn and Baines, 2012). Upland farming 

makes up 74% of the UK’s national park areas (Department for Environment and Rural 

Affairs (Defra), 2010), therefore the areas of high risk to livestock include areas of high 

potential contact between people and ticks. Effective control of ticks on livestock, 

particularly sheep in these areas, could reduce the risk of tick bites in the human population 

and minimise Lyme disease transmission via ticks co-feeding on sheep (Ogden, Nuttall and 
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Randolph, 1997). Treatment of sheep has been shown to be effective in reducing disease 

risk to other hosts in LIV disease models, when deer populations are low (Porter, Norman 

and Gilbert, 2013). In this study, 88% (n=85) of sheep farm respondents reporting ticks 

reported treating with acaricide, suggesting this is a common method of control. However, 

a lack of coordination of treatment timings in common grazing areas (Morgan-Davies et al., 

2006), which make up large proportions of upland grazing areas (Department for 

Environment and Rural Affairs (Defra), 2010), may reduce the efficacy of this strategy 

(Dobson and Randolph, 2011). Additionally, overuse of acaricides with this strategy is also 

likely to hasten the selection for resistance so alternative methods of tick control, such as 

the use of resistant or resilient breeds or pasture spelling, may be more appropriate (Steele 

and Randolph, 1985; Walker, 2011), although care should be taken if population immunity 

is suspected. Alternative methods of tick control are important for cattle, as no acaricides 

are licensed for treatment of cattle ticks in the UK. Despite this, 60% (n=29) of cattle farms 

which reported ticks in this study reported treating with acaricide. Inappropriate use of 

acaricides and insecticides can fuel the development of resistance due to sublethal dosing, 

as is suggested to be occurring in lice (Ellse, Burden and Wall, 2012), although the risk of 

acaricide resistance developing in Ixodes ricinus is probably lower than other ectoparasites 

due to its multi-host lifecycle.  

In conclusion, tick infestation was unevenly distributed across Great Britain, with 

areas of significantly high risk in north Wales, northwest England and western Scotland. The 

prevalence of ticks on farms in ‘hotspot’ clusters ranged between 48 – 100%. Upland 

farming, larger flock sizes and being located in southwest England were found to be 

significantly associated with tick presence for sheep. For cattle, factors significantly 
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associated with tick presence were upland farming, being located in southwest England and 

the presence of sheep on cattle farms. These data have important implications for assessing 

both the risk of tick-borne disease in livestock and optimising approaches to disease 

management. In particular, these data highlight the need for effective livestock tick control 

in upland regions and the southwest, and give evidence for the importance of sheep as tick 

maintenance hosts in Great Britain. 
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Chapter 4 

Predicting the current and future risk of 
ticks on livestock farms 

 

 

Summary 

As I. ricinus distribution is influenced by climate, tick-borne disease risk is expected to change 

in the future. The aims of this work were to build a spatial model to predict current and future 

risk of ticks on livestock farms across Britain. Both tick hazard and livestock exposure were 

incorporated into the model, to capture a niche which may be missed by broader scale 

models. A random forest machine learning model was used due to its ability to cope with 

correlated variables and interactions. Data on tick presence and absence on sheep and cattle 

farms was obtained from the retrospective questionnaire survey of 926 farmers described in 

Chapter 2. The ROC (receiver operating characteristic curve) of the final model was 0.80. The 

model outputs matched observed patterns of tick distribution, with areas of highest tick risk 

in southwest and northwest England, Wales, and west Scotland. Overall, the probability of 

tick presence on livestock farms was predicted to increase by 5-7% across Britain under future 

climate scenarios. The predicted increase is greater at higher altitudes and latitudes, further 

increasing the risk of tick-borne disease on farms in these areas.  
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4.1  Introduction 
 

Ticks are of importance in livestock farming, both as direct blood-feeding parasites and as 

vectors for a range of production-limiting pathogens with economic and welfare impacts for 

the livestock industry (Zintl et al., 2003; Gilbert, 2016). In Northern Europe, the most 

abundant and widespread tick vector of livestock pathogens is Ixodes ricinus (Milne, 1950; 

Jameson and Medlock, 2011). To livestock in the UK, I. ricinus acts as a vector for 

pathogens which cause Anaplasmosis or Tick-borne fever, caused by Anaplasma 

phagocytophilum (Brodie, 1985), Louping-ill a flavivirus (Gilbert, 2016), and redwater, 

caused by Babesia divergens (Zintl et al., 2003). Clinical cases are seen primarily from the 

spring through to autumn, when I. ricinus is actively questing for hosts, and livestock are 

grazing on pasture (Dobson, Taylor and Randolph, 2011; Cull et al., 2018; Daniel et al., 

2020; McFadzean et al., 2021).  

The distribution and incidence of tick-borne disease (TBD) in livestock depends on 

the relative abundance of hosts (Gern et al., 1998; Estrada-Peña et al., 2013; Porter, 

Norman and Gilbert, 2013; Gilbert, 2016) and the abundance of questing ticks, which varies 

across time and space (Gilbert, Aungier and Tomkins, 2014), depending on variations in the 

local microclimate (Randolph, 2008). Ixodes ricinus populations are highest in areas where 

the host availability, habitat, and microclimate are most favourable for survival and 

reproduction (Brodie, 1985). These are generally areas such as rough grassland, moorland, 

heath, and woodland, with a moist vegetation layer which maintains relative humidity above 

a critical value of about 80%, preventing tick desiccation (Milne, 1950; Brodie, 1985), and 

areas with abundant hosts, most notably deer and livestock, as these hosts are able to feed 
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all 3 life cycle stages, including the reproductive stage, adult females (Steele and Randolph, 

1985; Gray et al., 1992; Ogden, Nuttall and Randolph, 1997). The activity of questing ticks 

is also dependent on temperature, with I. ricinus requiring minimum average daily 

temperatures of about 7 °C to quest (Randolph and Šumilo, 2007), although threshold 

temperatures vary between latitudinally distinct populations (Dantas-Torres and Otranto, 

2013; Gilbert, Aungier and Tomkins, 2014), with some I. ricinus populations being more 

likely to quest at lower temperatures, such as those from cooler climates (Gilbert, Aungier 

and Tomkins, 2014).  

Known drivers of I. ricinus distribution can be used to develop predictive models to 

assess the probability of tick presence in the absence of empirical data (Norman, Worton 

and Gilbert, 2015). Development of dynamic spatial models to predict tick and TBD risk, 

using Geographic Information Systems (GIS), is important to allow incorporation of 

changing conditions, such as climate (Norman, Worton and Gilbert, 2015; Williams et al., 

2015). Species distribution modelling (SDM), or niche modelling, uses environmental data 

to predict the distribution of a species, based on the presence of suitable habitat, across 

space and time (Miller, 2010; Bucklin et al., 2015). Modelling suggests that climate change 

is altering the distribution of I. ricinus and associated tick-borne disease (Porretta et al., 

2013; Williams et al., 2015; Fernández-Ruiz and Estrada-Peña, 2020). However, regional 

differences in adaptation to temperature (Lindgren, Tälleklint and Polfeldt, 2000; Estrada-

Peña, Venzal and Sanchez Acedo, 2006; Dantas-Torres and Otranto, 2013; Gilbert, Aungier 

and Tomkins, 2014), and regional differences in the importance of different types of host 

populations (Gray, 1991), may mean that Europe-wide models have a low sensitivity 

predicting tick distribution in specific areas (Estrada-Peña, 1999; Williams et al., 2015).  
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To assess the risk of infestation of a parasite to a host of interest, and therefore 

disease risk in a particular host population, both hazard and exposure need to be 

considered (Garcia-Marti, Zurita-Milla and Swart, 2019; Johnson, Escobar and Zambrana-

Torrelio, 2019). Using SDMs based on environmental variables alone to predict tick 

distribution, only indicates hazard (in this case the potential for a tick to survive). Combining 

SDMs with biotic factors relating to the population of interest incorporates exposure into 

the model (Giannini et al., 2013; Estrada-Peña and De La Fuente, 2016; Garcia-Marti, Zurita-

Milla and Swart, 2019; Johnson, Escobar and Zambrana-Torrelio, 2019; Kjær et al., 2019a).  

Machine learning techniques are commonly used for spatial predictive models, due 

to their ability to cope with non-linearity, different kinds of predictor variable, and 

interaction terms (Breiman, 2001; Phillips, Anderson and Schapire, 2006; Cutler et al., 2007; 

Gastón and García-Viñas, 2011; Bucklin et al., 2015; Kirasich, Smith and Sadler, 2018). They 

have been used to predict the distribution of ticks and tick-borne disease in Europe, with a 

high degree of accuracy (Estrada-Peña, 1999; Vanwambeke et al., 2016; Kjær et al., 2019a; 

Ribeiro et al., 2019; Zintl et al., 2020). These models use a range of predictors; abiotic 

variables consistently found to be important in predicting tick distribution include the 

Normalised Difference Vegetation Index (NDVI), land cover, and temperature-related 

variables (Estrada-Peña, 1999; Vanwambeke et al., 2016; Kjær et al., 2019a).  

Random forest models are a type of supervised machine learning, which use 

decision trees with predictor variables to classify the data (Breiman, 2001). Unlike commonly 

used Species Distribution Methods (SDM) methods, such as Maxent (Maximum Entropy 

Methods; (Phillips, Anderson and Schapire, 2006), random forest models use both presence 
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and absence data, and therefore do not introduce environmental bias into the model, as 

they account for underlying spatial bias in data collection (Phillips et al., 2009; Yackulic et 

al., 2013). Predictive models using climatic variables usually face the issue of variable 

selection due to highly correlated predictor variables, with complex interactions, which can 

alter model prediction and can lead to over-fitting (Merckx et al., 2011; Braunisch et al., 

2013; Estrada-Peña and De La Fuente, 2016). Random forest models however do not need 

prior variable selection to cope with correlated variables, unlike linear models (Stoltzfus, 

2011), and do not require the specification of interaction terms (Cutler et al., 2007; Bucklin 

et al., 2015).  

The aims of the work here, were to build a spatially-explicit, random forest model to 

predict the risk of tick presence on livestock farms across Great Britain, then to assess how 

this risk might change regionally with expected changes in climate. To capture this 

previously unmodelled niche, the data used were geographically representative 

presence/absence data of ticks on livestock farms, and species distribution modelling was 

combined with additional population level variables to account for livestock exposure.  

 

4.2  Methods 
 
4.2.1  Overview of model selection 
 

Supervised machine learning are techniques which are trained on pre-classified 

input data (Kirasich, Smith and Sadler, 2018). There are a wide variety of supervised 

machine learning techniques used for species distribution and disease modelling (Zhang 

and Li, 2018). Maxent (Maximum Entropy Methods) uses presence-only data with 
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environmental predictors to predict species presence/absence across un-sampled locations, 

and is widely used for SDM, due to its user-friendly interface (Phillips, Anderson and 

Schapire, 2006). However, presence-only data can be spatially-biased, and this can 

introduce environmental bias into the model as it does not account for underlying spatial 

bias in data collection (Phillips et al., 2009; Yackulic et al., 2013). Logistic regression is a 

commonly used linear statistical model which uses both presence and absence data to 

predict binary outcomes to a high degree of accuracy (Kirasich, Smith and Sadler, 2018). 

However, logistic regression requires the use of variable selection methods to reduce the 

number of correlated variables (Stoltzfus, 2011), a common problem when using climate 

variables which tend to be highly correlated with each other (Braunisch et al., 2013). 

Penalised logistic regression models (i.e LASSO) can deal with correlated predictor 

variables by using inbuilt variable selection methods, and can perform as well as Maxent 

models (Gastón and García-Viñas, 2011). But linear models, such as penalised logistic 

regression models, require the specification of interaction terms (Cutler et al., 2007), which 

in this context are expected to be complex. Random forest (RF) models use decision trees 

with presence/absence data to classify binary outcomes, without the specification of 

interaction terms, and are known to out-perform linear models when there are complex 

variable interactions (Cutler et al., 2007; Bucklin et al., 2015). Random forest models were 

therefore chosen due to their ability to achieve high prediction accuracy whilst handling 

correlated variables, and interactions, without prior variable selection, and without making 

assumptions about input data distribution (Breiman, 2001; Cutler et al., 2007; Kirasich, 

Smith and Sadler, 2018). Random forests are not prone to overfitting, unlike decision trees, 

because RF averages across n number of decision trees, independently trained on different 
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random sub-sections of the training data with replacement (bootstrap 

aggregation/’bagging’), with random variable selection for data splitting at each node 

(Breiman, 2001). As random forest is a type of ‘black box’ model, no information on the 

contribution of individual variables is given, but variable importance can be assessed 

(Altmann et al., 2010), and RF models can be used to inform linear models, such as logistic 

regression (Romero et al., 2020).  

The models were spatial models, with the data stored in the format of ‘rasters’. 

Raster’s are gridded maps at a set spatial resolution and extent, which store data in each 

grid square. The models were trained on predictor variables in the form of raster layers, 

with variable data stored in each grid square, and predicted the probability of tick presence 

across a raster grid across the whole of GB. As predictions were not made at the level of 

individual farms, categorical farm-level variables were not included.  

 



111 
 
 

 

 

4.2.2  Data extraction 
 

Data on the spatial location (Easting and Northing) of farms, and the presence or 

absence of ticks on livestock between Nov 2017 – Oct 2018, were taken from the 

retrospective farmer questionnaire, which was completed by 926 sheep and cattle farmers, 

as described in Chapter 2. Farmers were asked whether they had seen ticks on their 

livestock in the previous year. It is considered unlikely that the reported presence/absence 

of ticks would have been distorted by acaricide use because most farmers who apply 

acaricides would do so in response to the known presence of ticks. Spatial autocorrelation- 

the effect caused by data points situated closer together in space being more similar than 

data points further apart, is a well-known issue with spatial modelling, because spatial 

autocorrelation violates the assumption of independence of residuals, which can lead to an 

increase in type 1 errors (Dormann et al., 2007). Data were collected using a geographically 

stratified sampling design, addressing the issue of spatial autocorrelation (Dormann et al., 

2007; Merckx et al., 2011; Sinha et al., 2019), and allowing predictions to be made at a 

national level (Ribeiro et al., 2019). As described in Chapter 2, the resulting dataset was 

considered to be representative of the underlying farm population in terms of spatial 

distribution, ratio of upland to lowland farms, and ratio of beef to dairy farms. 

Data extraction was conducted in R (v 3.6.1 (R Core Team, 2021)). Input variables 

were each converted to a raster layer (a gridded map at a set spatial resolution and extent, 

with data stored in each grid square), in British National Grid Coordinate Reference System 

(CRS), with extent: 0, 7e+05, 0, 1300000 (xmin, xmax, ymin, ymax), and resolution 2x2km 

(Fig. 4.1). Work involving rasters was carried out using the Raster package (v 3.4-13; 

(Hijmans, 2021), and the ‘Raster::rasterize’ function was used to convert the data to raster 
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layers. When the tick presence/absence data were converted to a raster, in the case that 

two points were in the same pixel, a presence point would override an absence point. 

‘Raster::ProjectRaster’ was used to set raster extent and CRS, with bilinear interpolation 

resampling method, as data were continuous (Hijmans, 2021). Merging of raster tiles to 

cover the full extent of Great Britain and averaging values between raster of different time 

points were conducted using the ‘Raster::merge’ and ‘Raster::mosaic’ functions, 

respectively.  

 

i) Climate data 

Averaged monthly bioclimate variables relating to temperature and precipitation 

and elevation data for the years 1970-2000 were downloaded from Worldclim at a spatial 

resolution of 30 seconds (~0.5 km2 at UK latitude; (Fick and Hijmans, 2017)). The Worldclim 

bioclimatic variables were selected as they were developed to be ecologically relevant, are 

commonly used in SDM modelling, and are available at relatively small spatial resolutions 

(Booth, 2018; Beery et al., 2021). Although bioclimatic variables are often highly correlated, 

unlike linear models, random forest can achieve high prediction accuracy even with highly 

correlated predictor variables (Stoltzfus, 2011). Elevation was included as it is beneficial for 

prediction when using temperature and precipitation data from weather stations (Stanton et 

al., 2012). Averaging climatic variables across a broad time frame controlled for yearly 

variations in climate, allowing relative climate to be assessed across space.  
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ii) Habitat data 

Data on land use were taken from the 2015 Land Cover Map (25m2 raster, GB; 

(Rowland et al., 2017)). The landscapemetrics package (v 0; (Hesselbarth et al., 2019)) was 

used to calculate the percentage of woodland, upland grazing habitat and lowland grazing 

habitat in areas of 4km2, in accordance with the chosen raster resolution, using the 

‘landscapemetrics::sample_lsm’ function (method = ‘lsm_c_pland’). An aggregation metric 

was used to calculate the percentage of woodland patches adjacent to other woodland 

patches (method = ‘lsm_c_pladj’), to quantify woodland boundaries (0 = woodland 

maximally disaggregated; 100 = woodland maximally aggregated), because the ecotonal 

habitat between grassland and woodland also acts as a suitable tick habitat (Millins et al., 

2017; Layzell et al., 2018), and surrounding woodland can increase contact rates between 

grazing livestock and ticks (Gilbert et al., 2017). Woodland included both broadleaved and 

coniferous. Upland grazing habitat was defined as rough grazing and included the following 

classes: heather, heather grassland, bog, fen marsh and swamp, neutral grassland, 

calcareous grassland and acid grassland, in-line with grass-types that are more common in 

the uplands (Price, 2003). Lowland grazing habitat was defined as improved grazing, and 

only included the improved grassland class.  

Monthly NDVI (Normalised Difference Vegetation Index) data for the collection year 

(2018) were downloaded from MODIS on NASA Earthdata at a resolution of 1 km2 (Didan, 

2015).  
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iii) Host data 

Data on sheep and cattle densities (head per km2) were downloaded from FAOSTAT 

at a spatial resolution of 0.000833 decimal degrees (~ 0.5 x 1 km; (Robinson et al., 2014)). 

Data on deer presence were taken from the Global Biodiversity Information Facility (GBIF) 

database (Global Biodiversity Information Facility, 2020). Data were taken from the years 

leading up to, and including, the data collection year (2015-2018). Observations were 

filtered to only include live observations or biological samples. Data were extracted for the 

following UK deer species: Roe (Capreolus capreolus), Red deer (Cervus elaphus), Fallow 

deer (Dama dama), Sika deer (Cervus nippon), Muntjac (Muntiacus reevesi), and Chinese 

water deer (Hydropotes inermis). Observational data from four common mammal species 

with known widespread distributions (Red fox (Vulpes Vulpes) Eastern grey squirrel (Sciurus 

carolinensis), European rabbit (Oryctolagus cuniculus) and Brown rat (Rattus norvegicus)) 

were used as pseudo-absence points to evaluate survey effort (as in: (Croft et al., 2019)), 

preventing spatial bias caused by presence-only data (Phillips et al., 2009; Croft and Smith, 

2019)). The density function in the stats package (v 3.6.1; (R Core Team, 2021)), was used to 

calculate kernel density estimates (KDE), with a gaussian smoothing method, to calculate 

the conditional probability of each point being a deer presence point based on the ratio of 

KDE of deer presence points to the KDE of pseudo-absence points (KDE of presence points 

at each pixel / 1 + KDE of pseudo-absence points at each pixel). This gave a proxy for the 

relative density of deer in Britain, accounting, and smoothing, for under-surveyed regions. 
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Fig. 4.1: Twenty-eight predictor variable raster layers used in prediction of tick presence/absence on livestock in 

GB in Random Forest models. CRS: British National Grid, resolution: 2x2km, extent: 0, 7e+05, 0, 1300000 (xmin, 

xmax, ymin, ymax). 
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4.2.3  Predictive model building and validation 

The predictive models were built using the caret package in R (v 6.0-88; (Kuhn, 

2008)). The tick presence/absence data were first split into training (80%) and testing (20%) 

data sets using the ‘caret::createDataPartition’ function, which automatically balances 

presence and absence data points between split data sets. The twenty-eight predictor 

variables (Fig. 4.1), with the training tick presence/absence data, were then used for model 

training.  

The train function was used for training the multivariable random forest models 

(method = ‘ranger’) with repeated K-fold cross-validation (K = 5, repeats = 10), selecting 

model parameters which maximized the area under the Receiver Operating Curve (ROC; 

metric= ‘ROC’). Model selection was based upon maximizing ROC (sensitivity ~ 1-

specificity), as model selection based upon overall accuracy is biased when classes are 

unbalanced (Chawla et al., 2002) - in this case, a low ratio of tick presence to tick absence 

points. To further deal with class imbalance, which can result in a model with low sensitivity, 

‘smote’ sampling (Synthetic Minority Over-sampling Technique) was applied (sampling = 

“smote”), which over-samples the minority class (tick presence points; (Chawla et al., 2002)). 

For each model, the OOB (out-of-bag) error rate was calculated, which is the mean 

prediction error of the model, averaged from k-fold cross-validation (Breiman, 2001). 

The model with parameters resulting in the highest average ROC was selected as 

the final model, and the final model was then trained using all training data. For random 

forest models, the parameter used in model tuning is the number of variables randomly 
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chosen for data splitting at each node. Model performance was additionally tested on the 

testing data set to obtain misclassification error rate and the ROC on new data.   

 Predictions were made using the 28 predictor variables, producing a raster of the 

predicted probability of tick presence across Britain, at a spatial resolution of 2 km x 2 km. 

As random forest models give no indication of how variables are used in the model, relative 

variable importance in the model was evaluated using permutation variable importance, 

which calculates the model’s prediction error after permuting the variable values (Altmann 

et al., 2010). Univariable logistic regression models were used to assess variable 

significance and indicate the direction of the effect. To see where variables could be used 

interchangeably in the model, correlations between variables in the training dataset were 

tested using Spearman’s correlation coefficient. 

 

4.2.4  Future prediction 
 

The final model used to predict the current probability of tick presence on livestock  

farms, was then used to predict the future probability of ticks, using modified input climate 

variables. The rest of the predictor variable data layers were the same as those used in the 

original model prediction. Both static and dynamic variables were included as this can 

improve model performance (Stanton et al., 2012). Although non-climatic variables are also 

likely to change in the future, the model assessed the changes associated with climate in 

isolation, as future changes in other variables cannot be predicted. NDVI will be affected by 

a changing climate, but this is likely to be negligible compared to future changes caused by 

human land management.  
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Predicted averaged monthly bioclimate variables and elevation data for the years 

2021-2040, and 2041-2060, were downloaded from Worldclim CMIP6 at a spatial resolution 

of 2.5 minutes (~25 km2 at UK latitude; (Fick and Hijmans, 2017)). Climate predictions were 

taken from three different Global Climate Models (GCMs): BCC-CSM2-MR (Xiao-Ge et al., 

2019), IPSL-CM6A-LR (Boucher et al., 2020), and MIROC-ES2L (Hajima et al., 2020). For 

each GCM, predicted climate data were downloaded for a worst case (SSP 585), and a best 

case (SSP 126), greenhouse gas emission scenario, based on Shared Socioeconomic 

Pathways (SSPs) scenarios, which combine greenhouse gas emission scenarios with different 

levels of climate change mitigation (O’neill et al., 2014). Separate future predictions were 

made using the three different GCMs, and two different SSP scenarios, in order to 

incorporate uncertainty into the future prediction (Porfirio et al., 2014). 

The ‘raster::overlay’ function was used to obtain the average (mean) predicted tick 

presence probability across the different GCMs and SSPs for the two future year model 

predictions (2021-2040 and 2041-2060). The probabilities were converted back to tick 

presence/absence using a cut-off threshold of 0.5.  

To compare the probability of tick presence between prediction years, univariable 

logistic regression models were used to test for statistical differences in the percentage of 

predicted tick presence locations, between the current, and averaged future model 

predictions (variable: “model year”). To identify how changes in climate might affect ticks in 

different regions and habitats of Britain in different ways, separate logistic regression 

models were used to test for two-way interaction effects between selected variables and 

model year, in predicting tick presence. Two-way interactions with model year were tested 

for the variables; northing (the cartesian equivalent of latitude), altitude, and percentage of 
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upland habitat, because these variables act as proxies for ecological region (Estrada-Peña, 

Venzal and Sanchez Acedo, 2006), and therefore affect which climatic factors limit I. ricinus 

survival (Pfäffle et al., 2013).  
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4.3  Results 
 
4.3.1  The random forest model 
 

Once missing data were removed, 876 data points remained (training data: n=701; 

testing data: n=175). The number of decision trees in the forest was 500. The model 

performed best (had the highest ROC) when two variables were randomly selected for 

splitting at each node, with the ‘extratrees’ splitting method (Geurts, Ernst and Wehenkel, 

2006), so these tuning parameters were used in the final model. The out-of-bag prediction 

error rate of the final model was 0.07, equivalent to 93% accuracy. The average ROC was 

0.80, with an average sensitivity of 0.56, and an average specificity of 0.86. Predicting tick 

presence/absence using the final tuned model on the testing data set gave an error in 

prediction of 0.14 (86% accuracy). On the test data, the ROC was 0.76, with a sensitivity of 

0.69 and specificity of 0.88 (Fig. 4.2).  
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Fig. 4.2: Receiver operating characteristic (ROC) curve for test data from predictions from a random forest model 

predicting the presence of ticks on livestock farms in Great Britain. 

 

4.3.2  Model prediction 
 

When the final model was used to predict the presence of ticks on livestock across 

Britain, the areas with the highest probability of ticks were west Scotland, and areas of 

central Scotland, north England, Wales and southwest England (Fig. 4.3). The spatial 

accuracy of the model was validated by qualitative comparison with trends in risk observed 

from the raw data (Fig. 3.7). 
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Fig. 4.3: Predictions from a random forest model of the probability of the presence of ticks on livestock farms 

across Britain, at a resolution of 4km2.  
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All 28 variables were used in prediction, but the five most important variables 

according to the permutation method were: precipitation seasonality, percentage of upland 

terrain, precipitation in the wettest month, precipitation in the coldest quarter, and 

precipitation in the driest month (Fig. 4.4).  

 

 

Fig. 4.4: Variable importance, calculated by the permutation method, for variables included in a random forest 

model to predict tick presence on livestock farms in Great Britain. 
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In univariable logistic regression analysis of the training data, 22 of the 28 predictor 

variables were found to be significant (P < 0.05) predictors of ticks on livestock farms (Table 

4.1). Variables with a Spearman correlation coefficients of above 0.6 included: NDVI, cattle 

density, and percentage of lowland; woodland percentage and woodland boundary; and 

altitude with two precipitation-related climate variables (Fig. 4.5). 

 

 

Fig. 4.5: Correlation plot showing spearman correlation coefficients for all variables included in a random forest 

model predicting presence of ticks on livestock farms in Great Britain. Darker colours show a higher correlation 

coefficient, with blue showing positive correlations and red showing negative correlations. 
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Table 4.1. The twenty-eight predictor variables used in a random forest model built to predict the probability of 

tick presence on livestock farms across Britain. The variables were each tested for association with tick presence 

on livestock farms in univariable logistic regression analysis, using the raw training data collected from a 

retrospective questionnaire survey of farmers in Britain (N=701). Green and orange depict a positive and 

negative coefficient estimate, respectively. Significance codes: ‘***’ p < 0.001 ‘**’ p < 0.01 ‘*’ p < 0.05, ‘.’ p < 

0.1, ‘-‘ not significant.  

Variable Coefficient estimate (SE) 

NDVI * -2.70 (-1.24) 

Annual mean temp ** -0.44 (0.14) 

Annual mean diurnal range *** -0.73 (0.19) 

Isothermality - -0.48 (0.65) 

Temp seasonality *** -0.02 (0.00) 

Max temp warmest month *** -0.53 (0.11) 

Min temp coldest month - -0.06 (0.13) 

Annual temp range *** -0.44 (0.09) 

Mean temp wettest quarter . -0.10 (0.05) 

Mean temp driest quarter *** 0.13 (0.04) 

Mean temp warmest quarter *** -0.48 (0.12) 

Mean temp coldest quarter - -0.17 (0.14) 

Annual precipitation *** 0.03 (0.01) 

Precipitation wettest month *** 0.26 (0.04) 

Precipitation driest month *** 0.63 (0.11) 

Precipitation seasonality CV *** 1.45 (0.25) 

Precipitation wettest quarter *** 0.09 (0.01) 

Precipitation driest quarter *** 0.21 (0.04) 

Precipitation warmest quarter *** 0.20 (0.03) 

Precipitation coldest quarter *** 0.10 (0.02) 

Altitude * 0.00 (0.00) 

Sheep density - -0.00 (0.00) 

Cattle density * -0.01 (0.00) 

Woodland percent *** 0.04 (0.01) 

Upland percent *** 0.04 (0.01) 

Lowland percent * -0.01 (0.01) 

Woodland boundary *** 0.04 (0.01) 

Deer probability - -1.18 (1.37) 
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4.3.3  Prediction under future climate scenarios 

The areas of highest and lowest predicted tick presence, using projected climate 

scenarios, showed that the areas of highest tick probability were in the southwest England, 

Wales, northwest England, and west Scotland (Fig. 4.6), and were therefore broadly similar 

to the predicted current distribution (Fig. 4.7). However, the probability of tick presence 

across most of Britain increased under future climate scenarios. Predictions were very similar 

between the three different GCMs, the best- and worst-case scenarios (SSP 126 and SSP 

585), and the projected years. All scenarios showed the same geographical trends, the main 

difference being slight differences in the scale of increase in probability in some areas. The 

biggest increases in probability (areas showing increases of at least 0.5 across all climate 

scenarios) were northwest England and north Scotland. The largest decreases in the 

probability of ticks (areas showing decreases of at least 0.5 across all climate scenarios) 

were in areas of east Scotland. 
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Fig. 4.6: Random forest model predictions of the probability of tick presence on livestock farms under different 

future climate scenarios (resolution 4km2). Future climate data were predicted for the years 2021-2040 and 

2041-2060, by three different Global Climate Models (GCM A, B, C), for a best (SPP 126) and a worst (SPP 585) 

case greenhouse gas emission scenario.  
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Fig. 4.7: The difference between current random forest model predictions of the probability of tick presence on 

livestock farms and future prediction using different future climate scenarios (current probability – future 

probability; resolution 4km2). Future climate data were predicted for the years 2021-2040 and 2041-2060, by 

three different Global Climate Models (GCM A, B, C), for a best (SPP 126) and a worst (SPP 585) case 

greenhouse gas emission scenario. Red shows increased probability, blue shows decreased probability, and 

grey shows no change. 
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A threshold of 0.5 was used to assign prediction probability as predicting, or not 

predicting ticks. The percentage of grid squares predicting ticks using current climate data 

was 28.2% (n= 16158), and for averaged predictions using future climate data was 34.9% 

(n= 19968) and 33.4% (n= 19088) for the years 2021-2040, and 2041-2060, respectively. 

Therefore, the probability of tick presence increased by 5-7% under future climate 

scenarios. 

Univariable logistic regression models showed that ticks were significantly more 

likely to be predicted by the averaged future climate models than the current climate 

model, for both the years 2021-2040 (OR = 1.36 (95%C.I. 1.33-1.34), df= 171660, P<0.001), 

and 2041-2060 (OR = 1.27 (95%C.I. 1.24-1.30) df= 171660, P<0.001). However, the 

differences between the current and future model predictions did not show the same 

relationship across the whole of the country (Fig. 4.7). Variable interaction effects in 

predicting tick presence using current and averaged future model predictions (variable: 

“model year”), with the variable’s northing (the cartesian equivalent of latitude), altitude, 

and percentage of upland habitat, were tested using separate logistic regression models. 

Ticks were significantly more likely to be predicted by the future models, relative to the 

current model, as the variables northing, altitude, and percentage of upland habitat 

increased (Table 4.2; Fig. 4.8). 
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Table 4.2: Variable interaction effects, tested by logistic regression models (df = 171657), in predicting tick 

presence using a random forest model with different years of prediction (‘model year’, with the current year as 

the reference level). Odds ratios (± 95% confidence interval) are shown for the predictor variables: northing, 

altitude, and percentage of upland habitat. Asterix shows statistical significance values (*p < 0.05, **p < 0.01, 

***p < 0.001). 

Predictor variables Model year Odds ratio (±95% CI) 

Northing 2021-2040 *** 1.00 (1.00-1.00) 

2041-2060 *** 1.00 (1.00-1.00) 

Altitude 2021-2040 *** 1.01 (1.01-1.01) 

 2041-2060 *** 1.01 (1.01-1.01) 

Percentage upland habitat 2021-2040 *** 0.64 (0.62-0.67) 

 2041-2060 *** 0.63 (0.61-0.66) 
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A  B  
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Fig. 4.8: The relationship between A) northing, B) altitude, and C) percentage of upland habitat, and the 

probability of ticks predicted by different random forest models built using current, and future (2021 – 2040 

(year_30); 2041 – 2060 (year_50)) climate data. 

 

4.4  Discussion  
 
Random forest models are particularly appropriate for the prediction of species distribution, 

as they can be trained on both presence and absence data, controlling for the underlying 

distribution of the training data, and they can achieve high prediction accuracy whilst 

coping with correlated climate variables (Phillips et al., 2009; Stoltzfus, 2011; Yackulic et al., 

2013). The final random forest model developed here had an accuracy of 93%. The ROC of 

the final model was 0.80. This is similar to published models predicting I. ricinus presence in 
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Scandinavia (ROC: 0.86; (Kjær et al., 2019), Ireland (ROC: 0.9; (Zintl et al., 2020), and 

globally (ROC: 0.86; (Porretta et al., 2013). The model sensitivity (0.56) was lower than the 

specificity (0.86), however, at relatively low prevalence, the model’s lower sensitivity will not 

result in a high proportion of false negatives relative to false positives, and therefore will not 

greatly affect model performance (Bentley, Catanzaro and Ganiats, 2012). 

Tick presence was significantly more likely to be predicted when using future climate 

data (percentage of grid squares predicting tick presence: 34.9% and 33.4%), than when 

using current climate data (28.2%). The results suggested that, in the future, ticks are more 

likely to be present on livestock farms further north, at higher altitudes, and farms with 

upland grazing (Fig. 4.8). As the climate changes, the risk of ticks, and therefore tick-borne 

disease, may further increase on upland farms. Shifts in tick distribution to higher altitudes 

and latitudes have been predicted by other European models (Williams et al., 2015), and 

empirical evidence for these shifts have also been recorded in some countries (Medlock and 

Leach, 2015), such as Sweden (Lindgren, Tälleklint and Polfeldt, 2000) and Norway (Jore et 

al., 2014). These changes are likely to be driven by interactions between region and the 

climatic conditions which limit I. ricinus survival, with future higher temperatures at higher 

altitudes and latitudes, where low temperatures are currently the limiting factor in tick 

survival, and larger saturation deficits at lower latitudes, where low summer humidity 

currently limits I. ricinus survival (Jenkins et al., 2009; Pfäffle et al., 2013).  

The presence of ticks has been found to be an important predictor of TBD incidence 

(European Centre for Disease Prevention and Control and European Food Safety Authority., 

2018a), and this is supported by data presented in Chapter 3, as the spatial patterns of TBD 

risk were generally similar to those of tick presence risk (Fig 3.11; Fig 3.7). However, the 
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presence of TBD on farm will also depend upon other factors relating to livestock exposure 

(Stuen, 1992; Randolph, 2001, 2004; Walker et al., 2001), such as immunity (Brodie, 1985; 

Christensson, 1989), treatment of livestock (Laurenson et al., 2007; Porter, Norman and 

Gilbert, 2013), and local variations in disease prevalence in tick and reservoir host 

populations (Gern et al., 1998; Estrada-Peña et al., 2013; Porter, Norman and Gilbert, 2013; 

Gilbert, 2016). 

It is important to evaluate variable importance in the context of the model niche. 

The model predicts probability of tick presence/absence, rather than tick abundance, and 

this will affect the relative importance of different variables in prediction. Deer presence was 

not found to be an important driver of tick presence, despite deer being identified as 

important tick hosts in other UK studies (Scharlemann et al., 2008; Ribeiro et al., 2019). 

Although it is likely that deer will contribute to maintaining high tick abundance in livestock 

grazing areas (Gilbert et al., 2012), deer may not be important for maintaining the presence 

of tick populations in areas where livestock are present, as livestock are also able to host all 

3 tick life cycle stages (Steele and Randolph, 1985; Ogden, Nuttall and Randolph, 1997). 

The high density of livestock in the UK relative to other European countries (Gilbert et al., 

2010), and the lower ratio of forest to grassland (Eurostat, 2015), allows grassland to act as 

an important tick habitat in the UK, where livestock can act as key maintenance hosts for 

tick populations (Steele and Randolph, 1985; Ogden, Nuttall and Randolph, 1997). This 

may explain why NDVI was negatively associated with tick presence, despite NDVI being 

identified as an important predictor of tick presence in other European models (Estrada-

Peña, 1999; Estrada-Peña, Venzal and Sánchez Acedo, 2006; Kjær et al., 2019; Zintl et al., 

2020). In addition to this, NDVI may be a less important predictor when tick presence is 



134 
 
 

 

 

only considered in the context of livestock, as exposure of livestock to ticks will only occur 

in grazing areas, which rarely contain high NDVI areas, such as woodland. It is also 

important to note that the importance of NDVI in the model will be diluted by other highly 

correlated variables (Altmann et al., 2010), such as the percentage of lowland habitat, and 

cattle density (Fig. 4.5).  

Uncertainty in predictive distribution modelling is caused by several different factors 

including data collection, choice of predictive model, choice of GCM, choice of emission 

scenario, and ‘unknown unknowns’ not incorporated into the model (Buisson et al., 2010; 

Porfirio et al., 2014; Li, 2019). Some sources of uncertainty in the current model include the 

reliability of farmer responses, and differences in the spatial and temporal resolution of the 

input data. It is likely that some farms with ticks, especially those with lower infestation 

levels, were mis-reported as absences, biasing the training data to farms which have 

problems with tick infestation. Additionally, data were collected at the level of the farm, 

allowing for some spatial uncertainty, which would not be present if data were collected in 

the field. Farm management factors will affect the risk of livestock infestation on individual 

farms, but were not included in the model, as data were only available for the sampled 

farms, not across the whole of Great Britain. However, the inclusion of percentage of 

upland and lowland habitat will have accounted for some of the differences in farm 

management.  

The inclusion of visulisation of uncertainty in spatial mapping is rare (Ribeiro et al., 

2019), and is not well developed or standardized for random forest models (Li, 2019), and 

therefore no measure of uncertainty is given for the model predictions presented here. 

Uncertainty in future climate prediction is captured by the use of several different future 
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climate scenarios (Porfirio et al., 2014), but climate is not the only important factor altering 

the risk of tick infestation to livestock (Medlock et al., 2013). In the UK, changes in tick 

infestation risk have been exacerbated by landscape changes designed to promote 

biodiversity, which increase NDVI (Arinaminpathy, McLean and Godfray, 2009; Medlock and 

Jameson, 2010; Millins et al., 2017), reduction in Organophosphate (OP) dipping of sheep 

(Taylor, 2009), and by increases in deer abundance (Scharlemann et al., 2008). Because of 

future unknowns, the model predictions here should not be interpreted as exact 

predictions, but as depictions of trends in future change caused by climate change.  

As well as affecting overall distribution, changes in climate will also affect phenology 

(Gray, 2008). For example, mean temperature increases over winter are expected to result 

in an extended tick season, as questing post-winter diapause, begins when temperatures 

rise above the threshold of around 7 °C (Randolph and Šumilo, 2007; Gray, 2008). These 

effects may have a greater impact on disease dynamics in Spring, because in Autumn 

shortening day-length may trigger overwintering diapause (Gray et al., 2016). An extended 

tick season could allow for a higher rate of life-cycle completion, if a greater proportion of 

the tick population is able to feed twice in a year, resulting in more rapid pathogen 

transmission (Gray, 2008; Randolph, 2008; Dantas-Torres and Otranto, 2013). However, 

these effects will vary for different tick-borne diseases, depending on factors such as 

duration of infectivity (Randolph, 2008), and seasonal effects will also vary with region. 

Hotter, drier summers at lower altitudes and latitudes may result in a longer break in tick 

activity during summer, reducing the risk of tick-borne disease during the summer grazing 

season (Perret et al., 2000). These seasonal effects may further increase the relative risk of 

tick-borne disease to upland farms. 
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Chapter 5 

Prevalence and distribution of B. 
divergens and A. phagocytophilum in 

southwest England 
 

Summary 

Two of the production-limiting pathogens, transmitted by I. ricinus to cattle in the UK are the 

protozoa Babesia divergens, the causal agent of redwater, and Anaplasma phagocytophilum, 

the causal agent of tick-borne fever. In Chapter 3, southwest England was identified as a 

potential hotspot for tick-borne disease in cattle, most notably redwater. The aims of this 

chapter were to investigate the prevalence and distribution of Babesia spp. and A. 

phagocytophilum in ticks on cattle farms in this area. Babesia divergens was identified from 

6% of pooled tick samples and 21% of farms, and A. phagocytophilum from 62% of pooled 

tick samples and 88% of farms. The estimated pathogen prevalence in the sampled tick 

population was 0.2% for B. divergens, and 3.2% for A. phagocytophilum. Clinical redwater 

was reported by 21% of farms within the previous 3 years. Three farms had 2 pooled tick 

samples positive for B. divergens, which given the low overall pool prevalence rate and 

estimated tick prevalence rate, suggests that Babesia distribution is clustered within the tick 

population. Patchy exposure due to clustered pathogen distribution in the tick population 

may have a bigger impact on redwater cases in cattle than cattle immunity or tick density.  
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5.1  Introduction 
 
Two of the production-limiting pathogens I. ricinus transmits to cattle in the UK are the 

protozoa Babesia divergens, the causal agent of redwater, and Anaplasma 

phagocytophilum, the causal agent of tick-borne fever, the pathogenicity and epidemiology 

of which are described in Chapter 1. In the retrospective questionnaire survey of British 

farmers, detailed in Chapter 3, redwater and tick-borne fever were the two most commonly 

reported tick-borne diseases in cattle, being reported by 1.2% and 0.9% of cattle farm 

respondents, respectively (Fig 3.9).  

Despite the relative importance of these tick-borne diseases to cattle farming, there 

is little study into the prevalence and distribution of these pathogens across farms in Britain. 

Previous studies investigating A. phagocytophilum prevalence in the UK have been 

focussed on the overall prevalence in the tick population (Keyte et al., 2021), and are often 

localised, limited to a couple of tick collection sites (Alberdi et al., 1998; Ogden et al., 1998; 

Walker et al., 2001; Bown et al., 2009; Perrin, 2017). There is limited study of the prevalence 

of B. divergens in the UK, with most studies carried out in Northern Ireland (Taylor, Kenny 

and Strain, 1982; Zintl et al., 2014). Studies investigating the prevalence in ticks undertaken 

in Europe are usually focused on specific sites (Hamšíková et al., 2016), or have small 

collection site sample sizes (Radzijevskaja, Paulauskas and Rosef, 2008; Øines et al., 2012) 

which, as the prevalence of B. divergens is usually very low in the tick population, means 

that B. divergens positives will often be missed on a local scale. Studies looking at farm-

related prevalence of B. divergens in Europe have focused on seroprevalence in livestock 

(Devos and Geysen, 2004; Agoulon et al., 2012). There are no published studies 

investigating the prevalence of farms with B. divergens or A. phagocytophilum in Britain. 
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Of the surveyed cattle farms reporting the presence of ticks on their livestock 

(Chapter 3), 44% reported also having tick-borne disease in their livestock. Risk factors for 

the presence of clinical tick-borne disease are not well understood, but are influenced by 

pathogen prevalence and tick abundance (Layzell et al., 2018; Mysterud et al., 2018), which 

can vary locally due to clustering of tick populations in the environment (Milne, 1949; 

Matuschka et al., 1990; Elston et al., 2001; Boyard, Vourc’h and Barnouin, 2008; Sae-Lim et 

al., 2017). This in turn can influence livestock exposure to ticks and tick-borne pathogens, 

and therefore affect the development of acquired immunity (Ogden et al., 2002; 

McFadzean et al., 2021). As redwater is only mild in juvenile cattle, severe clinical redwater 

in adult cattle can be prevented by exposure to B. divergens when cattle are young 

(Christensson, 1989; McFadzean et al., 2021). 

In the retrospective questionnaire survey of British farmers, southwest England was 

identified as a potential hotspot for tick-borne disease in cattle, most notably redwater (Fig 

3.10; Fig 3.12; Table 3.3). Therefore, the aims of this study were to collect data on the 

prevalence and distribution of Babesia spp. and A. phagocytophilum in ticks from cattle 

grazing pastures in southwest England. Then to use these data to assess whether factors 

relating to tick density and cattle exposure are associated with clinical redwater in cattle or 

Babesia in ticks. 

 

5.2  Methods 
 
5.2.1  Farmer survey 
 

Cattle farms in the southwest of England with known tick-infested pastures were 

recruited. Farm contact details were obtained from the questionnaire survey described in 
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Chapter 2, from vet practices, and from farm organisations in the southwest. It was made 

clear that farms did not have to have experienced tick-borne disease in their livestock. 

A phone survey was conducted with participating farmers. The survey asked about 

the type of farm, type of cattle grazing, the cattle’s contact with ticks, and the presence of 

redwater in the herd. All questions referred to the farm in the previous 3 years (2018-2020). 

The survey was also used to identify the location and properties of cattle grazing sites from 

which the farmer would be willing to allow tick collection. A written version of the survey is 

provided in appendix 2.  

 

5.2.2  Tick collection 
 

The farms were visited between March and June 2021 to collect ticks from cattle 

grazing pastures. Only pastures where the farmer suspected that their cattle might be 

coming into contact with ticks were surveyed. In each pasture where ticks were collected, 

the area was classified as either rough, improved, or semi-improved, based on the 

percentage cover of rye grass and white clover. Improved grazing was defined as >90% of 

the pasture being rye grass and white clover, semi-improved grazing as 50 – 90%, and 

rough grazing as <50% rye grass and white clover (Fig. 5.1). These classifications were 

adapted from a grassland survey key developed by Natural England (Available at: 

http://www.magnificentmeadows.org.uk/assets/pdfs/How_to_identify_different_types_of_gr

assland.pdf; (Natural England, 2016)). The ticks were collected by blanket dragging using a 

white cotton sheet. Each blanket drag consisted of 10 paces. Farms were only visited when 

the weather was dry, as only low numbers of ticks attach to the blanket when the ground is 

wet. The aim was to collect 200 nymphs per farm, to allow the detection of pathogen 
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prevalence as low as 1.5% at a confidence level of 95% in the tick population (calculated by 

an online sample size calculator for the detection of disease (Win Episcope v2.0; (Thrusfield 

et al., 2001)). A minimum of 30 drags were conducted per farm, to ensure sample collection 

was not clustered in the environment. The number of drags and the number of ticks per 

drag were counted. As tick density is higher in areas of thicker vegetation (Walker et al., 

2001; Dobson, Taylor and Randolph, 2011; Agoulon et al., 2012), in improved grazing 

pastures, where tick density is usually low in the centre of the pasture, ticks were collected 

from suitable edge habitats only, and drags over the same edge were conducted if 

necessary, to ensure 200 ticks were collected. Drags were never repeated over the same 

location more than twice. In rough grazing pastures, drags were not limited to edge 

habitats, and at least one drag length was left in-between each drag to increase the area 

surveyed.  
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A) Improved 

 

  

 

B) Semi-improved 

 

 

 

C) Rough

  

 

 

Fig. 5.1: Examples of cattle grazing pasture types surveyed when collecting ticks on farms in southwest England. 

A) Improved grazing: contained >90% rye grass and clover; B) semi-improved grazing contained 50-90% rye 

grass and clover; C) rough grazing: pastures contained <50% rye grass and clover. Classifications adapted from: 

(Natural England, 2016). 
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5.2.3  DNA extraction and PCR 
 

Ticks were stored at -20 °C. A sub-sample of ticks were identified based on 

morphological characteristics (Hillyard, 1996). From each farm, 180 nymphs were used for 

DNA extraction, allowing the detection of pathogen prevalence as low as 1.7% at a 

confidence level of 95% in the tick population (Win Episcope v2.0; (Thrusfield et al., 2001)). 

The ticks from each farm were pooled into 6 pools of 30 ticks. Pooled sampling is common 

in population studies of infectious agents in vectors such as ticks, where low prevalence 

rates mean that large sample sizes are required, and more negative results are expected 

than positive results (Abel, et al., 1999; Furstenau et al., 2020). Pooling samples may 

increase the likelihood of false negatives by reducing test sensitivity, however pools of 30 

ticks were considered acceptable in the present study, given the sample size of 5097 

nymphs (Michelet et al., 2014; Furstenau et al., 2020). Prior to DNA extraction, each tick 

was cut in half along the scutum. DNA extractions were carried out using QIAGEN 

DNeasy® Blood and Tissue Kit. To each tick pool, 80μL of ATL buffer and 20μL of 

Proteinase-K were added. Samples were incubated at 56 °C for 3 hours to allow cell lysis. 

DNA samples were stored at -20 °C. 

Babesia spp. DNA was detected using a probe-based generic Babesia qPCR for a 

331-bp section of the 18S rRNA gene (as in: (Davies et al., 2017; Abdullah et al., 2018)). A 

primer/probe mix was made with 10 µM Babesia 944 forward (5′-

TTAACGAACGAGACCTTAACCTG-3′), 10 µM Babesia 1315 reverse (5′-

CCGAATAATTCACCGGATCAC-3′) and 2.5 µM Babesia TaqMan probe (5′-FAM-

CGATCGGTAGGAGCGACGGGC-BHQ1-3′; Diagnostic Laboratories, Langford Vets, Bristol, 

UK). Each qPCR consisted of 8 µL of master mix, made up of 5 µL of 2x GoTaq Hot Start 
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mix; 0.6 µL 50 mm MgCl2; 0.4 µL primer/probe mix; and 2 µL of water, plus 2 µL of sample 

DNA. Thermal cycling conditions comprised of anfpos initial denaturation (95 °C for 2 min; 

45 cycles of 95 °C for 15 s, and 60 °C for 30 s; Agilent MX3005P qPCR; Agilent Technologies 

UK Ltd, Edinburgh, UK). Fluorescence data were collected at 520 nm at the end of each 

annealing/extension step. Positive control samples (B. canis, 12 763 PCR product diluted at 

10−1) and negative control samples (water) were included in each 96-well PCR plate. 

Positive PCR samples were later re-amplified in a 25-µL PCR for DNA sequencing. 

Amplicons were prepared for DNA sequencing (NucleoSpin® 96 PCR Clean-up Core 

Kit; Macherey-Nagel GmbH & Co. KG) and sent for commercial forward and backward DNA 

sequencing [Medical Research Council Protein Phosphorylation and Ubiquitylation Unit 

(MRC PPU), College of Life Sciences, University of Dundee, Dundee, UK] using Applied 

Biosystems Big Dye Version 3.1 chemistry on a model 3730 automated capillary DNA 

sequencer (Applied Biosystems, Inc., Foster City, CA, USA).  

Sequences were checked and edited, if necessary, using Unipro UGENE (v41.0; 

(Okonechnikov, Golosova and Fursov, 2012)). Sequences were then compared with 

sequence data available in GenBank using Basic Local Alignment Search Tool (BLASTN; 

(National Center for Biotechnology Information (NCBI), 2022)), which finds regions of local 

similarity between nucleotide sequences. Only the forward sequences were compared with 

sequence data, unless the forward sequence was poor quality, then the reverse sequence 

was used. BLASTN results were filtered for the organism ‘Babesia (taxid:5864)’. The ‘top hit’ 

was taken as the sequence with the highest query cover and then the highest percentage 

identity cover. Sequences with a query cover or percentage identity of < 95%, or an E value 

of > 0.05, were not considered. Because the samples were pooled samples, ‘secondary hits’ 
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were also considered from other Babesia spp. if they had a query cover and percentage 

identity > 98%. 

Anaplasma phagocytophilum was detected in DNA extracts using a probe-based 

qPCR targeting a 77-bp fragment of the msp2 gene (Courtney et al., 2004). The following 

primers were used for detection of A. phagocytophilum: forward (5′-

ATGGAAGGTAGTGTTGGTTATGGTATT-3′), reverse (5′-TTGGTCTTGAAGCGCTCGTA-3′), 

and TaqMan probe (5′-FAM-TGGTGCCAGGGTTGAGCTTGAGATTG- BHQ1-3′), at a final 

concentration of 100 nM each. Each qPCR also consisted of 2 μl of template DNA, GoTaq 

Hot Start Mastermix (Promega, Southampton, UK), MgCl2 to a final concentration of 4.5 

mM, and water to a final volume of 10 μl. Thermal cycling conditions consisted of 95 °C for 

2 min and 45 cycles of 95 °C for 15 s, and 60 °C for 30 s (Agilent MX3005P qPCR, Agilent, 

Stockport, UK). Fluorescence data were collected at 516 nm at the end of each 

annealing/extension step. A positive control sample of A. phagocytophilum (of known copy 

number) and a negative control sample (water) were included in each 96-well PCR plate.  

 

5.2.4 Pathogen distribution and prevalence 
 

The postcodes of the participating farms were converted to Latitude and Longitude 

using an online postcode converter (UK Grid Reference Finder, 2020). These coordinates 

were used to plot the farm locations, and farms found to be positive for Babesia spp. and 

A. phagocytophilum, onto a map of the UK, cropped to the southwest (extent: xmin=-6.20, 

ymin=49.80, xmax=-1.5, ymax=52.25), using the packages sf (v1.0; (Pebesma, 2018)) and 

ggplot2 (v3.3.5; (Wickham, 2016)) in R (v 3.6.1; (R Core Team, 2021)). The draw polygon 

feature in Google Earth was used to map the pasture areas surveyed. The polygons were 
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exported as .KML files and imported into R as shapefiles using the sf package. Coordinates 

from the centre of each grazing area shapefile were obtained using the function 

sf::st_centroid. 

The number of positive pools, the total number of pools, and the pool size were 

used to estimate the overall prevalence of Babesia spp. and A. phagocytophilum in the tick 

population sampled, using an online pooled prevalence calculator (Epitools online 

prevalence calculator; (Sergeant ESG, 2018)). This method assumed a fixed pool size and a 

perfect test sensitivity and specificity. Exact confidence limits were calculated based on 

binomial theory, so that confidence limits were between 0 and 1 (Cowling, Gardner and 

Johnson, 1999).  

 

5.2.5 Factors associated with reported redwater in cattle and Babesia in ticks 

Univariable analysis was conducted in R for factors hypothesised to be associated 

with either redwater or Babesia presence. Categorical variables were tested using Chi-

square test for independence using the chisq.test function. P-values were computed by 

Monte-Carlo simulation, as observed values were often < 5. If a significant result (p<0.05) 

was found, a post-hoc test was carried out to test for significance of pairwise comparison 

based on standardised residual values, with Bonferroni P-value correction for multiple 

comparisons applied, using the chisq.posthoc.test function in the chisq.posthoc.test 

package (v0.1.2; (Ebbert, 2019)). Continuous variables were tested for differences between 

the median of the 2 groups (either redwater presence/absence or Babesia 

presence/absence) using the Mann-whitney U test using the wilcox.test function. 
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Differences in variance between the 2 groups was tested using the Levene’s test using the 

leveneTest function in the car package (v3.0-10; (Fox and Weisberg, 2019)). 

 

i) Is the presence of B. divergens in ticks associated with clinical redwater in cattle? 

To assess whether the presence of B. divergens on farm was a good predictor of 

clinical disease in cattle, an association was tested between farms reporting redwater in 

their cattle in the previous 3 years, and the identification of a positive pool for B. divergens 

from ticks from their cattle grazing land. The presence of B. divergens was defined as B. 

divergens being identified by BLASTN search as either a ‘top’ or ‘secondary’ hit. Secondary 

hits were matches that weren’t the best Babesia spp. match for that pool (in terms of 

percentage query cover and identity), but had both a percentage query cover and identity 

> 98%. 

 

ii) Are farms whose juvenile cattle are not exposed to ticks more likely to have 

clinical redwater? 

Infection with B. divergens is often subclinical in younger cattle (Christensson, 1989), 

and acquired immunity can develop after exposure (Taylor, Kenny and Strain, 1982; 

McFadzean et al., 2021). To test the hypothesis that cattle not exposed to ticks in their first 

grazing season are more likely to later develop clinical redwater, the association between 

reported redwater and lack of cattle exposure was tested. A lack of cattle exposure was 

defined as farms which reported that not all of their cattle were exposed to known tick-

infested pastures when they were < 1 year of age.  
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iii) Are grazing areas with higher vegetation levels (as a proxy for higher tick density) 

more likely to contain ticks carrying Babesia pathogens? 

The level of vegetation in a habitat can be used as a long-term proxy for tick density 

(Estrada-Peña, Venzal and Sanchez Acedo, 2006; Gilbert et al., 2017), as higher levels of 

vegetation correlate with higher tick densities as they provide suitable tick habitat with a 

stable microclimate, buffered from variations in the macroclimate (Lees, 1948; Walker et al., 

2001; Boyard, Vourc’h and Barnouin, 2008; Dobson, Taylor and Randolph, 2011). It has 

previously been found that seroprevalence of B. divergens in cattle correlates with areas of 

high vegetation (Agoulon et al., 2012), and this may be because in areas of high tick 

density, pathogen transmission is more frequent (Woolhouse et al., 1997; Perkins et al., 

2003). 

To test the hypothesis that Babesia spp. are more likely to be found in cattle grazing 

areas with a higher level of vegetation, two different measures of vegetation level were 

used: classification of grazing pasture, and the Normalized Difference Vegetation Index 

(NDVI). Grazing pasture was classified into rough, improved, and semi-improved pasture by 

the percentage coverage of rye grass and clover (as defined in 5.2.2). Averaged monthly 

NDVI data for 2018, were downloaded from MODIS on NASA Earthdata at a resolution of 

1km2 (Didan, 2015) and converted to a raster layer using the raster package in R. The 

average NDVI value for the area containing each sampled grazing area was obtained by 

cropping the NDVI raster by each grazing area shapefile (raster::crop) and extracting the 

NDVI value.  
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5.3 Results 
 

5.3.1  Participating farms 
 

Twenty-nine cattle farms in the southwest were recruited. Phone surveys were 

completed with 28 of the cattle farms (Fig. 5.2). Of these 28 farms, 82.1% (±15.6; n=23) 

were beef, 10.7% (±6.3; n=3) were dairy, and 7.1% (±5.2; n=2) had both beef and dairy 

cattle. 64.3% (±14.2; n=18) of the farms also had sheep. The median herd size, by number 

of breeding cows, was 50 (IQR=80) for beef herds, and 150 (IQR=170) for dairy herds. 

67.9% (±14.5; n=19) were conventional farms, and 32.1% (±10.6; n=9) were organic. Over 

the previous 3 years, 7.1% (±9.5; n=2) described grazing their cattle on improved pasture, 

17.9% (±14.2; n=5) on rough pasture, and 75% (±16.0; n=21) on semi-improved pasture or 

both improved and rough pasture.  
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Fig. 5.2: The location of cattle farms participating in a phone survey about ticks and tick-borne disease on their 

farm in the previous 3 years (2018-2021). The numbers represent the assigned farm ID codes. 

 

5.3.2  Tick collection 
 

Of the 28 farms surveyed over the phone, 26 were visited. On 7.7% (±10.2; n=2) of 

the farms, ticks were collected from improved pastures only, 53.9% (±19.2; n=14) from 

rough grazing pastures only, and 38.5% (±18.7; n=10) from semi-improved, or from a mix of 

improved, semi-improved and rough pastures. Ticks were found on all farms visited. Seven 

of the farms were visited twice to try and collect over 180 ticks. At least 180 ticks were 

collected on 20 of the farms. The total number of ticks collected was 5,097. The median 

number of ticks collected on each farm was 208.0 (IQR=19.3). The median number of drags 
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completed on each farm was 114 (IQR=72). The median number of ticks collected per drag 

was 1.0 (IQR=2.0).  

 

5.3.3 PCR and DNA sequencing 
 

In total, 129 pooled samples (x30 ticks), consisting of a total of 3,870 nymphs, were 

sent for PCR and DNA sequencing analysis. This included pools from 24 of the 26 farms 

visited. Two farms were excluded because less then 30 ticks had been collected. Fewer 

than 6 pools were sent for 4 of the farms, as less than 180 ticks were collected from these 

farms.  

 

5.3.4 Babesia 
 
After PCR and sequencing, 10 (7.8%; ±4.6; N=129) pooled samples were found to 

be positive for Babesia spp. Pools positive for Babesia were identified from 7 (29.2%; 

±18.2; N=24) different farms (Fig. 5.3). Four different species of Babesia were identified by 

nucleotide BLAST search (Table. 5.1). Babesia divergens was identified as a ‘top’ hit (best 

matching sequence) for 3 (2.3% ±2.6; N=129) pools, and 3 (12.5% ±13.2; N=24) farms. B. 

divergens was identified as a ‘top’ or ‘secondary’ (not the best matching sequence, but still 

> 98% homology) hit from 8 (6.2% ±4.2; N=129) pools, and 5 (20.8% ±16.3; N=24) farms. 

Three of these farms had 2 pools positive for B. divergens. 

The estimated prevalence of Babesia spp. in the sampled tick population, based on 

the assumption of a perfect test, was calculated to be 0.27% (95% exact CI: 0.13 – 0.46; 

(Sergeant ESG, 2018)). The estimated prevalence of B. divergens, based on the assumption 
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of a perfect test, was calculated to be 0.078% (0.016 – 0.045) when including only ‘top’ hits, 

and 0.21% (0.091 – 0.42) when including both ‘top’ and ‘secondary’ hits. 

 

 
Fig. 5.3: The location of farms where ticks were collected in 2021 and screened for the presence of Babesia spp. 

The red points show farms which had at least one pool (x30 ticks) positive for Babesia spp. The blue points show 

farms which had no pools positive for Babesia spp. The species of Babesia identified by nucleotide BLAST 

search at each location are given (only the ‘top’ hit for each positive pool is shown). 
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Table. 5.1: Species of Babesia detected by nucleotide BLAST search from pooled samples of ticks (x30 nymphs), 

collected from cattle grazing land in southwest England. The percentage query cover, E value, percentage 

identity, and accession number of the BLAST results are given. For pooled samples with multiple species 

matches, the ‘top’ hits (based on query cover, then percentage identity) are highlighted in grey. ‘Secondary’ 

species hits are shown only if they had a query cover and percentage identity above 98%.  

 

 

Farm ID Grazing area 
coordinates 
(Long, Lat) 

Babesia species Query 
cover 

E value Percent. 
Identity 

Accession 
number 
 

1 (-2.66, 51.47) B. venatorum 100% 1.00E-113 96.12% KU204799.1 
14 (-2.66, 51.47) B.  divergens /  

B. capreoli 
100% 8.00E-141 100.00% MG344781.1 / 

MG344782.1 
B. venatorum 100% 4.00E-134 98.56% KX008038.1 
B. odocoilei 100% 2.00E-132 98.19% KY805835.1 

16 (-2.74, 50.85) B. venatorum 100% 1.00E-93 100.00% MG344777.1 
B. odocoilei 100% 4.00E-92 99.48% KT279883.1 
B.  divergens 100% 1.00E-88 98.44% MG344781.1 
B. capreoli 100% 1.00E-88 98.44% MG344779.1 

16 (-2.74, 50.85) B. venatorum 99% 7.00E-147 100.00% MG344777.1 
  B.  divergens 99% 3.00E-140 98.61% AY098643.2 

B. capreoli 99% 1.00E-138 98.26% MG344782.1 
17 (-3.77, 51.23) B.  divergens / 

 B. capreoli 
100% 3.00E-57 100.00% MG344781.1 / 

MG344782.1 
  B. odocoilei 100% 1.00E-55 99.21% MH899097.1 
21 (-3.87, 51.21) B. odocoilei 100% 1.00E-124 100.00% KT279883.1 
  B. venatorum 98% 5.00E-118 98.78% MG344777.1 
24 (-2.92, 50.80) B.  divergens / 

 B. capreoli 
100% 9.00E-146 100.00% MG344781.1 / 

MG344782.1 
  B. venatorum 100% 4.00E-139 98.60% KX008038.1 

B. odocoilei 100% 2.00E-137 98.25% MH899097.1 
24 (-2.92, 50.80) B. venatorum 100% 3.00E-73 100.00% MG344777.1 
  B. capreoli 100% 3.00E-68 98.06% MG344782.1 

B.  divergens 100% 3.00E-68 98.06% MG344781.1 
B. odocoilei 100% 3.00E-68 98.08% MH899097.1 

29 (-2.91, 50.80) B. venatorum 100% 7.00E-111 100.00% MG344777.1 
  B. capreoli 100% 7.00E-106 98.65% MG344782.1 

B.  divergens 100% 7.00E-106 98.65% MG344781.1 
B. odocoilei 100% 7.00E-106 98.66% MH899097.1 

29 (-2.91, 50.80) B. venatorum 100% 2.00E-146 100.00% MG344777.1 
  B.  divergens 100% 1.00E-139 98.61% AY098643.2 

B. capreoli 100% 5.00E-138 98.26% MG344782.1 

https://www.ncbi.nlm.nih.gov/nucleotide/KU204799.1?report=genbank&log$=nucltop&blast_rank=127&RID=6RGX5YB1013
https://www.ncbi.nlm.nih.gov/nucleotide/MG344781.1?report=genbank&log$=nucltop&blast_rank=2&RID=6RMXTGMJ013
https://www.ncbi.nlm.nih.gov/nucleotide/MG344782.1?report=genbank&log$=nucltop&blast_rank=1&RID=6RMXTGMJ013
https://www.ncbi.nlm.nih.gov/nucleotide/KX008038.1?report=genbank&log$=nucltop&blast_rank=82&RID=6RMXTGMJ013
https://www.ncbi.nlm.nih.gov/nucleotide/KY805835.1?report=genbank&log$=nucltop&blast_rank=85&RID=6RMXTGMJ013
https://www.ncbi.nlm.nih.gov/nucleotide/MG344777.1?report=genbank&log$=nucltop&blast_rank=1&RID=6RNN0DS6013
https://www.ncbi.nlm.nih.gov/nucleotide/KT279883.1?report=genbank&log$=nucltop&blast_rank=33&RID=6RNN0DS6013
https://www.ncbi.nlm.nih.gov/nucleotide/MG344781.1?report=genbank&log$=nucltop&blast_rank=51&RID=6RNN0DS6013
https://www.ncbi.nlm.nih.gov/nucleotide/MG344779.1?report=genbank&log$=nucltop&blast_rank=52&RID=6RNN0DS6013
https://www.ncbi.nlm.nih.gov/nucleotide/MG344777.1?report=genbank&log$=nucltop&blast_rank=1&RID=6RRD4453013
https://www.ncbi.nlm.nih.gov/nucleotide/AY098643.2?report=genbank&log$=nucltop&blast_rank=38&RID=6RRD4453013
https://www.ncbi.nlm.nih.gov/nucleotide/MG344782.1?report=genbank&log$=nucltop&blast_rank=39&RID=6RRD4453013
https://www.ncbi.nlm.nih.gov/nucleotide/MG344781.1?report=genbank&log$=nucltop&blast_rank=2&RID=6RRUGZXN016
https://www.ncbi.nlm.nih.gov/nucleotide/MG344782.1?report=genbank&log$=nucltop&blast_rank=1&RID=6RRUGZXN016
https://www.ncbi.nlm.nih.gov/nucleotide/MH899097.1?report=genbank&log$=nucltop&blast_rank=71&RID=6RRUGZXN016
https://www.ncbi.nlm.nih.gov/nucleotide/KT279883.1?report=genbank&log$=nucltop&blast_rank=3&RID=6RZEKKY7016
https://www.ncbi.nlm.nih.gov/nucleotide/MG344777.1?report=genbank&log$=nucltop&blast_rank=16&RID=6RZEKKY7016
https://www.ncbi.nlm.nih.gov/nucleotide/MG344781.1?report=genbank&log$=nucltop&blast_rank=2&RID=6RZU1RD3016
https://www.ncbi.nlm.nih.gov/nucleotide/MG344782.1?report=genbank&log$=nucltop&blast_rank=1&RID=6RZU1RD3016
https://www.ncbi.nlm.nih.gov/nucleotide/KX008038.1?report=genbank&log$=nucltop&blast_rank=82&RID=6RZU1RD3016
https://www.ncbi.nlm.nih.gov/nucleotide/MH899097.1?report=genbank&log$=nucltop&blast_rank=91&RID=6RZU1RD3016
https://www.ncbi.nlm.nih.gov/nucleotide/MG344777.1?report=genbank&log$=nucltop&blast_rank=1&RID=6S0C3KC4016
https://www.ncbi.nlm.nih.gov/nucleotide/MG344782.1?report=genbank&log$=nucltop&blast_rank=40&RID=6S0C3KC4016
https://www.ncbi.nlm.nih.gov/nucleotide/MG344781.1?report=genbank&log$=nucltop&blast_rank=41&RID=6S0C3KC4016
https://www.ncbi.nlm.nih.gov/nucleotide/MH899097.1?report=genbank&log$=nucltop&blast_rank=54&RID=6S0C3KC4016
https://www.ncbi.nlm.nih.gov/nucleotide/MG344777.1?report=genbank&log$=nucltop&blast_rank=1&RID=6S1E4KDZ01N
https://www.ncbi.nlm.nih.gov/nucleotide/MG344782.1?report=genbank&log$=nucltop&blast_rank=38&RID=6S1E4KDZ01N
https://www.ncbi.nlm.nih.gov/nucleotide/MG344781.1?report=genbank&log$=nucltop&blast_rank=39&RID=6S1E4KDZ01N
https://www.ncbi.nlm.nih.gov/nucleotide/MH899097.1?report=genbank&log$=nucltop&blast_rank=48&RID=6S1E4KDZ01N
https://www.ncbi.nlm.nih.gov/nucleotide/MG344777.1?report=genbank&log$=nucltop&blast_rank=1&RID=6S1RRZ7F01N
https://www.ncbi.nlm.nih.gov/nucleotide/AY098643.2?report=genbank&log$=nucltop&blast_rank=38&RID=6S1RRZ7F01N
https://www.ncbi.nlm.nih.gov/nucleotide/MG344782.1?report=genbank&log$=nucltop&blast_rank=39&RID=6S1RRZ7F01N


153 
 
 

 

 

5.3.5 Anaplasma 
 
After PCR, 80 (62.0% ±8.4; N=129) pooled samples were found to be positive for A. 

phagocytophilum. Pools positive for A. phagocytophilum were identified from 21 (87.5%; 

±13.2; N=24) different farms (Fig. 5.4). The estimated prevalence of A. phagocytophilum in 

the sampled tick population, based on the assumption of a perfect test, was calculated to 

be 3.18% (95% exact CI: 2.49 – 3.98 (Sergeant ESG, 2018)). Six of the farms that tested 

positive for Babesia spp., also tested positive for A. phagocytophilum (25.0% of farms 

±17.3; N=24). 
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Fig. 5.4: The location of farms where ticks were collected in 2021 and screened for the presence of Anaplasma 

phagocytophilum. The pink points show farms which had at least one pool (x30 ticks) positive for A. 

phagocytophilum (the farm ID code is given). The green points show farms which had no pools positive for A. 

phagocytophilum. 

 

5.3.6  Associated factors 

 

i)  Is the presence of B. divergens in ticks associated with clinical redwater in cattle? 

Of the 28 farms surveyed, 21.4% (±15.2; n=6) reported having at least one case of 

redwater in their cattle in the previous 3 years. These cases were all diagnosed by either the 

clinical sign of red urine, vet or diagnostic lab diagnosis, or post-mortem. Across farms, the 

median number of reported cattle with redwater in the last 3 years was 6 (IQR=3). 
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Babesia spp. were only identified from 2 of the 6 farms which had reported redwater in 

their cattle in the previous 3 years (ID: 21, 29). Neither of these farms had B. divergens as 

‘top hits’, although one farm (ID: 29), had B. divergens as a secondary hit. Chi-squared 

confirmed that the presence of B. divergens in ticks on farm (presence defined as ‘top’ or 

‘secondary’ hits) was not significantly associated farms reporting redwater in their cattle in 

the previous 3 years (χ²=0.084; N=24; P=1.0). 

 

ii) Are farms whose juvenile cattle are not exposed to ticks more likely to have 

clinical redwater? 

Of the 28 farms surveyed, 100% (±0.0; n=28) reported that in the last three years, 

some of their cattle were exposed to tick infested pastures when they were > 1 year of age. 

Overall, 96.4% (±6.9; n=27) reported some of their cattle were exposed to tick infested 

pastures when they were < 1 year of age, with 1 (3.6%) farm reporting that some of their 

cattle had grazed on pastures when they were < 1 year of age, but they did not know 

whether the pasture was infested with ticks. 60.7% (±18.1; n=17) of farms reported that all 

their cattle were exposed to tick infested pastures when they were < 1 year of age, and 

39.3% (±18.1; n=11) reported that all their cattle had grazed on pastures when they were < 

1 year of age, but they did not know whether the pasture was infested with ticks. Farms 

reporting that all their cattle were exposed to tick-infested pastures when they were < 1 

year old, was not significantly associated with the farm reporting redwater in their cattle in 

the previous 3 years (χ²=0.37; N=28; P=0.65). 
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iii) Are grazing areas with higher vegetation levels (as a proxy for higher tick density) 

more likely to contain ticks carrying Babesia pathogens?  

The median Normalized Difference Vegetation Index (NDVI) of the surveyed areas 

was 0.7 (IQR=0.1; N=26). There was no difference between median NDVI, or variance in the 

NDVI, between grazing areas where Babesia spp. were identified in ticks and grazing areas 

where Babesia spp. were not identified in ticks (W=80.5, P=0.19; F1,22= 0.27, P=0.61). 

Farms where only improved (n=2), or where semi-improved or a mix of pasture types 

(n=9) were sampled, had a higher proportion of Babesia spp. positives, than farms where 

only rough pastures (n=13) were sampled (Fig. 5.5). There was a significant association 

between grazing type and the presence of Babesia spp. in ticks (χ²=8.78; N=24; P=0.012), 

but there were no significant pairwise comparisons found by a post-hoc test with Bonferroni 

correction applied (P=0.07-1.0). 
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Fig. 5.5: The proportion of cattle farms in SW England with ticks positive for Babesia spp., split by the grazing 

type sampled. Improved = farms where only pastures with >90% rye grass and clover were sampled; semi-

improved/mixed = pastures contained 50-90% rye grass and clover, or a mix of improved, semi and rough 

pastures were sampled; rough = pastures contained <50% rye grass and clover. Error bars are 95% confidence 

intervals calculated using the Wilson score interval. 

  

5.4  Discussion 

This study investigated cattle exposure to ticks infected with Babesia spp. and A. 

phagocytophilum by studying the prevalence of farms with pathogen-positive ticks. Babesia 

divergens was identified from 6% of pooled samples, and A. phagocytophilum from 62% of 

pooled samples. This resulted in an estimated pathogen prevalence in the sampled tick 

population of 0.2% for B. divergens and 3.2% for A. phagocytophilum. Previous studies 

investigating pathogen prevalence in I. ricinus in Europe have reported <1% ticks having B. 

divergens (Hartelt et al., 2004; Øines et al., 2012; Hamšíková et al., 2016; Davies et al., 
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2017; Abdullah et al., 2018), and previous UK studies have reported prevalences of 

between 0.3 – 9% for A. phagocytophilum (Alberdi et al., 1998; Guy, Tasker and Joynson, 

1998; Ogden et al., 1998; Walker et al., 2001; Bown et al., 2009; Perrin, 2017; Keyte et al., 

2021). The tick prevalences reported here are therefore similar to previous studies, 

although they are not directly comparable as nymphs, which were used in this study, have 

been found to have different pathogen prevalences to adults (Ogden et al., 1998; Walker et 

al., 2001; Radzijevskaja, Paulauskas and Rosef, 2008; Bown et al., 2009). Of the cattle farms 

sampled, 25% contained ticks positive for both Babesia spp. and A. phagocytophilum. The 

exposure of cattle to A. phagocytophilum may impact the presentation of clinical redwater 

in the cattle, as Anaplasmosis causes immune suppression, and therefore is often 

associated with the presentation of secondary tick-borne disease. 

Babesia divergens was identified from 21% of cattle farms sampled. Taylor, Kenny and 

Strain (1982), reported regional cattle farm prevalence for B. divergens, based on cattle 

seroprevalence from 1680 farms in Northern Ireland, to be 64 – 93%. In France, Devos and 

Geysen (2004) reported a herd prevalence, based on cattle seroprevalence from 24 farms, 

of 7 – 20% (depending on diagnosis method). The true prevalence of B. divergens on farms 

is likely greater than presented here, as the number of ticks sampled on each farm (N=180) 

allowed the detection of pathogen presence, with a confidence level of 95%, only at 

prevalences as low as 1.7% in the tick population. The underestimation of the prevalence of 

farms with B. divergens in ticks is supported by the fact that although 21% of farms 

reported having clinical redwater in their cattle in the previous 3 years, there was no 

significant association between farms reporting redwater in their cattle, and having B. 

divergens in ticks from their cattle grazing land. Additionally, if B. divergens presence is 
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spatially clustered within the tick population, it is more likely that Babesia positive ticks on 

farms were missed. Springer et al. (2020) failed to find B. divergens in 1430 ticks on a beef 

farm in Germany, despite a clinical outbreak of redwater, and case studies have shown that 

cattle getting clinical redwater can be limited to specific pastures, and that disease 

outbreak can spread between pastures over time (Springer et al., 2020; McFadzean et al., 

2021). In this study, three farms had 2 pools positive for B. divergens which, given the low 

overall pool prevalence rate and estimated tick prevalence rate, suggests that B. divergens 

distribution is clustered within the tick population. This needs further investigation by 

sampling ticks at the pasture level, to assess levels of clustering on a local scale. 

Pooling ticks in each sample for DNA extraction allowed a larger number of ticks to 

be sampled than would be possible with individual samples, and this was important due to 

the low prevalence of B. divergens in the tick population. The disadvantage of pooling 

samples and using a generic Babesia spp. primer, was the inability to determine how many 

of the positive sequence hits were true hits when there were multiple Babesia species 

positives in a sample, and the mixed PCR product resulted in percentage identities of 

<100%. It was often not possible to distinguish between B. divergens and B. capreoli, which 

does not infect cattle (Gray et al., 1990), as their 18S rRNA shows 99.83% identity, differing 

only at 3 bases at positions 631, 663 and 1637 (Malandrin et al., 2010). Although analysis of 

the nuclear 18S rRNA gene is commonly reported throughout the literature for use in 

identifying Babesia spp. in ticks, a different approach, such as analysis of the mitochondrial 

COX1 gene, is required to distinguish between these closely related Babesia spp. 

(Hrazdilová et al., 2020). Babesia odocoilei also has a highly similar 18S rRNA sequence. 

Although B. odocoilei was originally identified in the USA, associated with white-tailed deer 
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(Holman et al., 1994), sister strains, termed B cf. odocoilei or Babesia CH1, have also been 

isolated from I. ricinus and red deer in Europe (Hilpertshauser et al., 2006; Øines et al., 

2012; Hrazdilová et al., 2020) and the UK (Gray et al., 2021). Babesia venatorum was the 

most commonly identified Babesia species in this study, as was found in a previous study of 

Babesia in ticks in the UK (Abdullah et al., 2018). Babesia venatorum is associated with roe 

deer in the UK, although it has also recently been isolated from UK sheep (Gray et al., 

2019). Its presence in ticks from cattle grazing land is to be expected due to the 

widespread distribution of deer in the UK, and the tick samples positive for B. venatorum in 

this study were all from locations where roe deer are known to reside (Croft et al., 2019). B. 

venatorum is important to monitor due to its zoonotic potential, even in non-

splenectomised patients (Weir et al., 2020; Hildebrandt et al., 2021). Babesia divergens also 

occasionally causes disease in humans (Mørch et al., 2015). Cases have been reported 

across Europe, almost always in splenectomised patients (Hildebrandt et al., 2021), and a 

case was recently confirmed in the UK (Johnson, Phipps, Godbole, et al., 2020). 

Factors hypothesised to affect B. divergens presence in ticks and redwater presence 

in cattle include tick density and cattle exposure. An association between the vegetation 

index (as a proxy for tick density) of the cattle grazing pasture and infection of cattle with B. 

divergens has previously been observed (Donnelly, 1973; Agoulon et al., 2012). In this 

study no association was identified between vegetation index (NDVI) and B. divergens in 

ticks. This suggests that high vegetation index relates to the presence of B. divergens in 

cattle by allowing high exposure to tick bites, rather than high tick density resulting in high 

pathogen prevalence, as vegetation index also acts as a proxy for tick burden on livestock 

(Gilbert et al., 2017). Inconsistent exposure to ticks could also result in clinical redwater due 
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to lack of acquired immunity (Joyner and Davies, 1967). In this study it was not possible to 

accurately quantify patchy exposure using ranges in vegetation index across all cattle 

grazing pastures, and at such a small spatial scale. No association was found between lack 

of exposure to tick-infested pastures in the cattle’s first grazing season, when redwater is 

usually subclinical (Christensson, 1989), and the presence of clinical redwater in adult cattle. 

However, the development of acquired immunity and the presentation of clinical redwater 

may also depend upon interactions with other tick-borne pathogens. For example, 

anaplasmosis causes immune suppression, and therefore is often associated with the 

presentation of secondary tick-borne disease (Foggie, 1956; McFadzean et al., 2021). Of 

the cattle farms sampled, 25% contained ticks positive for both Babesia spp. and A. 

phagocytophilum. Additionally, this study relies on farmers accurately reporting that the 

pasture contained ticks and assumes that cattle will be exposed to B. divergens if they are 

exposed to ticks, which might not be the case if B. divergens is spatially clustered within the 

tick population. Patchy exposure due to clustered pathogen distribution in the tick 

population may have a bigger impact on redwater cases in cattle than cattle immunity or 

tick density. It is also important to note, that due to the small number of farms used in this 

study, the low number of Babesia / redwater positive farms, and the large number of 

confounding variables, finding statistically significant associations, even if present, was 

unlikely. Further data collection is therefore required, to quantify the extent to which the 

distribution of ticks and B. divergens impacts the presence of clinical redwater on cattle 

farms. This is important to understand, as expected future changes in tick distribution and 

seasonal activity due to climate change will likely alter the timing and frequency of cattle 
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exposure to B. divergens, therefore changing the prevalence and distribution of clinical 

redwater in Britain (Zintl et al., 2014; Johnson et al., 2020). 
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Chapter 6 

The prevalence and distribution of lice 

on sheep and cattle farms 
 

 

 

Summary 

Using the questionnaire survey data described in Chapter 2, here the spatial distribution of 

cattle and sheep farms in Great Britain reporting the presence of lice was determined. The 

prevalence of farms reporting lice was 16.1% for sheep farms and 15.8% for cattle farms. Beef 

farms were more likely to report lice than dairy farms, with a prevalence of 18.0% and 7.8%, 

respectively. Prevalence differed with region for both sheep and cattle. For sheep farms, 

prevalence was highest in Wales (27.7%) and Scotland (22.4%). For cattle farms, prevalence 

was highest in Scotland (27.6%), Wales (18.5%) and SW England (18.5%). For sheep farms, 

relative risk was significantly elevated in Wales, northwest England and southwest Scotland, 

with prevalence in hotspot clusters in these areas ranging from 30.7 – 40.0%. For cattle farms, 

SaTScanTM found only one small significant cluster of cases, with a prevalence of 100%. 

Multivariable analysis showed that factors significantly associated with lice on sheep farms 

were larger flock sizes, and being located in Scotland or Wales. For beef cattle farms, factors 

significantly associated with lice were larger herd sizes and upland grazing. More than 90% 

of farms which reported lice also reported treating for lice. 
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6.1  Introduction 
 

Lice (Phthiraptera) are obligate parasites of economic and welfare concern in livestock 

husbandry (Weeks, Nicol and Titchener, 1995; James, Moon and Brown, 1998; Coles et al., 

2003; Sargison, 2008). Previous studies investigating the prevalence of farms infected with 

lice in regions of the UK, based on farm sampling and questionnaire surveys, have reported 

louse infestation on 59 – 80% of cattle farms (Titchener, 1983; Milnes and Green, 1999; 

Barton et al., 2006), and 11 – 21% of sheep farms (Bisdorff, Milnes and Wall, 2006; 

Armstrong and Davies, 2007; Animal and Plant Health Agency (APHA), 2018). However 

these data are based on old, small scale, or localised studies. Changing patterns of 

insecticide use (Taylor, 2009), along with the development of insecticide resistance 

(Sargison, 2008; Sands et al., 2015), may be altering louse infestation incidence on UK 

livestock farms.  

Given the likely impact of resistance on louse management, more targeted risk-

based control strategies for louse infestation will be required, which necessitates up-to-date 

empirical data on louse prevalence and distribution (Milne, Dalton and Stott, 2007). The aim 

of the work reported here therefore, was to investigate the prevalence and distribution of 

sheep and cattle farms with lice across Great Britain, using data from the retrospective 

questionnaire survey described in Chapter 2, and then to identify areas of high risk of louse 

infestation to livestock using spatial distribution modelling.   
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6.2  Methods 
 
6.2.1  Questionnaire survey 
 

Data were collected using a cross-sectional retrospective questionnaire, as 

described previously in Chapter 2. Addresses were selected at random from a commercial 

database (Map of Agriculture, 2018). A total of 7,200 questionnaires were sent, stratified 

into 6 regions: Scotland, Wales, north, central, southwest and eastern England. All selected 

farms met the following criteria: greater than 50 sheep, or greater than 20 beef cattle, or 

greater than 30 dairy cattle. Minimum numbers of animals were specified to avoid surveying 

smallholdings and ‘hobby-farms’ which may not be representative of commercial farms. The 

number of questionnaires sent out in each region was based on the number of cattle or 

sheep holdings in each (Agriculture and Horticulture Development Board (AHDB), 2018b, 

2018a), an estimated response rate of 30%, an estimated prevalence rate of 15%, a margin 

of error of 5%, and a confidence level of 95% (Win Episcope v2.0; (Thrusfield et al., 2001)). 

The questionnaire was sent out in November of 2018 and asked for general information 

about the holding and information about livestock numbers, louse presence and louse 

treatment in the previous 12 months between November 2017 and October 2018 (see 

appendix 1 for the questionnaire).  

To ensure the respondents were a representative sample of livestock farms, the distribution 

of questionnaire respondents and the holding types of respondents were externally 

validated by qualitative comparison with the distribution of sheep and cattle holdings in 

Britain (Animal and Plant Health Agency (APHA), 2017b, 2017a); the known average flock 

and herd sizes (Agriculture and Horticulture Development Board (AHDB), 2019a; 
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Department for Environment and Rural Affairs (Defra), 2020a); the known ratio of dairy to 

beef farms (Agriculture and Horticulture Development Board (AHDB), 2018a); and the 

known ratio of upland to lowland farms (Department for Environment and Rural Affairs 

(Defra), 2016), as presented in Chapter 2. Questionnaires were also checked for internal 

consistency by removing questionnaires with missing louse presence/absence data and by 

qualitatively comparing monthly reported tick prevalence with expected temporal trends.  

 

6.2.2  Prevalence  
 

Louse prevalence was defined as the percentage of farms reporting louse infestation 

on their livestock during the 12 months covered by the retrospective questionnaire survey 

(Nov 2017 – Oct 2018). Differences in louse prevalence (percentage of farms reporting 

louse presence compared to louse absence) were tested between variables using 

univariable logistic regression. All prevalence values are reported ± their 95% Wald 

confidence intervals. When statistics are reported, “n” refers to the number of farms in the 

relevant sample of the population (the numerator used in calculation of the percentage), 

whereas “N” refers to the sample size used in any specific analysis (the denominator used in 

calculation of the percentage).  

 

6.2.3  Spatial analysis and associated factors 
 

Farm postcodes were used for spatial analysis of cases (reported louse presence) 

and controls (reported louse absence). Spatial statistical analyses were used to assess the 

relative risk of louse prevalence, and identify ‘hotspot’ clusters of significantly higher risk- 
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areas where case farms deviated from complete spatial randomness (CSR) significantly more 

than control farms. Envelopes of the G and L function assessed CSR of farm data points, 

and CSR of case and control farms at different spatial scales, respectively, to detect whether 

case points were more clustered than control points, which represent clustering caused by 

the underlying point distribution. Clustering significance was assessed using uses 

MonteCarlo discrete spatial scan statistics in SaTScanTM, which adjusts for the underlying 

spatial distribution of the data points (Kulldorff, 1997). Associated factors for louse presence 

were assessed using multivariable logistic regression models. Analyses were conducted in R 

(version 3.6.1; (R Core Team, 2019)). For full details of data analysis, see Chapter 2.  

 

6.3  Results 
 
6.3.1  Respondents 
 

In total, 964 farms responded to the questionnaire survey, a response rate of 13.4%. 

Of these farms, 926 contained valid postcodes (906 full postcodes, with the remaining 20 

valid to at least district level; Fig. 2.1). The data were generally representative of the 

underlying holding population of England, Wales and Scotland, in terms of holding density 

(Animal and Plant Health Agency (APHA), 2017b, 2017a), ratio of upland to lowland farms 

(Department for Environment and Rural Affairs (Defra), 2016), and ratio of beef to dairy 

farms (Agriculture and Horticulture Development Board (AHDB), 2018a). A full description 

of the respondent demographic is given in Chapter 2. After internal validation, 3 sheep 

farm respondents and 5 cattle farm respondents were removed from analysis of louse 

prevalence and distribution due to uncertainty interpreting farmer response.  
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6.3.2  Louse prevalence 

The percentage of farms reporting lice in each month was highest in the winter 

months (November – February) for both sheep and cattle (Fig. 6.1). This is consistent with 

known seasonal trends of livestock louse populations in the UK (Milnes, O’Callaghan and 

Green, 2003), so no further respondents were removed on the basis of temporal trends. 

After internal validation, the total number of sheep farm respondents was 645, and the total 

number of cattle farm respondents was 800. 

 

 
Fig. 6.1: Sheep and cattle farms reporting louse infestation in each month in 2018 in a retrospective 

questionnaire survey in Great Britain, as a percentage of the total number of sheep or cattle respondents (±95% 

confidence intervals).  
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Overall, 16.1% (CI±2.8; n=104) of sheep farms and 15.8% (±2.5; n=126) of cattle 

farms reported lice on their animals (Fig. 6.2). Prevalence differed significantly with region 

for both sheep (χ²= 31.9, N=619, df = 5, P<0.001) and cattle (χ² = 20.2, N=769, df = 5, 

P<0.01; Fig. 6.3). Reported sheep lice prevalence was highest from farms in Wales and 

Scotland where reported prevalence was 27.7% (±8.0; n=33) and 22.4% (±8.3; n=22), 

respectively (Fig. 6.3). The lowest reported sheep lice prevalence was from East England, 

with only 2% (±4.0; n=1) of farms reporting lice. Reported cattle lice prevalence was highest 

from farms in Scotland, Wales and southwest England where reported prevalence was 

27.6% (±8.1; n=32), 18.5% (±6.7; n=24), and 18.5% (±6.3; n=27), respectively (Fig. 6.3). The 

lowest reported cattle lice prevalence was from northern England, with 10.0% (±4.2; n=20) 

of farms reporting lice (Fig 6.3). 
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Fig. 6.2: Sheep farm respondents (A) and cattle farm respondents (B) from a retrospective questionnaire survey 

in Great Britain sent in 2018. Farms reporting lice on their livestock (case farms) are shown in red, and farms not 

reporting lice on their livestock (control farms) are shown in black.  
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Fig. 6.3: The percentage of sheep farms and cattle farms in a retrospective questionnaire survey in Great Britain 

(2018) reporting louse infestation on their livestock, relative to the number of sheep or cattle farm respondents 

in that region (±95% confidence intervals).  

 

Lice were significantly more likely to be reported from upland farms than lowland 

farms for both sheep (χ² = 24.8, N=624, df = 2, P<0.001) and cattle (χ² = 10.8, N=769, df = 

2, P<0.01; Fig. 6.4). Prevalence on upland farms was 25.6% (±2.8, n=64) and 21.6% (±2.7, 

n=52) for sheep and cattle, respectively. There was no significant difference in louse 

prevalence between conventional and organic farms for either sheep (χ² = 2.8, N=574, df = 

NA, P<0.5) or cattle farms (χ² = 0.03, N=712, df = 1, P<1.0; Fig. 6.5).  
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Fig. 6.4: The percentage of upland and lowland sheep and cattle farms in a retrospective questionnaire survey in 

Great Britain (2018) reporting louse infestation on their livestock (±95% confidence intervals). 

 

 
Fig. 6.5: The percentage of conventional and organic sheep and cattle farms in a retrospective questionnaire 

survey in Great Britain (2018) reporting louse infestation on their livestock (±95% confidence intervals). 
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18.0% (±3.1; n=104) of farms reporting lice were beef only, 7.8% (±5.5; n=8) 

reporting lice were dairy only and 11.6% (±6.6; n=14) of farms reporting lice had both beef 

and dairy (Fig. 6.6). Beef only farms were significantly more likely to report lice on their 

cattle than dairy only farms (χ² = 8.3, N=769, df = 2, P<0.05). The regional prevalence of 

beef only farms reporting lice was very similar to the prevalence across all cattle farms (Fig. 

6.7), as the majority of cattle farm respondents were beef only farms (71.9%; n=553). 

 

 

Fig. 6.6: The percentage cattle farms with only beef cattle, only dairy cattle, and both beef and dairy cattle, in a 

retrospective questionnaire survey in Great Britain (2018) reporting louse infestation on their livestock (±95% 

confidence intervals). 
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Fig. 6.7: The percentage of beef only (black) and dairy only (white) cattle farms in a retrospective questionnaire 

survey in Great Britain (2018) reporting louse infestation in each region (±95% confidence intervals). 
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than control farms at radii of more than ~2km for sheep (Fig. 6.9). For cattle, both case and 

control farms were clustered at radii above ~10 km (Fig. 6.9). 

The relative risk of farms reporting lice was not homogenously distributed across 

Great Britain (Fig. 6.10). For sheep farms, risk was significantly elevated in Wales, northwest 

England and west Scotland. For cattle farms, southwest England, north Wales and Scotland 

all contained areas of elevated risk, but these were not found to be significant.  

SaTScan identified significant clusters of sheep farms with lice in south Wales, and in 

north England and southwest Scotland (Fig. 6.11a). The prevalence of farms reporting lice 

in these clusters was 40.0% (N=60) in south Wales, and 30.7% (N=127) in north England 

and southwest Scotland (Table 6.1). SaTScan only identified one small cluster of cases of 

cattle farms in southwest England (Fig. 6.11b), which had a prevalence of 100.0% (N=6). 
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Fig. 6.8: Kernel density estimate of sheep (A) and cattle (B) farm respondents from a retrospective questionnaire 

survey in Great Britain sent in Nov 2018, which reported lice on their livestock (case farms; left) and which did 

not report lice on their livestock (control farms; right), in the previous year. 
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A Sheep

 

 

B Cattle

 
  

Fig. 6.9: The L envelope function for sheep (A) and cattle (B) farms reporting lice (cases) and not reporting lice 

(controls) on their livestock from a retrospective questionnaire survey in Great Britain (2018). Left: up to a radius 

of 150km. Right: up to a radius of 15km. The x-axis represents the distance between any two points in metres. 

The y-axis represents the calculated L-function. The red dashed line represents CSR, with 95% confidence 

intervals shaded grey. The black lines represent the case (bumpy line) and control (smooth line) data. Values 

above the CSR envelope (grey-shaded area) represent significant spatial clustering. 
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Fig. 6.10: The relative risk (RR) of farms reporting louse infestation in (A) sheep and (B) cattle in a retrospective 

questionnaire survey in Great Britain (2018), with tolerance contour lines overlain. Lighter colours indicate higher 

risk and areas with significantly higher risk (P<0.05) shown by the bold contour. The colour scales show loge and 

raw relative risk.  
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A Clusters of sheep farms with lice 

 

B Clusters of cattle farms with lice 

  

Fig. 6.11: Significant spatial clusters of farms reporting lice on their livestock for A) sheep and B) cattle farms, as 

identified by SaTScanTM analysis of data from a retrospective questionnaire survey in Great Britain (2018). Points 

show all sheep or cattle farms in the cluster (both those reporting and not reporting lice). 
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Table 6.1. The location (latitude and longitude), radius (km), number of respondents, louse prevalence and 

relative risk for significant clusters of cases of louse infestation in sheep and cattle, as identified by SaTScanTM 

analysis of data from a retrospective questionnaire survey in Great Britain. Asterix shows statistical significance 

value (*P < 0.05, **P < 0.01, ***P < 0.001). 

 Cluster location 

(lat/long of cluster 
centroid) 

Cluster radius 
(km) 

Number of 
respondents in 
cluster 

Louse 
prevalence 

Relative risk 

Sheep South Wales* 

(51.95, -3.87) 

60.74 60 40.0% 2.85 

 NW England and 
SW Scotland* 

(55.21, -3.13) 

52.79 127 30.7% 2.38 

Cattle SW England * 

(51.32, -2.09) 

14.87 6 100% 6.24 

 

6.3.4  Factors associated with louse presence 
 

For sheep, variables included in the initial model, based on having a significance 

value of P<0.25 in univariable logistic regression analysis, were: terrain type 

(upland/lowland), flock size, farm type (organic/conventional), region, and sheep density. 

Terrain type and sheep density were eliminated during stepwise selection. After farms with 

missing data were removed, 493 remained in the final model. The VIF was <4 for all 

variables in the final model. Factors significantly associated with reported louse presence on 

sheep were larger flock sizes, and being located in Wales and Scotland. Organic farms and 

farms in north England were close to significance (Table 6.2; AUC=0.67, N=493, residual 

deviance = 387.0 (df = 485), null deviance = 430.6 (df = 492)).  

Only beef only farms were included in the cattle multivariable model to avoid issues 

with differing average herd sizes between beef and dairy farms, and because beef only 
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farms made up the majority of the respondents (71.9%; n=553). Beef farms containing dairy 

cattle were not included because the questionnaire did not allow specification of the cattle 

type infested with lice. Variables included in the initial model, based on having a 

significance value of P<0.25 in univariable logistic regression analysis, were: terrain type 

(upland/lowland), herd size, livestock type (cattle only/sheep and cattle) and region. Region 

and livestock type were eliminated during stepwise selection. After farms with missing data 

were removed, 489 remained in the final model. The VIF was <4 for all variables in the final 

model. Factors significantly associated with reported louse presence on beef cattle were 

upland terrain, and larger herd sizes (Table 6.2; AUC=0.61, N=489, residual deviance = 

435.1 (df = 486), null deviance = 457.9 (df = 488)).  
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Table 6.2. Factors associated with louse infestation, included in logistic regression models, for sheep (N=493) 

and beef cattle (N=489) farms, based on data from a retrospective questionnaire survey in Great Britain, 

showing the coefficient estimate ± standard error and the odds ratio (±95% confidence interval). Asterix shows 

statistical significance value (. P<0.1, *P<0.05, **P<0.01, ***P<0.001). ‘Upland’ refers to regions classified as 

Less Favoured Areas and characterized by rough grazing, heathland and moorland (Department for Environment 

and Rural Affairs (Defra), 2010). 

 Associated factor  Coefficient estimate 
(±SE)  

Odds ratio  

(±95% CI) 

Sheep    

Flock size (log10) ** 0.88 (0.30) 2.41 (1.37 – 4.40) 

Region *   

E England  - - 

C England 1.41 (1.10) 4.12 (0.66 – 79.35) 

N England . 2.03 (1.04) 7.62 (1.50 – 139.23) 

Scotland * 2.27 (1.06) 9.68 (1.83 – 178.92) 

SW England 1.05 (1.12) 2.85 (0.43 – 55.76) 

Wales * 2.57 (1.04) 12.99 (2.58 – 236.87) 

Farm type .   

Conventional - - 

Organic . 0.84 (0.48) 2.32 (0.87 – 5.84) 

Beef cattle Herd size (log10)** 1.07 (0.32) 2.92 (1.60 -  5.49) 

Terrain ***   

Lowland  - - 

Upland *** 0.88 (0.25) 2.41 (1.49 – 3.92) 

   

 

6.3.5  Louse treatment  
 

In total, 26.6% (±3.4, n=170) of sheep farms reported treating for lice (Fig. 6.12). SPs 

were the most common drug class used, reported by 16.5% (±2.9. n=107) of sheep farms. 

Of the sheep farms reporting lice, 97.1% (±3.2, n=101) reported treating for lice. SPs were 
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more likely to be used by farms reporting lice, whereas OPs were more likely to be reported 

by farms not reporting lice (Fig. 6.13).  

 

 
Fig. 6.12: The percentage of sheep farms in a retrospective questionnaire survey in Great Britain (2018) 
reporting using different lice treatments in the previous year (±95% confidence intervals). Some farms reported 
using more than one treatment option. 

 

 

 
Fig. 6.13: The percentage of each drug class used as treatment for sheep lice on sheep farms with and without 

sheep lice as reported from a retrospective questionnaire survey in Great Britain (±95% confidence intervals).  
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In total, 24.4% (±3.0, n=196) of cattle farms reported treating for lice (Fig. 6.14). MLs 

were the most common drug class used, reported by 12.9% (±2.3, n=104) of cattle farms, 

followed by SPs, reported by 8.7% (±2.0, n=70) of cattle farms. Of the cattle farms 

reporting lice, 92.9% (±4.5, n=117) reported treating for lice. SPs were more likely to be 

used by cattle farms reporting lice, compared with those not reporting lice (Fig. 6.15).  

 

 
Fig. 6.14: The percentage of cattle farms in a retrospective questionnaire survey in Great Britain (2018) reporting 

different cattle lice treatments (±95% confidence intervals). Some farms reported using more than one treatment 

option. 
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Fig 6.15: The percentage of each drug class (Macro-cyclic lactones (ML); Synthetic pyrethroids (SP)) used as 

treatment for cattle lice on cattle farms with and without cattle lice (±95% confidence intervals), as reported from 

a retrospective questionnaire survey in Great Britain (2018).  
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country-wide questionnaire survey of sheep farms conducted by Bisdorff et al. (2006), but 

regional prevalences in this study were either similar or higher. The most notable difference 

was Scotland, which Bisdorff et al. (2006) found to have a prevalence of <10%, compared to 

23% reported here. Due to the range of unquantified differences in the study population 

demographics, these studies are not directly comparable, but assuming farmer awareness 

has remained broadly the same, this suggests a potential increase in sheep louse infestation 

over recent years. This may be a long-term product of the deregulation of sheep scab and 

end of compulsory sheep dipping in 1992 (Taylor, 2009), and the withdrawal of 

cypermethrin-based dips (Natural England, 2009). Alternatively, it could indicate a growing 

problem with the efficacy of the treatments used for louse control due to resistance 

(Sargison, 2008; Ellse, Burden and Wall, 2012).  

In contrast to the prevalence of lice on sheep-farms, the prevalence of both beef 

(18%) and dairy (8%) farms reporting lice in this study is considerably lower than 

prevalences reported previously. A farm prevalence of 80% (N=100) in calves in Ayrshire, 

Scotland was reported by (Titchener, 1983). A questionnaire survey by Milnes and Green 

(1999) found that 75% (N=24) of dairy farms at the England Wales border were infested and 

59% (N=72) of beef farms surveyed in southwest England reported problems with lice 

(Barton et al., 2006). The relatively low prevalence reported here may reflect a real decrease 

in the prevalence of louse infestations on cattle farms due to increased farmer awareness 

and a subsequent improvement in control measures, or it may reflect a general lack of 

ability of cattle farmers to diagnose sub-clinical louse infestations.  
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The regional variation in louse prevalence seen for both cattle and sheep farms is 

likely to be largely associated with extensive upland farming husbandry practices (Bisdorff, 

Milnes and Wall, 2006; Morgan-Davies et al., 2006) and also the presence of associated 

common grazing in these areas, where the mixing of flocks and herds with no, or 

uncoordinated, ectoparasite treatments can prevent local eradication of louse infestations 

(Fraser et al., 2006). The prevalence in significant hotspots for sheep louse infestation 

ranged between 31-40%. However, the reasons for the spatial clustering observed were not 

well explained by the multivariable model, the statistical effect of upland farming on sheep 

louse prevalence was probably weakened by the regional significance in the multivariable 

model presented here. Farms with cattle lice were not significantly clustered however, apart 

from one small cluster of 6 farms, suggesting that associated factors for louse presence are 

associated with individual farm management.   

Farms aware of the presence of lice seem keen to implement control, as more than 

90% of farms reporting lice also reported treating. However, there were some reports of 

unlicensed treatments. No MLs or IGRs are licensed for use against sheep lice (Agriculture 

and Horticulture Development Board (AHDB), 2020), yet 5% and 2% of sheep farms 

reported using an ML or IGR for louse treatment, respectively. Inappropriate use of louse 

treatment has been previously reported (Fraser et al., 2006; Betty Bisdorff and Wall, 2008), 

and is concerning as inappropriate treatments are unlikely to be effective; for example MLs 

have limited efficacy against chewing lice (Bovicola), and non-lethal doses contribute to the 

selection for insecticide resistance in exposed ectoparasites (Taylor, 2001).  



188 
 
 

 

 

Some caution is required with questionnaire surveys. Although they allow the 

collection of large data sets, they rely on accurate reporting by farmers. Farmer awareness 

can influence response, for example the observed seasonal prevalence results may have 

been exaggerated by existing knowledge and expectation. Reporting louse presence 

requires farmers to be aware of what lice are and to be in close enough contact with 

livestock to spot their presence. Mite infestation can present with superficially similar clinical 

signs to louse infestation, particularly in sheep, and as they are also spread by direct 

contact, are also most prevalent in winter when animals are housed. It is more likely that 

louse infestation is being under-reported, with low burdens going undetected, as found by 

Milnes and Green (1999) when comparing questionnaire responses with farm inspections. 

The relatively low response rate (13.4%) may indicate some self-selection bias, favouring 

respondents with worse louse problems, as these farms are most likely to spot and report 

infestation (Milnes and Green, 1999). Despite this possibility, given that farms in all regions 

are equally likely to spot and report infestation, the presence/absence design in this study 

gives robust statistical estimates of the relative prevalence of farms with clinical infestation 

across Great Britain, taking into account the potential spatial bias of respondents. 

In conclusion, the prevalence of farms reporting louse infestation was 16% for both 

sheep and cattle, with louse infestation unevenly distributed across Great Britain. 

Prevalence of sheep farms with louse infestation was significantly higher in Wales, northwest 

England and southwest Scotland. Prevalence in these ‘hotspot’ clusters ranged between 31 

- 40%. Prevalence of cattle farms with louse infestation was highest in Scotland, Wales, and 

southwest England, but when considered on a continuous scale, there were no meaningful 

areas of significantly high prevalence. The work presented here provides the most up-to-
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date and widespread data on sheep and cattle farm louse prevalence, distribution, and 

prevalence ratio across Great Britain. These data are important for an assessment of farmer 

concern regarding louse infestation and for future optimisation of control. 
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Chapter 7 

General discussion 
 

Summary 

The data presented in this thesis contribute to an understanding of the epidemiology of 

ectoparasite infestation in British livestock. It allows an assessment of the prevalence, 

distribution and risk of livestock infestation, and provides nationally-representative data 

against which future changes can be assessed. This is important for implementing targeted 

control and management strategies, and for making informed decisions about future land 

management changes. These studies provides a baseline for future work on the causality of 

risk factors for infestation of livestock and how future agri-environmental schemes will impact 

ectoparasite infestation risk. 

 

7.1  Ectoparasite management and control 
 
The results of this thesis highlight the importance of ectoparasite monitoring and 

management on British livestock farms. It is perhaps surprising that this type of active 

monitoring is not undertaken routinely in the UK.  As shown in Chapters 3 and 6, problems 

with ticks and lice are widespread, with a particularly high prevalence of farms with tick 

infestations reported in specific geographic foci. The benefits of nationally representative 

data are that it can be used to identify relatively high-risk regions, and therefore a particular 

farm demographic for targeted research and management and control strategies. It is 
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important to be aware of  differing levels of underlying ectoparasite risk, as this can alter 

the most cost-effective control strategy, as has been modelled for sheep blowfly strike 

(Lihou and Wall, 2019).  

Increasing awareness of the problems many livestock farmers face in achieving 

effective ectoparasite management will help prioritise the development of new products 

and management strategies for large animal ectoparasite control. For example, there is a 

need for an acaricide licensed for use on cattle in the UK. This is particularly important, as 

on affected farms, morbidity and mortality of redwater can be high, and can render cattle 

farming unprofitable (McFadzean et al., 2021).  

Vaccines are another potentially important approach to be developed for control. If 

available, vaccines could be targeted at high-risk areas, protecting stock and interfering 

with enzootic cycles of tick-borne disease for which livestock may be important reservoir 

hosts, such as A. phagocytophilum in sheep (Ogden, Halles and Nuttall, 1998; Ogden et al., 

2003; Perrin, 2017). A French vaccine has been developed for redwater, but it is not 

currently licensed in the UK and therefore can only be used under the cascade system 

(McFadzean et al., 2021), and a new vaccine is being developed for LIV, as the previously 

available vaccine was withdrawn (Dagleish, 2020). There is also the potential for a vaccine to 

protect livestock from I. ricinus bites, as there has been some success in preliminary trials 

(Knorr et al., 2021).  

Finally, there is a need for cheaper and faster diagnostic methods for surveillance 

and prevention of tick-borne disease in livestock. Nucleic-acid based high throughput 

multiplex diagnostic approaches have been designed for tick-borne disease in humans, and 

can screen many individuals for multiple different tick-borne diseases at once and provide 
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results in a few hours (Garcia et al., 2022). There have been some recent developments in 

this field, with a new pan-piroplasm PCR developed for the detection of B. divergens as 

well as A. phagocytophilum, and Rickettsia and Theileria spp. in blood samples (APHA, 

2021). 

 

7.2  Trends of future change 
 
The nationally representative prevalence and distribution data collected here can be used 

as a baseline for comparisons with future studies to assess how infestation trends have 

changed over time. National baseline data can be used for future modelling, to 

retrospectively assess how variable changes have impacted ectoparasite infestation on 

livestock farms. For example, historical, nationally widespread data, has been used in 

models to identify climate variables responsible for observed changes in Ixodes ricinus 

population latitudinal shifts in Sweden (Lindgren, Tälleklint and Polfeldt, 2000).  

The climate modelling in Chapter 4 provided evidence for tick infestation on farms 

becoming a more widespread problem in the future, as conditions in marginal habitats 

become more favourable for tick survival. Expected shifts in I. ricinus populations up 

latitudinal and altitudinal gradients (Lindgren, Tälleklint and Polfeldt, 2000; Williams et al., 

2015) will increase the potential for tick problems on upland livestock farms in Britain, which 

are already areas of increased infestation risk. However, changes caused by climate will 

interact with changes in future land management and livestock farming practices, which will 

also impact the prevalence and distribution of livestock tick infestation and tick-borne 

disease risk. Socioeconomic factors, resulting in increased tick exposure, have been 

suggested to be the main cause of the increasing incidence of Tick-borne encephalitis virus 
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(TBEV) in humans in Eastern Europe (Randolph, 2001; Randolph and Šumilo, 2007; Stefanoff 

et al., 2012).  

In the UK, extensive livestock farming is only made profitable due to government 

(and formerly EU) subsidies (Defra, 2018). With the UK’s exit from the EU, the new 

Agricultural Bill lays out the replacements to farm subsidies in the UK (Department for 

Environment and Rural Affairs (Defra), 2020b). This will include the phasing out of the Basic 

Payment Scheme, which was based upon the amount of land a farmer owned and was the 

main income support for farmers, and the introduction of the Environmental Land 

Management Scheme (ELMS). ELMS aims to use ‘public money for public goods’ and aims 

to deliver results-based payments, unlike the previous Countryside Stewardship Scheme 

(Defra, 2020b). Public goods include land management schemes which aim to promote 

biodiversity, reduce and adapt to climate change, and improve air and water quality, as well 

as schemes to improve animal health and welfare, with one of the priority areas for focus 

being ectoparasites in sheep (Defra, 2020b). As extensive livestock farming in the UK is not 

profitable for most farms without the Basic Payment Scheme (Defra, 2018), and there will be 

additional costs of production caused by Brexit, such as increased export costs to the EU 

(AHDB, 2021), there may be a future shift in land-use from livestock farming, to land 

management for environmental schemes in order to access ELMS payments.  

Future changes in land-use, to prioritise agri-environmental subsidies, could result in 

reduced livestock density in Britain, and increases in biodiverse habitat, which will alter tick-

borne pathogen transmission dynamics (Gray et al., 1992; Estrada-Peña et al., 2013; Gilbert 

et al., 2017; Millins et al., 2017). A reduction in sheep densities in British uplands, in 

particular, will reduce the currently high density of tick hosts available to feed all three I. 
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ricinus life-cycle stages in these areas (Steele and Randolph, 1985; Ogden, Nuttall and 

Randolph, 1997). Increases in landscape fragmentation due to restoration of degraded 

habitat will alter the demographic of maintenance vs transmission host populations, which 

could increase heterogenicity in the abundance of ticks, resulting in differing infection 

prevalence between tick populations (Gray et al., 1992; Li et al., 2012). Patchy exposure to 

infected ticks in and around livestock grazing areas may interfere with the development of 

acquired immunity to tick-borne pathogens. This is a particular problem for pathogens with 

which colostral immunity provides protective immunity, such as LIV (Wilson and Gordon, 

1948), or for redwater in cattle, as suggested in Chapter 5, where exposure to B. divergens 

in younger stock prevents more severe clinical disease in adults (Collins, Nuallain and 

Ferguson, 1970; Christensson, 1989). Because of these expected future changes to land 

management and livestock farming in the UK, monitoring of tick and tick-borne disease risk 

should be considered a priority. 

 

7.3  Future work 
 
Further work is needed to understand the relationship between environmental change and 

tick-borne disease incidence, however large-scale epidemiological studies investigating risk 

factors for tick-borne disease in livestock are scarce. The data collected for this thesis is 

based on a cross-sectional design, which is an appropriate design for an observational 

study that aims to evaluate prevalence for a specific period of time, and can be used to 

assess factors associated with the outcome of interest and infer causation (Mann, 2003). 

Other types of observational study, such as case-control or cohort studies are required to 

confirm risk factor causation, as have been used to confirm the correlation between 
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socioeconomic factors and clinical TBEV in people in Eastern Europe (Stefanoff et al., 2012). 

The questionnaire respondents from the national survey reported here could be followed 

up and used in future retrospective case-control studies (Lewallen and Courtright, 1998). 

Alternatively, a cohort study could be used to assess the causality of a potential risk factor 

relating to land-use change on the development of tick-borne disease. Farms with and 

without the hypothesised risk factor would be selected and followed over time to see if any 

of their livestock develop the disease of interest. Serological diagnosis would allow a 

comparison of exposure vs clinical disease (Kiara et al., 2014). Of particular interest would 

be an investigation of whether increases in biodiverse habitat and habitat fragmentation in 

and around livestock grazing areas results in a greater incidence of tick-borne disease in 

livestock, most notably LIV in sheep and redwater in cattle, as patchy exposure may 

interfere with acquired immunity (Wilson and Gordon, 1948; Collins, Nuallain and Ferguson, 

1970; Christensson, 1989). Results from these studies could help inform farmers about the 

cost-effectiveness of different agri-environmental schemes and therefore inform decisions 

about future land-management changes.  
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