
EPIDEMIOLOGY AND IMPACT OF GASTROINTESTINAL NEMATODE 

INFECTION IN YOUNG BEEF CATTLE IN WESTERN CANADA 

 

A Dissertation Submitted to The College of Graduate and Postdoctoral Studies 

In Partial Fulfilment of The Requirements for The Degree of Doctor of Philosophy 

In the Department of Large Animal Clinical Science 

University of Saskatchewan 

Saskatoon, SK, Canada 

 

 

 

 

 By  

Eranga L. De Seram 

 

 

 

 

 

 

 

 

 

 

 

 

 © Copyright Eranga L. De Seram, December, 2020. All rights reserved. 

Unless otherwise noted, copyright of the material in this thesis belongs to the author 



i 
 

PERMISSION TO USE 

In presenting this dissertation in partial fulfillment of the requirements for a Postgraduate 

Degree from the University of Saskatchewan, I agree that the Libraries of this University may 

make it freely available for inspection. I further agree that permission for copying of this 

dissertation in any manner, in whole or in part, for scholarly purposes may be granted by the 

professor or professors who supervised my dissertation work or, in their absence, by the Head of 

the Department or the Dean of the College in which my dissertation work was done. It is 

understood that any copying or publication or use of this dissertation or parts thereof for 

financial gain shall not be allowed without my written permission. It is also understood that due 

recognition shall be given to me and to the University of Saskatchewan in any scholarly use, 

which may be made of any material in this dissertation. Requests for permission to copy or to 

make other use of materials in this dissertation in whole or part should be addressed to:  

 

Head of the Department 

Large Animal Clinical Sciences 

Western College of Veterinary Medicine 

University of Saskatchewan 

Saskatoon, SK, S7N 5B4, Canada 

 

OR 

 

Dean 

College of Graduate and Postdoctoral Studies 

University of Saskatchewan 

Room 116 Thorvaldson Building, 110 Science Place  

Saskatoon, SK, S7N 5C9, Canada  



 

ii 
 

DISCLAIMER 

Reference in this dissertation to any specific commercial products, process, or service by trade 

name, trademark, manufacturer, or otherwise does not constitute or imply its endorsement, 

recommendation, or favoring by the University of Saskatchewan. The views and opinions of the 

author expressed herein do not state or reflect those of the University of Saskatchewan, and shall 

not be used for advertising or product endorsement purposes.  



 

iii 
 

ABSTRACT 

A series of studies were conducted to meet the overarching objective of determining the 

epidemiology and the impact of gastrointestinal nematode (GIN) infection in young beef cattle in 

western Canada. The first study was conducted with 844 calf fecal samples from 43 cow-calf 

operations to determine the GIN fecal egg count (FEC) intensity, prevalence, herd-level relative 

species abundance, and risk factors related to the GIN FEC intensity and prevalence. The 

predicted mean strongyle-type FEC was 18.6 eggs per gram of feces, and the prevalence was 

92.3%. Rotational grazing increased the risk of Nematodirus spp. prevalence compared to 

continuous grazing. An unusually high relative abundance of Cooperia punctata was detected in 

Manitoba beef herds compared to Saskatchewan and Alberta herds. Overall, Ostertagia ostertagi 

and C. oncophora were the predominant GIN in most herds across western Canada. The second 

study aimed to investigate the effects of FEC intensity and serum O. ostertagi ELISA antibody 

titers on the antibody response of feedlot steers (n = 240) to non-parasitic vaccine antigens using 

bovine viral diarrhea virus type 1 (BVDV type 1) as a candidate antigen. Neither FEC intensity 

nor serum O. ostertagi antibody titers affected the antibody fold change and seroconversion to 

BVDV type 1 antigens in the steers. The objective of the third study was to determine if 

anthelmintic resistance was present in western Canadian beef operations. Feedlot steers (n = 234) 

were randomly allocated to three treatment groups, each with six replicated pens and 13 steers 

per pen: untreated control, injectable ivermectin only, and a combination of injectable ivermectin 

and oral fenbendazole. A FEC reduction test was integrated with ITS-2 rDNA nemabiome 

metabarcoding to determine the resistance status. Ivermectin resistance of C. oncophora was 

confirmed, and that of H. placei and C. punctata was strongly suggested in these steers. The re-

emergence of O. ostertagi between three to six months post-ivermectin treatment following a 

significant reduction between pre- and day 14 post-treatment suggested ivermectin resistance in 

hypobiotic larvae. The fourth study intended to determine the effects of currently used 

anthelmintic treatments, FEC intensity and serum O. ostertagi antibody titers on growth, 

production performance and carcass quality in feedlot steers. The same treatment groups as in 

Study 3 were enrolled in Study 4. Overall, anthelmintic treatment significantly increased or 

tended to increase the percentage of carcasses with quality grade AAA, AA, yield grade 2, and 

modest marbling category compared to no treatment. Although the combination treatment had 
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more positive effects on carcass quality than ivermectin treatment, this was not reflected in the 

commercial grid- and carcass quality-based economic assessment of net income related to 

anthelmintic treatments. At the individual steer level, negative relationships were evident 

between the FEC and finishing body weights, average daily gain, hot carcass weight, and quality 

grade AAA. Both the FEC and the serum O. ostertagi titers had a positive relationship with yield 

grade 1. The fifth and final study aimed to determine the salivary anti-CarLA IgA response in 

beef heifers over a grazing season and its relationships with growth (body weight, average daily 

gain) and other parasitological indicators (FEC, serum O. ostertagi antibody titers) in order to 

determine its potential application for targeted selective treatment of cattle. Forty-four yearling 

beef heifers used in the study mounted a detectable anti-CarLA IgA response, which gradually 

increased and peaked towards the end of the grazing season. However, there were no obvious 

phenotypic correlations with other parasitological indicators. In conclusion, the overall low FEC 

intensity identified throughout all studies suggests that young cattle in western Canada do not 

tend to get heavy GIN infections. Such a low level of GIN infection may not adversely affect 

their ability to mount an antibody response to vaccination; however, it may still compromise 

their carcass quality. Therefore, effective GIN treatment during the early feedlot phase is 

important. The identified ivermectin resistance is likely widespread in western Canadian beef 

operations and may compromise economic production in the future. The suggested resistance of 

C. punctata to ivermectin, which could also compromise cattle production, could be a risk factor 

for its high regional abundance, but additional investigations are required. Particularly in the 

presence of anthelmintic resistance, evidence-based GIN control, such as targeted treatment and 

targeted selective treatment, are necessary to reduce the selection pressure for resistance; western 

Canadian producers must be informed of available options and encouraged to apply them. 

Although the salivary anti-CarLA IgA response cannot currently be recommended for routine 

application in a GIN management program, it should be further evaluated, focusing on specific 

age groups and determining phenotypic correlations.   
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 LITERATURE REVIEW 

1.1 General introduction 

This literature review focuses on highlighting the knowledge of the epidemiology and 

impact of gastrointestinal nematode infection (GIN) in beef cattle in North America. An in-depth 

discussion on specific subtopics, primarily on common GIN species, their epidemiology, 

immune and production impact, management and diagnosis, and anthelmintic resistance, will 

follow a brief general introduction in this section. 

Gastrointestinal nematode infection can be a significant production limiting condition in 

beef cattle (Stromberg and Gasbarre, 2006). A meta-analysis conducted in 2005 reported that 

controlling GIN with anthelmintics was the most economical pharmaceutical management 

practice (among growth-promoting implants, subtherapeutic antibiotics, ionophores, and beta-

agonists) in the US beef cattle industry (cow-calf, stocker, and feedlot operations) with 

approximately 2.5 times greater cost-advantage over growth-promoting implants (Lawrence and 

Ibarburu, 2007). According to estimates in the US and Brazil, potential economic losses, likely 

associated with the compromised production performance and costs for treatment and labor can 

range from US$ 2 to 7 billion in small ruminant and cattle operations (Gasbarre, 1997; Grisi et 

al., 2014).  

The epidemiology of the GIN infection in grazing beef calves in a particular geographical 

region may vary depending on climatic conditions and management practices (e.g., grazing 

management and anthelmintic use) (Sutherland and Scott, 2010; Charlier et al., 2020). In 

Canada, warming annual and seasonal temperatures, fluctuations in the beef herd size, and 

reduced anthelmintic efficacy in beef operations are some of the changes that have occurred over 

the past 2 to 3 decades (Jelinski et al., 2015; Avramenko et al., 2017; Bush and Lemmen, 2019). 

These changes are favorable for altering the epidemiology of GIN infections in beef operations. 

Therefore, frequent monitoring is crucial to detect potential changes in the epidemiology of GIN 

infections and control related adverse effects. 

Young calves in temperate climates are highly susceptible to GIN infections during 

grazing in the summer, while adult cows remain less susceptible to parasites due to acquired 

protective immunity (Agneessens et al., 1997; Gasbarre, 1997; Gasbarre et al., 2001a). Fall-

weaned calves from cow-calf operations may carry GIN infections, which they acquired from 
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pastures during the grazing season, to feedlots. Therefore, the GIN infection acquired on pastures 

may compromise the production performance and carcass quality of feedlot cattle even at 

subclinical levels, which is common in northern temperate regions of North America (Corwin, 

1997; Schunicht et al., 2000; Smith et al., 2000). Besides, immune-modulatory effects of GIN 

have been reported to compromise the host's ability to develop effective immune responses 

against non-parasitic vaccine antigens with a limited emphasis on feedlot cattle, which primarily 

rely on vaccine-based protection for infectious diseases (Yang et al., 1993a; Su et al., 2006; 

Steenhard et al., 2009).  

The control of GIN infection in beef operations primarily relies on anthelmintics 

(Sutherland and Scott, 2010). However, reduced anthelmintic efficacy associated with parasite 

resistance has become a threat to sustainable GIN control in beef cattle worldwide (Sutherland 

and Leathwick, 2011). In Canada, the presence of anthelmintic resistance in beef cattle has not 

been confirmed to date. However, a recent large-scale herd-level study detected suboptimal 

efficacies of producer applied pour-on ivermectin products in most beef operations in western 

Canada and Ontario (Avramenko et al., 2017). Due to the potential for application failures and 

inaccurate dosing, that study could not confirm if the reduced drug efficacy was actually due to 

anthelmintic resistance.  

The accurate diagnosis of GIN infection plays a pivotal role in exploring their 

epidemiology, production impacts, and effective management. Evidence-based anthelmintic 

programs, such as targeted selective treatment (TST, this will be discussed in section 1.7.5 in 

detail), are currently recommended to reduce the selection pressure for resistance (Berk et al., 

2016). Accurate diagnosis further adds value to be able to implement these recommendations 

properly. Fecal egg counts (FEC) are the most widely used method to diagnose GIN infection in 

cattle (Storey, 2015). However, a FEC has many limitations in both qualitative and quantitative 

estimation of the GIN infection. For example, the GIN egg production is limited to mature 

female worms, there is no egg shedding during the prepatent period, egg recovery depends on the 

detection sensitivity of the counting method, and there is a density-dependent reduction in the 

egg production for some species (Smith et al., 1987; Storey, 2015). An Ostertagia ostertagi 

antibody ELISA is also available as a serological diagnostic tool for GIN; this test estimates the 

GIN exposure levels but cannot distinguish ongoing and past infections (Roeber et al., 2013). 

Serum pepsinogen and gastrin assays are also used but are limited to the detection of O. ostertagi 
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infections (Roeber et al., 2013). Molecular diagnostics tests such as polymerase chain reactions 

(PCR) and next-generation sequencing have also been introduced; these tests are capable of 

species-level detection of GIN but are mostly limited to research laboratories due to the 

requirement of high technical competencies (Roeber and Kahn, 2014; Avramenko et al., 2015). 

Therefore, evaluating potential tools that can readily and accurately diagnose GIN infections to 

aid in evidence-based GIN control is needed. 

1.2 Gastrointestinal nematodes in beef cattle 

1.2.1 Common gastrointestinal nematodes in cattle 

Multiple species of GIN infect cattle. The most commonly infecting GIN species belong 

to the superfamily Trichostrongyloidea (Taylor et al., 2015). A beef study conducted in the US 

with 6 to 18 months old calves reported 91, 79, 53, 38, and 3% of herds (n = 99) across central, 

southeastern, and western regions were positive for the genus Cooperia, Ostertagia, 

Haemonchus, Oesophagostomum, and Trichostrongylus, respectively (Stromberg et al., 2015). 

Furthermore, a large-scale study conducted with calf fecal samples from beef herds (n = 50) 

across western Canada and Ontario identified a mean relative abundance of 59% for Ostertagia, 

41% for Cooperia, and < 0.01% abundance for Haemonchus, Oesophagostomum, and 

Trichostrongylus (Avramenko et al., 2017). Gastrointestinal nematode eggs related to the genus 

Nematodirus and Trichuris are also found in fecal samples of beef calves, but their overall 

prevalence is usually lower compared to strongyle-type eggs. For example, morphological 

identification of GIN eggs revealed 18% Nematodirus and 7.1% Trichuris egg positive fecal 

samples in the US National Animal Health Monitoring System's 2007–2008 beef study 

(Stromberg et al., 2015). Moreover, a recent study conducted from 2012 to 2014 in western 

Canada detected the presence of 34% Nematodirus egg positive calf fecal samples overall, but 

Trichuris eggs were only found infrequently at 0.6% of fecal samples (Wills et al., 2020b). In 

that study, the presence of Nematodirus egg positive fecal samples (5%) was significantly lower 

in adult cows compared to calves, confirming that Nematodirus infection is generally prominent 

in young calves due to the lack of acquired protective immunity to the parasite (Sutherland and 

Scott, 2010).  

Ostertagia ostertagi and C. oncophora are considered the most important GIN species in 

northern temperate regions. Therefore, in the next two sections, important information related to 
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these two GIN species are discussed in detail, emphasizing why they are of particular concern in 

beef cattle. 

1.2.2 Ostertagia ostertagi  

Ostertagia ostertagi is an abomasal parasite in cattle that is well adapted to colder 

climates due to the overwintering capability of third stage larvae (L3) on pastures and in soil, and 

arrested fourth-stage (L4) larvae within the host (Stromberg and Averbeck, 1999). Consequently, 

O. ostertagi is one of the most abundant GIN species in beef cattle in temperate regions in the 

world (Dorny et al., 1997). In norther regions of the US and all of Canada, O. ostertagi is the 

predominant GIN species in cattle. For instance, O. ostertagi was predominantly recovered from 

tracer calves in a Minnesota beef study (Stromberg et al., 1991). The species-level assessment of 

herd-level GIN communities of calves revealed that O. ostertagi was the predominant GIN 

species in most (34/50) of the western Canadian and Ontario beef herds with an overall mean 

relative abundance of 59.1% (Avramenko et al., 2017). The predominance of this parasite was 

also recently revealed in grazing beef heifers in most beef herds in western Canada (Wills, 

2017).  

The fecundity of this parasite is generally low, and a mature adult female of O. ostertagi 

can produce 100 to 200 eggs per day (Hansen and Perry, 1994). The density-dependent reduction 

in the egg production (i.e., the higher the parasite density, the lower the egg production) has also 

been demonstrated in O. ostertagi in a mathematical model-based study (Smith et al., 1987).  

Cattle take longer to develop acquired protective immunity against O. ostertagi compared 

to other co-infecting GIN species, likely due to the immune-modulatory effects of the parasite, 

which is discussed in detail in section 1.3.3. As a consequence, cattle < 2 years of age are highly 

susceptible to O. ostertagi infection (Gasbarre et al., 2001a).  

Ostertagia ostertagi is a highly pathogenic GIN species and can cause clinical or 

subclinical disease in cattle. There are two types of clinical infection: type 1 and 2 ostertagiasis 

(Myers and Taylor, 1989). Type 1 ostertagiasis is generally present in young grazing (e.g., 

spring-born) stocks managed in regions with heavy pasture contamination of O. ostertagi in the 

northern US and Canada (Myers and Taylor, 1989). These cattle are susceptible to the ingestion 

of overwintered O. ostertagi L3 on pasture in the early grazing season, in addition to the risk of 

acquiring the infection from their GIN egg-shedding dams (Gibbs, 1979; Wang et al., 2020). 
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During the grazing season, the parasite load in beef calves usually increases due to reinfection 

and peaks in late summer/early fall (Myers and Taylor, 1989). Infective L3 develop into adults 

inside abomasal glands within approximately three weeks post-infection (Taylor et al., 2015). 

Young adult parasites escape into the abomasal lumen by breaking out of those glands. This 

substantial glandular tissue damage is the primary reason for type 1 ostertagiasis. Severe clinical 

disease is often associated with many clinical signs, including but not limited to profuse diarrhea, 

anorexia, rapid weight loss, and mandibular edema (Myers and Taylor, 1989).  

Type 2 ostertagiasis is relatively uncommon compared to type 1 disease in the northern 

US and Canada and occurs in yearling cattle and adult cows around the time of spring calving 

(Myers and Taylor, 1989). The primary reason for this condition is the emergence of 

overwintered hypobiotic larvae as adults. The magnitude of the abomasal tissue damage relies on 

the number of hypobiotic larvae that emerge as adults and influence the severity of the clinical 

signs. Clinical signs related to type 2 ostertagiasis are similar to type 1 disease (Myers and 

Taylor, 1989).  

Although clinical ostertagiasis can be severe and result in devastating disease, it tends to 

be mostly sporadic in North America (Gibbs, 1988).  Therefore, subclinical infection, which is 

associated with impaired weight gains and carcass quality, is the primary concern in northern 

temperate regions of North America (Gibbs, 1988). Pathophysiologic effects of O. ostertagi that 

may influence growth, production, and carcass quality are discussed in section 1.3.1. 

One additional concern about this parasite is the increasing reports on its reduced 

susceptibility to anthelmintics. Globally, a considerable number of studies have confirmed O. 

ostertagi resistance to anthelmintics with a single report in North America (Edmonds et al., 

2010; Sutherland and Leathwick, 2011). Further details in this regard are discussed in section 

1.7.1. 

1.2.3 Cooperia species 

Cooperia oncophora and C. punctata are the major Cooperia spp. found in beef cattle. 

Adult Cooperia spp. reside in the small intestine of the host (Taylor et al., 2015). Similar to O. 

ostertagi, C. oncophora is well capable of surviving in colder climatic conditions; therefore, C. 

oncophora is one of the most abundant GIN species in northern temperate regions of North 

America (Charlier et al., 2020). For instance, C. oncophora was the second most abundant 
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species in most of the herd-level GIN communities characterized by Avramenko et al. (2017) in 

western Canada and Ontario with an overall mean relative abundance of 37.6%. Cooperia 

punctata is the predominant GIN species in more southern subtropical and tropical regions in the 

US (Stromberg et al., 2015). Due to its reduced cold tolerance, the relative abundance of C. 

punctata in GIN communities in northern temperate regions is generally low. As an example, 

Avramenko et al. (2017) reported an overall mean relative abundance of 3.1% of C. punctata in 

western Canada and Ontario. However, in that study, the relative abundance of C. punctata was 

noticeably higher in Ontario beef operations, suggesting an expansion of its regional prevalence. 

Cooperia spp. are considered dose-limiting GIN for macrocyclic lactone (ML) anthelmintics 

(Edmonds et al., 2010). Therefore, anthelmintic resistance in Cooperia spp. is frequently 

detected across beef operations worldwide and may be a risk factor for increasing their 

abundance in regions where their frequency was previously low (Sutherland and Leathwick, 

2011). More information on regional predominance, including anthelmintic resistance, is given 

in sections 1.4.3.1 and 1.4.3.2.  

The fecundity of Cooperia spp. is higher than that of O. ostertagi. A mature adult female 

parasite produces 1000 to 3000 eggs per day (Hansen and Perry, 1994). The effects of cattle age 

on the development of immunity against Cooperia spp. is somewhat controversial. Earlier work 

by Kloosterman et al. (1991) suggested that cattle acquire protective immunity to C. oncophora 

around six to nine months of age. However, a recent systematic review and mathematical 

modeling-based meta-analysis did not support the suggestion that age was a factor for acquired 

immunity development to C. oncophora (Verschave et al., 2016). In that meta-analysis, no 

correlation was detected between cattle age and larval or adult mortality of C. oncophora. In 

most studies, regardless of the host's age, significant reductions in C. oncophora FEC were 

detected 6 to 12 weeks post-infection; these findings suggest that the acquired immunity is 

related to the reduction in egg production rather than the worm expulsion (Verschave et al., 

2016). Additionally, pre-adult mortality has been shown to have a positive correlation with the 

infective dose suggesting density-dependent control over C. oncophora establishment 

(Verschave et al., 2016). 

  It is generally accepted that C. oncophora is less pathogenic in young cattle compared to 

O. ostertagi (Dorny et al., 1997). However, a recent study manifested that heavy infection of C. 

oncophora can reduce the live weight gain in young beef cattle (Candy et al., 2018). Cooperia 
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punctata is also capable of compromising production performance. For example, experimental 

infections of C. punctata reduced the average daily gain (ADG) of calves by 0.1 kg per day per 

animal compared to uninfected calves (Stromberg et al., 2012). 

1.3 Impact of gastrointestinal nematodes in young, growing beef cattle  

1.3.1 Pathophysiologic effects of gastrointestinal nematode infection 

Because of immature immunocompetence, young cattle are susceptible to GIN infections 

and their adverse effects on production performance (Sutherland and Scott, 2010). Pathogenic 

effects of GIN are often the result of direct parasite- and host response-related actions. The 

magnitude of these effects may vary depending on factors such as the infection intensity (i.e., 

GIN biomass in the host), site of the infection, predominant species, host-genetic resistance, and 

host's nutritional status. 

Abomasal pathology of GIN infections and subsequent adverse effects in cattle are 

primarily discussed in the literature with regards to O. ostertagi infection (Fox, 1993, 1997). 

Ostertagi ostertagia infections generally reduce the number of HCl producing parietal cells and 

pepsinogen-producing chief cells and increase the number of mucous cells in the abomasum. 

Elevated abomasal pH, which is likely related to inhibition of parietal cell activity by excretory-

secretory products of the parasite and upregulation of inflammatory mediators (e.g., COX-2 and 

IL-1b), stimulates gastrin hormone secretion from the G-cells (Fox et al., 1989a; Mihi et al., 

2013). The elevated abomasal pH can reduce the rate of conversion of pepsinogen to pepsin 

(Sutherland and Scott, 2010). Therefore, it is reasonable to assume that reduced pepsin 

concentration decreases the crude protein digestibility in the gastrointestinal tract.  

Gastrointestinal nematodes that infect the small intestine generally damage the intestinal 

villi and increase the number of cryptic glands (Sutherland and Scott, 2010). These GIN-induced 

tissue damages likely impair secretory, digestive, and absorptive functions and gut motility. Mal-

digestion and malabsorption of nutrients can reduce skeletal and muscle growth of cattle.  

 Inflammation at the site of GIN infection is the initial host immune response directed 

towards eliminating the parasite. Inflammatory responses, such as localization of eosinophils, 

can presumably cause self-tissue destruction, thereby affecting the functions of the affected 

region of the gastrointestinal tract in cattle (Klesius, 1988). 
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Impaired crude protein digestibility due to elevated abomasal pH and GIN-induced gut 

tissue damages and inflammatory responses presumably reduce the feed intake of affected cattle 

depending on the infection intensity of O. ostertagi. Additionally, the elevated levels of gastrin 

hormone may also be a contributory factor for reduced feed intake because increased serum 

gastrin concentrations have been shown to reduce the reticulorumen motility and subsequently 

the rate of gastric emptying in cattle (Fox et al., 1989a).  

Evidence suggests that GIN infections can affect protein synthesis in the host, although 

exact underlying mechanisms are not clearly understood in ruminants (Hawkins, 1993). 

Increases in hepatic protein synthesis have been demonstrated in sheep with GIN infections 

(Jones and Symons, 1982). This increase is likely to compensate for the reduced metabolizable 

protein intake, altered crude protein digestion, impaired absorption of amino acids and peptides, 

as well as increased protein utilization for immune functions (e.g., production of acute phase 

proteins, inflammatory mediators and immunoglobulins) and tissue damage repair (Fox et al., 

1989a; Hawkins, 1993). Decreases in muscle protein synthesis have also been reported when 

sheep were infected with GIN (Jones and Symons, 1982). This information collectively suggest 

that compensatory protein synthesis in the liver utilizes amino acids derived from muscle tissue. 

Decreased protein deposition and increased protein catabolism result in reduced muscle mass. 

There is also evidence for changes in the lipid metabolism in ruminants with GIN 

infections. For instance, increases in non-esterified fatty acid levels in plasma and expression of 

genes related to lipid metabolism, which are also relevant for immune functions, have been 

reported in cattle infected with O. ostertagia and C. oncophora, respectively (Fox et al., 1989b; 

Li and Gasbarre, 2009). These changes were evident in cattle experimentally infected with tens 

of thousands of L3 once or repeatedly, and that magnitude of infection may affect the extent of 

lipid metabolism change. However, these findings suggest increased lipolysis in adipose tissues, 

presumably for energy compensation and immune functions related to GIN infections. Besides, 

GIN may also decrease the lipogenesis in infected cattle. In support of this notion, 

Nippostrongylus brasiliensis infection in mice downregulated genes related to lipogenic enzymes 

in the liver and epidermal fat tissues (Yang et al., 2013).  
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1.3.2 Adverse production effects of gastrointestinal nematodes in North American beef 

cattle 

Numerous studies have reported adverse effects of subclinical GIN infections on the 

performance of young beef cattle managed in northern temperate climates (Bauck et al., 1989; 

Kunkle et al., 2013; Walker et al., 2013). These adverse effects are likely related to the 

pathophysiologic effects of GIN discussed in section 1.3.1. and have primarily been 

demonstrated when the beneficial effects of anthelmintics on beef cattle performance were 

evaluated. Compromised live weight gain, ADG, gain-to-feed ratio (G:F), and carcass quality 

have been the primary adverse effects of GIN infections studied in cattle.  

In a beef study conducted in the US with multiple grazing herds located in both northern 

and southern regions, individual cattle untreated for GIN had a reduced mean weight gain of 

approximately 20 kg over a 120-day grazing period compared to treated cattle (Kunkle et al., 

2013). A reduction in weight gain (6.6 kg per animal compared to treated controls) was also 

evident in GIN-untreated yearling grazing beef cattle over a 143-day grazing period in the 

northern US (Mertz et al., 2005). Older studies in western Canadian grazing beef also support a 

decrease in body weight (BW) gain in yearling beef cattle left untreated for GIN. For instance, 

over a 90 to 120-day grazing period, there was a 10 kg decrease in BW gain per animal when 

cattle remained untreated for GIN (Kennedy and ZoBell, 1988; Kennedy et al., 1989). 

Finishing feedlot operations are also susceptible to production losses related to GIN. 

Production effects are likely related to GIN infections carried to the feedlots from pastures 

because feedlot conditions are not favorable for new GIN infections due to the absence of 

grazing. In the northern US, feedlot cattle with FEC intensities >100 EPG manifested tendencies 

for decreased finishing BW, ADG, and carcass quality characteristics (back fat, loin muscle area) 

compared to those with lower GIN burden (<100 EPG) (Clark et al., 2015). Although 

contemporary literature is unavailable, historical studies in western Canada have reported lower 

final BW (4 to 7 kg), ADG (0.07 to 0.08 kg/day), and G:F (0.15 to 0.23 kg feed/1 kg BW gain) 

in untreated feedlot cattle compared to cattle treated with anthelmintics (Bauck et al., 1989; 

Schunicht et al., 2000). 

Assessing the economic losses related to GIN infections in beef cattle is indeed a 

challenge because production losses are mostly unapparent due to the generally subclinical 

nature of the disease. However, a few studies have estimated how compromised production 
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performance translates into economic losses. In the late 1990s, economic losses from GIN 

infections related to small ruminants and cattle, including compromised production and treatment 

costs, were suggested to be > US$ 2 billion/year in the US (Gasbarre, 1997). A recent meta-

analysis in Brazil estimated the potential economic losses related to adverse production effects of 

GIN in cattle to be approximately US$ 7 billion/years (Grisi et al., 2014). Feedlot assessments of 

economic losses due to subclinical GIN infections are also available. For instance, a feedlot 

study with fall-weaned calves in western Canada estimated a CAD 7 loss per cattle due to 

reduced ADG and G:F with the absence of anthelmintic treatment (Bauck et al., 1989). 

Moreover, Schunicht et al. (2000) also reported a CAD 4 loss per cattle related to reduced ADG, 

G:F, dry matter intake, and final BW in yearling feedlot cattle not treated for GIN in western 

Canada. 

1.3.3 Immune responses to gastrointestinal nematode infections in ruminants 

In GIN infections, host immune responses are directed towards eliminating the existing 

infections and preventing the establishment of new infections (Kullberg et al., 1992; Gasbarre et 

al., 2001a). However, most GIN are capable of modulating this immune response in order to 

successfully establish within the host (McNeilly and Nisbet, 2014).  

Innate immunity is the initial host response to GIN infections in ruminants; however, the 

protective immunity to the disease primarily relies on the adaptive immune responses (Hendawy, 

2018). Antigen-presenting cells, such as dendritic cells and macrophages, are activated by the 

GIN larval antigens and initiate the process of antigen presentation to T helper (Th) cells (McRae 

et al., 2015); this is the initiation of the adaptive immune response against GIN infections. At the 

early stage of GIN infections, Th1 are stimulated by the dendritic cells- and macrophage-derived 

IL-12 (Arango Duque and Descoteaux, 2014). However, with the progression of the GIN 

infection, the Th1 response is down-regulated by an intense Th2 polarization (Rodrigues et al., 

2017). 

The Th2-dependent adaptive host immune responses generally characterize the protective 

immunity against GIN (Mulcahy et al., 2004). Initially, cytokines such as IL-25 and IL-33 are 

released from damaged epithelial cells of the gastrointestinal tract (Allen and Sutherland, 2014). 

These cytokines are stimulants for the CD4+ Th2 cells that produce cytokines IL-4, IL-5, IL-9, 

IL-10, and IL-13 (McRae et al., 2015). Additionally, IL-25 and IL-33 are also capable of 
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stimulating innate lymphoid cells to produce Th2-type cytokines (IL-5, IL-9, and IL-13), and 

mucosal mast cell hyperplasia, further supporting the Th2-type response (Allen and Sutherland, 

2014). Mucosal mast cells and eosinophils are also capable of producing these Th2-type 

cytokines (McRae et al., 2015). The primary function of Th2-type cytokines is to stimulate B-

cells to produce different Ig isotypes such as IgE, IgG1, and IgA (Mulcahy et al., 2004). 

Regulatory T-cells are involved in regulating the overexpression of the Th2-type response.  

The combined effects of these adaptive immune responses include suppression of parasite 

growth (e.g., decrease fecundity and worm length), prevention of establishment, the expulsion of 

adult worms, or a mixture of these effects (McRae et al., 2015). 

There are a few examples of the immunomodulatory effects of GIN. These parasites are 

capable of producing chemicals such as protease inhibitors that compromise the functions of 

antigen-presenting cells and stimulate the synthesis of IL-10, which has anti-inflammatory 

properties (Cooper and Eleftherianos, 2016). The immunoregulatory effects of IL-10 reduce the 

adverse effects of eosinophils on self-tissue damage (Ameredes et al., 2001). It appears like 

helminths use this property of IL-10 for their own survival by inducing its production (Huang et 

al., 2014). Gastrointestinal nematodes also produce excretory-secretory components (e.g., ES-62) 

that can interfere with effector immune cell mechanisms by compromising eosinophil 

infiltration, mucosal mast cell hyperplasia, and B and T cell proliferation (Giacomin et al., 2008). 

Micro-RNA produced by GIN can decrease IL-33 secretion, thereby decreasing the stimulation 

of CD4+ Th2 cells to produce cytokines (Quintana et al., 2015). These immunomodulatory 

effects may vary by GIN species. As an example, O. ostertagi induces a mixed Th1- and Th2-

type cytokine response (Almeria et al., 1997; Gasbarre et al., 2001a; Mihi et al., 2014). 

Therefore, young cattle are likely not capable of mounting an efficient Th2-type protective 

immune response against O. ostertagi. This may be a reason why cattle take longer to develop 

effective immunity against O. ostertagi compared to other parasites, which induce a typical Th2-

type response (Li et al., 2009). 

These immunomodulatory effects ultimately enhance the penetration and invasion of GIN 

into the host tissues and favor the parasite's growth and survival within the host; this ultimately 

facilitates its successful establishment in the host and parasitism (Cooper and Eleftherianos, 

2016).  
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1.3.4 Gastrointestinal nematode infection and antibody response to non-parasite vaccines 

The polarization towards the Th2-dependent immune response in GIN infected host 

animals likely downregulates the Th1-dependent immune responses directed towards concurrent 

non-parasitic antigen challenges. In support of this, GIN infections have the capability of 

compromising the host antibody response to non-parasite vaccine antigens (Urban et al., 2007). 

The vaccine antigen-specific IgG2a response generally depends on Th1 cytokines (e.g., IL-2, 

IFNγ) such that GIN infection should theoretically reduce this IgG2a production as a 

consequence of the Th1 downregulation triggered by the Th2 response (Ming et al., 2013). In 

support of this statement, in mice models, Heligmosomoides polygyrus decreased the IgG2a 

production against vaccine antigens of Salmonella strains (Liu et al., 2004). Instead, vaccine-

induced IgG1 should theoretically increase in GIN infections as IgG1 production depends on the 

Th2-type cytokine responses. Supporting this argument, H. polygyrus infection in mice increased 

the production of IgG1 in response to Salmonella vaccine (Liu et al., 2004). In contrast, GIN that 

induce mixed Th1/Th2-type cytokine polarization may have different effects on vaccine-induced 

antibody responses compared to the typical Th2 polarization. In that regard, pigs infected with 

Ascaris suum, which is capable of inducing a mixed Th1/Th2 cytokine response, had reduced 

IgG1 and IgG2 concentrations in response to Mycoplasma hyopneumoniae vaccine antigen 

(Steenhard et al., 2009; Chen et al., 2012).  

The literature on the effects of GIN infections on the non-parasitic vaccine antibody 

response in cattle is limited. A study conducted in the early 1990s reported a transient delay 

(approximately one week) in peak serum IgM titers against Brucella abortus and infectious 

bovine rhinotracheitis vaccine antigens in infected untreated and infected but ivermectin-treated 

calves compared to uninfected calves (Yang et al., 1993a). However, in another study, such 

changes in the antibody response to B. abortus and infectious bovine rhinotracheitis vaccine 

antigens were not evident when the effects of O. ostertagia infection were compared between 

infected untreated and infected but ivermectin-treated calves (Yang et al., 1993b). Recently, in 

an experimental coinfection of O. ostertagi and C. oncophora no changes were noted in the 

serum neutralization antibody titers against viral vaccine antigens (bovine rhinotracheitis, bovine 

viral diarrhea virus type 1 and 2, parainfluenza-3) in both infected, anthelmintic treated and 

infected, untreated calves (Schutz et al., 2012). In that study, both groups had comparable 

concentrations of vaccine-induced Th2- and Th1-type cytokines in the serum, suggesting that 
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deworming had no effect on the Th1/Th2 immune response on viral vaccine antibody production. 

Further, there was no correlation between the intensity of the O. ostertagia antibody titers and 

rabies vaccine antigen-specific IgG1, IgG2, IgM, IgA, and virus neutralization titers in grazing 

dairy cows, suggesting that the infection intensity of GIN does not influence antibody production 

to virus antigens in vaccines (Charlier et al., 2013). However, the cows in that study were 

approximately four years of age, such that the GIN burden in those cows could be diminutive 

due to age-related immunity. Consequently, the potential effects of GIN intensity on rabies-

specific antibody response could have been obscured.  

In the US and Canada, vaccinations against regionally prevalent infectious diseases is a 

common practice in the early feedlot phase (Wildman et al., 2008; O'Connor et al., 2019). For 

instance, a vaccine against the bovine respiratory disease complex is routinely administered in 

western Canadian feedlot cattle to prevent adverse health and production issues related to 

respiratory infections (Theurer et al., 2014). As previously mentioned, fall-weaned calves are 

susceptible to negative consequences of GIN that they may carry to the feedlot from pasture. 

Considering the GIN-induced effects of non-parasitic vaccine antigens discussed in this section 

and the lack of knowledge on their effects on vaccines, understanding the relationship between 

GIN infection intensities and the antibody response to routinely used vaccine antigens in beef 

cattle is important.  

1.4 Epidemiology of gastrointestinal nematodes in beef cattle in temperate regions of North 

America 

1.4.1 General life cycle and factors affecting the developmental stages 

All GIN in cattle mentioned here have a direct life cycle, which can be categorized into 

two phases: pre-parasitic and parasitic (Sutherland and Scott, 2010).  

The pre-parasitic phase begins with the excretion of eggs in the morula stage into the 

environment. In most GIN species, eggs in the feces hatch to first stage larvae (L1) and 

subsequently to the second stage larvae (L2). Exceptions to this are Nematodirus spp. and 

Trichuris spp. (Taylor et al., 2015). In Nematodirus spp., L1, L2, and L3 develop within the egg. 

Nematodirus spp. eggs hatch once L3 is developed, and larvae are released into the environment. 

In Trichuris spp., L1, L2, and L3 also develop within the egg; however, eggs do not hatch in the 

environment but hatch within the host once ingested. Consequently, eggs are the only pre-
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parasitic stage in Trichuris spp. (Taylor et al., 2015). The duration between egg hatching and L3 

development is generally one to two weeks when the temperature and humidity are optimal 

(Sutherland and Scott, 2010). The optimal temperature and the relative humidity for the 

development of pre-parasitic stages generally range from 10 to 25°C and 65 to 100%, 

respectively. (Sutherland and Scott, 2010). The development of eggs to infective stages below 

5°C and above 35°C may be possible, but the development rates (L3/100 eggs) are minimal 

(Rossanigo and Gruner, 1996).  First stage larvae and L2 feed on bacteria in the feces. The L3 is 

non-feeding because it retains the cuticle of L2. Consequently, L3 utilize stored metabolites in 

their intestinal cells until they exsheath within a host (Sutherland and Scott, 2010).  

The L3, which is the infective stage, migrates away from the fecal pat, and the moisture 

is an essential factor for this migration. The presence of a layer of liquid water (on the herbage 

surface) facilitates the vertical migration of L3 onto the adjacent herbage. The L3 can migrate on 

the herbage 20 to 40 cm from the fecal pat, depending on the type of herbage (Stromberg, 1997). 

The vertical migration of L3 on the herbage makes them more available for passive ingestion by 

the host. However, it has been demonstrated that the majority of L3 remain closer to the fecal pat 

on the herbage, suggesting that vertical migration is a challenging task for L3 (Stromberg, 1997). 

These factors are of particular interest in GIN control and grazing management, which is 

discussed in section 1.6.1. Moreover, even at optimal moisture levels, L3 migration onto herbage 

is influenced by the temperature and light intensity. Larvae can migrate laterally on the surface 

of the soil up to 15 to 25 cm from the center of the fecal pat until they encounter herbage. If the 

environmental conditions are dry, L3 migrate into the soil underneath the fecal pat (they may 

migrate 15 cm into the soil from the center of the fecal pat). The presence of two cuticles renders 

L3 more resistant to desiccation and freezing compared to the other pre-parasitic stages 

(Sutherland and Scott, 2010). Depending on the GIN species and environmental conditions, the 

survival of L3 in the environment and their infectivity may vary. In support of this statement, a 

recent study in western Canada manifested that respectively, 39 and 62% of L3 present on 

pasture and in fecal pats in the fall survived the winter. However, only a small proportion (~5%) 

of those overwintered GIN species could successfully infect cattle when grazing begins again in 

the spring (Wang et al., 2018, 2020). The overwintering capability of different GIN species is 

briefly discussed in sections 1.4.3.1. Metabolic rates of L3 are considerably lower in colder 
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temperatures compared to warmer temperatures. Consequently, the longevity of L3 on pastures 

may be greater in winters compared to summers (Gibbs, 1979). 

The parasitic phase of the GIN life cycle begins with the ingestion of L3 by the host (or 

eggs containing L3 in the case of Trichuris spp.) (Sutherland and Scott, 2010). Following the 

ingestion, L3 exsheathment occurs immediately proximal to the adult's predilection site (e.g., 

rumen and abomasum for the abomasal and small intestinal parasites, respectively) induced by 

the environmental conditions at those sites (e.g., HCO3
-, pH, CO2, enzymes). Exsheathed larvae 

migrate to the adult predilection site and molt into L4, which subsequently develop into mature 

adults. The sites that adult GIN occupy are generally the lumen and mucosal surfaces of the 

gastrointestinal tract. The duration from L3 ingestion to the appearance of GIN eggs in the feces 

(i.e., pre-patent period) is generally two to four weeks with some exceptions (e.g., 40 to 45 days 

for O. radiatum) and unless L4 arrest their development (Charlier et al., 2020). 

Arrested larval development (i.e., hypobiosis) within the host is possible when the 

conditions are unfavorable for the survival of the parasite. Unfavorable environmental conditions 

(e.g., seasonal factors), day length, host immune responses, daylight intensity and duration, and 

density dependency of GIN have been suggested as reasons for the arrested L4 development in 

GIN (Armour and Duncan, 1987; Fernández et al., 1999). However, seasonal factors are likely 

the driving factor for the hypobiosis in beef cattle in northern temperate regions of North 

America. In northern temperate climates, hypobiosis primarily occurs in the fall (Armour and 

Duncan, 1987). The recrudescence of hypobiotic L4 as adults occurs in the spring. The stimuli 

for the resumption of L4 development after a seasonal arrest are not well understood. It has been 

suggested that the duration of seasonal arrests in GIN is fixed, and an internal mechanism of the 

parasite controls the resumption (Gibbs, 1986). Furthermore, there can be a potential influence of 

increasing temperatures on this resumption as well. The resumption of L4 development 

following hypobiosis is of particular importance for two main reasons: 1) the emergence of 

hypobiotic L4 of certain GIN species as adults (e.g., O. ostertagi) in high numbers can lead to 

severe clinical disease in cattle (i.e., type 2 ostertagiasis), 2) this is a significant source of pasture 

contamination with GIN eggs in the spring (Ikpeze and Olofintoye, 2009). Knowing about these 

events are important for effective GIN management, which is discussed in detail in section 1.6.2. 
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1.4.2 General infection pattern of gastrointestinal nematodes  

In temperate regions of North America, the grazing season begins in the spring. Two 

primary sources contribute to spring pasture contamination of GIN: 1) eggs produced by the 

adult GIN emerging from overwintered hypobiotic larvae within the host, 2) the overwintered L3 

on pasture. Therefore, these are the primary sources of GIN infections in naïve spring-born 

calves in cow-calf operations (Ranjan et al., 1992).  

As the grazing progresses, the pasture contamination of L3 increases and generally peaks 

in late summer/early fall if the environmental conditions remain favorable for optimum 

development and survival of GIN. Simultaneously, the FEC of young, naïve calves increases, 

suggesting an increase in adult GIN within the animals (Fréchette and Gibbs, 1971; Slocombe 

and Curtis, 1989). When cattle are housed in the fall until the next spring, the GIN life cycle 

temporarily gets disrupted; consequently, the FEC intensities rapidly decrease and reach their 

minimum levels (Sutherland and Scott, 2010). In western Canada, extended grazing during the 

fall and early winter is currently practiced to a certain extent in beef cattle (McGeough et al., 

2017). The risk of extended grazing on GIN infections has not been studied to date. However, 

with caution, it can be suggested that the risk of GIN infections during this extended grazing is 

overall low for several reasons. As mentioned in section 1.4.1, environmental conditions such as 

temperature and relative humidity are unlikely favorable for the development of GIN eggs to L3 

during this period. Moreover, a greater proportion of GIN likely resides within cattle and arrests 

without developing to adults. The presence of L3 on pastures available for ingestion is also 

limited as they migrate into the soil when environmental temperatures are low (Hildreth and 

McKenzie, 2020). Sites that are selected for swath and corn grazing (two extended grazing 

strategies) may have a low level of contamination with L3 by the time grazing starts in the fall 

because these lands are generally not grazed during the summer. Two exceptions are stockpile 

grazing and bale grazing. In stockpile grazing, cattle are occasionally allowed to graze on the 

pasture land in early- to mid-grazing season (McGeough et al., 2017). However, the survival of 

L3 on those pastures between early- to mid-grazing season and fall (when stockpile grazing 

begins) is likely limited. The logical explanation is that the higher metabolic rates and the risk of 

desiccation in the summer (due to high environmental temperatures) compared to the fall/winter 

may reduce their survival rates on pastures, particularly in the absence of host contact 

(Sutherland and Scott, 2010). In contrast, the lands used for bale grazing could be grazed in the 
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regular grazing season as well. Therefore, L3 density on pastures used for bale grazing could be 

higher at the beginning of the extended grazing in the fall compared to lands used for stockpile 

grazing. However, those L3 are less likely to be ingested in high quantities by cattle during the 

extended grazing season for two reasons. Firstly, as mentioned above, L3 generally overwinter in 

the soil making them less available for ingestion. Secondly, cattle are less likely to graze on 

residual pastures on those lands as adequate hay bales are readily available for them to consume. 

Moreover, the number of viable L3 that might exist in hay bales is likely very small as low 

moisture content in the hay may not be favorable for their survival. Therefore, even in stockpile 

grazing and bale grazing cattle may experience very low to negligible risk for GIN infections 

during the extended grazing season. 

1.4.3 Factors affecting the epidemiology of gastrointestinal nematodes  

1.4.3.1 Climatic factors 

Climate-related factors primarily drive the GIN transmission in grazing beef cattle within 

a region, thereby influencing the prevalence, distribution, and infection intensities of GIN 

infections (Hildreth and McKenzie, 2020). The major beef cattle raising areas in the northern US 

and western Canada (i.e., prairie provinces) belong to either hot- or warm-summer humid 

continental climates or cold semi-arid climates (Kottek et al., 2006). These climatic regions 

generally have long cold winters (average temperatures < 0°C) and humid to dry summers. 

Gastrointestinal nematode species of beef cattle in these regions experience two significant 

challenges related to these climatic conditions. Firstly, the typical grazing season is short, 

ranging from five to six months. Even with an adequate amount of rainfall during the season, this 

short grazing duration limits the number of GIN species generations per year. The second 

challenge is that only a limited number of L3 on pastures are capable of remaining viable and 

infectious between fall and spring. For instance, the L3 of O. ostertagi, C. oncophora, and 

Nematodirus spp. and Trichostrongylus spp. are capable of overwintering on pasture (Wang et 

al., 2020). However, as indicated above, only a small proportion of those GIN overwintered in 

the environment can successfully infect cattle when grazing begins again in the spring (Wang et 

al., 2020). Species such as H. placei and C. punctata are unlikely to overwinter on pasture; 

therefore, their survival during this period may largely depend on the proportion of L4 that 

becomes arrested within the host (Hildreth and McKenzie, 2020; Wang et al., 2020). 
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Consequently, infection intensities of GIN in beef cattle are generally low, which may be a 

primary reason for the predominant subclinical disease in the region (Gibbs, 1993).  

Changing climate is a global issue, including in Canada. A recent report revealed that 

Canada's seasonal average temperatures increased by 3.3, 1.7, 1.5, and 1.7ºC in winter, spring, 

summer, and fall between 1948 and 2016 (Bush and Lemmen, 2019). The average annual 

temperature rise has been predicted to reach 6ºC by the late 21st century (Bush and Lemmen, 

2019). This increase in seasonal temperatures, particularly the temperature rise in the winter, 

may favor the survival of pre-parasitic GIN stages that did not previously survive in colder 

climates. The potential effects of these changing climates of the GIN species diversity in beef 

cattle in the northern US and Canada are discussed in section 1.4.4. 

1.4.3.2 Management practices 

The management practices in beef cattle operations also influence GIN infection patterns. 

Increases in herd sizes and stocking densities of grazing beef cattle have been shown to increase 

the GIN transmission as a consequence of increased pasture L3 contamination (Stromberg and 

Averbeck, 1999). A recent survey reported that there was a considerable increase in the herd size 

in western Canadian cow-calf operations from 1981 to 2006, followed by a plateau from 2006 to 

2011 (Jelinski et al., 2015). These changes might influence the infection intensities of GIN 

infections in beef cattle in the region over time; however, supportive evidence is currently 

lacking due to limited epidemiological investigations.  

Grazing management is a strategic approach to the sustainable and cost-effective use of 

available pastures to feed cattle to maximize their growth and production performance. Beef 

producers currently implement different grazing management strategies such as continuous 

grazing, rotational grazing, and winter grazing in western Canada (McGeough et al., 2017; Wills 

et al., 2020a). Different grazing systems may have different frequencies of pasture rotation and 

resting and optimal stocking densities (Bransby, 1993). Different grazing systems, therefore, can 

influence the intensity of pasture L3 contamination and cattle exposure to L3; this is further 

elaborated with examples in section 1.6.1.  

Anthelmintic-based GIN management is currently the most common approach, used 

alone or integrated with grazing management, for reducing the risk for GIN infections in cattle. 

Details about anthelmintic-based management strategies are further discussed in section 1.6.2. 
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The point to make here is that overall, these GIN management strategies used in grazing beef 

cattle reduce the pasture L3 contamination and cattle exposure to L3, thereby directly influencing 

the GIN epidemiology (Stromberg and Averbeck, 1999). Besides, anthelmintic resistance has 

currently become a global issue in beef cattle operations (Sutherland and Leathwick, 2011). 

Anthelmintic resistance has been confirmed in Cooperia spp., H. placei, and O. ostertagi in US 

beef herds (Edmonds et al., 2010). In Canada, anthelmintic resistance in beef cattle has not been 

confirmed yet in the literature, but evidence suggests the presence of ML resistance (Avramenko 

et al., 2017). The global and North American status of anthelmintic resistance in beef operations 

is discussed in section 1.7.1.  

1.4.3.3 Host factors 

The epidemiology of GIN in beef cattle is also influenced by host immunity. The 

development of host immunity depends on several factors that are host-related, parasite-related, 

and factors that influence parasite contact with the host.  

 Host factors such as individual genetic differences, sex, physiological status, age, and 

nutritional status are likely associated with beef cattle resistance to GIN (Charlier et al., 2020). 

Examples are as follows: the GIN burden within a host population is generally over-dispersed, 

and host genetic resistance primarily determines this. Bulls are more susceptible to GIN 

infections compared to cows of the same age. The susceptibility to GIN infections is high in 

cows around the time of parturition, suggesting potential effects of the physiological status of the 

host on immunity against GIN (Sutherland and Scott, 2010). Age-related immunity is an 

important determinant of the relative abundance and infection intensities of different GIN 

species; consequently, infection intensities are generally higher in calves compared to adult 

cows. For instance, beef cattle grazing on pasture acquire age-related immunity against 

Nematodirus spp. between 9 to 12 months of age; however, they can still be highly susceptible to 

the infection of O. ostertagi even at the age of two years (Kloosterman et al., 1991; Gasbarre, 

1997). A possible reason for delaying the development of age-related protective immunity to O. 

ostertagi may be immunomodulation, an example of parasite-related factors affecting the host 

immune response. The immunomodulatory effects of GIN were previously discussed in section 

1.3.3. Increased levels of protein supplementation in ruminants resulted in an increased rate of 

protective immunity development related to enhanced effector cellular activity in the 
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gastrointestinal tract mucosa, demonstrating that the nutritional status affects the host-immunity 

development to GIN (Coop and Holmes, 1996).   

Factors such as decreased grazing duration, anthelmintic treatment, and housing, which 

affect the duration of host exposure and infection intensity, diminish the rate of immunity 

development in ruminants (Sutherland and Scott, 2010). As indicated above, short grazing 

periods, hot summers, low precipitations, and limited winter survival of L3 on pasture are not 

favorable for high infection intensities and longer durations of GIN exposure in beef cattle in 

temperate regions of North America. Therefore, it is reasonable to assume that the development 

of immunity may take longer in beef cattle managed in this region compared to those in 

subtropical and tropical climates. If this assumption is correct, it is crucial to implement GIN 

management strategies that help to maintain an adequate level of GIN infection intensities to 

build-up the immunity in beef cattle without risking their production performance. For instance, 

when anthelmintics are used to control GIN, targeted treatment (TT) or TST are likely superior 

to routine whole herd treatment in ensuring the exposure of cattle to GIN when they are at low 

risk for heavy GIN infections. Section 1.6.2 will further emphasize this aspect. 

1.4.4 Gastrointestinal nematode fecal egg count intensities, prevalence, and species 

diversity in young beef cattle  

In section 1.4.3, changing climates and management practices, including the global threat 

of anthelmintic resistance, were discussed and highlighted their potential influence on the 

changing epidemiology of cattle GIN in northern temperate regions of North America. This 

section elaborates this aspect more with several examples to emphasize the need for frequent 

monitoring of the epidemiology of GIN infection in beef cattle in the region. The discussion 

focusses primarily on grazing calves in cow-calf operations and fall-weaned calves entering 

feedlots.  

As previously stated in section 1.4.2, the FEC intensities of GIN in beef cattle in northern 

temperate regions of North America are generally low likely because climatic conditions are not 

favorable for high infection intensities in this region (Hildreth and McKenzie, 2020). For 

instance, the mean GIN FEC detected in grazing beef herds located in North Dakota, South 

Dakota, and Minnesota in the US ranged from 34 to 45 EPG towards the end of the grazing 

season when FEC generally peaks (Stromberg and Corwin, 1993; Hildreth et al., 2007). These 
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egg counts were distinctly lower compared to the FEC (58.1 to 458 EPG) of beef cattle managed 

in southeastern regions of the US with generally subtropical and tropical climates (Stromberg et 

al., 2015; Riley et al., 2020). Recent literature in western Canada reported even lower mean GIN 

FEC (5.6 to 12.7 EPG) in grazing beef calves and yearlings in the fall (Avramenko et al., 2017; 

Jelinski et al., 2017; Wills et al., 2020b).  

Although the GIN FEC intensities tend to be low, the prevalence is generally high in 

young beef cattle in these regions, and strongyle-type eggs typically have the highest prevalence. 

As an example, strongyle-type egg prevalence in beef calves managed in the northern Great 

Plains of the US and western Canada ranged from 74 to 94% in the fall (Hildreth et al., 2007; 

Wills et al., 2020b). Nematodirus spp. eggs are also prevalent in young calves in these regions, 

ranging from 25 to 59% (Hildreth et al., 2007; Wills et al., 2020b). In contrast, Trichuris spp. 

eggs are infrequently (0 to 0.4%) found in calves (Hildreth et al., 2007; Jelinski et al., 2016; 

Wills et al., 2020b).  

With regards to species diversity, the comparison of historical and recent findings 

suggests that the GIN species diversity is changing in beef operations in northern regions of 

North America. For example, C. punctata was recently predominantly identified in mid-west US 

beef operations, whereas H. placei was the second most abundant GIN in those herds 

(Avramenko et al., 2017). The overall relative abundances of O. ostertagi, C. oncophora, and O. 

radiatum in mid-west herds were also noticeable and approximately similar among the herds but 

considerably smaller than C. punctata and H. placei (Avramenko et al., 2017). In contrast, in the 

early 1990s, O. ostertagi was found predominantly in mid-west beef herds, and H. placei was 

rarely detected (Stromberg and Corwin, 1993). As mentioned in section 1.4.3.1, C. punctata and 

H. placei are generally considered less adapted to colder temperate climates, but these data 

suggest that these parasites have expanded their distribution from southern to the mid-west 

regions of the US (Hildreth and McKenzie, 2020). The increased prevalence of these GIN 

species is alarming, and this increase could, at least in part, be due to the anthelmintic resistance. 

Nevertheless, this notion of changing species diversity and distribution must be made with 

caution as it is based on limited older and recent reports with a substantial vacuum of data in-

between.  

 In contrast to the findings in the US, GIN communities in western Canadian and Ontario 

beef herds were entirely predominated by O. ostertagi and C. oncophora with an overall relative 
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abundance of 59.1 and 37.6%, respectively (Avramenko et al., 2017). The prevalence of H. 

placei was limited to only 3/50 Canadian herds, and its relative abundance was comparatively 

diminutive (Avramenko et al., 2017). The predominance of O. ostertagi and C. oncophora, 

together with the low prevalence of H. placei in Canadian beef herds, appears to be unchanged in 

the past three to four decades (Fréchette and Gibbs, 1971; Stockdale and Harries, 1979; 

Slocombe and Curtis, 1989). However, C. punctata, which was not highlighted in historical 

studies, was recently detected in relatively greater proportions in most beef operations in Ontario 

compared to Alberta, Saskatchewan, Manitoba, and British Columbia (Avramenko et al., 2017). 

Moreover, this parasite was recently identified predominantly in heifers in Manitoba, but not 

Saskatchewan and Alberta (Wills, 2017). These data suggest that the relative abundance of C. 

punctata is increasing in GIN communities in Ontario and Manitoba, and this parasite is 

expanding its distribution to colder climatic regions.  

Therefore, frequent monitoring of the epidemiology of GIN infection in this region is 

crucial for filling in the existing knowledge gaps and design evidence-based GIN control 

programs. 

1.5 Diagnosis of gastrointestinal nematode infection in cattle 

Accurate diagnosis of GIN infections is crucial for decision-making on treatment and 

control and to minimize economic losses. In section 1.5.1, the primary focus is to discuss FEC, 

O. ostertagi antibody ELISA, and serum pepsinogen and gastrin assays in GIN diagnosis in 

cattle, emphasizing their advantages, disadvantages, and applicability. In section 1.5.2, 

diagnostic methods such as morphological identification of GIN and molecular techniques are 

further elaborated, highlighting their value for species-level identification of GIN. 

1.5.1 Methods for diagnosing gastrointestinal nematodes in cattle 

1.5.1.1 Fecal egg counts 

Gastrointestinal nematode FEC methods are the most widely used diagnostic method in 

cattle. Fecal egg count methods require minimal technical expertise, are cost-effective, and can 

be used for on-farm assessment of a GIN infection (Eysker and Ploeger, 2000). Estimating 

infection intensity, assessment of anthelmintic efficacy, and use as a guidance for GIN treatment 

and control programs are some reasons for implementing a FEC as a diagnostic technique 
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(Roeber et al., 2013). Several FEC methods are currently available and used in cattle to diagnose 

GIN infection, both qualitatively and quantitatively.  

The McMaster technique is one of the most popular methods of FEC and is extensively 

used in small ruminants and cattle. This technique is primarily based on gravitational floatation, 

although some modified versions have incorporated centrifugation steps (Cringoli et al., 2004; 

Ballweber et al., 2014). Minimum detection limits of different McMaster methods range from 10 

to 50 EPG (Levecke et al., 2012b). Modifications of the McMaster technique affect GIN egg 

detection sensitivities and differ primarily in the weight of the fecal sample examined, the 

volumes and types of egg floatation solutions (e.g., NaCl, ZnSO4, sucrose, and NaNO3), time of 

floatation, speed and duration of centrifugation, and the number of sections of the chamber used 

for counting (Vadlejch et al., 2011). Obtaining a FEC is relatively fast with McMaster methods 

(since the centrifugation is generally not mandatory, this can be conveniently used in the on-farm 

assessment of a FEC), and the chamber is reusable, which adds to the cost-effectiveness of the 

technique (Storey, 2015). However, the accuracy of a FEC obtained using a McMaster method 

with a high minimum detection limit is low if the respective fecal sample contains few GIN eggs 

(Ballweber et al., 2014).  

The modified Wisconsin flotation method is a direct centrifugal floatation method and 

one of the most popular methods for obtaining a FEC in cattle (Ballweber et al., 2014). This 

method is a non-dilution technique such that its minimum detection limit is lower than the 

available McMaster methods (Ballweber et al., 2014). Levecke et al. (2012) recently 

demonstrated that, regardless of the low minimum detection limit, the fecal egg recovery was 

low with the modified Wisconsin method compared to the FLOTAC method with a minimum 

detection limit of 1 EPG and the McMaster method with a minimum detection limit of 10 EPG. 

The potential reasons could be a spillover of the floatation solution while placing the coverslip 

and the low surface area (648, 176.6, and 11.8mm2 for FLOTAC, McMaster, and Wisconsin 

method, respectively) on which the eggs float (Levecke et al., 2012b).  

The Mini-FLOTAC is a comparatively more novel method of determining the FEC than 

the modified Wisconsin and McMaster methods (Barda et al., 2013). This method is a modified 

version of the FLOTAC method, which involves a direct centrifugal floatation technique. The 

minimum detection limits of the mini-FLOTAC is generally 5 EPG (Barda et al., 2013). 

However, the Mini-FLOTAC is based on the gravitational egg floatation technique and has a 
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greater GIN egg recovery potential than the McMaster and modified Wisconsin flotation 

methods (Cringoli, 2006; Barda et al., 2013; Paras et al., 2018). This method is relatively fast and 

suitable for on-farm assessments and laboratories with minimum equipment supply as 

centrifugation is not a requirement. The Mini-FLOTAC has high accuracy and precision 

compared to the modified Wisconsin and McMaster methods (Paras et al., 2018); therefore, it 

has recently been suggested as a suitable test in proposed guidelines for the fecal egg count 

reduction test (FECRT) in cattle (Kaplan, 2020).  

1.5.1.2 Limitations of fecal egg counts as a diagnostic technique 

Fecal egg counts have many limitations that reduce their accuracy as a diagnostic 

technique. The absence of GIN eggs in a fecal sample is not always an indication that the animal 

is free from parasites. A fecal sample taken during the prepatent period of the GIN infection may 

result in a zero egg count. In conditions such as type 2 ostertagiasis, clinical disease is possible in 

the absence of a large FEC. Moreover, GIN eggs are passed intermittently, such that a FEC is a 

snapshot at the time of sample collection (Storey, 2015). Different counting methods have 

different detection sensitivities (Levecke et al., 2012b). These different counting methods may 

result in unequal FEC results. For example, a McMaster technique with a minimum detection 

limit of 50 EPG may have a limited chance of detecting fecal eggs in a sample with very low 

FEC (e.g., 5 EPG). Further, the GIN egg recovery can vary from method to method even with 

similar detection sensitivities (Paras et al., 2018).  

Only sexually mature adult GIN females produce eggs such that the FEC does not 

estimate the burden of GIN larval stages and male parasites. Also, the increased fecal water 

content (e.g., due to diarrhea) may further dilute the EPG values; consequently, the FEC may be 

underestimated (unless an adjustment factor is used considering the fecal dry matter content) (Le 

Jambre et al., 2007). Moreover, the fecundity of GIN species may influence the accuracy of 

estimating the GIN burden. For instance, a mature adult O. ostertagi female produces 10 to 30 

times fewer eggs per day compared to C. oncophora (Hansen and Perry, 1994). Depending on 

the predominance of parasites within hosts, the FEC may, therefore, under- or overestimate the 

actual GIN burden. Furthermore, the fecundity of a particular GIN species can depend on its own 

density within a host. In support of this, an inverse relationship between the density of O. 

ostertagi and daily FEC has been confirmed by mathematical models in calves (Smith et al., 
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1987). Additionally, the development of host immunity to GIN can decrease the fecundity; as a 

consequence, the FEC can decline regardless of the number of parasites that reside in the host 

(Claerebout and Vercruysse, 2000). Therefore, host characteristics such as age should be 

considered in the interpretation of a FEC.  

The ability of a FEC as a diagnostic technique to identify GIN species is limited to 

Strongyloides papillosus in cattle (van Wyk et al., 2004). Nematodirus and Trichuris spp. eggs 

can be distinctly identified to the genus level with a FEC test. Even the genus-level identification 

of Ostertagia, Haemonchus, Trichostrongylus, Oesophagostomum, and, to some extent, 

Cooperia spp. eggs is a challenging task with a FEC and requires particular expertise and the 

application of specific measurements.  

1.5.1.3 Ostertagia ostertagi antibody ELISA 

Even immature stages of GIN are immunogenic such that immunological methods of 

detecting antibodies against GIN may be better than a FEC in detecting parasite exposure levels. 

Serological tests based on ELISA technology are likely less labor-intensive compared to a FEC 

(Githiori et al., 2000). However, these tests have several drawbacks as well. For instance, cross-

reactivity between crude antigens of a particular GIN and antibodies against other GIN species is 

possible (Keus et al., 1981). In such situations, the specificity of the test can be reduced. Also, 

antibody ELISA tests cannot distinguish recent GIN infections from historical infections. 

Regardless of these limitations, serum ELISA tests to detect antibody titers (IgG) against O. 

ostertagi crude adult antigens have been developed a few decades ago (Keus et al., 1981). 

Ostertagia ostertagi antibody titers can also be measured in the milk of lactating cows and have 

a positive relationship with serum titers (Kloosterman et al., 1993). Consequently, an ELISA test 

was validated to detect O. ostertagi titers in bulk milk tank samples in dairy cows (Sanchez et al., 

2002b). A commercial ELISA test kit to detect bulk milk tank O. ostertagi titers is now available 

(SVANOVIR®O. ostertagi-Ab, Boehringer Ingelheim SVANOVA, Uppsala, Sweden). Recently, 

this ELISA test was used to detect O. ostertagi antibody titers in serum samples of beef cattle 

and demonstrated that the test could be used to detect GIN exposure levels in individual cattle 

(Colwell et al., 2014; Beck et al., 2015).  
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1.5.1.4 Serum pepsinogen and gastrin levels 

The practical implementation of the serum pepsinogen assay is primarily discussed 

related to dairy cattle in the literature; therefore, most information in this section refers to dairy 

cattle unless otherwise specified. First grazing season calves are the group of cattle most 

susceptible to adverse effects of O. ostertagi infection; therefore, the test is generally used and 

recommended to diagnose the infection in first grazing season cattle (Fox et al., 1987; Charlier et 

al., 2011). The value of this test to diagnose the infection is low for other cattle groups with 

previous grazing experience (e.g., yearling grazing cattle, adult cows) as serum pepsinogen 

levels in those cattle generally do not reflect their adult O. ostertagi burden (Berghen et al., 

1993). The test is used to diagnose both clinical and subclinical ostertagiasis (Dorny et al., 1999). 

The serum pepsinogen assay can also distinguish low, moderate, and high infection levels of O. 

ostertagi, the latter with or without clinical signs (Charlier et al., 2011). One of the test's 

drawbacks is that it may sometimes overestimate the parasite exposure towards the end of the 

grazing season due to the hypersensitivity reaction to continuous L3 exposure during the grazing 

season (Berghen et al., 1993). However, despite that limitation, the test is typically used at the 

end of the grazing season (or at housing) due to the sampling convenience (Dorny et al., 1999; 

Charlier et al., 2011). Standardized threshold pepsinogen levels to diagnose clinical O. ostertagi 

infection are currently not available; therefore, laboratory-based thresholds are often used 

(Eysker and Ploeger, 2000). Consequently, the interpretation of clinical ostertagiasis may vary 

from laboratory to laboratory, which may be an issue with decision-making on treatment and 

control programs. Additionally, making meaningful comparisons between serum pepsinogen 

levels detected by different clinical or research laboratories based on different thresholds may 

not be possible due to the lack of standardization (Charlier et al., 2011). Furthermore, serum 

pepsinogen levels can also be elevated in the presence of other abomasal GIN (e.g., H. placei and 

T. axei); therefore, it is not entirely specific for ostertagiasis. Also, this test is expensive and 

labor-intensive. These limitations are likely reasons why the test is not widely used as a 

diagnostic tool for O. ostertagi infections in cattle (Charlier et al., 2011). Additionally, it is 

difficult to find related information on the serum pepsinogen assay in beef cattle. Therefore, 

commenting on this test's practical applicability to diagnose O. ostertagi infection in beef cattle 

in the US and Canada is currently a challenge.   
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A serum gastrin assay is another tool available to diagnose a clinical infection with O. 

ostertagi. Ploeger et al. (1994) demonstrated a significant positive correlation between serum 

gastrin levels and O. ostertagi burden when the infection intensity was high towards the end of 

the first grazing season. Additionally, experimental infections with a high dose of infective O. 

ostertagi L3 did not significantly increase the serum gastrin concentration in adult cows; this is 

likely because of the age-related immunity forcing a decline in the parasite establishment in adult 

cattle (Pitt et al., 1988). Besides O. ostertagi infections, serum gastrin levels can be elevated in 

response to different diets, other abomasal parasitic infections, and abomasal ulceration, reducing 

the specificity of this test. Furthermore, when the infection intensity is low the serum gastrin 

assay is considered less sensitive compared to the antibody ELISA to detect O. ostertagi 

infection and high infection intensities of O. ostertagi are crucial to detect significant increases 

in serum gastrin levels (Berghen et al., 1993; Ploeger et al., 1994). Due to these limitations, the 

value of a serum gastrin test for O. ostertagi infections is likely limited in beef cattle in northern 

temperate regions of North America with a generally low level of GIN infection intensities. 

1.5.2 Gastrointestinal nematode species identification in cattle 

1.5.2.1 Importance of species-level identification of gastrointestinal nematodes 

The species-level identification of GIN is important for several reasons. Firstly, the 

determination of GIN species is essential to best understand the response to anthelmintic control 

programs. Once a FECRT confirms the presence of anthelmintic resistance, demonstrating 

species-level changes in the post-anthelmintic treatment group is valuable to identify the resistant 

and susceptible GIN species to that particular anthelmintic (Coles et al., 1992). Species-

identification may also be used to detect longitudinal changes in species composition in response 

to anthelmintic treatment or general longitudinal studies (e.g., how species diversity change in 

grazing calves across a grazing season). Longitudinal assessment of post-anthelmintic species 

compositions may also be useful to diagnose anthelmintic resistance in hypobiotic L4, which is 

generally not detected by a standard FECRT unless laborious necropsies are used. Moreover, 

identification of GIN species is useful to understand the epidemiology of those species in a 

geographical region. As an example, O. ostertagi is generally predominant in beef cattle in 

Canada, whereas C. punctata and H. placei are usually more abundant than O. ostertagi in 

tropical and subtropical regions (Stromberg et al., 2015; Avramenko et al., 2017). Furthermore, 
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species determination is also beneficial to identify pathogenic GIN species. One of the examples 

is that C. oncophora is generally considered less pathogenic than O. ostertagi in young beef 

cattle (Myers and Taylor, 1989; Sutherland and Scott, 2010). The production and subsequent 

economic impact of GIN may depend on the predominant GIN species in cattle. Therefore, a 

predominance of O. ostertagi would be more alarming compared to a predominance of C. 

oncophora in beef cattle. Additionally, studies on the ecological interaction of GIN species may 

be supported by species-level characterization. As an example, species such as H. placei are 

generally considered as parasites with no overwintering capability in the external environment 

(Hildreth and McKenzie, 2020). If a researcher wants to confirm the overwintering capability of 

H. placei in a particular region where the parasite is known to be prevalent, L3 recovered from 

pasture, fecal pats, and soil samples obtained immediately after winter can be characterized. 

1.5.2.2 Methods of gastrointestinal nematode species identification 

1.5.2.2.1 Morphological and morphometrical characterization 

Species-level characterization of GIN can be done with morphological and 

morphometrical identification of mature worms (Great Britain Ministry of Agriculture Fisheries 

and Food, 1986). This procedure is not very practical, time-consuming, and requires special 

expertise. Also, it is limited to cattle that are slaughtered and is, therefore, usually reserved for 

research purposes. Furthermore, host immune responses can modify the morphology of adult 

GIN (e.g., shorter vulval flap development in O. ostertagi) (Michel et al., 1972); this can also 

reduce the accuracy of species identification based on adult GIN morphology.  

Methods have also been introduced to characterize common GIN nematode species in 

cattle based on the morphological and morphometric identification of L3 harvested from 

coprocultures (van Wyk et al., 2004; van Wyk and Mayhew, 2013). One of the advantages of this 

technique compared to the morphological characterization of adult GIN is the ability to avoid 

laborious necropsies. However, coproculture-based larval identification has several limitations. 

One disadvantage is that coprocultures may not yield an adequate number of L3 for identification 

and determination of species proportions when the FEC is low. This restriction may be overcome 

with pooling of individual fecal samples and determination of the relative proportions of group-

level GIN communities (van Wyk and Mayhew, 2013). Another drawback is that the viability of 

the eggs can be lost if the transit period is long from the sampling location to the laboratory. 
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Storage of fecal samples is sometimes necessary before obtaining a FEC and preparing 

coprocultures; refrigeration is recommended in such situations (Nielsen et al., 2010). However, it 

has been shown that refrigeration at 4°C can reduce the viability of eggs of certain GIN species 

(e.g., Haemonchus and Oesophagostomum spp.) (McKenna, 1998).  

Different GIN species also have different sensitivities to coproculture conditions and may 

develop at different rates. For instance, the recovery of H. placei L3 was significantly lower 

compared to O. radiatum and C. pectinata from fecal cultures incubated at 27°C for seven days 

(Berrie et al., 1988). Also, egg hatching, even at optimum culture conditions, may vary 

depending on the characteristics of the host from which fecal samples were collected. As an 

example, a sheep study demonstrated that the hatchability of eggs recovered from adult ewes was 

significantly lower than lambs, possibly due to the age-related immunity effects on GIN 

(Jørgensen et al., 1998). 

1.5.2.2.2 Molecular diagnostic techniques 

Molecular DNA-based technologies have been developed to identify GIN species in 

ruminants. These methods can use DNA from any parasitic stage of the GIN lifecycle, such that 

lifecycle-stage variations can be avoided in species identification (McManus and Bowles, 1996). 

Additionally, DNA-based techniques can overcome host-based morphological modifications of 

GIN species (McManus and Bowles, 1996). Some of these techniques can be used not only to 

differentiate GIN species distinctly but also to characterize within-species differences such as 

anthelmintic resistance (Njue and Prichard, 2003). Target regions of mitochondrial DNA or 

nuclear ribosomal DNA (rDNA) with species-specific variations are widely used in these 

methods. Internal transcribed spacers (ITS) of rDNA, such as ITS-1 and ITS-2, are reliable 

genetic markers that have been used to characterize GIN in cattle (Blouin, 2002).  

There is a limited number of DNA-based assays available for cattle. In the late 1990s, 

Zarlenga et al. (1998) developed a conventional PCR-based method to semi-quantitatively 

determine the percentage of O. ostertagi in mixed GIN infections. In this method, a region of 

ITS-1 rDNA and a portion of 5.8s rDNA is PCR amplified to generate a 1011 bp fragment 

specific to O. ostertagi, and that fragment was distinguishable from 600 bp size fragments of H. 

placei, C. oncophora, and O. radiatum. However, this test cannot distinguish H. placei, C. 

oncophora, and O. radiatum from each other. Zarlenga et al. (2001) extended the previous work 
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to develop a multiplex PCR system to differentiate GIN species in mixed infections, and the test 

has been implemented for field samples. In this method, genomic DNA (extracted from adult 

worms or eggs) is used with PCR to amplify different regions specific to GIN species in the ITS-

1 or 2 or external transcribed spacers rDNA. Because multiplex PCR techniques allow 

amplification of  multiple DNA targets in a single PCR reaction; this method is more rapid than 

the conventional PCR method of Zarlenga et al. (1998). However, this test is only qualitative and 

limited to distinguishing O. ostertagi, H. placei, C. oncophora, O. radiatum, and T. 

colubriformis.   

A high-throughput quantitative test based on real-time PCR was developed a few years 

ago to determine the relative proportions of O. ostertagi and C. oncophora (Höglund et al., 

2013b). Genomic DNA of L3 or eggs is used to amplify the species-specific regions of ITS-2 

rDNA using quantitative real-time PCR. This test has been used for field samples. The inability 

to quantify relative species proportions other than O. ostertagi and C. oncophora in a mixed 

infection is the major drawback of this method; also, this does not allow absolute quantification 

of targeted species. 

An automated multiplex-tandem PCR technique is now available to distinctly identify 

almost all of the important GIN species in cattle (Roeber et al., 2017). A multiplex-tandem PCR 

has two amplification steps: 1) the primary enrichment of multiple DNA targets by limited PCR 

cycles, 2) the analytical amplification of the diluted product of step 1 using single-gene PCR in a 

tandem manner. This two-step process limits the generation of artifactual products and PCR 

biases that are generally problematic in traditional multiplex PCR systems (Stanley and 

Szewczuk, 2005). The method developed by Roeber et al. (2017), which targets the 

multiplication of species-specific regions of ITS-2 rDNA, allows the relative quantification of 

multiple GIN species but not the absolute quantification. The test has been applied to field 

samples from multiple countries. The method is high-throughput, less labor-intensive, less time-

consuming, and highly specific and sensitive compared to morphological identification of L3 

obtained from coprocultures (Roeber et al., 2017). 

Species identification and GIN quantification using droplet digital PCR, a technique 

based on water-oil emulsion droplet technology, was recently introduced (Baltrušis et al., 2019). 

In this technique, the sample is fractionated into many droplets containing genomic DNA 

molecules, and the PCR amplification occurs within each droplet (Hindson et al., 2011). The 
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droplet digital PCR method is overall a high throughput technique and even suitable for samples 

with low genomic DNA. This technique provides an absolute quantification without the 

requirement of standard curves, and it is relatively rapid and cost-effective than conventional and 

real-time PCR methods (Hindson et al., 2011). The method developed by Baltrušis et al. (2019) 

targets the amplification of species-specific regions of ITS-2 rDNA; however, the method is 

currently limited to the identification and quantification of O. ostertagi and C. oncophora and 

has not been validated for field samples. 

A few years back, a high-throughput next-generation deep amplicon sequencing method, 

also known as ITS-2 rDNA nemabiome sequencing (also called metabarcoding), was developed 

and validated for species characterization of GIN species in field samples of cattle (Avramenko 

et al., 2015). Nemabiome sequencing provides a detailed overview of the species composition of 

GIN communities in individual or group level samples and has many applications in 

epidemiological investigations related to GIN. Briefly, the following basic steps are involved in 

nemabiome metabarcoding: 1) PCR amplification of the ITS-2 rDNA region (311–331 bp 

fragment), 2) second round of PCR amplification using species-specific barcode primers, 3) 

preparing pooled DNA libraries with equal quantities of each sample, and 4) adding control 

DNA libraries and deep amplicon sequencing. The nemabiome sequencing technique uses inter- 

and intra-species variations to characterize species in GIN communities in the host (Avramenko 

et al., 2015). The latter is an advantage of the nemabiome sequencing compared to the molecular 

techniques discussed so far, which did not have the capability of detecting intra-species 

variations. Currently, this method has the capability of characterizing many GIN species in 

cattle, further adding to its value as a diagnostic test (https://www.nemabiome.ca). 

Nemabiome sequencing has been implemented to characterize GIN species in naturally 

infected cattle in the US, Canada, and Brazil (Avramenko et al., 2017). Additionally, this 

technique has been used to determine the pre- and post-anthelmintic treatment difference in the 

relative GIN species compositions in cattle and has been integrated with the FECRT to determine 

anthelmintic efficacy (Avramenko et al., 2017). In addition to cattle, nemabiome sequencing was 

recently used in two large-scale epidemiological investigations related to GIN species diversity 

in western Canadian bison and UK sheep herds, while validating the test for those two species 

(Avramenko et al., 2015; Redman et al., 2019). This molecular-based technique has also been 

confirmed as a powerful tool to diagnose the early stages of anthelmintic resistance in GIN 
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populations even with considerably low levels (e.g., down to 0.1%) of resistant allelic 

frequencies (Avramenko et al., 2019). One possible disadvantage of this technique could be a 

high technical requirement; therefore, it may not be suitable for routine diagnostics in clinical 

laboratories (Roeber et al., 2017). 

1.5.3 Importance of sensitive and accurate diagnostic methods in evidence-based parasite 

control 

As previously mentioned, TST is a recommended method for anthelmintic administration 

to mitigate the risk of anthelmintic resistance development in cattle (Berk et al., 2016). The 

success of this strategy primarily relies on the ability to accurately estimate the GIN burden in 

individual cattle or its exposure level and identification of cattle that indeed require the 

treatment. Targeted selective treatment as a refugia-based GIN management strategy is further 

discussed in section 1.7.5. In this section here, potential indicators related to TST are elaborated 

with examples while highlighting their drawbacks and the importance of accurate diagnostic 

techniques for TST in beef cattle. 

There are currently few published studies about TST in cattle (Greer et al., 2010; 

Höglund et al., 2009, 2013a; O’Shaughnessy et al., 2014). O'Shaughnessy et al. (2014) used 

integrated thresholds of FEC (≥ 200 EPG) and plasma pepsinogen concentrations (≥ 2.0 

international units of tyrosine/L) for TST in rotationally grazed suckler beef calves in the first 

grazing season with subclinical GIN infections in Ireland. Meeting both threshold values was a 

criterion for selecting calves for TST in that study. O'Shaughnessy et al. (2014) decided these 

threshold values based on previous studies that used the same thresholds to treat calves with 

clinically apparent parasitic gastroenteritis (Nansen et al., 1987; Vercruysse and Claerebout, 

2001). However, calves in the TST group were not treated because none of them reached the 

predetermined treatment criterion (i.e., mean FEC and plasma pepsinogen levels were 248 EPG 

and 0.60 international units of tyrosine/L in calves in the TST group, respectively, at the 

scheduled treatment date). Nevertheless, the mean ADG of calves in the TST group was not 

different from the control group of calves that received treatment, suggesting that the goal of 

reducing the use of anthelmintics without compromising calf performance was achieved. It is 

noteworthy that the threshold FEC and plasma pepsinogen levels of O'Shaughnessy et al. (2014) 

have not yet been validated for use in TST programs; therefore, making definitive conclusions on 
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the applicability of these thresholds for TST is currently not possible. Additionally, the use of 

serum pepsinogen concentrations, a primary indicator of O. ostertagi infection, may have limited 

value if other GIN species predominate the infection. In the case of the TST group in 

O'Shaughnessy et al. (2014), C. oncophora was actually the predominant species. Furthermore, 

these thresholds may not be useful for beef cattle in northern temperate regions of North 

America with comparatively lower FEC intensities (Stromberg et al., 2015; Avramenko et al., 

2017). Therefore, determining a threshold FEC for TST is likely a significant challenge for 

grazing beef calves in the northern US and western Canada. The many limitations of FEC 

highlighted in the section 1.5.1.2 further add to this challenge.  

Treating only those cattle with clinically compromised growth performance, such as 

decreased ADG, is another recommended strategy for TST. Only two peer-reviewed reports are 

currently available related to the field application of this strategy in first grazing season dairy 

calves with limited success of improving the ADG in calves following TST (Greer et al., 2010; 

Höglund et al., 2013a). Due to this notable disadvantage, the implementation of indicators such 

as ADG in clinical GIN infections as a tool for TST is questionable.  

Therefore, there is an urgent need for exploring diagnostic methods that can more 

accurately estimate the threshold infection intensities at which anthelmintic treatment can 

alleviate the negative impacts of GIN on the growth and production performance of young 

grazing beef cattle in northern temperate regions of North America while reducing the selection 

pressure for anthelmintic resistance.  

1.5.3.1 Anti-carbohydrate larval antigen ELISA as a potential diagnostic test for 

gastrointestinal nematode infection in cattle 

Carbohydrate larval antigen (CarLA) is a glycolipid-like surface antigen (9 to 45 kDa) 

present in L3 of the superfamily Trichostrongyloidea (Harrison et al., 2003b). There is a 

progressive loss of CarLA from the surface of the exsheathed L3 three to five days after larva 

ingestion (Harrison et al., 2003a). Consequently, CarLA has not been identified in L4 and adult 

GIN. Carbohydrate larval antigen has been identified as a protective antigen related to the host's 

immune rejection of GIN (Harrison et al., 2008). The presence of various epitopes has been 

demonstrated in CarLA, and at least one of those epitopes is highly conserved (Harrison et al., 

2003b; Maass et al., 2009). The presence of conserved epitopes has a high diagnostic value 
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because purified CarLA of one GIN species can be identified by CarLA-specific antibodies 

produced against other GIN species in the same or other hosts of the same or different species. 

For instance, an ELISA test has been developed in New Zealand using purified CarLA of 

Trichostrongylus colubriformis and used to detect CarLA specific IgA in saliva in sheep, deer, 

and cattle (Shaw et al., 2012; Mackintosh et al., 2014; Merlin et al., 2017). 

In an effort to select genetically resistant sheep against GIN, the salivary anti-CarLA IgA 

ELISA test has been developed and validated (Shaw et al., 2012). This test is currently being 

used commercially in New Zealand in sheep in selective breeding programs (AgResearch, 2020).  

Evidence from small ruminants and, to some extent, from dairy cattle emphasizes the 

potential of the salivary anti-CarLA IgA ELISA as a diagnostic tool for TST in beef cattle. For 

instance, positive genetic and phenotypic correlations between salivary anti-CarLA IgA 

concentrations and live body weight have been demonstrated in sheep (Shaw et al., 2013). 

Furthermore, negative phenotypic and genetic correlations between anti-CarLA IgA 

concentrations in saliva and a FEC have been detected in sheep (Shaw et al., 2012, 2013). 

Mackintosh et al. (2014) observed lower abomasal GIN counts in deer with higher salivary anti-

CarLA IgA concentrations compared to those with lower concentrations of anti-CarLA IgA in 

saliva; this could be, at least in part, the reason for negative correlations detected between the 

FEC and anti-CarLA IgA concentrations in saliva. The anti-CarLA IgA response in cattle has 

been investigated only once in the literature (Merlin et al., 2017). In that study, a weak negative 

phenotypic correlation between salivary anti-CarLA IgA concentrations and ADG was detected 

in some dairy cattle groups in the first grazing season. Additionally, there were negative 

phenotypic correlations between salivary anti-CarLA IgA concentrations and the FEC in some of 

those cattle groups (Merlin et al., 2017). However, correlations were not explicitly assessed in 

terms of their genetic and phenotypic relationships. Nevertheless, salivary anti-CarLA IgA 

concentrations were detectable in most (approximately 65%) of those dairy cattle, supporting its 

potential applicability in beef cattle as well. Therefore, regardless of the direction of those 

relationships, these findings warrant further investigation into the use of salivary anti-CarLA IgA 

concentrations as a potential diagnostic tool for TST in cattle.  

In all species studied (sheep, deer, cattle), salivary anti-CarLA IgA response followed a 

similar general pattern in that the concentrations gradually increased with the progression of 

grazing and peaked towards the end of the grazing with fluctuations in response to weather and 
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management changes (Shaw et al., 2013; Mackintosh et al., 2014; Merlin et al., 2017). The 

genetic and phenotypic correlations between salivary anti-CarLA IgA concentrations and the 

FEC and body weights were also higher towards the end of the grazing season in sheep (Shaw et 

al., 2013). If such relationships exist in beef cattle, a salivary anti-CarLA IgA ELISA could 

potentially be used to identify beef cattle for future TST programs. 

1.6 Management of gastrointestinal nematode infections in cattle 

The primary goal of effective GIN management in grazing cattle is to limit the production 

and subsequent economic losses due to clinical and subclinical disease while allowing the build-

up and maintenance of protective immunity (Waller, 2006a). The strategies of GIN management 

are likely to vary depending on the types of beef management systems (i.e., cow-calf, stocker, 

and feedlot operations). For example, when designing GIN management programs for grazing 

beef cattle, two primary sources of infection should be targeted: 1) free-living GIN stages on 

pasture, 2) parasite stages that reside inside the host (Waller, 2006b). Additionally, factors such 

as seasonal effects on GIN infection intensities, previous exposure to GIN, and physiological 

status of the host may be considered in GIN management strategies in grazing cattle (Waller, 

2006b). If a cow-calf operation is considered, a successful GIN management program may 

reduce the pasture contamination of GIN from adults while managing the infection and 

subsequent adverse effects on growth performance in young calves during the grazing season. 

In contrast, in finishing feedlot operations, there is no requirement for mitigating pasture 

parasite contamination as cattle are a dead-end host for GIN infections (Gasbarre, 2014). 

Allowing further immunity development to GIN is likely not an essential factor for finishing 

feedlot cattle because these cattle are no longer exposed to GIN for the rest of their life. 

Furthermore, there is no spreading of anthelmintic resistance to other locations (Gasbarre, 2014). 

Therefore, GIN management programs in finishing feedlot operations should focus on 

controlling the GIN stages living inside cattle and their potential adverse effects on production 

performance, carcass quality, and host immune response to vaccines against other infectious 

diseases (Gasbarre, 2014). For finishing feedlot cattle, therefore, a clear decision can be made to 

treat all cattle with a known effective anthelmintic product or product combinations (Gasbarre, 

2014).  
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Even within a particular beef management system, GIN management strategies may vary 

from producer to producer as individual operations likely have different risk factors. For 

example, in cow-calf operations, different farms may have different herd sizes, grazing 

strategies, stocking rates, and parasite resistant status; consequently, the prevalence, infection 

intensities and species distribution will vary to some extent. Economic factors specific to 

individual operations and producer attitude on parasite control may further add to differences in 

GIN management strategies (Charlier et al., 2015).   

In this section, currently used and recommended GIN management strategies are 

discussed related to cow-calf operations in northern temperate regions. 

1.6.1 Grazing management 

Grazing management alone may effectively be used to minimize the exposure of beef 

cattle to contaminated L3 on pasture. Michel (1985) suggested three strategies that can be 

implemented in GIN management with grazing control: 1) preventive, 2) evasive, and 3) dilutive. 

 One recommended “preventive” strategy is to send cattle to “safe” or “clean” pastures 

(Stromberg and Averbeck, 1999). Examples for safe pastures include but are not limited to the 

following: pastures that have not been grazed for the past 6 to 12 months, pastures previously 

containing hay or silage, and pastures rotated with field crops (Kumar et al., 2013). The number 

of free-living GIN stages is generally low on “safe” pastures (Stromberg and Averbeck, 1999). 

Therefore, GIN naïve spring-born calves grazing on safe pastures are generally at a lower risk for 

heavy GIN infections during the early grazing season. However, pastures that are rested from fall 

to spring following grazing in the previous summer may still contain considerable numbers of 

overwintered L3, which can still pose a threat for young calves at the beginning of spring grazing 

(Stromberg and Averbeck, 1999). 

Rotational grazing is one of the most recommended “evasive” grazing management 

strategies for GIN control in cattle. In this method, cattle are frequently moved between pastures. 

The success of GIN control with rotational grazing primarily relies on the duration of the pasture 

resting period. Generally, three to five months of resting, depending on the environmental 

conditions, is required to diminish the risk of infectivity of a heavily contaminated pasture  

(Bransby, 1993). However, the resting duration (three to eight weeks) for optimum pasture 

regrowth is distinctly shorter than the duration required for GIN contaminated pasture to reach a 
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low level of infectivity (Undersander et al., 1997). Another concern is that producers may not 

have sufficient pastures to leave pastures to rest for longer periods. Consequently, rotational 

grazing strategies recommended for optimum pasture utilization may not be beneficial for GIN 

control. In support of this, rotational grazing with a resting duration of six weeks increased the 

FEC intensities in grazing dairy cattle compared to a continuous grazing system (Ciordia et al., 

1964). Intensive rotational grazing with generally higher stocking densities compared to 

continuous grazing likely forces cattle to graze closer to fecal pats where L3 generally 

concentrate; this might be a reason for the findings of Ciordia et al. (1964). In contrast, other 

studies did not observe a significant difference in FEC intensities in rotationally grazed cattle (1 

to 36 days resting durations) compared to continuously grazed cattle (Kunkel and Murphy, 1988; 

Eysker et al., 1993). The point to highlight is that none of these studies have provided evidence 

for decreased GIN burden in rotationally grazed cattle with recommended pasture resting for 

optimal pasture regrowth (Stromberg and Averbeck, 1999).  

One example of “dilutive” grazing management is mixed- or alternative-species grazing. 

For example, cattle can be grazed with sheep together or alternatingly. This management strategy 

is primarily based on the premise that most of the GIN species in each host species are not able 

to get established in the alternative host (Sutherland and Scott, 2010). Consequently, sheep may 

act as a net removal of cattle GIN and vice versa. Studies have suggested that to get the 

maximum benefit of the alternative species grazing method, the period of mixed grazing should 

be sufficiently long. For instance, a study conducted in Australia manifested a significant 

reduction in O. ostertagi and T. axei adult worm counts in yearling cattle grazed with sheep for 

12 weeks but not for eight weeks (Barger and Southcott, 1975). Mixed or alternative grazing of 

different age categories of the same species is another suggested “dilutive” strategy. In this 

method, the assumption is that old cattle act as net removers of GIN on pastures due to their 

robust immune protection against GIN compared to young cattle. However, a reduction in FEC 

intensities was not evident in this approach in a dairy study in Denmark (Nansen et al., 1990). In 

that study, first season cattle had greater mean FEC when they grazed together with second 

season cattle compared to grazing separately. Adult cows generally act as the primary reservoir 

for pasture contamination of GIN eggs, regardless of their low FEC intensities (Stromberg and 

Averbeck, 1999); this may increase the risk for GIN infection intensities in parasite naïve young 

calves in the early grazing season. 
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1.6.2 Routine blanket treatment, targeted treatment, targeted selective treatment, and 

integrated parasite management 

Anthelmintic-based GIN control with a known effective drug may be superior to the 

control of GIN infections with grazing management strategies alone as anthelmintics with known 

high efficacy can effectively control the GIN burden in the host and, subsequently, the pasture 

contamination of free-living GIN stages.  

Whole herd treatment of cattle is a prophylactic approach for GIN control; anthelmintic 

treatment may be repeated at frequent intervals, or extended-release products may be used 

(Maqbool et al., 2017). The knowledge of GIN epidemiology (e.g., FEC intensity, transmission 

pattern, high risk cattle groups for heavy infection intensities) is generally not considered in 

routine whole herd treatment strategies and, therefore, treatment may not occur at times that 

should maximize treatment efficacy. Additionally, cattle are not tested qualitatively or 

quantitatively for GIN infections to make treatment decisions. Also, this treatment generally 

occurs at a time when it is convenient for the producer (e.g., pregnancy checking in the fall) 

(Wills et al., 2020a). Consequently, this approach is likely less labor-intensive and less time-

consuming compared to targeted selective treatment. The routine blanket treatment is currently 

not recommended in grazing cattle operations, as this treatment method may increase the 

selection pressure for anthelmintic resistance (Sutherland and Scott, 2010). Whole herd treatment 

may lead to a sparse population of refugia (i.e., population of GIN that is not under selection 

pressure) in that herd; this could be the primary reason for the high risk of selecting anthelmintic 

resistant GIN with this approach. More information related to anthelmintic resistance and refugia 

management is discussed in sections 1.7.1 and 1.7.5. Furthermore, routine blanket treatment may 

delay immunity development in young calves because this approach leads to unnecessary 

treatments of cattle at low risk for GIN. For example, routine spring treatment of spring-born 

calves in cow-calf operations is generally unnecessary in the northern US and Canada because 

calves are at low risk (if their dams are treated in the spring) for high GIN infection intensities at 

that time of the year compared to the latter part of the grazing season (Gasbarre, 2014). A low 

level of GIN infections is favorable for the immunity development in parasite naïve spring-born 

calves in the early grazing season (Gasbarre, 2014).  

In contrast to routine blanket treatment, TT, which is also known as strategic deworming, 

only focuses on a particular group of cattle for treatment (Kenyon and Jackson, 2012). 
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Knowledge of the GIN epidemiology, climatic conditions, herd management practices, host 

characteristics, and host-parasite interactions may be considered in deciding which group of 

cattle requires treatment (Stromberg and Gasbarre, 2006). In TT, the anthelmintic treatment is 

usually strategically timed. For example, the strategic treatment of beef cows in the spring is one 

of the examples for TT in temperate regions of North America. As previously mentioned, adult 

cows in cow-calf operations are one of the primary sources for pasture contamination of GIN in 

the spring. The physiological and hormonal changes related to spring calving can potentially 

suppress the immune system of cows, increasing their risk of new GIN infections around this 

time of grazing. Additionally, overwintered hypobiotic larvae generally re-emerge as adults in 

the spring and start to produce eggs. Therefore, treating adult cows during the first month of 

grazing may reduce the risk of GIN infections in calves in the early grazing season (Gasbarre, 

2014). Consequently, calves may be left untreated until their infection intensity peaks, which is 

generally around the time grazing ends in the fall. The potential of TT to mitigate the risk of 

selection pressure for anthelmintic resistance will be discussed in section 1.7.5. 

Targeted selective treatment is a strategy that selects individual cattle for anthelmintic 

administration based on logical criteria (Bath and van Wyk, 2009). This approach is one of the 

most recommended anthelmintic-based GIN control strategies to mitigate the selection pressure 

for anthelmintic resistant GIN. Several parasitological (FEC, serum pepsinogen) and 

clinical/growth (ADG) indicators have been evaluated as criteria for selecting individuals for 

TST in beef cattle, and these have previously been discussed in section 1.5.3. The importance of 

TST as a refugia-based strategy for anthelmintic resistance management is discussed in detail in 

section 1.7.5. 

Integrated GIN management is the use of multiple GIN control strategies to manage GIN 

infections in a herd effectively (Sutherland and Scott, 2010). Grazing management strategies and 

anthelmintic treatments can be integrated for more beneficial effects (Kumar et al., 2013). For 

instance, cows are strategically dewormed before sending cow-calf pairs on pastures in the 

spring. This strategy may reduce the infection intensity of calves (Stromberg and Averbeck, 

1999).  
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1.7 Anthelmintic resistance in beef cattle 

1.7.1 Anthelmintic resistance around the world and in North America 

The strategic use of anthelmintics is an excellent tool for reducing the pasture GIN larval 

contamination and burden in cattle (Sutherland and Scott, 2010). Anthelmintic use is also 

considered one of the reasons for the reduced incidence of parasitic gastroenteritis related to 

clinical GIN infection in beef cattle in North America over the past 30 to 40 years (Corwin, 

1997). As previously mentioned, anthelmintic-based control of GIN is beneficial for improving 

the growth and production performance of young beef cattle, and as a consequence, the 

production profit may be maximized. 

However, anthelmintic resistance is reported worldwide in beef cattle and a threat to 

sustainable GIN control. In the southern hemisphere, anthelmintic resistance has been 

predominantly documented in beef cattle in New Zealand, Australia, Argentina, and Brazil 

(Mejía et al., 2003; Waghorn et al., 2006; Cotter et al., 2015; Ramos et al., 2016). For example, 

anthelmintic resistance was identified in 90% (56/62) of surveyed beef farms in New Zealand in 

2005 (Waghorn et al., 2006). In Europe, there are reports of anthelmintic resistance in grazing 

cattle in the United Kingdom, Belgium, and Germany (Demeler et al., 2009; Geurden et al., 

2015). Macrocyclic lactone resistance has been primarily reported in those countries followed by 

benzimidazole resistance. Additionally, a few reports are also available related to levamisole 

resistance in Brazil (Ramos et al., 2016). Cooperia spp. resistant to all these drug classes have 

been identified and were recovered from the majority of cattle herds in these countries. 

Macrocyclic lactone and benzimidazole resistant O. ostertagi has been recovered in New 

Zealand, Argentina, Belgium, and Germany (Mejía et al., 2003; Waghorn et al., 2006; Demeler 

et al., 2009). Haemonchus placei resistant to ML and benzimidazoles was identified in Argentina 

and Brazil (Mejía et al., 2003; Ramos et al., 2016). Anthelmintic resistance in Oesophagostomum 

spp., and Trichostrongylus spp. has also been documented in Brazil and New Zealand, 

respectively (Loveridge et al., 2003; Condi et al., 2009). In most of the situations, multiple GIN 

species were resistant to a particular anthelmintic.   

In US beef operations, anthelmintic resistance was first formally diagnosed in the year of 

2003 in a Midwest grazing herd (Gasbarre et al., 2009b). In that study, H. contortus was 

diagnosed as resistant to both ML and benzimidazole products. Additionally, ML-resistant H. 
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placei and C. punctata were recovered. A year later, anthelmintic resistant GIN were also 

confirmed again in another group of beef cattle on the same pasture (Gasbarre et al., 2009a). In 

North America, the first report of ivermectin resistance in O. ostertagi L4 came from feedlot 

yearling heifers originating from western US pastures (Edmonds et al., 2010). A comprehensive 

beef study of the US Department of Agriculture National Health Monitoring System 2007-2008 

subsequently provided further evidence of widespread ML resistance in the southeast and central 

US (Gasbarre et al., 2015). Pour-on or injectable ML treatment in one-third of the participating 

cow-calf operations failed to reduce the FEC by > 90% 14 to 16 days post-treatment in that 

study. 

Only one published peer-reviewed report could be identified, which suggests the presence 

of anthelmintic resistance in Canadian beef cattle (Avramenko et al., 2017). Producer-applied 

pour-on ivermectin in that study had only 69.3% overall mean efficacy in reducing the FEC in 

beef calves from cow-calf operations across western Canada and Ontario. Due to uncertainty of 

the accuracy of the pour-on application by producers (e.g., potential application failures or 

inappropriate dosing), ivermectin resistance could not be formally confirmed in those herds. 

However, significantly increased relative proportions of C. oncophora at the herd-level 14 days 

after anthelmintic treatment, at least in part, supported the notion that the reduced ivermectin 

efficacy was related to anthelmintic resistance. Based on that study, it is likely that anthelmintic 

resistance, particularly GIN resistance to ML, is present in Canada and that it may be 

widespread.  

Findings in Brazil, Argentina, and New Zealand demonstrated that anthelmintic resistant 

GIN had adverse effects on growth and production performance in beef cattle (Fazzio et al., 

2012, 2014; Borges et al., 2013; Candy et al., 2018). Gastrointestinal nematode species (e.g., O. 

ostertagi and C. punctata) that have been identified as anthelmintic resistant in the US are 

capable of causing detrimental production effects (Fox et al., 1989a; Fox, 1993; Stromberg et al., 

2012). Unless the efficacy of commonly used anthelmintics is frequently monitored and effective 

strategies are implemented to mitigate the risk of resistance development, anthelmintic resistance 

will be a serious threat to sustainable GIN control in the future, particularly in Canada with a 

dearth of related information for evidence-based treatment programs. 
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1.7.2 Mechanisms of anthelmintic resistant development 

Macrocyclic lactones are widely used anthelmintics in beef cattle operations worldwide, 

including the US and Canada (Ballweber and Baeten, 2012; Wills et al., 2020a). Their 

widespread use in beef cattle is likely related to their broad-spectrum activity, not only against 

internal parasites but also against external parasites and the availability of conveniently 

applicable pour-on preparations. Macrocyclic lactones act as agonists for ligand-gated ion 

channels in nematodes (Prichard, 1994; James et al., 2009; Whittaker et al., 2017). Glutamate-

gated and gamma-aminobutyric acid-gated chloride channels are the primary and secondary 

targets for lactones, respectively. Additionally, the ability of ML to bind with levamisole-

sensitive acetylcholine-gated ion channels has also recently been demonstrated (Hernando and 

Bouzat, 2014). Based on the studies of free-living soil nematodes (Caenorhabditis elegans) and 

GIN in small ruminants and cattle (H. contortus, C. oncophora, and O. ostertagi), structural 

changes that interfere with the allosteric binding of the drug molecule in the subunits ligand-

gated ion channels have been proposed as the primary reason for the ML resistance (Whittaker et 

al., 2017). In support of this proposed mechanism, the amino acid substitution of the glutamate-

gated and gamma-aminobutyric acid-gated chloride channel subunits related to the mutations in 

the genes that express those subunit proteins have been detected (Feng et al., 2002; Beech et al., 

2011; Ghosh et al., 2012). Additionally, ML-resistant parasites are capable of drug efflux from 

cells with the assistance of ATP-binding cassette transporters, predominantly P-glycoproteins 

and multidrug resistance-associated proteins (Ardelli, 2013). Overexpression of those genes 

responsible for the expression of those proteins has been detected in ML resistant GIN in 

ruminants (Dicker et al., 2011; De Graef et al., 2013b). Besides, evidence suggests that genetic 

mutations of P-glycoprotein genes can alter the structure of P-glycoprotein, thereby enhancing 

the ML efflux in resistant GIN (Demeler et al., 2013). 

Benzimidazoles are also used in GIN control programs in beef cattle. Binding of 

benzimidazole with the β-tubulin subunit of the tubulin protein disrupts the tubulin-microtubule 

equilibrium, which is essential for cytoskeleton integrity, intracellular transportation, and cell 

division of GIN (Sutherland and Scott, 2010). The generally accepted mechanism for 

benzimidazole resistance is the structural changes of the β-tubulin isotype-1 due to single 

nucleotide polymorphisms; as a consequence, the binding affinity of the β-tubulin subunit to 

benzimidazole molecules is reduced (Whittaker et al., 2017). Single nucleotide polymorphisms 
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in codons 167, 198, and 200 of the β-tubulin isotype-1 gene are responsible for those structural 

changes. Additionally, there is also evidence for the involvement of β-tubulin isotype-2 gene 

polymorphisms in benzimidazole resistance with limited supportive data (Kwa et al., 1993; 

Saunders et al., 2013). 

1.7.3 Risk factors for anthelmintic resistance 

Several factors related to anthelmintic treatment administration are primarily discussed in 

the literature related to small ruminants and cattle. These factors can provide a selective 

advantage for resistant genes of GIN, mainly by leading to an insufficient refugia population 

within a herd. Refugia refers to the proportion of a GIN population previously not exposed to a 

particular anthelmintic and susceptible to that anthelmintic following the treatment (Sutherland 

and Scott, 2010; Hodgkinson et al., 2019). Three primary sources produce refugia GIN 

populations in small ruminants and cattle: parasite stages in the host not affected by anthelmintic 

treatment (e.g., some anthelmintics are not generally effective against hypobiotic L4), GIN 

within the untreated host, and pre-parasitic GIN stages in the environment at the time of host 

treatment (Shalaby, 2013). How an adequate refugia population can reduce the risk for 

anthelmintic resistance is discussed in section 1.7.5. 

The frequency of drug administration is generally considered one crucial risk factor. For 

example, the odds of anthelmintic resistance were 11.5 times greater in beef herds treated with 

avermectins > 2.5 times/year compared to those treated < 2.5 times/year (Suarez and Cristel, 

2014). However, even the long-term use of an anthelmintic product at a lower frequency may 

increase the risk for anthelmintic resistance. For example, potential levamisole resistance in O. 

ostertagi was detected in a beef farm that had used the drug twice a year for approximately a 

decade (Geerts et al., 1987). While frequency and treatment duration are risk factors, resistance 

development might be hastened even in low-frequency anthelmintic administration regimes if 

animals are sent to a ‘safe’ pasture. In support of this notion, a modeling study manifested that 

two treatments were as selective for GIN resistance as five treatments in sheep if sheep were sent 

to a ‘safe’ (i.e., pastures which had not been grazed over a lactation period) pasture following the 

treatment (Leathwick et al., 1995).  

The treatment dose likely also affects the selection pressure for anthelmintic resistant 

GIN. Under-dosing may contribute to the selection of resistance based on two factors: 1) 
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effectiveness of the drug concentration for different GIN species, and 2) the frequencies of 

hetero- and homozygote-susceptible and resistant alleles in the GIN population before the 

anthelmintic administration (Smith et al., 1999). In a situation where the initial frequency of the 

resistant alleles is low, a simulation model suggests that the selection pressure for resistance is 

high with under-dosing if that dose is capable of eliminating all susceptible GIN and a few 

heterozygote resistant GIN (Smith et al., 1999). If the initial resistant allele frequency is high, the 

suboptimal dose that promotes the selection for resistance is the one that eliminates all 

susceptible and heterozygote-resistant GIN but not any of the homozygote-resistant GIN. Under-

dosing is likely to result in multiple gene mutations responsible for resistance to either single or 

multiple drugs (Sutherland and Scott, 2010). A recommended full dose may still increase the 

selective advantage for resistance if a single gene mutation is involved (monogenic resistance) in 

initial drug resistance. Monogenic resistance is likely to cause high frequencies in resistant 

alleles in a GIN population following frequent or long-term exposure to a full dose of the drug 

and, consequently, irreversible anthelmintic resistance (Leignel et al., 2010).  

Extended-release anthelmintic products may also increase the selection pressure for 

resistant GIN primarily when that prophylactic dose is capable of eliminating susceptible but not 

the resistant parasite population. Extended-release anthelmintics may also result in under-dosing, 

specifically during the decline phase of the drug (Sutherland and Scott, 2010).  

A recent meta analysis related to sheep suggested that mixed species grazing could also 

increase the selection pressure for anthelmintic resistance (Falzon et al., 2014). The logical 

explanation was that mixed species grazing might reduce the refugia population on pasture 

compared to single species grazing.  

1.7.4 Diagnosis of anthelmintic resistance 

The fecal egg count reduction test (FECRT) is the most widely used method to detect 

anthelmintic resistance in ruminants in field situations. In-vitro tests such as the egg hatch test 

and the micro-agar larval inhibition test are also available, but these tests are not recommended 

for all drug classes, have specific laboratory needs, and require high technical expertise (Coles et 

al., 2006; Kaplan and Vidyashankar, 2012). However, compared to those in-vitro tests, the 

FECRT is labor-and cost-intensive and time-consuming such that in-vitro tests are occasionally 

used in practical field situations (Demeler et al., 2012). 
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 The World Association for the Advancement of Veterinary Parasitology (WAAVP) has 

provided detailed guidelines to detect parasite resistance against commonly used anthelmintics in 

sheep and goats (Coles et al., 1992). However, while guidelines for conducting a FECRT in 

cattle are also available, they have several practical limitations. For example, the guidelines 

recommend using cattle with a minimum FEC of 100 EPG. Although obtaining cattle with this 

recommended FEC may be practicable in regions with climates favorable for heavy GIN 

infections, it is a distinct challenge in regions that manage cattle with generally low GIN 

infection intensities. Additionally, there are no defined study designs and cut-off values for the 

95% confidence limits in cattle as used to determine anthelmintic resistant status in small 

ruminants. Consequently, researchers currently use different methodologies and interpretations 

for a FECRT in cattle, adapted from the WAAVP guidelines and other recent recommendations. 

For instance, WAAVP guidelines suggest using the 90% reduction as the threshold for the mean 

reduction in FEC to determine the anthelmintic efficacy. In contrast, several recent studies used a 

threshold of 95% FEC reduction to determine the anthelmintic resistance; they also considered 

upper (95% FEC reduction) and lower (90% FEC reduction) 95% confidence limits (Geurden et 

al., 2015; Ramos et al., 2016). Furthermore, the WAAVP guidelines recommend including 10 to 

15 cattle per treatment and control groups and do not explicitly mention the minimum detection 

limits of the FEC method. However, a recent simulation model-based study suggested increasing 

the sample size and minimum detection limit of the egg counting method to increase the 

accuracy of the FECRT when FEC are low (Levecke et al., 2012a). Coles et al. (1992) 

recommended using the FEC of post-treatment and control groups to determine the mean 

percentage reduction in the FEC of the anthelmintic-treated group. In contrast, individual animal-

based group means for the percentage FEC reduction calculated from pre-and post-treatment egg 

counts of the same animals was recently recommended to increase the accuracy of a FECRT 

(Levecke et al., 2012a). A few studies related to cattle have since also used this method in 

determining the anthelmintic efficacy (Geurden et al., 2015; Avramenko et al., 2017).  

As briefly mentioned earlier in this section, a FECRT determines the mean percentage 

reduction in the FEC in a group of cattle treated with an anthelmintic product by comparing the 

post-treatment FEC of that group to an untreated group or the FEC of the same group before and 

after treatment. The present guidelines recommend using individual fecal samples of cattle for 

the FECRT. However, the use of pooled fecal samples for the FECRT was recently suggested as 
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a suitable and rapid, cost-effective method (Rinaldi et al., 2019). Also, the total number of eggs 

counted under the microscope before and after anthelmintic treatment within a treatment group 

has been recently suggested as a suitable approach for FECRT (Levecke et al., 2018). This 

approach can reduce the potential detrimental effects of different egg excretion intensities and 

aggregation of GIN eggs (within and between GIN species) on the accuracy of FECRT. 

Moreover, advanced DNA-based technologies such as ITS-2 rDNA nemabiome sequencing have 

been integrated with FECR testing to determine GIN species that are susceptible or resistant to 

anthelmintic treatment. However, none of these cattle FECRT methods have yet been 

standardized (Kaplan, 2020). New recommendations to develop standardized guidelines for 

FECRT in sheep, goat, and cattle have been proposed and are currently under the review by the 

WAAVP (Kaplan, 2020). 

1.7.5 Strategies to reduce the risk of anthelmintic resistance development  

The primary focus of anthelmintic resistant management strategies is to maintain an 

adequate proportion of refugia in the GIN population (Sutherland and Scott, 2010). Model-based 

studies have manifested that increasing the proportion of refugia can decrease the rate and extent 

of the accumulation of resistant alleles in a GIN population (Berk et al., 2016). The most widely 

acceptable refugia-based GIN control strategy is TST (Hodgkinson et al., 2019). In this 

approach, only a proportion of animals in the herd is selected for treatment; consequently, the 

GIN in the unexposed group can contribute to the refugia population. Modeling studies in both 

sheep and cattle have suggested that treating only a portion of the herd decreases the resistant 

allele frequencies of the GIN population in that herd compared to the whole-herd/flock 

anthelmintic treatment (Laurenson et al., 2013; Berk et al., 2016). The success of TST on 

reducing anthelmintic resistance without adverse production effects has been demonstrated in 

sheep (Kenyon et al., 2013). In beef and dairy cattle, a significant reduction in anthelmintic use 

was found with TST programs, but findings related to production performance were not 

consistent. However, none of those studies have investigated explicitly if those TST programs 

have an impact on the anthelmintic resistant status at the herd-level (Greer et al., 2010; 

O’Shaughnessy et al., 2014). Selecting cattle for treatment is one of the significant challenges in 

TST programs; regardless, several strategies have been tested. Parasitological (e.g., FEC and 
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plasma pepsinogen levels) and clinical indicators (e.g., ADG) that have been studied related to 

TST programs in beef cattle have already been discussed in section 1.5.3.  

Although TST is the most desirable refugia-based strategy to mitigate the risk of 

selection pressure for anthelmintic resistance, it is likely the least practical method in large-scale 

grazing herds. For instance, most producers may not be willing to spend the time and effort on 

selecting individual cattle, particularly during a grazing season, when those cattle are grazing on 

a large area of pastureland. The selection of cattle for TST based on parasitological indicators 

requires labor-intensive sampling and subsequent diagnostic testing, thereby adding additional 

cost to the procedure. Instead, strategic treatment with known effective anthelmintics may still be 

superior to routine blanket treatment in terms of refugia management and is more practical than 

TST. As discussed in section 1.6.2, treating adult cows in the spring when that group is expected 

to have high GIN FEC intensities around calving as opposed to routine treatment in the fall 

without knowledge of whether cattle need it or not is a strategic treatment approach that also 

mitigates the risk of GIN transmission to calves grazing with these cows.  

Treating animals with a combination of anthelmintics is another approach to mitigate the 

risk of anthelmintic resistance development (Sutherland and Scott, 2010; Geary et al., 2012). The 

combination treatment of two or more distinct anthelmintic classes (i.e., with a different mode of 

action) is primarily used to manage anthelmintic resistance in a herd by delaying the emergence 

and spreading of resistance, removing the existing resistant GIN population, and expanding the 

spectrum of drugs (Geary et al., 2012). The exact mechanisms for improved efficacy of treatment 

combinations have not yet been well understood; however, indifferent, antagonistic, additive, or 

synergistic effects have been proposed (Entrocasso et al., 2008). Model-based studies have 

shown that anthelmintic combinations are effective in delaying the resistance development if the 

resistant allelic frequencies are low in a parasite population (Sutherland and Scott, 2010). It has 

also been suggested that treatment combinations can delay the resistance development to newly 

introduced drug classes. The positive effects of this strategy on improving the efficacy of 

anthelmintics with known GIN resistance when used alone have been recently demonstrated in 

beef cattle (Ramos et al., 2016).  

In western Canadian beef operations, several management strategies are currently in use 

that can increase the risk of anthelmintic resistance development. Routine whole herd treatment 

is still the most widely used anthelmintic management strategy in western Canada, and most 
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producers do not treat their cattle at the optimum time of the year (Wills et al., 2020a). For 

instance, 98% (95/97) of surveyed producers treat their cows in the fall. Approximately 46% of 

producers treat calves at least once a year in the fall or spring; the treatment administrations in 

the fall and spring were approximately 50% (Wills et al., 2020a). Targeted treatment is rarely 

practiced. Some producers also use treatment combinations (pour-on ML and benzimidazoles), 

but the majority use a single anthelmintic treatment of the pour-on ML. The predominant long-

term use of ML treatment is a potential risk factor for the increased selection pressure for ML 

resistance. Pour-on products can further add to this risk as application failures, licking behavior 

of cattle, weather influence on drug uptake, and cleanliness and coat conditions can lead to 

under-dosing of the drug (De Graef et al., 2013a). Determination of anthelmintic dose based on 

visual estimations can also result in under-dosing. Currently, there is no evidence for the use of 

TST in beef cattle in western Canada.  

1.8 Beef cattle as a revenue generator in Canada 

The beef cattle industry is a vital source of revenue in Canada. Based on the average 

numbers from 2014 to 2018, the beef industry contributes CAD 18 billion to Canada's gross 

domestic product (The Canadian Cattlemen’s Association, 2020). Canada produces 1.3 million 

tons of beef annually according to the 2019 reports, and Canada is the 12th largest beef producing 

nation in the world, producing 1.9% of the world's beef products (USDA, 2019; Statista, 2020). 

Beef and live cattle exports are also significant industries. In 2018, 44% of Canadian beef and 

live cattle were exported, ranking Canada as one of the top ten beef exporters in the world 

(USDA, 2019).  

As of the first quarter of 2020, Canada has an inventory of 9.3 million (approximately 

83% of the total Canadian cattle population) cattle on beef cattle operations (Statistics Canada, 

2020). Among those cattle, 6.3, 1.6, and 1.4 million belong to cow-calf operations, feeder and 

stocker operations (on low energy diets), and feedlot operations, respectively (Statistics Canada, 

2020). Approximately 4.3 million (46%) of the total Canadian beef cattle population is 

composed of young calves < 1 year and steers ≥ 1 year, and they are the primary revenue 

generator for producers (Statistics Canada, 2020). As an example, from 2014 to 2018, their 

average annual contribution to farm cash receipts was CAD 9.8 billion (Statistics Canada, 2018).  
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Although calving can occur on a  year-round basis, 60% of calves from cow-calf 

operations are spring-born (National Academies of Sciences, 2016). These calves graze with 

their dams generally from June to October, and following weaning in the fall (usually October to 

November), most producers sell their calves privately or through auction markets (Western Beef 

Development Centre, 2018). These calves are then selected directly for either feedlot fattening or 

backgrounding (stocker cattle). The remaining female calves are often used as replacement 

heifers (National Academies of Sciences, 2016).  

Western Canada contributed 78.6% of the total beef cattle population in the country 

(46.7, 23.2, 10.0, and 4.6% in Alberta, Saskatchewan, Manitoba, and British Columbia, 

respectively) as of the first quarter of 2020, highlighting its significant contribution to the 

nation's beef industry (Statistics Canada, 2020). The availability of fertile grasslands for grazing 

cattle and high energy cereal grains and crop residues for feedlot finishing cattle are likely 

reasons for this predominant distribution of beef cattle in this region (National Academies of 

Sciences, 2016). 

1.9 Conclusions 

As previously mentioned, the majority of beef operations in Canada are distributed 

throughout the prairie provinces (Alberta, Saskatchewan, Manitoba) (Statistics Canada, 2020). 

Given the significant contribution of young beef cattle originating from these beef operations to 

the nation’s economy, it is essential to pay attention to their health and welfare. In this review, 

the threat of GIN infections to beef cattle was emphasized in detail with particular attention to 

the known epidemiology, impact, and efficacy of anthelmintic-based control in western Canada. 

Most of the available literature related to these aspects of GIN infections in western Canada is 

historical, and there is a notable information gap between now and the early 1990s. However, 

over the past three to five years, there has been an increasing trend in studies on the GIN 

epidemiology in western Canada, primarily on their infection intensities and prevalence (Jelinski 

et al., 2016, 2017; Wills et al., 2020b). Increases in herd size, indications of anthelmintic 

resistance, and warming temperatures are some of the changes that have occurred over the last 

two to three decades and constitute risk factors for changes in GIN infection patterns  (Jelinski et 

al., 2015; Avramenko et al., 2017; Bush and Lemmen, 2019); however, this has not been 

formally investigated by epidemiological studies related to GIN in beef cattle. The predominant 
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anthelmintic management practice in beef cattle operations (i.e., the routine blanket treatment of 

pour-on ML lactones) in western Canada poses a substantial risk for GIN resistance against ML. 

However, comprehensive studies have not yet been conducted to confirm the presence of ML 

resistant GIN. Lack of contemporary information on the responsiveness of GIN species to 

currently used anthelmintics, the effects of different levels of parasite burden, and the efficacies 

of anthelmintic on the production performance is an obstacle for designing and implementing 

evidence-based control programs in western Canadian beef cattle. The absence of accurate GIN 

diagnostic methods further adds to this dearth of information. Additionally, GIN may have 

adverse effects on vaccine efficacies that are routinely being used to control infectious diseases 

in the region; however, this has also not been investigated to date. Therefore, addressing these 

knowledge gaps is crucial for sustainable GIN management in western Canadian beef operations 

and ensuring the economic benefits of the industry. 

1.10 Research questions, hypotheses, and objectives 

The knowledge gaps in the epidemiology of GIN in young beef cattle in western Canada 

led to the following research questions: 

• What are the current epidemiology, anthelmintic susceptibility status, and impact of GIN 

infection in young beef cattle in western Canada? 

• Do young grazing beef cattle in western Canada mount a measurable salivary anti-CarLA 

IgA response over a grazing season?  

The following alternative hypotheses were developed to answer the above research questions: 

• The epidemiology of the GIN infection in young grazing beef cattle in western Canada is 

affected by different risk factors such as weaning and deworming status, sampling period, 

summer grazing management, access to community pasture, and herd size. 

• Gastrointestinal nematode infection in western Canadian feedlot cattle impacts their 

immune response to non-parasitic vaccines and growth and production performance and 

carcass quality.  

• Anthelmintic resistance is present in western Canadian beef operations. 
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• Young grazing beef cattle in western Canada mount a measurable salivary anti-CarLA 

IgA response over a grazing season.  

The following objectives were identified to test those hypotheses: 

• To determine the herd-level GIN prevalence, FEC intensity, predominant species, and 

certain risk factors in beef calves in western Canadian cow-calf operations. This objective 

will be addressed in Chapter 2. 

• To determine the impact of GIN FEC intensity and O. ostertagi ELISA antibody titers on 

the host immune response to non-parasitic vaccine antigens in feedlot cattle derived from 

western Canadian cow-calf operations. Chapter 3 will address this objective. 

• To investigate the status of anthelmintic resistance in feedlot cattle derived from western 

Canadian cow-calf operations. This objective will be addressed in Chapter 4. 

• To determine the impact of currently used anthelmintics, GIN FEC intensity, and O. 

ostertagi ELISA antibody titers on growth and production performance and carcass 

quality of feedlot cattle derived from western Canadian cow-calf operations. Chapter 5 

will focus on this objective. 

• To monitor the salivary anti-CarLA IgA response of young beef cattle over a grazing 

season in western Canada and determine its association with other parasitological and 

production indicators. This objective will be addressed in Chapter 6.   
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 GASTROINTESTINAL NEMATODE PREVALENCE, 

FECAL EGG COUNT INTENSITY, PREDOMINANT SPECIES, AND 

RELATED RISK FACTORS IN BEEF CALVES IN WESTERN CANADIAN 

COW-CALF OPERATIONS 

Eranga De Seram, Elizabeth Redman, Felicity Wills, Camila de Queiroz, John Campbell, John 

Gilleard, Sarah Parker, Fabienne Uehlinger 

 

This chapter investigates the epidemiology of GIN in calves from cow-calf operations. 

Overall, there is a substantial lack of recent investigations related to the epidemiology of GIN 

infections in calves in western Canadian cow-calf operations. Globally, warming climates, 

changes in grazing management practices, and reduced parasite susceptibility to anthelmintic-

based control programs are likely altering the epidemiology of internal parasites such as GIN in 

young beef cattle. The key finding of this chapter was a high regional abundance of C. punctata 

in cow-calf herds in Manitoba. Thus, suggests a changing GIN species diversity in at least one 

geographic sector of western Canadian cow-calf operations. Macrocyclic lactone resistance may 

be, at least in part, a reason for this. The results of this chapter, therefore, emphasize the 

importance of further investigations into the impact of GIN infections on young beef cattle and 

parasite susceptibility to anthelmintic treatments. Chapters 3 and 4 in this dissertation primarily 

focus on those aspects.   
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2.1 Abstract 

There is emerging evidence of sub-optimal anthelmintic efficacy in cow-calf operations 

in western Canada, emphasizing the urgent need for a better understanding of the current 

epidemiology of the gastrointestinal nematode (GIN) infection to inform evidence-based targeted 

parasite control programs. This study was conducted to meet the following objectives concerning 

GIN of beef calves in western Canadian cow-calf operations: to estimate the GIN prevalence 

based on fecal egg counts (FEC); to estimate the FEC intensity; to identify the predominant GIN 

species at the herd-level; and to identify risk factors for GIN prevalence and FEC intensity. 

Individual fecal samples were collected from 844 calves in 43 cow-calf herds from Alberta, 

Saskatchewan, Manitoba, and British Columbia from November 2016 to February 2017. Fecal 

egg counts were obtained by a modified Wisconsin sugar floatation method, morphologically 

identified as strongyle-type, Nematodirus spp. and Trichuris spp. eggs, and reported as eggs per 

gram of feces (EPG). Third stage larvae were harvested from coprocultures, pooled by herd, and 

characterized with ITS-2 rDNA nemabiome sequencing. Weaning status, deworming status, 

sampling month, summer grazing management, access to community pasture, and herd size were 

identified as potential risk factors and assessed in a generalized estimation equation model 

accounting for clustering at the herd-level. The unadjusted predicted mean strongyle-type FEC 

was 18.6 EPG, and the unadjusted predicted prevalence was 92.3%. Although the unadjusted 

predicted mean FEC were very low (< 1.0 EPG), the unadjusted predicted prevalence of 

Nematodirus spp. and Trichuris spp. were 31.1 and 34.3%, respectively. Dewormed calves had 

significantly lower predicted mean FEC (13.2 vs. 21.1 EPG) and prevalence (72.8 vs. 98.6%) 

compared to calves that were not dewormed. Continuous grazing resulted in a lower 

Nematodirus spp. predicted prevalence (19.2%) compared to rotational grazing (36.9%) or a 

grazing system consisting of combined methods (33.1%). Trichuris spp. prevalence was greater 

in calves that were not dewormed (40.6 vs. 15.2%) or did not have access to community pastures 

(37.9 vs. 21.3%) than calves that were dewormed or had access to community pastures. 

Ostertagia ostertagi was the predominant GIN species in most cow-calf operations (29/41), 

while Cooperia oncophora was the second most abundant species (28/41). The mean relative 

abundance of Cooperia punctata was greater in Manitoba (28.2%) compared to Alberta (0.1%) 

and Saskatchewan (2.3%). Fecal egg count intensity and prevalence of calves in this study were 

broadly comparable to more recent and older studies in western Canada. However, the high 
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regional abundance of C. punctata requires further attention as this parasite is typically 

predominant in more southern, tropical regions and has the potential for significant production 

impact.   
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2.2 Introduction  

In western Canada, cow-calf operations generate revenue primarily by selling calves and 

young cattle, making the weight gain of calves an important factor in cow-calf operations 

(Kulshreshtha et al., 2012). Weaned calves from cow-calf operations are retained as 

replacements or intensively managed in feedlots where their gain-to-feed ratio (G:F) must be 

maximized for relatively rapid muscle gain. Gastrointestinal nematodes (GIN) in cattle have 

been associated with clinical parasitic gastroenteritis with signs such as profuse diarrhea, 

inappetence, and weight loss (Smith and Stevenson, 1970). The subclinical infection of GIN 

primarily responsible for impaired finishing body weights, average daily gain, G:F, and carcass 

quality (Hawkins, 1993). There has been a marked decline in the frequency of clinically apparent 

parasitic gastroenteritis in beef cattle operations because of the anthelmintic-based control 

programs and improved pasture management (Corwin, 1997). However, subclinical GIN 

infection is still a threat to the growth and production performance and carcass quality of beef 

cattle in temperate regions of North America (Smith et al., 2000; Kunkle et al., 2013; Walker et 

al., 2013).  

In comparison to adults, cattle less than two years of age and exposed to pasture are 

highly susceptible to GIN infections (Gasbarre et al., 2001a). Gastrointestinal nematode 

infections acquired as a calf on pasture can negatively influence subsequent production 

performance in the feedlot. For instance, in the US, average daily gain and G:F were increased in 

feedlot cattle treated for GIN on pasture and at arrival while carcass quality tended to be 

improved in cattle with lower fecal egg counts (FEC) (Smith et al., 2000; Clark et al., 2015). 

Detrimental effects of GIN on the production performance have also been documented in fall-

weaned feedlot cattle in western Canada (Bauck et al., 1989; Schunicht et al., 2000).  

Effective and sustainable parasite control programs rely on understanding the 

epidemiology and risk factors for GIN infection (Ketzis et al., 2006). Climatic changes such as 

global warming influence the life cycle, seasonal abundance, and geographical distribution of 

GIN species, thereby changing the epidemiology of parasite infections (Morgan and van Dijk, 

2012; Fox et al., 2015; Gethings et al., 2015). Anthelmintic resistance further adds to the 

changing epidemiology of GIN worldwide (Sutherland and Scott, 2010). Changes in beef cattle 

management practices (e.g., herd size, number of cow-calf operations, pasture grazing systems) 

over the last three decades may have altered the risk of parasite infection pressure in Canadian 
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beef operations (Waldner et al., 2013; Jelinski et al., 2015). In combination, these factors may 

increase the risk of GIN infection and challenge the efficacy of currently used GIN control 

programs developed based on knowledge of GIN epidemiology in other regions. 

The epidemiology of GIN in calves in western Canada has to date seen limited focused 

research, and information on species abundance and related risk factors are sparse. Research 

conducted in Saskatchewan explored the effects of grazing management and grazing season on 

GIN prevalence and FEC in beef calves (Polley and Bickis, 1987; Jelinski et al., 2016). 

Temporal and spatial heterogeneity of GIN infection in young cattle managed in western 

Canadian beef herds has also been explored to a limited extent (Beck et al., 2015; Jelinski et al., 

2017). These studies suggest that the epidemiology of GIN in western Canadian cattle is 

heterogenic and that risk factors may vary depending on the geographical area and herd 

management factors.   

Coinfection with multiple GIN species is common in cattle. Different parasite species 

differ in their impact on beef cattle production and response to anthelmintic products (Stromberg 

and Gasbarre, 2006; Stromberg et al., 2012). For example, Ostertagia ostertagi is considered the 

most devastating GIN species of young cattle in northern temperate regions. The reduced 

ivermectin efficacy against Cooperia spp. has been recently identified in the US and some 

Canadian beef herds (Fox, 1997; Gasbarre et al., 2009a; b; Avramenko et al., 2017). Information 

on the relative GIN species abundance in western Canadian beef calves is lacking. Exploring the 

species diversity is crucial to better assess the potential health and production risks and response 

to anthelmintic treatment.  

The following objectives were identified to further the understanding of the GIN 

epidemiology in western Canadian beef calves: 1) to estimate the GIN prevalence based on FEC, 

2) to estimate the GIN FEC intensity, 3) to identify the predominant GIN species affecting these 

calves at the herd-level, and 4) to identify certain risk factors for GIN infection. 

2.3 Materials and methods 

2.3.1 Study population 

 Participating herds for this study were recruited from the cow-calf operations enrolled in 

the Western Canadian Cow-Calf Surveillance Network (WCCCSN). The formation of this 

network has previously been described (Moggy et al., 2017; Waldner et al., 2017). Briefly, 
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producers were recruited in the network based on 2011 national agricultural census data to obtain 

a geographically representative sample population from western Canada, including Manitoba 

(MB), Saskatchewan (SK), Alberta (AB), and British Columbia (BC). Herd veterinarians 

providing services to cow-calf operations assisted in recruiting producers. The criteria for the 

recruitment of participating producers were that they must have a minimum herd size of 100 

cows and were willing to complete questionnaires and to allow the collection of biological 

samples from cattle. If more producers met recruitment criteria than needed from a particular 

region, the required number of producers was enrolled on a random basis. Through a survey on 

parasite management distributed in the summer of 2016, the 97 producers enrolled in the 

WCCCSN were asked to voluntarily collect fecal samples from their 2016 calf-crop around 

weaning (fall 2016, winter 2017) and to submit to the laboratory for a parasite FEC (Wills et al., 

2020a).  

2.3.2 Fecal sample collection and processing  

Producers were instructed to collect at least two handfuls of feces (freshly voided or 

rectally collected) from 20 conveniently selected individual calves. Each producer was provided 

with a sampling kit. Individual fecal samples were collected into labeled plastic bags, with the air 

expelled, stored in an insulated container, and shipped to the laboratory (University of Calgary, 

Calgary, AB, Canada) by courier. Information about whether calves were weaned at the time of 

sample collection, had received a deworming product before sample collection, and approximate 

birth dates were solicited from participating producers. 

Once received at the laboratory, individual fecal samples were processed using a 

modified Wisconsin sugar flotation technique at a theoretical minimum detection limit of 0.33 

eggs per gram of feces (EPG) (Ito, 1980). In brief, 3 g of feces were mixed with 15 mL of tap 

water to create a homogenous slurry and filtered through a single layer of cheesecloth (grade 50) 

into a plastic cup. The filtrate was transferred into a 16 × 125 mm test tube and centrifuged (535 

× g, 10 min). The supernatant was carefully removed, and the sediment was suspended in 

Sheather’s solution (specific gravity 1.27) to a slightly convex meniscus. A coverslip was 

carefully placed on top, and the sample was again centrifuged (535 × g, 10 min). The coverslip 

was then carefully removed, placed on a glass slide, and observed under the microscope at 100 × 

magnification. Based on their unique morphology, GIN eggs were identified as strongyle-type, 



 

58 
 

Nematodirus spp. or Trichuris spp. and reported as EPG. A sample was considered positive 

when at least one nematode egg was identified in the sample by microscopy.  

Coprocultures were carried out to isolate third stage larvae (L3) from individual calf fecal 

samples, as described by Roberts and O’Sullivan (1950) with minor modifications. Briefly, 40 g 

of feces were mixed with vermiculite in a 250 mL glass and incubated at approximately 20 to 

23°C for 21 days. Larvae were harvested with the modified Baermann technique (Roberts and 

O’Sullivan, 1950). Harvested L3 in each sample were counted under a dissection microscope, 

and 50% of the L3 from each animal in a herd were pooled to create a single farm-level larval 

sample. The L3 in the herd-level sample were again centrifuged (8000 × g, 20°C, 10 min), and 

the pellet was resuspended in 1 mL of tap water. Five aliquots of 10 µL were placed on a glass 

slide and counted. The total number of L3 in the herd-level pool was estimated by multiplying 

the above count by 20 to represent the number of calves sampled. Pooled L3 samples were fixed 

in 70% ethanol and stored at −80°C until ITS-2 rDNA nemabiome metabarcoding.   

2.3.3 Nematode species identification   

To characterize GIN nematodes species and their relative proportions at the farm-level, 

deep amplicon sequencing of the internal transcribed spacer 2 (ITS-2) rDNA region was 

performed as described by Avramenko et al. (2015). Briefly, for each farm, DNA lysates were 

prepared in duplicate or triplicate by using, for each lysate, 250 L3 from the farm-level pooled 

sample. Pooled crude lysates were created by placing larvae in Proteinase K (120 μg/mL) lysis 

buffer (50 mM KCl, 10 mM Tris (pH 8.3), 2.5 mM MgCl2, 0.45% Nonidet P-40, 0.45% Tween 

20, and 0.01% (w/v) gelatin). Pooled crude lysates were then diluted in molecular grade water 

(1:10) and used as the template for PCR amplification of the ITS-2 rDNA region. Products were 

purified using AMPure XP Magnetic Beads (1X) according to the manufacturer’s instructions 

(Beckman Coulter, Inc., Brea, CA, USA). Illumina indices and P5/P7 sequencing tags were 

added to the rDNA ITS-2 amplicons using limited cycle PCR amplification (as described in 

Avramenko et al. (2015); amplicons were then purified as described above. Approximately 50 ng 

of DNA from each sample were pooled to make up the master sequencing library. The KAPA 

qPCR Library Quantification Kit (KAPA Biosystems, Inc., Wilmington, MA, USA) was used to 

achieve the final concentration of the pooled library. An Illumina MiSeq Desktop Sequencer 

(Illumina, Inc., San Diego, CA, USA) was used to analyze the pooled library at a concentration 
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of 12.5 nM with the addition of 25% PhiX Control v3 (Illumina, FC-110-3001) and using a 500-

cycle pair-end reagent kit (MiSeq Reagent Kits v2, MS-103-2003). The nematode species 

identity of each sequenced read was assigned using a bioinformatic pipeline with the Mothur 

software package, as previously described (Avramenko et al., 2017).  

2.3.4 Data handling 

2.3.4.1 Descriptive analysis of the study population 

The number and distribution (frequency (%), range (median)) of samples received were 

described by province, age, weaning and deworming status, sampling period (fall vs. winter), 

summer grazing management, access to community pasture, and herd size. 

For each farm, the information provided at the time of sample submission was recorded 

and included: sampling month (November, December, January, February), location of the farm 

(province), age (in months) of sampled calves, whether calves were weaned (yes/no), and 

whether they had received a deworming product (yes/no) before sample collection. If deworming 

had been performed, the date of application and product used was requested.  

Additional information on the potential risk factors was taken from Wills et al. (2020a), 

who explored the epidemiology of GIN infection in cows from the same cow-calf operations 

included in the present study. This information comprised: herd size (categorized as ≤ 300 cow-

calf pairs or > 300 cow-calf pairs), summer grazing management, and whether community 

pastures were used. Summer grazing management options provided in the 2016 producer survey 

consisted of rotational, continuous, or intensive grazing or a combination of these. In the survey, 

the following definitions were provided: continuous grazing was defined as free-range cattle 

grazing on an entire pasture; rotational grazing was defined as the shifting of cattle between 

different pastures during the grazing season without specifically manipulating the animal 

distribution; and intensive grazing was defined as grazing systems in which the producer directly 

managed the animal distribution and movement in terms of grazing location, time and duration, 

type of livestock and stocking rates. Sampling months were categorized into fall (November) and 

winter (December, January, February). If producers were weaning at the time of sample 

collection or had weaned their calves in the week of sample collection, calves were included in 

the unweaned category; weaning > 1 week before sample collection was considered as weaned. 

Calves that were dewormed before sampling were considered untreated if they had been 
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dewormed as follows: > 15 days with fenbendazole, > 45 days with ivermectin (Taylor and 

Hodge, 2014). 

2.3.4.2 Determination of prevalence and fecal egg count 

Descriptive statistics were performed for the raw FEC of stronglye-type, Nematodirus 

spp. and Trichuris spp. and presented as arithmetic mean EPG (± standard deviation) and range. 

Raw prevalence (descriptive prevalence) was calculated for strongyle-type, Nematodirus spp. 

and Trichuris spp. positive samples as the proportion of individual fecal samples that were 

positive for parasite eggs based on identifying at least one GIN egg under the microscope. 

Generalized estimating equations (GEE) accounting for clustering at the herd-level were 

used to estimate the population-averaged FEC in EPG and the prevalence. A null (or intercept-

only) model was used to estimate the overall mean FEC (i.e., unadjusted predicted mean FEC) 

(95% confidence interval (CI)) using a negative binomial distribution and a log link function. 

Similarly, the null model using a binomial distribution and logit link function was created to 

estimate the overall prevalence (i.e., unadjusted predicted prevalence) (95% CI). Exchangeable 

within-group correlation matrices and robust standard errors were used to estimate both the mean 

FEC and prevalence.  

The association of potential risk factors with strongyle-type, Nematodirus spp. and 

Trichuris spp. prevalence were explored separately for each species. The effect of these potential 

risk factors on the mean FEC intensity was only explored for strongyle-type egg positive samples 

because the raw mean FEC for Nematodirus spp. and Trichuris spp. were very low.   

All predictor variables were first screened in a univariable GEE analysis. Risk factors 

explored included: weaning status, deworming status, sampling month, summer grazing 

management, access to community pasture, and herd size. Univariable associations significant at 

P ≤ 0.20 were retained for consideration in the final multivariable GEE model.  

The strength of association between predictor variables that were selected from the 

univariable analysis was determined with Phi (for variables with two categories) or Cramer’s V 

(for variables with > two categories) test. If Phi or Cramer’s V coefficient was ≥ 0.3, variable 

pairs were considered strongly associated, and only one of the two risk factors was considered in 

the final GEE model based on its biological relevance to the outcome (Akoglu, 2018). Manual 

stepwise backward elimination of predictor variables with P ≥ 0.05 was used in building the final 
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multivariable GEE model with plausible biological interactions. Variables that were eliminated 

from the model were individually assessed for their confounding effects by adding the variable 

back into the model and determining the change in the estimated coefficients of other variables 

retained in the model. If the addition of the variable resulted in a coefficient change of > 20%, 

that variable was identified as a confounder and kept in the final model. Unless significant, 

biologically plausible two-way interactions were removed from the final GEE model. Post-hoc 

pairwise comparisons of marginal predictions of risk factors and significant interactions retained 

in the final GEE model were assessed with a level of significance set at P < 0.05. Statistical 

analyses were performed using STATA (StataSE version 14, Stata, College Station, Texas, 

USA).  

2.3.4.3 Species identification and determination of predominant species 

Gastrointestinal nematode species were identified by assigning the ITS-2 rDNA Illumina 

raw sequence data to individual Illumina sequence reads (Avramenko et al., 2015). The relative 

species proportions were calculated by dividing the number of the species-specific sequence by 

the total number of reads per sample and then multiplying by a correction factor for the species-

specific bias in the analysis. Further details of the informatics analysis pipelines can also be 

found at www.nemabiome.ca. Because data were available from duplicate or triplicate DNA 

lysates of each herd-level pool, the average was reported. The arithmetic mean FEC of strongyle-

type, Nematodirus spp. and Trichuris spp. for each pool was reported with the relative nematode 

species proportions in each sample.  

The alpha diversity of each farm-level L3 sample was calculated using the inverse 

Simpson index to determine if GIN populations in herds from AB, SK, MB, and BC were 

significantly different. The inverse Simpson index was calculated using the Mothur v.1.36.1 

software package, as previously reported (Avramenko et al., 2015). Significant differences in the 

inverse Simpson index between each province were evaluated by a one-way ANOVA, assuming 

non-equal variances using a Games-Howell post-hoc comparison in SPSS statistical software 

(IBM Corp., IBM SPSS Statistics for Macintosh, Version 21.0. Armonk, NY, USA).  

A beta diversity estimation was done with the MetaStats plugin in 275 Mothur v. 1.36.1, 

using 1000 permutations and default parameters to determine the species composition difference 

between two different provinces (White et al., 2009). MetaStats assumed that the data was not 

http://www.nemabiome.ca/
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normally distributed; therefore, modified non-parametric t-tests for pairwise comparisons of beta 

diversity estimations of each GIN species in each province were used (White et al., 2009). This 

method can overestimate the GIN species with a lower abundance; therefore, significance was 

not claimed if the species were present at < 2% on average in both comparison groups. 

Significance was declared if P < 0.05.  

2.4 Results 

2.4.1 Sample population and distribution of samples collected 

Of the 97 producers enrolled in the survey of Wills et al. (2020a), 43 (44.3%) participated 

by collecting fecal samples from their calves. Twenty-three of 43 (53.5%) farms were from AB, 

while 10 (23.3%), 9 (20.9%), and 1 (2.3%) were from SK, MB, and BC, respectively. Thirty-four 

(79.1%) producers provided age information for the sampled calves: the age of calves ranged 

from 7 to 9 months (median 8). 

In total, 844 fecal samples were received (Table 2.1). Most farms (76.7%; 33/43) had ≤ 

300 cow-calf pairs. The number of fecal samples per farm ranged from 10 to 25 (median 20). 

Most farms (74.4%, 32/43) had not dewormed calves before sampling, while 69.8% (30/43) of 

producers had weaned their calves by the time of sampling. Twenty-three of 43 farms (53.5%) 

sent fecal samples in the fall (November), and 12/43 (27.9%), 5/43 (11.6%), and 3/43 (7.0%) 

farms sent samples in December, January, and February, respectively. Most herds (79.1%, 34/43) 

did not have access to community pastures. A combination (37.2%, 16/43) or rotational (34.9%, 

15/43) grazing system was most frequently used by participating farms, while only two (4.7%) 

producers grazed their herds intensively. As only two farms (n = 34 calves) used an intensive 

grazing system, these two farms were subsequently dropped from the analyses in the 

multivariable model, reducing the total number of calves to 810 from 41 farms.  

2.4.2 Raw and unadjusted fecal egg count intensity and prevalence of strongyle-type eggs 

Most fecal samples (91.4%; 771/844) were positive for strongyle-type eggs (Table 2.2).  

The highest raw stronglye-type egg prevalence was identified in the unweaned calves (99.3%, 

277/279), while dewormed calves had the lowest prevalence (71.6%, 161/225) (Table 2.2). The 

overall raw mean FEC was 17.9 EPG (range 0 to 178). The highest raw mean stronglye-type 
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FEC was recovered from unweaned calves (25.0 EPG), and dewormed calves had the lowest raw 

mean strongyle-type FEC (9.9 EPG) (Table 2.2). 

The unadjusted predicted mean FEC and prevalence of strongyle-type eggs were 18.6 

EPG (95% CI 14.3 to 22.8) and 92.3% (95% CI 86.4 to 98.9), respectively. 

2.4.3 Raw and unadjusted fecal egg count intensity and prevalence of Nematodirus spp. 

The overall raw prevalence of Nematodirus spp. egg positive samples was 30.8% (Table 

2.2). The lowest (19.2%) and the highest (36.2%) Nematodirus spp. raw prevalence were 

observed in calves grazed under a continuous system and in unweaned calves, respectively 

(Table 2.2). Similarly, calves grazed in a continuous grazing system or which were dewormed 

had the lowest mean FEC (0.3 EPG each), while unweaned calves had the highest (1.3 EPG) 

(Table 2.2). The overall mean FEC of Nematodirus spp. was 0.8 EPG.  

The predicted Nematodirus spp. egg prevalence and mean FEC using unadjusted GEE 

models were 31.1 (95% CI 25.2 to 37.0%) and 0.8 EPG (95% CI 0.4 to 1.1), respectively. 

2.4.4 Raw and unadjusted fecal egg count intensity and prevalence of Trichuris spp. 

The overall raw Trichuris spp. egg prevalence was 33.3% (Table 2.2). The highest raw 

Trichuris spp. prevalence (40.9%) was detected in unweaned calves while dewormed calves had 

the lowest raw Trichuris spp. prevalence (14.2%) (Table 2.2). There was little variation of raw 

Trichuris spp. FEC among risk categories and the overall raw mean Trichuris spp. FEC was 0.6 

EPG (Table 2.2).  

The unadjusted predicted Trichuris spp. egg prevalence was 34.3% (95% CI 27.3 to 

41.4), and the mean FEC was 0.6 EPG (95% CI 0.4 to 0.9). 

2.4.5 Final generalized estimating equation model for the predicted mean fecal egg counts 

of strongyle-type eggs  

Based on the univariable analysis, deworming (P = 0.045) and weaning status (P = 0.01) 

were the only two risk factors to be considered in the final GEE model. Pairwise assessment of 

the strength of association showed that deworming and weaning status were strongly associated 

(Phi coefficient = 0.31; P < 0.001); therefore, only deworming status was considered in the final 

GEE model and was a significant risk factor (P = 0.045; Table 2.3). 
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Dewormed calves had a significantly lower (P = 0.045) mean strongyle-type FEC (13.2 

EPG; 95% CI 4.3 to 17.4) compared to calves, which were not dewormed at the time of sampling 

(21.1 EPG; 95% CI 16.2 to 25.9).  

2.4.6 Final generalized estimating equation model for the predicted prevalence of 

strongyle-type eggs  

The univariable associations suggested that deworming (P = 0.001) and weaning status 

(P < 0.001) should be considered in building the final GEE model for estimating the prevalence 

of strongyle-type eggs. As for the fecal egg count, only deworming status was assessed in the 

final GEE model because of the strong association between weaning and deworming. 

Deworming was a significant risk factor in the final model (P = 0.001; Table 2.3).  

The estimated prevalence of strongyle-type eggs of dewormed calves (72.8%; 95% CI 

54.0 to 91.5) was significantly lower (P = 0.001) than that of calves not dewormed at the time of 

sampling (98.6%; 95% CI 96.4 to 100).  

2.4.7 Final generalized estimating equation model for the predicted prevalence of 

Nematodirus spp. eggs  

Based on the univariable analysis, deworming status (P = 0.16), weaning status (P = 

0.13), and summer grazing system (P = 0.01) were considered in building the final GEE model 

for predicting the Nematodirus spp. prevalence. Based on the strong association between 

deworming and weaning, only deworming status and summer grazing system were considered in 

the final GEE model (Table 2.3).  

The stepwise backward elimination process and assessment for confounding resulted in a 

final GEE model that contained only the summer grazing system as a significant risk factor (P = 

0.011, Table 2.3). Continuous grazing resulted in a lower Nematodirus spp. egg prevalence in 

calves (19.2%; 95% CI 12.3 to 26.0) compared to rotational grazing (36.9%; 95% CI 25.9 to 

47.9) (P = 0.006) or a grazing system consisting of combined methods (33.1%; 95% CI 24.6 to 

41.6) (P = 0.01). 
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2.4.8 Final generalized estimating equation model for the predicted prevalence of Trichuris 

spp. eggs  

Deworming status (P = 0.03), weaning status (P = 0.13), sampling period (P = 0.20), and 

access to community pastures (P = 0.02) were significantly associated with the Trichuris spp. 

eggs prevalence in the univariable analysis and, therefore, candidates for the final GEE model. 

Following the elimination of weaning status, the remaining variables were assessed in the final 

GEE model (Table 2.3). 

After the backward elimination of non-significant variables, deworming status (P < 

0.001) and access to community pastures (P = 0.002) were retained in the final GEE model 

without interactions. None of the eliminated factors exerted a confounding effect. The estimated 

prevalence of dewormed calves (15.2%, 95% CI 1.0 to 29.6) was lower (P = 0.02) than that of 

calves not dewormed at the time of sampling (40.6%, 95% CI 34.6 to 44.6). The prevalence of 

Trichuris spp. eggs was lower (P = 0.002) in calves from cow-calf herds that had access to 

community pastures (21.3%; 95% CI 13.8 to 28.7) when compared to calves from herds that did 

not graze in community pastures (37.9%; 95% CI 30.9 to 44.9). 

2.4.9 Relative gastrointestinal nematode species diversity 

Herd-level pooled L3 samples from 41 farms were successfully sequenced to determine 

the GIN species diversity. Sequencing data were not available to compute the GIN species 

abundance on two farms, one each from AB and MB, respectively. Ostertagia ostertagi was the 

predominant species on most farms (70.7%, 29/41), with an overall relative abundance of 51.1% 

(Figure 1). Cooperia oncophora was the second most abundant (68.3%, 28/41) GIN species 

overall and was the predominant species on 8/41 (19.5%) farms from AB (n = 4), SK (n = 3), 

and MB (n = 1). In four (4/41, 9.8%) farms from MB, Cooperia punctata was the predominant 

GIN species. Nematodirus helvetianus (0.07 to 2.2%), Orloffia bisonis (0 to 0.7%), Haemonchus 

placei (0.02 to 0.3%), Oesophagostomum radiatum (0 to 0.2%), and Trichostrongylus axei (0 to 

0.07%) were also prevalent in some of the herds, but their relative contributions to the overall 

GIN community were small. British Columbia was excluded from the analysis of alpha and beta 

diversity of GIN communities because it had information from only a single farm. The GIN 

population in AB herds was different from MB and SK (P = 0.03 and 0.02, respectively; Table 

2.4). However, the GIN populations from MB and SK were not different (P = 0.23). The 
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abundance of O. ostertagi was significantly lower in GIN populations found on MB farms 

compared to GIN populations on AB (P = 0.02) and SK farms (P = 0.003). Gastrointestinal 

nematode populations from farms in AB had a significantly greater abundance of C. oncophora 

compared to GIN populations found on farms from MB (P = 0.02) and SK (P = 0.04). Compared 

to AB and SK, the relative abundance of C. punctata was significantly greater in MB (P < 

0.001). Moreover, C. punctata’s relative abundance in AB was lower than in SK (P < 0.001).  

2.5 Discussion  

 A prominent finding of this study is the noticeable regional difference in the abundance 

of Cooperia punctata on some farms in MB. In addition, based on the peer-reviewed literature, 

this is the first study to evaluate risk factors associated with FEC intensities and prevalence in 

beef calves from western Canada.  

The unadjusted prevalence of strongyle-type egg shedding was high (> 90%), while a 

lower prevalence of Nematodirus and Trichuris spp. was detected. This pattern in the prevalence 

is consistent with other studies in Canada and the US. For instance, in a recent study conducted 

from 2012 to 2014 in western Canada (with different study populations in each year), the 

strongyle-type prevalence ranged from 59 to 94% in calves (Wills et al., 2020b). In that study, 

the prevalence of Nematodirus spp. ranged from 18 to 59%, and Trichuris spp. eggs were very 

infrequently identified. A few decades ago, the prevalence of strongyle-type egg shedding ranged 

from 44.0 to 95.2% in fecal samples of calves from SK cow-calf operations, whereas both 

Nematodirus and Trichuris spp. eggs were rarely detected (Polley and Bickis, 1987). Also, a 

large-scale beef study in the US reported a prevalence of 85.6, 18.0, and 7.1% for strongyle-type, 

Nematodirus spp., and Trichuris spp., respectively (Stromberg et al., 2015).   

The predicted unadjusted mean strongyle-type FEC was 18.6 EPG in the present study. 

That is in agreement with the mean FEC (range from 8.0 to 20.0 EPG) reported in beef calves 

and yearlings by previous western Canadian studies (Kennedy et al., 1989; Jelinski et al., 2016; 

Wills et al., 2020b). Fecal egg counts reported by a recent study in weaned calves from cow-calf 

operations in AB were very low (mean < 0.2 EPG) (Colwell et al., 2014). However, in that study, 

frozen fecal samples were used to obtain FEC; this would likely reduce the number of parasite 

eggs recovered in that study because freezing can disintegrate the shell of strongyle-type eggs 

making it difficult to identify them under the microscope (Schurer et al., 2014). In northern 
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temperate regions of North America, environmental conditions such as dry summers and 

extreme-cold winters are generally not favorable for heavy GIN infection intensities; this could 

be a major reason for overall low FEC intensities of calves and yearlings in western Canada 

(Hildreth and McKenzie, 2020). However, it is crucial to note that even low FEC can have 

adverse effects on the growth and production performance in young cattle in this region. For 

example, few studies have reported decreased dry matter intake, average daily gain, and G:F in 

yearling grazing and feedlot cattle in AB with low FEC (< 10 EPG) intensities (Kennedy and 

ZoBell, 1988; Schunicht et al., 2000).     

Nematodirus spp. infection is also relatively common in young calves, but it is generally 

considered a parasite of low pathogenicity unless it infects naïve calves in high numbers 

(Sutherland and Scott, 2010). In the present study, the unadjusted Nematodirus spp. prevalence 

(31%) was relatively high. This prevalence is slightly higher than the 20 and 23% identified in 

US beef operations and SK beef calves from cow-calf operations, respectively (Stromberg et al., 

2015; Jelinski et al., 2016). Differences in the sampling year and the sampling time among these 

studies might influence the Nematodirus spp. prevalence in these studies; therefore, comparisons 

should be made with caution. The unadjusted predicted mean Nematodirus spp. FEC was very 

low at < 1 EPG. Similarly, the reported Nematodirus spp. egg counts from other studies in beef 

calves from SK were negligible or similarly low (Polley and Bickis, 1987; Jelinski et al., 2016). 

Nematodirus spp. have a strict requirement in their lifecycle that the L3 must develop within the 

egg before hatching, and optimum seasonal temperatures are critical for egg hatching (Craig, 

2009; Sutherland and Scott, 2010; Hollands, 2011). For these reasons, it is likely that only a 

single generation of this parasite is produced per year and could be one of the reasons for the 

lower FEC of Nematodirus spp. in the region (Sutherland and Scott, 2010).  

The effects of deworming on the GIN infection in these calves were noticeable but not 

surprising. Deworming status was the only risk factor that was associated with FEC and 

prevalence of strongyle-type egg shedding. As expected, predicted values for strongyle-type FEC 

and prevalence demonstrated that anthelmintic treatment reduced the prevalence and FEC 

intensity. A significantly lower prevalence of Trichuris spp. was also observed in dewormed 

herds. Interestingly, deworming was not a significant risk factor for the prevalence of 

Nematodirus spp. This could be partly related to this GIN species’ higher levels of resistance 

against currently used anthelmintics. In the US beef operations, anthelmintic resistance has been 
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identified as one of the potential factors for the increased prevalence of N. helvetianus (Gasbarre, 

2014), although such evidence is currently lacking in Canada. Most cow-calf operations in 

western Canada routinely apply pour-on macrocyclic lactones in the fall (Jelinski et al., 2016; 

Wills et al., 2020a). However, a fall treatment may not be the optimum timing for the control of 

Nematodirus spp. in which the transmission peaks in the summer (Gasbarre, 2014).  

Pasture management is considered one component of an integrated livestock GIN control 

program. In the present study, calves that were allowed to graze in a continuous grazing system 

had a lower Nematodirus spp. prevalence compared to calves from a rotational or combined 

grazing system, whereas grazing systems did not affect strongyle-type and Trichuris spp. 

prevalence. In the literature, the effects of rotational grazing on GIN prevalence vary by study 

likely due to the frequency and management of pasture rotation (Kunkel and Murphy, 1988; 

Mooso et al., 1989; Hammond et al., 1997). Effective management of GIN with pasture rotation 

requires an adequate resting period between two grazings on the same land to ensure a low risk 

of infection. Usually, a resting period of three to five months is required for a heavily 

contaminated pastureland to return to a low risk of infection (Bransby, 1993). In rotational 

grazing systems, resting periods for optimum pasture growth are often shorter (three to eight 

weeks) than the required duration for reducing the infectivity of contaminated pasture 

(Undersander et al., 1997). Inadequate pasture resting can potentially lead to greater exposure of 

calves to infective larvae as sward length is often shorter, necessitating grazing closer to the 

ground and fecal pats (Bransby, 1993; Stromberg and Averbeck, 1999). In support of this, 

several other studies have observed increased parasite burdens in rotationally grazed cattle with 

< 2 months of resting between rotations. (Ciordia et al., 1964; Kunkel and Murphy, 1988). In the 

present study, the information on the frequency of pasture rotation is lacking, and the definition 

was generally broad. Therefore, caution is warranted when interpreting the association of GIN 

prevalence and grazing management in this study. Factors such as temperature, moisture levels, 

pasture variety, and soil type can influence the extent of pasture L3 contamination and may 

confound the effects of grazing systems on GIN prevalence and infection intensities (Stromberg, 

1997; Stromberg and Averbeck, 1999). However, related information is not available in the 

present study for comparisons. 

Grazing on community pastures may increase the risk of GIN infection as cattle with 

different infection intensities co-mingle. However, the prevalence of Trichuris spp. in calves 
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with access to community pastures was significantly lower than calves that did not have access 

to community pastures. The reason for this observation is not clear. Different stocking rates or 

pasture quality of community pastures, and regional distribution resulting in varying 

temperature, moisture levels, and soil types influence GIN epidemiology and probably play a 

role in the varying influence of pasture community access on GIN prevalence in this study.  

Exploring the species diversity of GIN is useful to understand the parasite response to 

control programs, parasite epidemiology, production impacts, and pathogenic effects of parasite 

species (Stromberg et al., 2012, 2015; Tuo et al., 2016; Avramenko et al., 2017). In the present 

study, O. ostertagi was the predominant parasite species in most herds followed by C. 

oncophora; this is consistent with recent findings in calves in several other Canadian beef 

operations (Avramenko et al., 2017). The predominance of O. ostertagi and greater abundance of 

C. oncophora have also been detected in previous Canadian studies (Fréchette and Gibbs, 1971; 

Smith, 1974; Stockdale and Harries, 1979). These findings are not surprising because O. 

ostertagi and Cooperia spp. are generally the most abundant GIN species in northern temperate 

regions (Sutherland and Scott, 2010; Stromberg et al., 2015).  

An important and unexpected finding, however, was the predominant abundance of C. 

punctata in 50% of the examined MB cow-calf operations. Another study recently identified a 

relatively greater species abundance of C. punctata post-deworming in Ontario cow-calf 

operations compared to herds from other provinces (Avramenko et al., 2017). Cooperia punctata 

is widely distributed and usually predominant in more southern and tropical regions (Ramünke et 

al., 2018). The regional differences in the abundance of C. punctata in drier and colder climates 

in Canada are, therefore, not clear, but could be related to anthelmintic resistance, changing or 

differing regional climate conditions or varying management practices (Stromberg and 

Averbeck, 1999; Fox et al., 2015; Stromberg et al., 2015). In the US, Cooperia spp. have become 

the most prevalent GIN in cow-calf operations, likely due to reduced efficacy of macrocyclic 

lactones (Stromberg et al., 2012, 2015). Cooperia punctata was also recently found as the 

predominant GIN in herds from the mid/southern US (Avramenko et al., 2017). Cooperia 

punctata has also been shown to decrease dry matter intake and average daily gain in young 

cattle, and its high relative abundance is, therefore, concerning (Stromberg et al., 2012).  

A limitation of this study was the low number of participating farms. The voluntary 

participation rate and need for producers to collect samples themselves resulted in a relatively 
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small study population. All samples were collected in late fall or winter; therefore, the FEC and 

subsequent prevalence calculations may have been underestimated because FEC in young calves 

tend to peak in late summer or early fall (Agneessens et al., 1997). The evaluation of risk factors 

was limited to the survey-derived information and the information collected at the time of 

sampling. The biological relevance for GIN infections was also considered in identifying risk 

factors from the available information. Although biologically relevant, the limited data 

availability restricted the inclusion of some other available risk factors (e.g., stocking density, 

cow deworming status) in the analysis. The survey had not captured other potential risk factors 

such as pasture resting durations in rotational grazing and weather data. In terms of grazing 

management, it is essential to acknowledge that specific definitions had been given to producers 

based on which to categorize their grazing system. These definitions may not have accurately 

reflected each producers’ grazing strategy, and some misclassification of the actual grazing 

system may have occurred. 

2.6 Conclusions 

The study highlighted distinct regional and herd-level differences in C. punctata, and this 

finding warrants attention and further elucidation as it suggests a changing species composition 

in western Canadian beef operation. The generally low FEC intensities suggest that calves in 

western Canadian cow-calf operations may not frequently get clinical infection; however, other 

studies have demonstrated that even low FEC can have significant production effects. Summer 

grazing management systems seem to influence the GIN epidemiology; therefore, further studies 

are important to determine if potential adverse effects of GIN infections related to a particular 

grazing strategy outweigh beneficial effects of that strategy on cattle productivity.  
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Table 2.1. Number (%) of farms and beef calves (%) < 1 year of age sampled from 43 cow-calf 

operations in western Canada from November 2016 to February 2017, by deworming and 

weaning status, sampling month, grazing system, access to community pastures, and herd size. 

 
# farms (%) # calves (%) 

Overall 43 (100) 844 (100) 

Deworming history   

Not dewormed 32 (74.4) 619 (73.3) 

Dewormed 11 (34.9) 225 (26.7) 

Weaning history   

Not weaned 15 (34.9) 279 (33.1) 

Weaned 28 (65.1) 565 (66.9) 

Sampling period   

Fall 23 (53.5) 440 (52.1) 

Winter 20 (46.5) 404 (47.9) 

Summer grazing system   

Continuous 10 (23.3) 198 (23.5) 

Rotational 15 (34.9) 296 (35.1) 

Intensive  2 (4.7) 34 (4.0) 

Combination 16 (37.2) 316 (37.4) 

Access to community pastures   

No access 34 (79.1) 665 (78.8) 

Had access 9 (20.9) 179 (21.2) 

Herd size   

cow-calf pairs ≤ 300 33 (76.7) 645 (76.4) 

cow-calf pairs > 300 10 (23.4) 199 (23.6) 
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Table 2.2. Descriptive summary of gastrointestinal nematode fecal egg counts (eggs per gram of feces) and prevalence (%) in fresh 

fecal samples collected from 844 beef calves < 1 year of age from November 2016 to February 2017 on 43 cow-calf operations in 

western Canada.  

 

Strongyle-type spp.   Nematodirus spp.   Trichuris spp.  

Prevalence 

 

Fecal egg counts 

(EPG)1 
 

Prevalence  

 

Fecal egg counts 

 (EPG) 
 

Prevalence  

 

Fecal egg counts 

 (EPG) 

Mean2 

(±SD3) 

Median 

(IQR4) 
Range 

 Mean 

(±SD) 

Median 

(IQR) 
Range 

 Mean 

(±SD) 

Median 

(IQR) 
Range 

  

Overall 91.4  

 

17.9 

(20.3) 

11.7 

(22.0) 

0-178 
 

30.8 

 

0.8 

(2.9) 

0 

(0.3) 

0-36 
 

33.3 

 

0.6 

(2.0) 

0 

(0.3) 

0-32 

Deworming status               

Not dewormed 98.6  

 

20.8 

(20.8) 

14.7 

(22.7) 

0-178 
 

32.6 

 

0.9 

(3.3) 

0 

(0.3) 

0-36 
 

39.4 

 

0.8 

(2.3) 

0 

(0.7) 

0-32 

Dewormed 71.6 

 

9.9 

(16.6) 

3.3 

(12.3) 

0-131 
 

25.8 

 

0.3 

(0.9) 

0 

(0.3) 

0-6 
 

14.2 

 

0.2 

(0.5) 

0 

(0) 

0-4 

Weaning status               

Not weaned 99.3 

 

25.0 

(24.5) 

17.7 

(26.0) 

0-178 
 

36.2 

 

1.3 

(4.3) 

0 

(0.7) 

0-36 
 

40.9 

 

0.8 

(1.9) 

0 

(0.7) 

0-16 

Weaned 87.4 

 

14.4 

(16.9) 

8.7 

(19.0) 

0-131 
 

28.1 

 

0.5 

(1.8) 

0 

(0.3) 

0-23 
 

29.6 

 

0.5 

(2.0) 

0 

(0.3) 

0-32 

Sampling period               

Fall 90.2 

 

19.2 

(23.5) 

11.0 

(23.0) 

0-178 
 

30.0 

 

0.8 

(3.3) 

0 

(0.3) 

0-36 
 

29.6 

 

0.5 

(1.4) 

0 

(0.3) 

0-15 

Winter 92.6 

 

16.4 

(16.2) 

12.0 

(19.3) 

0-86 
 

31.7 

 

0.7 

(2.3) 

0 

(0.5) 

0-31 
 

37.4 

 

0.8 

(2.5) 

0 

(0.7) 

0-32 

Summer grazing system               

Continuous 89.4 16.7 

(23.4) 

9.0 

(19.7) 

0-178 
 

19.2 

 

0.3 

(0.8) 

0 

(0) 

0-5 
 

32.3 

 

0.5 

(1.6) 

0 

(0.3) 

0-15 

Rotational 94.9 

 

19.7 

(20.5) 

12.7 

(22.8) 

0-101 
 

35.8 

 

0.8 

(3.2) 

0 

(0.3) 

0-36 
 

36.8 

 

0.6 

(1.9) 

0 

(0.3) 

0-27 

Intensive  85.3 16.6 5.8 0-61  26.4 0.6 0 0-5  14.7 0.1 0 0-1 
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 (19.3) (27.7)  (1.3) (0.3)  (0.2) (0) 

Combination 89.9 

 

17.1 

(18.1) 

12.0 

(18.3) 

0-130 
 

33.9 

 

1.0 

(3.4) 

0 

(0.5) 

0-32 
 

32.6 

 

0.7 

(2.4) 

0 

 (0.3) 

0-32 

Access to community pastures               

No access 95.5 

 

17.0 

(19.8) 

15.3 

(21.3) 

0-131 
 

35.2 

 

0.8 

(3.2) 

0 

(0.7) 

0-6 
 

21.8 

 

0.7 

(2.0) 

0 

(0) 

0-27 

Had access  90.2 

 

21.2 

(21.9) 

10.3 

(21.3) 

0-178  29.6 

 

0.6 

(1.2) 

0 

(0.3) 

0-36  36.4 

 

0.4 

(2.1) 

0 

(0.7) 

0-32 

Herd size               

cow-calf pairs ≤ 300 89.9 

 

17.9 

(21.0) 

11.7 

(22.0) 

0-178 
 

31.0 

 

0.9 

(3.2) 

0 

(0.3) 

0-36 
 

32.3 

 

0.5 

(1.4) 

0 

(0.3) 

0-16 

cow-calf pairs > 300 96.0 

 

17.9 

(17.9) 

11.7 

(22.0) 

0-86 
 

30.2 

 

0.4 

(0.8) 

0 

(0.3) 

0-5 
 

36.7 

 

0.9 

(3.2) 

0 

(0.3) 

0-32 

1Eggs per gram of feces 

2Presented as the arithmetic mean 

3Standard deviation 

4Interquartile range  
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Table 2.3. Final generalized estimating equation models for the predicted mean fecal egg counts (eggs per gram of feces) and 

predicted prevalence (%) of gastrointestinal nematodes in fresh fecal samples collected from 810 beef calves < 1 year of age from 

November 2016 to February 2017 on 41 cow-calf operations in western Canada. 

Note: The overall model predicted P-value for the effect of the summer grazing system on Nematodirus spp. prevalence was 0.011.  

1Estimated using a binomial distribution, logit link function, exchangeable correlation structure, and robust standard errors 

 Fecal egg count1,2 

Strongyle-type spp.   Nematodirus spp.  Trichuris spp. 

Count 

ratio 
95% CI3 P-value 

 
   

 
   

Deworming status            

Not dewormed Ref4     NE5    NE  

Dewormed 0.52 0.27-0.99 0.045         

 Prevalence6 

 

Strongyle-type spp.   Nematodirus spp.  Trichuris spp.  

Risk 

ratio 95% CI P-value  Risk 

ratio 
95% CI P-value 

 Risk 

ratio 
95% CI P-value 

            

Deworming status            

Not dewormed Ref        Ref   

Dewormed 0.04 0.01-0.25 0.001      0.26 0.08-0.80 0.02 

            

Summer grazing system            

Continuous     Ref       

Rotational     2.46 1.29-4.70 0.006     

Combination      2.09 1.16-3.75 0.01     

            

Access to community pasture            

No access         Ref   

Had access          0.425 0.25-0.74 0.002 
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2Estimated for strongyle-type egg spp. only 

3Confidence interval  

4Reference category 

5Not estimated due to distinctly low fecal egg counts 

6Estimated using a negative binomial distribution, log link function, exchangeable correlation structure, and robust standard errors  
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Table 2.4. Alpha and beta diversity comparisons of average species diversity (estimated by the 

inverse Simpson index) and mean relative composition of gastrointestinal nematodes, 

respectively, of 41 herd-level third stage larvae pools obtained from fresh fecal samples of 799 

calves < 1 year of age from cow-calf operations in Alberta (AB; n = 23), Manitoba (MB; n = 10), 

and Saskatchewan (SK; n = 9) sampled from November 2016 to February 2017.   

 Province  P-value 

AB MB SK AB vs MB AB vs SK MB vs SK 

Inverse Simpson 

index (±SEM)1 

1.79 

(0.34) 

2.15 

(0.43) 

1.93 

(0.14) 
0.03 0.02 0.23 

        

Relative species composition, % (±SEM) 

Ostertagia ostertagi 50.8 

(2.9) 

34.7 

(6.1) 

56.0 

(2.8) 

 
0.02 0.19 0.003 

Cooperia oncophora 47.7 

(2.9) 

35.3 

(4.1) 

39.9 

(2.5) 
0.02 0.04 0.35 

Cooperia punctata 0.10 

(0.10) 

28.2 

(5.9) 

2.3 

(0.60) 
0.001 0.001 0.001 

Note: overall significance estimated by one-way ANOVA for inverse Simpson index was P < 

0.001 

1Standard error of the mean 
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Figure 2.1. (A) Arithmetic mean fecal egg counts of gastrointestinal nematodes (GIN) and (B) relative GIN species composition 

determined by ITS-2 rDNA nemabiome metabarcoding of 41 herd-level third stage larvae pools (250 larvae per pool) obtained from 

fecal samples of 799 calves from western Canadian cow-calf operations (n = 23, 10, and 9 herds from Alberta, Manitoba, and 

Saskatchewan, respectively). Bars represent 100% of the larvae in a sample. Numbers from 1 to 41 on the X-axis indicate herd 

identifications. EPG = eggs per g of feces.
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 EFFECTS OF GASTROINTESTINAL NEMATODE FECAL 

EGG COUNT INTENSITY AND SERUM OSTERTAGIA OSTERTAGI 

TITERS ON THE ANTIBODY RESPONSE TO BOVINE VIRAL 

DIARRHEA VIRUS VACCINE ANTIGENS IN FEEDLOT CATTLE FROM 

WESTERN CANADA 

Eranga De Seram, John Campbell, Colleen Pollock, Samantha Ekanayake, Karen Gesy, John 

Gilleard, Gregory Penner, Fabienne Uehlinger 

 

Fall-weaned calves from cow-calf operations, selected for feedlot fattening programs, 

carry GIN infections that they acquire during their first grazing season to feedlots. 

Gastrointestinal nematodes compromise the host’s humoral immune response to non-parasitic 

vaccine antigens in humans, swine, and rodents, but studies are limited in beef cattle. 

Immunization against infectious diseases is a routine practice in most feedlots in western 

Canada; therefore, a feedlot is an ideal environment to investigate the GIN effects on the non-

parasitic vaccine antibody response in cattle. As emphasized by the results of Chapter 2, 

determining the impact of GIN infections in young beef cattle is crucial in western Canada. 

Chapter 2 highlighted that the overall GIN prevalence was high, FEC intensity was low, but the 

adverse impact might still be there. Those predominant GIN species (O. ostertagi and C. 

punctata) identified were considered pathogenic. The provincial predominance of C. Punctata 

could suggest a potential anthelmintic resistance, which, if present, could compromise response 

to vaccination in the future. Immunization against infectious diseases is a routine practice in 

most feedlots in western Canada. Given that feedlot cattle are a significant source of revenue for 

beef producers in western Canada, it is essential to investigate the effects of GIN infection on 

their non-parasitic vaccine response. Therefore, in Chapter 3, the effect of FEC intensity and 

serum O. ostertagi antibody titers upon arrival at the feedlot on the BVDV-type 1 vaccine 

antibody response was assessed in fall-weaned beef calves from western Canada. The study 

found no significant effects of GIN infection intensities and serum O. ostertagi ELISA antibody 

titers on the BVDV-type 1 vaccine antibody response.  
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3.1 Abstract 

Swine and rodent-based experiments suggest that immune responses induced by 

gastrointestinal nematodes (GIN) can compromise the host's ability to mount effective immune 

responses against non-parasite vaccine antigens. Comparative studies from cattle are limited. The 

objective of this study was to determine if GIN fecal egg count (FEC) intensity or serum 

Ostertagia ostertagi antibody titers have an impact on the antibody response to non-parasitic 

vaccine antigens in feedlot cattle from western Canada. A cross-sectional study was conducted 

using 240 auction market-derived, fall-weaned calves. The vaccination and deworming history of 

calves were unknown. Upon feedlot entry, calves were administered a commercial vaccine 

containing modified live BVDV. Individual blood samples were collected immediately before 

vaccination and 21 days post-vaccination to determine serum neutralizing antibody titers against 

BVDV type 1 antigen. Individual fecal samples were collected at arrival to obtain FEC using a 

modified Wisconsin sugar flotation. Antibody titers against O. ostertagi were determined in 

arrival blood samples using ELISA. Fecal egg counts and O. ostertagi titers did not correlate 

with vaccine antibody fold changes. Similarly, FEC intensity and O. ostertagi titers were not 

associated with vaccine-induced seroconversion. The lack of association between FEC intensity 

and BVDV type 1 vaccine antibody response may be due to the overall low FEC, which suggests 

a low GIN burden. Further studies are warranted to assess the impact of GIN infection on BVDV 

type 1 antibody response > 21 days post-vaccination in calves with know vaccination and 

deworming history.  
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3.2 Introduction 

Helminths such as gastrointestinal nematodes (GIN) are a threat to the productivity of 

livestock worldwide (Hawkins, 1993). Helminth infections trigger diversified responses in the 

host immune system, primarily directed towards the parasite expulsion and the prevention of new 

establishment (Kullberg et al., 1992; Gasbarre et al., 2001a). However, most parasites are also 

capable of modulating these host immune responses to successfully establish within the host 

(McNeilly and Nisbet, 2014). These integrated host-parasite immune responses could potentially 

decrease the host's ability to mount a robust immune response against non-parasitic antigens. 

Experimental studies in rodents and pigs have reported negative consequences of GIN infection 

on the host response to non-parasitic vaccine antigens (Su et al., 2006; Steenhard et al., 2009).   

Comments on the potential effect of GIN on vaccination can be found throughout the 

literature; however, only a limited number of studies have addressed this issue in cattle. Yang et 

al. (1993a) detected decreased antibody responses to Brucella abortus and infectious bovine 

rhinotracheitis vaccines in experimentally GIN infected calves, while others did not (Yang et al., 

1993b; Schutz et al., 2012). Based on the peer-reviewed literature, the effects of GIN on 

vaccination in naturally infected cattle had been explored only once in dairy cattle with no 

significant association between O. ostertagi antibody titers and host response to rabies vaccine 

antigens (Charlier et al., 2013).     

Immunization of beef cattle at a young age against regionally significant diseases is a 

common management practice to improve animal health status and reduce potential economic 

losses. For instance, recent data from western Canadian cow-calf operations indicates that most 

producers practice vaccination of unweaned calves for clostridial infection and respiratory 

viruses (Waldner et al., 2019). Bovine viral diarrhea virus (BVDV) is an immune-suppressive 

agent and can potentiate other diseases such as the bovine respiratory disease complex, one of 

the primary reasons for morbidity in the feedlot in western Canada (Campbell, 2004; Davis-

Unger et al., 2019). Immunization of cattle against BVDV in the early feedlot phase is, therefore, 

recommended to prevent potential adverse impacts associated with the infection (Griebel, 2015). 

The suboptimal efficacy of common anthelmintics against GIN in beef cattle has been 

recently reported in western Canada (Avramenko et al., 2017). Suboptimal drug efficacy in 

multiple beef herds across western Canada suggests a widespread anthelmintic resistance, which 

may pose a higher risk for increased GIN burden. Potentially increased GIN burden associated 
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with suboptimal drug efficacy might have adverse effects on the immune response in beef cattle 

in the region. 

To date, there is no information available in the literature on the potential association 

between GIN infection intensity and the ability to mount an immune response against BVDV 

vaccine antigens. It is crucial to investigate such relationships to develop evidence-based 

integrated programs for parasite control and vaccination against infectious diseases. For those 

reasons, the objectives of this study were to determine the potential effects of GIN FEC intensity 

and serum antibody titers against O. ostertagi on the antibody response to BVDV type 1 vaccine 

antigen in feedlot calves from western Canada.  

3.3 Material and methods 

3.3.1 Animals  

The use of cattle in this study was approved by the University of Saskatchewan’s Animal 

Care Committee (Protocol number: AUP 20170028), and they were handled and cared according 

to the guidelines of the Canadian Council on Animal Care 2009 (Ottawa, ON, Canada). 

A cross-sectional observational study was conducted using 240 (238 steers and two bulls) 

auction market-derived (Saskatoon Livestock Sales Ltd, Saskatoon, SK, Canada), fall-weaned 

calves at a research feedlot facility (University of Saskatchewan, Saskatoon, SK, Canada) from 

mid-October to mid-November 2017. Weaned beef calves purchased from an auction market in 

Saskatchewan were selected as the study population to increase the probability of having a 

representative sample from herds in western Canada. Purchased calves were chosen to ensure a 

target body weight of 275 to 300 kg. A convenience sample of calves in the targeted weight 

range was purchased on four different auction dates, and all calves arrived at the feedlot within 

two weeks. Deworming status, vaccination status, disease status, and the exact origin and age of 

calves were unknown. 

Calves remained healthy throughout the study, with no signs of clinically apparent 

parasitic gastroenteritis, respiratory infections, or other diseases as per the feedlot staff’s regular 

health monitoring. 
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3.3.2 Study design 

Each calf's individual feedlot arrival date was considered day 0 of the study for that calf. 

On arrival, each calf was weighed, ear-tagged with a unique feedlot identification number, and 

implanted (Ralgro®, Merck Animal Health, QC, Canada). The mean body weights of all calves 

upon arrival at the feedlot was 276 kg (standard deviation ± 18.6). Individual fecal samples (per 

rectum) for determination of GIN fecal egg count (FEC) and blood samples (jugular or tail vein) 

for determination of pre-vaccination BVDV type 1 and O. ostertagi antibody titers were also 

collected. Subsequently, each calf was immunized according to manufacturers' instructions with 

a modified-live vaccine that contained infectious bovine rhinotracheitis virus, BVDV types 1 and 

2, parainfluenza-3 virus, bovine respiratory syncytial virus, and modified-live Mannheimia 

haemolytica and Pasteurella multocida (Vista® Once SQ, Merck Animal Health, QC, Canada). 

A clostridial and Histophilus somni bacterin-toxoid (Vision® 8 Somnus, Merck Animal Health, 

QC, Canada) was also administered.  

Following vaccine administration, calves were kept in pens with a capacity of 13 animals 

per pen. The arrival sequence was followed when assigning calves to pens. Individual blood 

samples were again collected at 21 days post-vaccination of each calf to determine BVDV type 1 

post-vaccination antibody titers. 

Calves were fed a standard barley-based diet that contained barley silage, barley grain, 

alfalfa hay, canola meal, and pelleted supplement as a total mixed ration on a dry matter basis for 

ad libitum intake throughout the study.  

3.3.3 Laboratory analysis 

3.3.3.1 Fecal sample processing and fecal egg counts 

Fecal samples were collected into plastic bags (trapped air was removed to facilitate 

anaerobic conditions), labeled, and immediately sent to the laboratory (University of 

Saskatchewan, Saskatoon, SK, Canada) in an insulated container. Samples were stored in a 

refrigerator (4°C) until being processed within five days of collection.  

Gastrointestinal nematode FEC from individual samples were obtained by a modified 

Wisconsin sugar floatation technique at a theoretical minimum detection limit of 0.2 eggs per 

gram of feces (EPG) (Ito, 1980). A sample of 5 g was used to obtain the FEC. Based on their 

unique morphology strongyle-type, Nematodirus spp. or Trichuris spp. eggs were differentiated 
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and reported as EPG. An overall GIN FEC was calculated for the data analysis by adding the 

EPG values of all three morphologically distinct GIN groups together. 

3.3.3.2 Blood sample processing 

Pre- and 21 days post-vaccination blood samples were collected into 10 mL vacutainer 

serum tubes (BD Vacutainer, Franklin Lakes, NJ, USA), kept in an insulated container, and 

immediately sent to the laboratory following each collection.  

Blood samples were centrifuged (3000 × g, room temperature, 10 min), and serum was 

separated within 24 hours of collection. Serum was sub-sampled into 2 mL aliquots and stored at 

−80°C until being analyzed for pre- and post-vaccine antibody titers against BVDV type 1 and 

arrival antibody titers against O. ostertagi.  

3.3.3.3 Ostertagia ostertagi antibody ELISA 

Antibody titers (IgG) against O. ostertagi in serum samples were measured with a 

commercial kit according to the manufacturer's protocol with minor modifications 

(SVANOVIR® O. ostertagi-Ab, Boehringer Ingelheim Animal Health, Uppsala, Sweden). In 

brief, serum samples at room temperature (~20 to 23°C) were diluted (1:140 dilution) in 

phosphate-buffered saline (PBS)-Tween 20 (pH 7.2) (Colwell et al., 2014). Triplicates of 

negative and positive control serum (100 µL each) were added to the selected wells in antigen-

coated 96-well plates. Similarly, 100 µL of diluted serum samples were added in triplicate. 

Covered plates were incubated at room temperature for one hour. Plates were then washed five 

times with PBS-Tween 20. Subsequently, 100 µL of horseradish peroxidase conjugate were 

added to each well and incubated at room temperature for one hour. Following five PBS-Tween 

20 washes, 100 µL of substrate solution were added to each well and incubated in the dark for 30 

min at room temperature. Subsequently, 50 µL of stop solution were added to each well, and 

optical densities (OD) of controls and samples were read within 15 min at 415 nm using a 

microplate absorbance reader (iMark™, Bio-Rad Laboratories, CA). Antibody titers against O. 

ostertagi were expressed as the optical density ratio (ODR), which was calculated according to 

the following formula in the manufacturer's protocol:  

ODR = (optical density of the sample – optical density of the negative control) / (optical 

density of the positive control – optical density of the negative control) 
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3.3.3.4 Determination of bovine viral diarrhea virus type 1 antibody titers 

Pre- and post-vaccination antibodies against BVDV type-1 were determined with a serum 

neutralization assay in a commercial laboratory (Prairie Diagnostic Services Inc., Saskatoon, SK, 

Canada) as described by Waldner and Campbell (2005). Briefly, serum samples were heated at 

56°C for 30 min to inactivate complement components. A virus back-titration procedure was 

used to determine an appropriate virus dilution. Heat inactivated serum samples were diluted 

using a 3-fold dilution and added in duplicate to selected wells in 96-well tissue culture plates. A 

diluted positive and negative control was also added in duplicate. The diluted virus was added to 

each well and incubated at 37°C in CO2 for two hours. Following the incubation, a cell 

suspension that was prepared with bovine tracheal cells was added to each well. Plates were 

sealed and incubated at 37°C for seven days. After the end of the incubation, plates were 

observed for cytopathic effects using an inverted microscope. The average of the respective 

dilution and the next lower dilution were considered as the titer for a particular sample when 

cytopathic effects were present in only one of the duplicated wells for that sample.  

The threshold for the antibody dilution accurately detected by the serum neutralization 

test was 1:6 (i.e., the titer of 6). However, to facilitate the calculation of antibody fold changes, 

serum samples with a titer of < 6 serum neutralizing titer was assigned an arbitrary value of 3, 

assuming serum samples with a titer of < 6 had half of the threshold antibody level detected by 

the test. The fold change in antibody titers against BVDV type 1 antigen was then calculated as 

follows: 

Antibody fold change = 21 days post-vaccination titer / pre-vaccination titer. 

Calves with an antibody fold change ≥ 4 were considered to have seroconverted (Menanteau-

Horta et al., 1985).  

3.3.4 Data analysis 

3.3.4.1 Descriptive analysis of fecal egg counts  

The prevalence of GIN was calculated as the percentage of fecal samples positive for the 

presence of at least one GIN egg identified visually based on morphology by microscope. The 

normality of FEC was inspected using frequency histograms, boxplots, and the Shapiro-Wilk test 

(threshold P > 0.05). Fecal egg counts were not normally distributed. The geometric mean (± 

standard deviation) was, therefore, calculated to facilitate the interpretation of non-normal data. 
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A constant of 0.2, the theoretical minimum detectable EPG, was added to all EPG values to 

avoid the ignorance of zero egg counts in the geometric mean calculation and then subtracted 

from the results.  

3.3.4.2 Descriptive analysis of serum O. ostertagi antibody titers 

Negative ODR values were considered to have no or undetectable levels of antibody 

titers; therefore, they were assigned a zero in calculations. The prevalence of serum O. ostertagi 

titers was calculated as the percentage of samples with an ODR > 0. Ostertagia ostertagi titers 

were normally distributed; therefore, the arithmetic mean (± standard deviation) of the ODR was 

calculated and reported.  

3.3.4.3 Descriptive analysis of pre- and post-vaccination BVDV type 1 antibody titers, 

antibody fold change, and seroconversion 

Pre- and post-vaccination antibody titers and the antibody fold change were not normally 

distributed. Therefore, medians and the range were reported. The proportion of calves that 

seroconverted was computed against each pre-vaccination BVDV type 1 antibody titer. A 

numerical trend for a gradual decrease in seroconversion was detected with increasing pre-

vaccination antibody titers. Therefore, five categories for pre-vaccination antibody titers were 

created: antibody titers of < 6 (n = 118) were included in category 1. Category 2 was created by 

combining titers of 6 (n = 13), 12 (n = 28), and 18 (n = 11). Category 3 contained titers of 36 (n 

= 15), 54 (n = 7), and 108 (n = 13); category 4 included titers of 162 (n = 7), 324 (n = 10), and 

486 (n = 1). Titers of 972 (n = 6), 1458 (n = 5), 2916 (n = 4), and 4374 (n = 2) made up category 

5. The sole reason for combining pre-vaccination antibody titers in this manner was to obtain a 

reasonable sample size for each category. The percentage of seroconverted calves for each pre-

vaccination antibody titer category was represented in a bar chart.   

Pre-vaccination antibody titers and their categories were used to stratify the relationships 

between FEC and serum O. ostertagi titers with the BVDV type 1 antibody fold change as 

described below.  
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3.3.4.4 Determination of the correlation between fecal egg count intensity and BVDV type 1 

antibody fold change  

The Spearman's rank correlation coefficient was used to determine the relationship 

between FEC intensity and antibody fold changes because log-transformation (base e) did not 

result in a normal distribution (primary assumption for Pearson correlation) of either variable. 

Firstly, the overall correlation between FEC and antibody fold change was determined. 

Secondly, FEC were sorted by each pre-vaccination BVDV type 1 antibody titer category. 

Subsequently, the correlation between FEC and the antibody fold change was determined for 

each pre-vaccination BVDV type 1 antibody titer category. The estimated correlation coefficient 

(r) was declared significant when P < 0.05. The strength of the correlation was expressed as per 

Akoglu (2018) with minor modifications. In brief, if r = 0 to 0.3 (– 0.3 to 0), > 0.3 to 0.6 (–0.6 to 

< –0.3), > 0.6 to 0.9 (–0.9 to < –0.6), and > 0.9 to 1.0 (–1.0 to < –0.9), the strength of the 

correlation was reported as weakly positive (negative) to none, moderately positive (negative), 

strongly positive (negative), and perfectly positive (negative), respectively. 

3.3.4.5 Determination of the association between fecal egg count intensity and 

seroconversion to BVDV type 1 antigen  

The association between FEC and seroconversion was determined using a binary logistic 

regression model accounting for pre-vaccination BVDV type 1 titers. Firstly, FEC and pre-

vaccination titers were assessed as continuous predictors in univariable models with a level of 

significance set at P ≤ 0.20. Pre-vaccination titers had a significant univariable association (P = 

0.001) with seroconversion. Therefore, pre-vaccination titers were considered in the 

multivariable model. FEC did not have a significant univariable association with seroconversion 

(P = 0.88) but was forced into the multivariable model as a fixed effect. Predictors were assessed 

and confirmed to have no collinearity. Multivariable associations were assessed at P < 0.05.  In 

the multivariable model, pre-vaccination titers were significant but violated the linearity 

assumption. Consequently, the pre-vaccination titer was included as a categorical predictor 

variable in the final model with FEC. The overall significance of categorized pre-vaccination 

titers in the multivariable model was determined with the Wald test at P < 0.05.  
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3.3.4.6 Determination of the correlation between serum O. ostertagi antibody titers and 

BVDV type 1 antibody fold change  

The relationship between serum O. ostertagi titers and the BVDV type 1 antibody fold 

change was also assessed using the Spearman's rank correlation coefficient. The overall and the 

stratified correlation coefficients by pre-vaccination BVDV type 1 titer categories were 

determined similarly to the method described for the correlation determination between FEC 

intensity and antibody fold change. 

3.3.4.7 Determination of the association between serum O. ostertagi antibody titers and 

seroconversion to BVDV type 1 antigen  

A binary logistic regression model was used to determine the association between serum 

O. ostertagi titers and seroconversion. Pre-vaccination BVDV type 1 titer categories were 

included in the model as a predictor variable due to its significant univariable association with 

seroconversion (P < 0.001). Pre-vaccination titers were only assessed as a categorical predictor 

to be consistent with the final multivariable model of determining the association between GIN 

FEC and seroconversion. Serum O. ostertagi titers did not have a significant univariable 

association (P = 0.99) with seroconversion but were forced into the multivariable model. 

Ostertagia ostertagi titers, as a continuous predictor, met the linearity assumption in the final 

model. 

Data were analyzed using Stata/SE 15.1 software (StataCorp LLC, TX, USA). 

3.4 Results 

3.4.1 Distribution of fecal egg counts, serum O. ostertagi titers, pre- and post-vaccination 

BVDV type 1 serum neutralization titers and antibody fold change  

The FEC of calves ranged from 0 to 209 EPG, with a geometric mean of 4.9 (± 3.6) EPG 

(Figure 3.1A). The prevalence of GIN egg positive fecal samples at arrival was 96.3% (231/240). 

Serum antibody titers at day 0 against O. ostertagi ranged from 0 to 1.131 ODR, with a mean of 

0.378 (± 0.256) ODR (Figure 3.1B). Ostertagia ostertagi titers were detectable in 91.7% 

(220/240) of calf serum samples.  

The median pre-vaccination BVDV type 1 titer was 6, and the range was < 6 to 4374 

(Figure 3.2A). Almost half (118/240; 49.1%) of the calves had undetectable levels of pre-
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vaccination titers. Post-vaccination BVDV antibody titers ranged from < 6 to 26244, with a 

median of 162 (Figure 3.2A).  

The antibody fold change against BVDV type 1 vaccine antigens ranged from 0.33 to 

2916 (Figure 3.2B). The median antibody fold change was 18. Overall, 72.5% (174/240) of 

calves seroconverted based on an antibody fold change of  ≥ 4. A decreased BVDV antibody 

response (i.e., < 1 antibody fold change) occurred in 8.8% (21/240) of calves following 

vaccination. In 6.7% (16/240) of calves, the titer remained unchanged following vaccination (i.e., 

antibody fold change = 1). The percentage of calves that had a BVDV antibody fold change 

between 1 and 4 was 12.1% (29/240).  

The percentages of seroconverted calves in pre-vaccination titer categories 1, 2, 3, 4, and 

5 were 97.5, 63.5, 45.7, 33.3, and 23.5%, respectively (Figure 3.3). 

3.4.2  Correlation between fecal egg count intensity and BVDV type 1 antibody fold change  

Overall, there was no correlation between the FEC and the antibody fold change against 

BVDV type 1 vaccine antigens (r = 0.01, P = 0.88; Table 3.1). Significant correlations were also 

not evident between the FEC and the BVDV type 1 antibody fold change when the relationship 

was stratified by pre-vaccination titer category 1 (r = −0.06, P = 0.49), 2 (r = −0.003, P = 0.98), 

4 (r = 0.34, P = 0.13), and 5 (r = −0.12, P = 0.64), respectively). However, there was a moderate 

negative correlation between the FEC and the antibody fold change in the pre-vaccination 

BVDV type 1 antibody titer category 3 (r = −0.58, P < 0.001). 

3.4.3 Association between fecal egg count intensity and seroconversion against BVDV type 

1 vaccine antigens  

There was no difference in the odds of BVDV type 1 antibody seroconversion with every 

EPG increase of FEC between seroconverted and non-seroconverted calves when accounting for 

pre-vaccination antibody titers (P = 0.218; Table 3.2).  

3.4.4 Correlation between O. ostertagi titers and BVDV type 1 antibody fold change  

The overall correlation between arrival serum O. ostertagi titers and the BVDV type 1 

antibody fold change was not significant (r = 0.02, P = 0.73; Table 3.1). Similarly, O. ostertagi 

titers did not correlate with antibody fold changes for pre-vaccination antibody titer categories 1 

(r = 0.11, P = 0.24), 2 (r = −0.15, P = 0.28), 3 (r = −0.14, P = 0.47), and 5 (r = 0.10, P = 0.71). 
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Ostertagia ostertagi titers had a moderate positive correlation with antibody fold changes in the 

pre-vaccination antibody titer category 4 (r = 0.47, P < 0.049).  

3.4.5 Association between serum O. ostertagi titers and seroconversion against BVDV type 

1 vaccine antigens  

The odds of seroconversion with every ODR increase of serum O. ostertagi titer were not 

different between seroconverted and non-seroconverted calves (P = 0.88; Table 3.2). 

3.5 Discussion 

Overall, the results of the present study revealed a lack of correlation between an 

antibody fold change against BVDV type 1 vaccine antigens and the FEC. Similarly, serum O. 

ostertagi titers did not have a distinct relationship with the BVDV type 1 antibody fold change. 

Interestingly, moderately negative and positive correlations were significant between the FEC 

and the antibody fold change, and the serum O. ostertagi and the antibody fold change when the 

relationship was stratified by pre-vaccination antibody titer categories 3 and 4, respectively. 

These findings must be interpreted with caution. While a negative association between the FEC 

and seroconversion to BVDV type 1 antigens would be expected, finding it only with one 

category of the pre-vaccination antibody titer makes it challenging to interpret. It is possible that 

the small sample sizes for each seroconversion category decreased the statistical power to assess 

the relationships accurately. Furthermore, these statistically significant relationships were not 

distinguishable in descriptive scatter plots (data not shown).  

The lack of a relationship between the FEC intensity and the BVDV type 1 antibody 

response is consistent with other literature. For instance, in a trial conducted in the US with 

experimentally infected dairy bull calves, no difference was detected between the antibody 

response to BVDV vaccination in untreated calves with higher FEC and dewormed calves with 

lower FEC (Schutz et al., 2012). Also, in agreement with our findings, serum O. ostertagia 

antibody titers did not have a significant relationship with the rate of antibody increase and 

decrease against rabies vaccination in naturally infected grazing dairy cows (Charlier et al., 

2013). In contrast, antibody responses to Brucella abortus and infectious bovine rhinotracheitis 

vaccines in calves experimentally infected with a known quantity of O. ostertagi increased in the 

dewormed group compared to the control group (Yang et al., 1993a). It is noteworthy that these 
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studies are not entirely comparable to each other for many reasons (e.g., different age groups and 

breeds, experimental and natural infections, type of vaccine antigens).  

The proportion of seroconverted animals in an intensive beef operation is a crucial 

criterion to understand vaccine-induced protection against a particular infectious disease. The 

increasing proportion of seroconverted cattle to vaccination means a robust herd immunity. In 

the present study, the association between seroconversion against BVDV type 1 and FEC 

intensity was estimated. Fecal egg count intensity was not associated with the proportion of 

seroconverted calves. Similarly, serum O. ostertagi titers had no association with seroconversion 

in these calves. Approximately three fourth of calves were seroconverted 21 days following 

vaccination, suggesting that the level of GIN infection intensity in these calves was not sufficient 

to compromise the immune response against BVDV type 1 vaccine antigens. Determining the 

association of pre-vaccination antibody titers with seroconversion was not an objective in the 

present study. However, there was a strong negative association between pre-vaccination 

antibody titers and seroconversion in these steers.  

The low level of GIN burden in these calves, as suggested by the overall low FEC, could 

be a possible reason for the lack of an association between the FEC intensity and the BVDV type 

1 vaccine antibody response. Fecal egg counts of calves in western Canada are typically low, on 

average ranging from 8 to 20 EPG (Jelinski et al., 2016; Avramenko et al., 2017; Wills et al., 

2020b). Although the present study did not use a scoring system for clinical GIN infection, none 

of these calves had signs of parasitic gastroenteritis. Therefore, it is reasonable to speculate that a 

subclinical GIN infection with a low parasite burden might not have sufficient negative 

consequences on the beef cattle immune response to non-parasitic vaccines.  

Similar to the FEC, serum O. ostertagi titers were not associated with the BVDV type 1 

antibody response in these calves. While a FEC is providing a rough estimate for the GIN 

infection intensity, O. ostertagi titers primarily indicate host exposure to the parasite (Roeber et 

al., 2013). However, O. ostertagi titers cannot distinguish on-going, recent, or historical GIN 

infections (Roeber et al., 2013). This test primarily detects exposure to O. ostertagi. 

Consequently, O. ostertagi titers may not accurately estimate the association between GIN 

exposure and host antibody response to non-parasitic vaccines. However, crude adult antigens of 

O. ostertagi in the test kit are known to cross-react with antibodies to several other GIN;  
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therefore, exposure to GIN other than Ostertagia is conceivably also assessed to some extent 

(Keus et al., 1981).  

Helminth infections can trigger T-helper 2 (Th2) dependent immune responses in the host 

(Nutman, 2015). Helminth-directed immune responses may suppress the host's ability to mount 

robust immune responses against vaccine antigens that depend on other T-helper cell polarization 

(e.g., Th1, Th17, T follicular helper cells) and induce those responses that rely on Th2 type 

polarization (Siegrist, 2018). In support of this, in mice, Heligmosomoides polygyrus infections 

decreased the serum concentrations of Th1-type cytokine-dependent IgG2a while increasing the 

Th2-type polarization-dependent IgG1 against vaccine antigens of Salmonella strains (Liu et al., 

2004). Also, experimental infection of Litomosoides sigmodontis decreased the T follicular 

helper cell numbers in mice, although its direct effects on T follicular helper cell dependent-

antibody response was not studied (Qin et al., 2018). In contrast, Th1-dependent immune 

responses are mainly responsible for cell-mediated immunity against viral vaccine antigens such 

as BVDV (Stevens et al., 2009). Therefore, it could be hypothesized that, in general, GIN 

infections, which induce a Th2 polarization, have little negative consequences on vaccine-

induced antibody production driven by humoral immunity in cattle. If this notion is valid, it 

might be one of the potential reasons for the absence of measurable adverse effects of the FEC 

intensity and the serum O. ostertagi antibody titers on the BVDV type 1 vaccine antibody 

response. 

Interestingly, however, not all GIN species induce a typical Th2-polarization in cattle. In 

favor of this, several studies have reported mixed Th1- and Th2-driven immune responses in O. 

ostertagi infected calves (Almeria et al., 1997; Claerebout et al., 2005). Ostertagia ostertagi also 

has the capability of regulating the anti-parasitic host immune responses by IL-10-dependent and 

-independent mechanisms (Li et al., 2019). Ostertagia ostertagi is currently the most abundant 

GIN in western Canadian beef cattle (Avramenko et al., 2017). Ostertagia ostertagi was also 

subsequently identified as the predominant GIN in the calves of this study (Chapter 4). The 

mixed immune polarization and immune regulatory mechanisms of O. ostertagi may ultimately 

modulate the host immune system, thereby having negligible effects on non-parasitic vaccine 

antibody responses.  

Another possibility for the lack of adverse effects of GIN infections on BVDV type 1 

vaccine antibody response in these calves is that they already might have acquired some 
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protective host immunity to GIN. Although cattle are generally most susceptible to GIN 

infections up to two years of age, there can be differences in terms of the rate of protective 

immunity development to individual GIN species. For instance, irrespective of the age, cattle 

may acquire protective immunity to C. oncophora more rapidly following an infection (6 to 12 

weeks) than to O. ostertagi (may take up to two years) (Gasbarre et al., 2001b; Verschave et al., 

2016). It is also noteworthy that C. oncophora is one of the most abundant GIN in beef herds in 

western Canada (Avramenko et al., 2017). Therefore, these calves may have already developed 

some protective immunity to some GIN species during their stay on pasture. Consequently, the 

magnitude of the potential impact of the overall GIN infection on those calves’ immune system 

could be reduced, and that might support a robust antibody response to vaccine antigens.  

It is essential to discuss the potential limitations that might influence the results of the 

present study. Fecal egg counts are utilized to estimate the GIN infection intensity in cattle 

(Eysker and Ploeger, 2000). However, as a diagnostic method, the FEC has several limitations. 

For instance, the FEC only provides estimates on the number of mature adult females. Therefore, 

the FEC intensity may be somewhat insensitive in estimating the effects of the actual GIN 

burden on the BVDV type 1 vaccine response in this study. Furthermore, the FEC can vary daily. 

Consequently, correlation and logistic regression estimations made based on a FEC at a single 

time point might not be entirely accurate. Moreover, these calves were auction market-derived; 

therefore, the opportunity was limited to retrieve their vaccination and deworming history. 

However, it is unlikely that calves were dewormed before feedlot entry as deworming of calves 

in the fall is not a common GIN management practice in western Canada (Wills et al., 2020a). 

Approximately 50% of the calves had detectable levels of pre-vaccination serum neutralization 

titers against BVDV type 1. Previous infections, vaccine exposures, and maternal antibodies 

could be potential reasons for these pre-vaccination antibody titers. Moreover, there was no 

attempt to identify cattle persistently infected with BVDV. Persistently infected calves are 

immunocompromised and not capable of mounting an effective immune response to vaccines 

(Khodakaram-Tafti and Farjanikish, 2017). However, persistently infected calves also tend to be 

poor-doers and have repeated infections, neither of which was evident in the calves of this study 

here (Bolin, 2002). Also, the prevalence of persistently infected calves in the feedlot population 

in North America including western Canada is low (< 0.4 %) (Taylor et al., 1995; Loneragan et 

al., 2005). Apart from the GIN infection, factors such as maternal antibodies, host genetics, 
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environmental effects, and concurrent infections can potentially influence the antibody response 

(Rashid et al., 2009). Lastly, assessing the post-vaccination antibody titer at 21 days may have 

been too early to detect an effect of FEC or O. ostertagi titers on the vaccine response as vaccine 

antibody titers against BVDV may take 35 to 42 days to peak (Stevens et al., 2009). However, 

the post-vaccination titer at 21 days should still be sufficient to detect any potential associations 

between the GIN infection intensity (estimated by FEC and O. ostertagi antibody titers) and 

antibody response to BVDV type 1 antigen in the exponential phase of the vaccine response. 

3.6 Conclusion 

In conclusion, the results of the present study suggested that the FEC intensity in weaned 

calves entering feedlots in western Canada in the fall did not have measurable adverse effects on 

the humoral immune response to the BVDV type 1 vaccine antigens. However, further 

investigations are warranted for a definitive conclusion. In future investigations, exploring serum 

neutralization titers > 21 days post-vaccination might be useful. Also, it may be worthwhile to 

investigate the relationship between BVDV vaccine antibody response and FEC intensity in 

untreated calves for GIN with no pre-vaccination titers to avoid the potential effects of 

vaccination and deworm status on this relationship.   
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Table 3.1. Relationship (Spearman rank correlation coefficient) of gastrointestinal nematode 

fecal egg count intensity and serum Ostertagia ostertagi antibody titers with antibody fold 

change against bovine viral diarrhea virus type 1 (BVDV-1) antigen in auction market-derived, 

fall-weaned feedlot calves from western Canada. 

Variables 
Correlation 

coefficient 
P-value 

Fecal egg counts vs. BVDV-1 antibody fold change1   

Overall (n = 240) 0.01 0.88 

By pre-vaccination BVDV-1 antibody titer category2   

Category 1 (n = 118) −0.06 0.49 

Category 2 (n = 52) −0.003 0.98 

Category 3 (n = 35) −0.58 < 0.001 

Category 4 (n = 18) 0.34 0.13 

Category 5 (n = 17) −0.12 0.64 

   

O. ostertagi titers vs. BVDV-1 antibody fold change    

Overall (n = 240) 0.02 0.73 

By pre-vaccination BVDV-1 antibody titer category   

Category 1 (n =118) 0.11 0.24 

Category 2 (n = 52) −0.15 0.28 

Category 3 (n = 35) −0.14 0.47 

Category 4 (n = 18) 0.47 0.049 

Category 5 (n = 17) 0.10 0.71 
1Antibody fold change = post-vaccination titers / pre-vaccination titers. 

2 Category 1: antibody titers of < 6; category 2: antibody titers of 6, 12, and 18; category 3: 

antibody titers of 36, 54, and 108; category 4: antibody titers of 162, 324, and 486; category 5: 

antibody titers of 972, 1458, 2916, and 4374.   
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Table 3.2. Binary logistic regression models for the associations of gastrointestinal nematode 

fecal egg count intensity and the serum Ostertagia ostertagi antibody titers with seroconversion 

against bovine viral diarrhea virus type 1 (BVDV-1) antigen in the auction market-derived, fall-

weaned feedlot calves from western Canada (n = 240). 

Outcome=seroconversion1 Odds ratio (95% CI)2 Coefficient (95% CI) P-value 

Model 1    

Fecal egg counts 0.99 (0.97-1.01) −0.002 (−0.031-0.007) 0.22 

Pre-vaccination BVDV-1 titer3     

Category 1 (n=118) ref ref  

Category 2 (n=52) 0.042 (0.011-0.156) −3.17 (−4.47-−1.86) < 0.001 

Category 3 (n=35) 0.200 (0.005-0.780) −3.91 (−5.27-−2.55) < 0.001 

Category 4 (n=18) 0.012 (0.003-0.056) −4.44 (−5.98-−2.89) < 0.001 

Category 5 (n=17) 0.007 (0.001-0.037) −4.95 (−6.59-−3.33) < 0.001 

    

Model 2    

O. ostertagi antibody titers 0.89 (0.21-3.84) −0.114 (−1.573-1.346) 0.88 

Pre-vaccination BVDV-1 titer     

Category 1 (n=118) ref ref  

Category 2 (n=52) 0.045 (0.126-0.162) −3.10 (−4.38-−1.82) < 0.001 

Category 3 (n=35) 0.022 (0.006-0.083) −3.82 (−5.15-−2.49) < 0.001 

Category 4 (n=18) 0.013 (0.003-0.059) −4.35 (−5.87-−2.83) < 0.001 

Category 5 (n=17) 0.008 (0.002-0.041) −4.82 (−6.42-−3.21) < 0.001 
1Antibody fold changes ≥ 4; antibody fold change was computed by dividing post-vaccination 

titers by pre-vaccination titers. 

2Confidence interval. 

3Category 1: antibody titers < 6; category 2: antibody titers 6, 12, and 18; category 3: antibody 

titers 36, 54, and 108; category 4: antibody titers 162, 324, and 486; category 5: antibody titers 

972, 1458, 2916, and 4374.  
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Figure 3.1. (A) Box plots of gastrointestinal nematode fecal egg counts and (B) serum antibody 

(IgG) titers against Ostertagia ostertagi in auction market-derived, fall-weaned feedlot calves 

from western Canada (n = 240).  
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Figure 3.2. (A) Distribution of pre- and post-vaccination serum neutralization antibody titers and 

(B) antibody fold change against bovine viral diarrhea virus (BVDV) type 1 vaccine antigens in 

auction market-derived, weaned fall-placed feedlot calves from western Canada (n = 240). The 

antibody fold change was computed by dividing post-vaccination titers by pre-vaccination titers.  
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Figure 3.3. Percentage of auction market-derived, fall-weaned feedlot calves (n=240) that 

seroconverted according to pre-vaccination serum neutralization antibody titers against bovine 

viral diarrhea virus (BVDV) type 1 antigens. Pre-vaccination titers were categorized as follows: 

Category 1: antibody titers < 6 (n = 118); category 2: antibody titers 6, 12, and 18 (n = 52); 

category 3: antibody titers 36, 54, and 108 (n = 35); category 4: antibody titers 162, 324, and 486 

(n = 18); category 5: antibody titers 972, 1458, 2916, and 4374 (n = 17).  
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 EVIDENCE FOR WIDESPREAD IVERMECTIN 

RESISTANCE IN MULTIPLE GASTROINTESTINAL NEMATODE 

SPECIES IN WESTERN CANADIAN BEEF CATTLE 

Eranga De Seram, Fabienne Uehlinger, Camila Queiroz, Elizabeth Redman, John Campbell, 

Drue Nooyen, Arianna Morisetti, Colleen Pollock, Samantha Ekanayake, Gregory Penner, John 

Gilleard 

As suggested by the results obtained in Chapter 2, GIN species composition may be 

changing in some western Canadian cow-calf operations, and anthelmintic resistance could be 

one of the reasons for that. From other literature around the world, it is also evident that 

anthelmintic resistance is generally increasing in cattle populations. The presence of 

anthelmintic resistant GIN in western Canadian beef operations has not been formally 

demonstrated to date. Therefore, a FECRT was conducted with fall-weaned feedlot calves 

comparing two treatment and a control group. The ITS-2 rDNA nemabiome metabarcoding was 

integrated with the FECRT to identify anthelmintic resistant GIN species. Also, to detect ML-

resistant hypobiotic larvae, nemabiome data were longitudinally assessed over six months. The 

study revealed that the presence of multiple GIN species resistant to ivermectin, the most 

common anthelmintic currently used in western Canadian beef operations, while a combination 

treatment of ivermectin and fenbendazole was 100% effective. Some of the resistant GIN species 

are highly pathogenic to young cattle, and ivermectin may no longer be efficacious in controlling 

some of the adverse effects of GIN on production performance.  
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4.1 Abstract 

The primary aim of this study was to investigate the presence of anthelmintic resistant 

gastrointestinal nematode parasites in western Canadian beef cattle. The experimental design 

involved sourcing first season calves leaving pasture from multiple locations before randomizing 

into groups to undertake an integrated fecal egg count reduction test and ITS-2 rDNA 

nemabiome metabarcoding in feedlot pens. Two hundred and thirty-four auction market-derived, 

fall-weaned steer calves were strategically randomized to three groups, each with replicates of 

six pens and 13 steers per pen: untreated control group, injectable ivermectin treatment group, 

and injectable ivermectin and oral fenbendazole combination treatment group. Each group was 

sampled for fecal egg counting and ITS-2 rDNA metabarcoding at pre-treatment, day 14 post-

treatment, and at monthly intervals for six months. Ivermectin treatment resulted in an 82.4% 

mean strongyle-type fecal egg count reduction (95% confidence interval 67.8 to 90.4) at 14 days 

post-treatment, confirming the existence of ivermectin resistant GIN. The combination treatment 

was 100% effective. The presence of ivermectin resistant adult Cooperia oncophora was 

revealed by nemabiome metabarcoding of third stage larvae in coprocultures 14 days post-

ivermectin treatment; ivermectin resistance in Cooperia punctata and Haemonchus placei was 

suggested. In contrast, very few Ostertagia ostertagi third-stage larvae were detected in day 14 

coprocultures suggesting adult worms of this species are susceptible to ivermectin. The 

recrudescence of O. ostertagi third stage larvae in coprocultures taken between three to six 

months post-ivermectin treatment suggests the presence of ivermectin resistant hypobiotic 

larvae. Overall, the present study suggested widespread ivermectin resistance in western 

Canadian beef herds in multiple gastrointestinal nematode species. This work also demonstrated 

the value of ITS- 2 rDNA metabarcoding, which revealed the presence of ivermectin resistant O. 

ostertagi hypobiotic larvae.  
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4.2 Introduction 

Anthelmintic resistance is a global issue and a profound threat to sustainable control of 

gastrointestinal nematode (GIN) infections in livestock operations (Sutherland and Leathwick, 

2011). Although the problem was identified much earlier in the sheep industry, anthelmintic 

resistance is now an escalating problem in the cattle industry as well (Sutherland and Scott, 

2010). For instance, a beef study conducted in the US between 2007 and 2008 identified 

suboptimal anthelmintic efficacy in one-third of the participating cow-calf operations (Gasbarre 

et al., 2015). Compromised production performance associated with anthelmintic resistant GIN 

has been reported in young beef cattle, demonstrating the practical significance of the problem 

(Borges et al., 2013; Candy et al., 2018).  

Macrocyclic lactones (ML) are the most common anthelmintic drug class used in beef 

operations worldwide, with numerous reports of individual and multi-drug resistant GIN (Mejía 

et al., 2003; Gasbarre et al., 2009a; Ramos et al., 2016). To date, ML resistance in Cooperia spp. 

has been commonly reported in beef studies from multiple countries, including the US (Mejía et 

al., 2003; Waghorn et al., 2006; Gasbarre et al., 2015; Ramos et al., 2016). Although there are 

increasing reports of ivermectin resistance in Ostertagia ostertagi in several countries as well, 

there is only a single peer-reviewed report from North America (Edmonds et al., 2010; Geurden 

et al., 2015; Waghorn et al., 2016). The risk of ivermectin resistance in O. ostertagi is of 

particular concern as this is a highly pathogenic species.  

The use of ML to control GIN infections is also predominant in western Canadian cow-

calf operations (Wills et al., 2020a). In a recent study, a suboptimal efficacy of pour-on ML (at 

95% threshold for the herd-level fecal egg count (FEC) reduction against GIN was detected in 

20/31 (64.5%) western Canadian cow-calf operations (Avramenko et al., 2017). That study's 

results were based on the efficacy data of producer-applied pour-on ML; therefore, the reduced 

anthelmintic efficacies could be either associated with actual anthelmintic resistance or 

inappropriate dosing and improper drug administration (Avramenko et al., 2017). However, the 

former was supported, at least in part, by the increase in the relative abundance of C. oncophora 

in beef herds with suboptimal ML efficacy following the treatment (Avramenko et al., 2017). 

Nevertheless, the findings emphasized the urgent need for further studies to assess and confirm if 

anthelmintic resistant GIN are prevalent in Canadian beef operations.  
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Demonstration of anthelmintic resistance in beef cattle, particularly in northern US and 

Canada, is a practical challenge due to the difficulty of getting sufficient statistical power due 

low pre-treatment FEC (Stromberg et al., 2015; Avramenko et al., 2017; Wills et al., 2020b). 

Current guidelines available for fecal egg count reduction testing (FECRT) in cattle are not 

standardized and have identified limitations (e.g., minimum attention to the study design and 

statistical analysis, no specifications on 95% confidence limits for the mean percentage FEC 

reduction, and varying detection sensitivities of the FEC methods used) (Kaplan and 

Vidyashankar, 2012; Levecke et al., 2012a). A well-designed trial with an increased number of 

samples may ideally minimize the issue of statistical power when FEC methods with low 

detection limits and statistical analysis that consider the probability distribution of the FEC and 

95% confidence limits are integrated (Levecke et al., 2012a, b; Torgerson et al., 2014). 

The primary objective of the work presented here was to determine if anthelmintic 

resistant GIN are present in beef cattle in western Canada. Spring-born calves in cow-calf 

operations acquire GIN parasite populations while grazing on pastures over the summer before 

entering feedlots for finishing. Consequently, in order to investigate the presence of anthelmintic 

resistant GIN on western Canadian pastures, a large-scale FECRT was conducted on calves 

purchased from an auction market in Saskatchewan, entering a feedlot. In order to identify the 

GIN species that were resistant to anthelmintics, ITS-2 rDNA nemabiome metabarcoding was 

integrated into the FECRT. Further, to detect the presence of ML resistant hypobiotic larvae, 

without resorting to necropsy procedures, monthly fecal sampling and nemabiome 

metabarcoding over a six-month time course was undertaken. 

4.3 Material and methods 

4.3.1 Experimental animal management 

The University of Saskatchewan's Animal Care Committee approval was obtained to use 

steers in this study (Protocol number: AUP 20170028). The guidelines of the Canadian Council 

on Animal Care 2009 (Ottawa, ON, Canada) were followed in caring and handling of steers.  

Two-hundred and thirty-four, fall-weaned steer calves bought at an auction market in 

Saskatchewan (Saskatoon Livestock Sales Ltd, Saskatoon, SK, Canada) were placed in a 

research feedlot facility (University of Saskatchewan, Saskatoon, SK, Canada) in October 2017. 

The exact farms of origin of these steers were unknown. There was a three to five weeks 
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acclimatization period for steers, based on their arrival date at the feedlot before the trial started. 

Upon feedlot arrival, steers were weighed, ear-tagged, vaccinated with clostridial and 

Histophilus somni bacterin-toxoid (Vision 8 somnus, Merck Animal Health, QC, Canada) and 

bovine respiratory disease complex (Vista once SQ, Merck Animal Health, QC, Canada) 

vaccines, implanted (Ralgro, Merck Animal Health, QC, Canada), and given metaphylactic 

antibiotics (Oxyvet 200 LA, Vetoquinol, QC, Canada) as per routine feedlot practice. During the 

acclimatization period, steers were housed in feedlot pens in groups of 13 according to their 

arrival sequence. The acclimatization period ended two days before (day −2) the commencement 

of the trial.  

Steers were fed a standard barley-based feedlot ration, and feedlot staff regularly 

monitored the health of steers.  

4.3.2 Experimental design  

After the end of the acclimatization period, steers were strategically randomized into 

three treatment groups of 78 steers. Each treatment group consisted of six replicated pens with 13 

steers per pen. Treatment groups consisted of untreated control (CTRL), injectable ivermectin 

only (IVM), and the combination of injectable ivermectin and oral fenbendazole (IVM+FZ). 

Fecal egg counts obtained from individual fecal samples collected at feedlot arrival, and body 

weight (BW) measurements on day −1 were used for the strategic randomization of steers to 

ensure a similar median FEC and mean BW across each pen.  

In the strategic randomization approach, cattle were first sorted according to the 

ascending order of their arrival FEC. Then steers were grouped into 13 categories of 18 animals 

each. Three categories of 18 steers were then clustered into a group of 54 animals. Therefore, 

four new clusters of 54 steers per each cluster were formed. The remaining 18 steers were 

considered an individual group. Within clusters, steers were again sorted according to the order 

from lightest to heaviest based on day −1 BW. Once sorted, each cluster was again categorized 

into three categories of 18 steers making 13 categories of 18 in total. Each individual pen was 

given a unique identification number from 1 to 18. A random number from 1 to 18 was pulled 

'out of a hat.' The first animal with the lightest BW in the first category of the first cluster was 

assigned into that pen (e.g., if number 5 was pulled, then the first lightest animal was assigned to 

pen 5, the next will be pen 6 and so on. When pen 18 was reached, then the next animal went to 
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pen 1, then 2, 3, and 4). Randomization was repeated for the rest of the 12 categories of 18 

steers. Following the random assignment of calves into pens, the mean FEC and BW of each pen 

were computed and confirmed that each pen had statistically similar mean FEC and body 

weights (non-parametric and one-way ANOVA were used to compare median FEC and mean 

BW of each pens, respectively). If an individual or multiple pens had highly distinct mean FEC 

and/or BW, the randomization procedure was repeated until obtaining relatively similar numbers. 

The following randomization procedure was used to assign treatments to pens. Pen 

numbers were arranged according to ascending sequential order and categorized into six groups 

with three pens each. Each treatment was assigned a number from 1 to 3 (e.g., no treatment = 1, 

ivermectin = 2, combination treatment of ivermectin and fenbendazole = 3). Then, a treatment 

number was randomly pulled 'out of the hat,' and that number was assigned to the first pen of the 

first group of pens (e.g., if number 1 was pulled out of the hat, then pen number 1 would receive 

no treatment, 2 would be treated with ivermectin, and 3 would be treated with the treatment 

combination). Randomization was repeated for each group of pens. 

Anthelmintics were administered on day 0 of the trial according to individual body 

weights measured on day −1 and as per manufacturer’s recommendations. Injectable ivermectin 

(Ivomec injection 1%, Merial Canada inc., QC, Canada) was administered subcutaneously at 0.2 

mg/kg of body weight. The oral drench of fenbendazole (Safe-guard suspension 10%, Merck 

Animal Health, QC, Canada) was administered at 5 mg/kg of body weight. The control group 

received a pour-on pyrethroid ectoparasiticide (lambda-cyhalothrin) at 10 mL (if < 275 kg) or 15 

mL (if > 275 kg) per steer (Saber, Merck Animal Health, QC, Canada).  

4.3.3 Sampling timeline and animal availability during the sampling period  

Fecal samples were collected from the rectum of each steer on arrival (to obtain a FEC 

for strategic randomization as previously mentioned), days 0 (immediately before anthelmintic 

administration), 14, 28, and then monthly until steers were sent to slaughter (on day 181). Days 

28, 61, 90, 120, 149, and 177 samplings were considered Months 1 to 6, respectively. 

 All steers were clinically healthy and available from arrival to Month 1 sampling. One 

steer in the CTRL group was removed from the study due to lameness before the Month 2 

sampling. Consequently, 77, 78, and 78 steers in the CTRL, IVM, and IVM+FZ groups, 

respectively, were sampled at Months 2 and 3. Four steers (1, 2, and 1 from the CTRL, IVM, and 
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IVM+FZ groups, respectively) that died due to non-infectious diseases were not available from 

Month 4 sampling onwards. Therefore, CTRL, IVM, and IVM+FZ groups respectively had only 

76, 76, and 77 steers available for samplings at Months 4, 5, and 6.   

4.3.4 Fecal sample collection, fecal egg counting, and coproculturing  

A modified Wisconsin sugar floatation method was used to obtain GIN FEC from 5 g of 

feces from individual samples at a theoretical minimum detection limit of 0.2 eggs per gram of 

feces (EPG) (Ito, 1980). Based on the morphology, GIN eggs were identified and counted as 

strongyle-type, Nematodirus spp., and Trichuris spp. Throughout the trial, FEC were obtained by 

the author who was blinded to the anthelmintic treatment to prevent between-person variability 

of egg counts and to minimize potential observer bias. 

Individual coprocultures from each sampling (except at feedlot arrival) were prepared to 

isolate third stage GIN larvae (L3) for species identification, according to a modified method of 

Roberts and O'Sullivan (1950): 50 g of feces were mixed with vermiculite and tap water in a 250 

mL glass. Cultures were incubated at 27°C for 14 days, and larvae were harvested as described 

by (Roberts and O'Sullivan, 1950). Subsequently, L3 harvested from each sample were counted 

under the dissecting microscope, pooled by pen, and sample collection date. Larvae in pooled 

samples were concentrated by centrifugation (3725 × g, 4°C, 10 min), fixed by adding 0.7 mL of 

95% ethanol to a total volume of 1 mL and stored for several weeks at 4°C before aliquoting for 

genomic DNA preparation or long-term archiving at −80oC.  

4.3.5 Determination of gastrointestinal nematode species identity and relative abundance 

The relative abundance of GIN species in each sample pool was characterized using ITS-

2 rDNA deep amplicon nemabiome metabarcoding (Avramenko et al., 2015). In brief, genomic 

DNA prepared from 150 L3 from each pen-level pool was used in the assay in triplicates. 

Quantified L3 were incubated in lysis buffer containing Proteinase K. Samples were heated to 

inactivate Proteinase K and then diluted (1:10) in molecular grade water.  

Diluted crude DNA lysates of each pen-level L3 pools were used to PCR amplify the 

ITS-2 rDNA region as the initial step for the preparation of DNA libraries for sequencing. This 

step was followed by a magnetic bead purification (AMPure XP Magnetic Beads (1X), Beckman 

Coulter Inc., Indianapolis, IN, USA) of the PCR product. The unique Illumina barcode primers 
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and P5/P7 sequencing tags (Illumina inc., San Diego, CA, USA) were then added, followed by 

the second round of limited-cycle PCR and magnetic bead purification. Purified PCR products in 

each sample were quantified, and equal quantities (~50 ng) of each sample were pooled to 

prepare the master sequencing DNA library. Quantitative PCR (KAPA qPCR Library 

Quantification Kit, KAPA Biosytems inc., Wilmington, MA, USA) was then used to determine 

the concentration of the pooled DNA library. The control library (25% PhiX Control v3, 

Illumina, FC-110-3001) was added to the pooled DNA library and then sequenced by deep 

amplicon sequencing (MiSeq Reagent Kits v2, MS-103-2003; Illumina MiSeq Desktop 

Sequencer). 

4.4 Data analysis 

4.4.1 Descriptive analysis of fecal egg counts 

The overall and the treatment-level prevalence of GIN eggs was calculated on day 0 as 

the percentage of fecal samples with at least one GIN egg identified under the microscope. The 

normality of the FEC data was determined with frequency histograms, boxplots, and the Shapiro-

Wilk test (threshold P < 0.05). Fecal egg counts were not normally distributed; therefore, the 

overall and treatment-level geometric mean FEC on day 0 was calculated (± standard deviation). 

The effect of zero egg counts on geometric mean calculation was avoided by adding a constant 

of 0.2 (the smallest detected EPG value in the test), which was later subtracted from the 

calculated mean and standard deviation. Descriptive analysis of the FEC was conducted using 

Stata/SE 15.1 software (StataCorp LLC, TX, USA).  

4.4.2 Fecal Egg Count Reduction Test (FECRT) 

The mean (arithmetic) percentage reduction in strongyle-type FEC (95% confidence 

interval (CI)) of each anthelmintic treatment group was calculated. For these calculations, the 

eggCounts add-on package to the R statistical software was used (Torgerson et al., 2014). Data 

with zero egg counts were omitted from the calculation. The pre-treatment (day 0) and post-

treatment (day 14) FEC of all steers were considered in calculating the percentage reduction of 

FEC as per the following formula (Geurden et al., 2015): 

Reduction in FEC (%) = [(pre-treatment FEC – day 14 post-treatment FEC) / (pre-

treatment FEC)] × 100 



 

108 
 

Data with zero egg counts were omitted from the calculation. Anthelmintic resistance 

was confirmed when all of the following criteria were met: mean reduction in FEC < 95%, upper 

95% confidence limit < 95% FEC reduction, and lower 95% confidence limit < 90% FEC 

reduction. If one or two of the three criteria were not met, the efficacy status was considered 

inconclusive (Geurden et al., 2015). 

Fecal egg count reduction tests were not conducted for Nematodirus and Trichuris spp. 

separately as their pre-treatment FEC were distinctly lower than the strongyle-type FEC such 

that determining a percentage reduction using pre-and post-treatment FEC would not be 

meaningful. Also, the Nematodirus and Trichuris spp. FEC were not included in the calculation 

of the percentage reduction in an overall GIN FEC because of their different biology (e.g., 

Trichuris spp. eggs may not hatch into L3 in coproculture conditions used to harvest the rest of 

the GIN species for nemabiome metabarcoding) and drug sensitivity (e.g., injectable-ivermectin 

is not labeled for Trichuris spp.)  

4.4.3 Bioinformatic analysis  

As described in Avramenko et al. (2017), samples were analyzed using the Mothur 

bioinformatic tool version 1.36.1 (Schloss et al., 2009). Following removal of reads < 200 bp or 

> 450 bp or with overlapping ambiguities, paired-end reads were assembled into single contigs 

aligned to a bespoke ITS-2 database and assigned to reference sequences using the k-nearest-

neighbor method with k = 3. Read counts were adjusted to compensate for species amplification 

biases using previously validated correction factors (Avramenko et al., 2015). The percentage 

species composition of samples was calculated by dividing the total reads assigned to each 

species by the total number of reads per sample to obtain the relative percentage of each species. 

The number of species-specific raw sequence reads were divided by the total number of raw 

reads in the sample and then multiplied by a correction factor (to account for species-specific 

biases in the assay) to determine the relative species proportions (Avramenko et al., 2017). 

Detailed information related to the ITS-2 rDNA nemabiome sequencing and bioinformatic 

analysis is available at www.nemabiome.ca. 

Mean inverse Simpson indexes (± standard error of the mean) were calculated to 

determine alpha diversity, the overall mean species diversity of GIN populations, in pre- and day 

14 post-IVM and CTRL groups. Alpha diversity was not determined in the IVM+FZ group 

http://www.nemabiome.ca/


 

109 
 

because L3 were not recovered from the day 14 post-treatment coprocultures used for 

nemabiome metabarcoding. The analysis was conducted in Mothur v.1.36.1 using the built-in 

inverse Simpson calculation (Avramenko et al., 2015). The statistical difference between mean 

inverse Simpson indexes of pre- and day 14 post-treatment populations was determined by a t-

test assuming non-equal variances using the SPSS software (IBM Corp. Released 2012. IBM 

SPSS Statistics for Macintosh, Version 21.0. Armonk, NY, USA).  

The beta diversity (± standard error of the mean) analysis was conducted to determine the 

difference between mean relative abundances of a particular GIN species in the treatment groups 

(including CTRL) at different sampling occasions (White et al., 2009). The MetaStats plugin in 

275 Mothur v. 1.36.1, which used 1000 permutations and default parameters, was used for beta 

diversity calculations. A modified non-parametric t-test was used for the pairwise comparisons 

of the beta diversity estimations assuming data were not normally distributed. If the relative 

species percentages were present at < 2% in both comparison groups, statistical significance was 

not claimed to avoid potential overestimation of GIN species proportions. Significance and 

tendencies were declared if P < 0.05 and 0.05 ≤ P ≤ 0.10, respectively. 

A particular GIN species was considered resistant to the anthelmintic drug or drug 

combination if its mean relative abundance at day 14 post-treatment was significantly higher 

compared to its relative abundance at pre-treatment and if the mean FEC reduction for that 

anthelmintic drug met resistant criteria. 

4.5 Results 

4.5.1 Prevalence and fecal egg count intensity of treatment groups on days 0 and 14 

sampling  

At day 0 (pre-treatment), 87.2 (68/78), 92.3 (72/78), and 91.0% (71/78) of individual calf 

fecal samples were positive for strongyle-type eggs for the CTRL, IVM, and IVM+FZ groups 

overall, respectively. The geometric mean FEC of CTRL, IVM, and IVM+FZ groups were 1.3 (± 

3.1, range: 0 to 18.9), 1.8 (±3.4, range: 0 to 43.2), and 1.5 (±3.1, range: 0 to 23.7) EPG, 

respectively. At day 14 post-treatment, 91.0 (71/78), 59.0 (46/78), and 0% (0/78) of individual 

fecal samples were positive for strongyle-type eggs with geometric mean FEC of 1.8 (±3.1, 

range: 0 to 18.9), 0.29 (±2.5 range: 0 to 11.5), and 0, for the CTRL, IVM, and IVM+FZ groups 
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overall, respectively. Figure 4.1 illustrates the distributions of FEC of each treatment group 

(transformed into natural logarithm) at days 0 and 14 samplings. 

4.5.2 Anthelmintic efficacies in treatment groups 

The mean percentage reduction/change of FEC in the paired pre-treatment and day 14 

post-treatment FEC was calculated for each individual steer in each pen for all treatment groups, 

including the CTRL (Figure 4.2; plots for the IVM+FZ group was not generated as all 

individuals had 100% reduction in FEC 14 days after the combination treatment). The mean 

percentage reduction in FEC was then calculated in each pen in the IVM and IVM+FZ treatment 

groups, and each group overall. For the IVM treatment group, the overall percentage mean FEC 

reduction was 82.4% (95% CI 67.8 to 90.4), with mean FEC reductions of the individual pens of 

89.1 (95% CI 63.8 to 96.7), 58.2 (95% CI 53.3 to 81.5), 80.0 (95% CI 15.6 to 95.2), 82.9 (95% 

CI 42.8 to 94.9), 85.0 (95% CI 52.5 to 95.3), and 93.4% (95% CI 82.6 to 97.5), respectively. For 

the IVM+FZ combination treatment group, the overall mean FEC reduction was 100%, with a 

100% reduction in FEC in each of the six individual pens.  

As a separate analytical approach, the overall mean FEC reduction of the day 14 post-

IVM and the IVM+FZ groups relative to the day 14 mean FEC of the CTRL group was also 

calculated using the method described by Coles et al. (1992). In this case, the overall percentage 

mean FEC reduction was 78.1 (95% CI 61.6 to 87.5) and 100% for the IVM and IVM+FZ 

treatment groups, respectively.  

4.5.3 Relative gastrointestinal nematode species compositions in pre- and day 14 post-

treatment groups 

Third-stage larvae recovered from day 0 and day 14 individual coprocultures were pooled 

for each pen and sampling timepoint for the CTRL, IVM, and IVM+FZ treatment groups. ITS-2 

nemabiome metabarcoding was then used to determine the relative GIN species abundance for 

all sample pools in which at least 150 L3 larvae could be recovered. Ostertagia ostertagi and C. 

oncophora were the most abundant species in all pre-treatment L3 pools with C. punctata, H. 

placei, and N. helvetianus being present as minor species (Figure 4.3). For the CTRL group, 

there was no significant difference (P = 0.40) in the alpha diversity of the GIN populations 

between day 0 (2.08 ± 0.11) and day 14 (1.96 ± 0.09) as measured by the Simpson index. 
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However, the mean Simpson indices of the GIN populations in the pre- and day 14 post-IVM 

group were significantly different (2.31 ± 0.12 and 1.61 ± 0.19, respectively; P = 0.02), 

demonstrating a change in species composition following the ivermectin treatment. These 

analyses could not be performed for the IVM+FZ treatment group as no larvae were recovered 

from day 14 post-treatment coprocultures. 

For the CTRL group, there was no significant difference in relative abundance between 

day 0 and day 14 samples for O. ostertagi (P = 0.25), C. oncophora (P = 0.25) or H. placei (P = 

0.91) as determined by beta diversity analysis (Figure 4.3; Table 4.1). The mean relative 

abundances of C. punctata, N. helvetianus, O. radiatum, and Oesophagostomum venulosum were 

< 2% in the CTRL group on days 0 and 14; therefore, statistical significance was not claimed. In 

contrast, for the IVM treatment group, there was a significant decrease between day 0 and day 14 

post-treatment samples in the relative abundance of O. ostertagi (P = 0.001) and a significant 

increase for C. oncophora (P = 0.002), demonstrating ivermectin resistance for the latter species. 

There was also an increase in the relative abundance of both H. placei and C. punctata at day 14 

post-IVM treatment group, suggesting that ivermectin resistance was possible in these two 

species. However, the change in relative abundance was not statistically significant between pre- 

and day 14 post-ivermectin treatment for C. punctata (P = 0.47) but a tendency was identified for 

H. placei (P = 0.09). However, there was a significant difference in the relative abundance of H. 

placei (P = 0.04) and C. punctata (P = 0.03) between the day 14 post-IVM and day 14 CTRL 

group suggesting positive election for these species by ivermectin treatment. Such changes were 

not evident in the relative abundance of H. placei (P = 0.54) and C. punctata (P = 0.14) in the 

day 0 CTRL group compared to the day 0 IVM group, although the significance could not be 

claimed for the latter species due to < 2% relative abundance in both groups. 

4.5.1 Relative gastrointestinal nematode species compositions across monthly samplings 

Fecal samples were taken at monthly intervals for six months for the CTRL, IVM, and 

IVM+FZ group, individual FEC were performed (Figure 4.4), and L3 recovered from individual 

calf coprocultures were pooled for each pen and timepoint. Then, ITS-2 nemabiome 

metabarcoding was used to determine the relative GIN species abundance for all sample pools in 

which at least 150 L3 larvae could be recovered with the exception that sequencing was 

conducted with < 150 L3 in four (24, 25, 33, and 110 L3) and three (37, 73, and 91 L3) pens, 
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respectively, at Months 5 and 6 for the IVM+FZ group. For the CTRL group, O. ostertagi was 

the most abundant GIN species throughout the trial, but there was a significant increase in the 

relative abundance of H. placei by Month 6 relative to Month 1 (P = 0.02) after the 

commencement of the trial (Figure 4.5). For the IVM group, C. oncophora remained the 

predominant GIN until four months post-treatment, after which time there was an increase in 

both the O. ostertagi and H. placei species abundance (Figure 4.5). This increase in the relative 

abundance of both O. ostertagi (P < 0.001) and H. placei (P = 0.001) was significant at Month 6 

compared to Month 1. For the IVM+FZ group, the FEC remained extremely low following 

treatment such that insufficient L3 were recovered from the coprocultures until five months post-

treatment; therefore, nemabiome sequencing data was not available for Months 1 to 4 (Figures 

4.4 and 4.5). Fecal egg counts started to rise at Months 5 and 6, and nemabiome metabarcoding 

revealed the GIN population to be almost exclusively O. ostertagi (Figure 4.5). 

4.6 Discussion                                                                                                                                                     

A rigorous FECRT was conducted, integrated with ITS-2 rDNA nemabiome 

metabarcoding and demonstrated the presence of ivermectin resistant GIN in these cattle. 

Ivermectin resistance in C. oncophora was confirmed, while H. placei and C. punctata resistance 

to ivermectin was also suggested. These findings are not surpricing considering that ivermectin 

resistance of Cooperia spp. and H. placei has increasingly been reported from other beef cattle 

populations globally, including the US (Gasbarre et al., 2009b; Sutherland and Leathwick, 2011). 

The re-emergence of O. ostertagi towards the end of the trial in ivermectin-treated steers is 

particularly noteworthy as it suggests an early emergence of ivermectin resistance in O. ostertagi 

in western Canadian beef operations. Although suboptimal efficacy of producer-applied pour-on 

ML has previously been identified in Canadian beef cattle, the presence of actual anthelmintic 

resistance could not be confirmed (Avramenko et al., 2017). The findings of this study are 

additionally significant as an injectable product was used to determine ivermectin resistance as 

opposed to pour-on ivermectin, which is commonly used in the field (Avramenko et al., 2017; 

Wills et al., 2020b). Pour-on ivermectin may result in suboptimal efficacy in the absence of 

actual anthelmintic resistance due to licking behavior of cattle, rubbing or washing off in the rain 

(Bousquet-Mélou et al., 2011; Leathwick and Miller, 2013). For these reasons, correctly injected 

ivermectin is a more objective method to assess the efficacy of the anthelmintic product.  
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Cooperia oncophora is the dose-limiting GIN for ML products (Vercruysse and Rew, 

2002). In western Canada, routine pour-on ML treatment is the most widely GIN management 

practice (Wills et al., 2020a). Therefore, it is not surprising that C. oncophora was ivermectin 

resistant in these steers. Ivermectin resistance in Cooperia spp. has been widely reported in beef 

cattle operations across the world, including beef cattle operations located in Southeast and 

Northwest regions in the US (Mejía et al., 2003; Gasbarre et al., 2009a; Edmonds et al., 2010). 

Avramenko et al. (2017) also found a significant increase in the relative percentage of C. 

oncophora in beef herds 14 days after producer-applied pour-on ML treatment, although they 

were unable to confirm if that increase was due to existing ML resistance.  

The results of this study also suggest the presence of ivermectin resistant H. placei and C. 

punctata. The absence of statistical significance between the respective relative abundance of 

these two species in pre- and day 14 post-IVM group is likely a reflection of their relatively 

lower abundance overall compared to C. oncophora and O. ostertagi. Further supporting the 

suggestion of ivermectin resistance in H. placei and C. punctata, there was a significant increase 

in the relative proportions of those two species in the day 14 IVM group compared to the day 14 

CTRL group, while no differences were detected between day 0 IVM and CRTL groups. 

Additionally, these two species were not detected in the day 14 IVM+FZ group, further 

suggesting that they were not sensitive to ivermectin-only treatment. The ML resistance in H. 

placei and C. punctata is not novel to beef operations in North America. As an example, 

ivermectin resistance in these two species had already been diagnosed in young grazing beef 

cattle in two studies conducted in the US approximately 17 years ago (Gasbarre et al., 2009a; b). 

Integrated FECRT and ITS-2 rDNA nemabiome metabarcoding suggest the presence of 

ivermectin resistant hypobiotic larvae of O. ostertagi in these steers while the adult parasites 

remained sensitive to the treatment. Reinfection of GIN is unlikely a possibility in a feedlot 

setup, particularly during fall and winter due to the absence of grazing and unfavorable weather 

conditions for the development of pre-living GIN stages. Therefore, the most plausible reason for 

the re-emergence of O. ostertagi L3 three to six months post-ivermectin treatment is the presence 

of inhibited larvae that were not eliminated by the ivermectin treatment. As per the product label, 

ivermectin is generally effective against hypobiotic larvae of O. ostertagi. The timing of this 

experiment was entirely favorable for the winter hypobiosis of GIN fourth-stage larvae and their 

recrudescence as adults in the spring (Armour and Duncan, 1987; Ranjan et al., 1992; Almería et 
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al., 1996). Ostertagia ostertagi also predominated in the IVM+FZ group when L3 were 

recovered from that group 5 and 6 months after the treatment; this further supports that inhibited 

larvae of O. ostertagi are ivermectin resistant as fenbendazole is not considered efficacious in 

controlling arrested larvae of O. ostertagi (according to the product label). In the peer-reviewed 

literature, ivermectin resistance in hypobiotic O. ostertagi was previously confirmed only once in 

North America in grazing yearling beef heifers in the US (Edmonds et al., 2010).  

The present experimental design, the prolonged follow-up of the FEC up to 6 months and 

using ITS-2 rDNA metabarcoding allowed detection of the ML resistance in hypobiotic larvae 

that would have been missed by the standard FECRT. Otherwise, to demonstrate the presence of 

hypobiotic larvae, laborious necropsies are normally required. The presence of ivermectin 

resistance in hypobiotic larvae (and not adults) is a suggestion of an early emergence of 

ivermectin resistance, which is likely present at a low level. A standard FECRT is only sensitive 

to detect the adult ML resistance when the resistant allelic frequencies are above a particular 

threshold at which the adult parasites are insensitive to the recommended drug dose (Kaplan, 

2004; Sutherland and Scott, 2010). Therefore, in a feedlot environment, the integration of the 

longitudinal assessment of the post-treatment changes in the relative species abundance with 

ITS-2 rDNA metabarcoding is a plausible approach to increase the sensitivity of the standard 

FECRT.  

In contrast to ivermectin, the combination of ivermectin and fenbendazole was highly 

efficacious to control GIN in these steers. It had a 100% efficacy in reducing the FEC 14 days 

after the treatment, and L3 were not recovered from treated pens until the last two months of the 

study. Given the presence of ivermectin resistant GIN in these steers, the primary reason for such 

high efficacy of the combination drug treatment is likely the high efficacy of fenbendazole; this 

is consistent with the recent molecular data which suggests that benzimidazole resistance 

mutations are currently rare in western Canadian beef cattle (Avramenko et al., 2020). The high 

efficacy of benzimidazole products was demonstrated recently in several western Canadian cow-

calf operations using a FECRT providing phenotypic evidence for the absence of benzimidazole 

resistance (Avramenko et al., 2017). 

The sourcing of cattle in this trial suggests that ivermectin resistance is widespread in 

western Canada. The steers used here were auction market-derived and purchased over ten days. 

Their exact farms of origin were unknown. Most of the cattle sold through this auction-market 
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might have had farms of origin within the province of Saskatchewan; however, this does not 

imply that these steers were only grazing on Saskatchewan pastures. It is not an uncommon 

practice for producers to move their cattle to pastures in other provinces (in western Canada) for 

grazing and return them to the home farm for weaning and sale. Therefore, it is not possible to 

evaluate any regional differences in resistance patterns within this type of study population. 

Further, the suboptimal efficacy of pour-on ivermectin revealed by Avramenko et al. (2017) was 

detected in most herds across western Canadian provinces, supporting the suggestion that the 

problem is widespread in the region.  

The emergence of ivermectin resistance in O. ostertagi is of particular concern and 

alarming. Ostertagia ostertagi is the predominant GIN in western Canada and is a highly 

pathogenic species in cattle < 2 years (Gasbarre, 1997; Avramenko et al., 2017). Even subclinical 

infections with O. ostertagi, which is common in the northern temperate region of North 

America, is known to compromise the average daily gains, feed-to-gain ratio, and carcass quality 

in beef cattle (Myers and Taylor, 1989; Hawkins, 1993). As discussed above, the ivermectin 

resistance in O. ostertagi is likely in the early stage and at a low level. However, if the blanket 

ivermectin treatment, which is currently the GIN treatment method of choice in most beef 

operations across western Canada, is continued, the resistant allelic frequencies in O. ostertagi 

populations may increase, and the detrimental effects on cattle performance may be severe (Fox, 

1997; Wills et al., 2020a). Additionally, H. placei and C. punctata are generally predominant in 

the southern tropical and subtropical regions of North America. Due to less cold tolerance, their 

relative abundance is generally low in northern temperate regions of North America. However, 

recent evidence suggests that their prevalence is increasing compared to the past in the mid-west 

regions of the US and expanding the distribution from south to north, at least in part, associated 

with anthelmintic resistance (Stromberg and Corwin, 1993; Avramenko et al., 2017; Hildreth and 

McKenzie, 2020). These two parasites are also capable of compromising dry matter intakes and 

average daily gains in young cattle when present in large numbers (Stromberg et al., 2012; 

Jabbar et al., 2014). 

Several limitations were also identified in this trial. Firstly, the geographical distribution 

and deworming history of these steers was unknown. If they had been dewormed around the time 

of their feedlot entry, the residual anthelmintic effect could interfere with the FECRT results. 

The probability of deworming of fall-weaned beef calves is approximately 25%, given the 
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current anthelmintic management practices in western Canada (Wills et al., 2020a). However, the 

persistent activity of ivermectin treatment may only last for 14 to 21 days for most GIN 

(according to product labels), while fenbendazole generally has an effective coverage of < 15 

days (Taylor and Hodge, 2014). But these steers were treated around 21 to 35 days after arriving 

at the feedlot. Consequently, even if there was a residual anthelmintic activity in some, its effects 

on the FECRT accuracy should be minimal. Secondly, the low FEC intensities of these steers 

could influence the accuracy of the anthelmintic efficacy estimation. As previously mentioned, a 

FECRT is presently challenging to conduct in beef cattle in geographical regions such as western 

Canada. The currently available guidelines which suggest to use cattle with > 100 EPG have 

unlikely targeted cattle in these regions with generally low FEC intensities (Coles et al., 2006). 

Therefore, recent researchers have experimented with adapted methods of the proposed FECRT 

guidelines (Geurden et al., 2015; Rinaldi et al., 2019). The present trial used a strategy of 

increasing the sample size of treatment groups with a reasonable number of replicates to increase 

the statistical power of detecting the reduced anthelmintic efficacy, thereby increasing the 

validity of these results. The sample size used here was distinctly greater than the suggested 

number of 10 to 15 in the  present guidelines (Coles et al., 1992, 2006). Furthermore, a modified 

Wisconsin floatation technique with a theoretical minimum detectable EPG value of 0.2 was 

used to increase the FEC detection sensitivity. The changes in FEC and relative species 

abundance of the untreated control group were compared with those changes in groups treated 

with anthelmintics and used for valid conclusions about the anthelmintic efficacy. 

4.7 Conclusions 

Ivermectin resistance in multiple GIN species exists in beef cattle operations in western 

Canada, and it is likely widespread. Ivermectin resistance against O. ostertagi is likely in the 

early stage and at a low level. Strategies must, therefore, be implemented to reduce the further 

selection pressure for ivermectin resistance in O. ostertagi. Determination of the production 

impact of the current level of ivermectin resistance is crucial to decide if ivermectin can still be 

used in GIN control in beef cattle in western Canada. The longitudinal assessment of relative 

GIN species abundance in post-anthelmintic treatment using ITS-2 rDNA nemabiome 

metabarcoding can be effectively integrated with the FECRT to diagnose the macrocyclic lactone 

resistance in hypobiotic larvae, ideally in beef cattle brought from pastures to feedlots. 
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Consequently, the laborious necropsies that are not economical for productive cattle can be 

avoided. Further, this trial provides a phenotypically characterized ivermectin resistant parasite 

population for future molecular studies.  
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Table 4.1. Beta diversity comparisons of mean gastrointestinal nematode relative species compositions of day 0 (pre-treatment), day 

14 (post-treatment), and months 1, 5, and 6 pen-level third stage larvae pools obtained from auction market-derived, fall-weaned  

feedlot steers from Saskatchewan in the untreated control (CTRL) group and the injectable ivermectin group (IVM). 

 Relative species composition (%) (±SEM)1 

O. ostertagi C. oncophora H. placei C. punctata N. helvetianus 

CTRL      

Day 0 60.1 (1.95) 34.4 (1.71) 3.1 (1.94) 0.35 (0.19) 1.2 (0.09) 

Day 14 64.0 (2.45) 31.8 (1.46) 3.4 (1.81) 0.08 (0.04) 0 (0) 

Month 1 93.6 (1.78) 2.4 (0.92) 2.7 (1.47) 0 (0) 0 (0) 

Month 5 67.2 (6.48) 13.1 (4.09) 19.5 (6.28) 0.03 (0) 0 (0) 

Month 6 68.2 (5.56) 5.1 (1.68) 26.5 (5.78) 0 (0) 0 (0) 

      

IVM      

Day 0 55.2 (2.67) 32.9 (4.49) 7.4 (2.92) 1.3 (0.61) 3.1 (1.75) 

Day 14 0.88 (0.32) 75.5 (7.65) 20.6 (7.72) 2.4 (0.09) 0.52 (0.52) 

Month 1 7.0 (6.13) 74.0 (8.63) 15.8 (6.11) 2.3 (1.01) 0 (0) 

Month 5 51.9 (0.11) 11.1 (3.34) 36.5 (12.95) 0.5 (0.03) 0 (0) 

Month 6 52.8 (3.60) 3.1 (1.03) 43.8 (4.04) 0 (0) 0 (0) 

      

P-value      

Day 0 vs day 14 CTRL 0.25 0.25 0.91 0.18 0.18 

Day 0 vs day 14 IVM 0.001 0.002 0.09 0.48 0.12 

Day 0 CTRL vs day 0 IVM 0.02 0.95 0.54 0.14 0.54 

Day 14 CTRL vs day 14 IVM < 0.001 0.001 0.04 0.03 0.30 

Month 1 vs. month 5 CTRL 0.051 0.06 0.06 0.25 NE2 

Month 1 vs. month 6 CTRL 0.02 0.14 0.02 NE NE 

Month 1 vs. month 5 IVM 0.01 0.01 0.13 0.01 NE 

Month 1 vs. month 6 IVM 0.001 0.001  0.001 0.01 NE 

The number of steers available for fecal sampling in the CTRL and IVM was as follows per each group: days 0 and 14 and month 1: n 

= 78 each; months 5 and 6: n = 76 each 
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1Standard error of the mean 

2Not estimated as relative species compositions were zero in both groups in respective comparisons  
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Figure 4.1. The distribution of loge transformed strongyle-type fecal egg counts of auction 

market-derived, fall-weaned feedlot steers in the untreated control group (CTRL), injectable 

ivermectin group (IVM), and the combination of injectable ivermectin and oral fenbendazole 

group (IVM+FZ) pre- and day 14 post-treatment. Outliers (dots) above the upper and below the 

lower whiskers represent the maximum and minimum (zero) fecal egg counts of each pen, 

respectively. When outliers are absent, the upper and lower whiskers represent the maximum and 
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minimum fecal egg counts of each pen. The absence of box and whisker plots indicates zero 

fecal egg counts in all individual fecal samples in a particular pen. Each treatment group 

consisted of 78 steers allocated to 6 pens, with 13 steers per pen.   
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Figure 4.2. The percentage reduction in strongyle-type fecal egg counts of auction market-

derived, fall-weaned feedlot steers in the untreated control (CTRL), and injectable ivermectin-

treated (IVM) pens 14 days after treatment. The horizontal dotted line in red indicates the 95% 

threshold fecal egg count reduction for the ivermectin treatment. Each dot represents the FEC 

reduction of an individual steer. In the CTRL and the IVM groups, data of 10 and 6 steers were 

omitted from the calculations due to zero egg counts in day 0 (pre-treatment) samples. 

Consequently, fecal egg counts of 68 and 72 steers in the CTRL and IVM groups were 

considered in calculations, respectively.   
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Figure 4.3. Relative species abundance of gastrointestinal nematode communities, determined 

by ITS-2 rDNA deep amplicon nemabiome metabarcoding, in pen-level pools of third stage 

larvae harvested from individual coproculturs of auction market-derived, fall-weaned feedlot 

steers in the untreated control group (CTRL), the injectable ivermectin only group (IVM), and 

the combination of injectable ivermectin and oral fenbendazole group (IVM+FZ) at days 0 (pre-

treatment) and 14 (post-treatment). The arithmetic mean fecal egg counts of strongyle-type, 

Nematodirus spp., and Trichuris spp. are depicted for each pen in each treatment group with the 

respective stacked bar chart for percentage species composition. Each treatment group consisted 

of 78 steers allocated to 6 pens, with 13 steers per pen. EPG = eggs per g of feces  



 

125 
 

 

Figure 4.4. The distribution of loge-transformed strongyle-type fecal egg counts of auction 

market-derived, fall-weaned feedlot steers in the untreated control group (CTRL), injectable 

ivermectin only group (IVM), and combination of injectable ivermectin and oral fenbendazole 

group (IVM+FZ) at months 1 to 6 during the feedlot period. Outliers (dots) above the upper and 
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below the lower whiskers represent the maximum and minimum (zero) fecal egg counts of each 

pen, respectively. When outliers are absent, the upper and lower whiskers represent the 

maximum and minimum (zero) fecal egg counts of each pen. The absence of box and whisker 

plots indicates zero fecal egg counts in all or most individual fecal samples in a particular pen. 

Respectively, the total number of steers available at each sampling in the CTRL, IVM, and 

IVM+FZ groups were as follows: month 1: n = 78 each; months 2 and 3: n = 77, 78, and 78; 

months 4 to 6: n = 76, 76 and 77.  
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Figure 4.5. Relative species abundance of gastrointestinal nematode communities, determined 

by ITS-2 rDNA deep amplicon nemabiome sequencing, in pen-level pools of third stage larvae 

harvested from individual coproculturs of auction market-derived, fall-weaned feedlot steers in 

the untreated control group (CTRL), injectable ivermectin group (IVM), and the combination of 

injectable ivermectin and oral fenbendazole group (IVM+FZ) at months 1 to 6 sampling across 

the feedlot period. The arithmetic mean fecal egg counts (EPG) of strongyle-type, Nematodirus 

spp., and Trichuris spp. are depicted for each pen in each treatment group with the respective 

stacked bar chart for percentage species composition. The recovered number of third stage larvae 

were insufficient at months 1 to 4 sampling for nemabiome metabarcoding. Respectively, the 

total number of steers available at each sampling in the CTRL, IVM, and IVM+FZ groups were 

as follows: month 1: n = 78 each; months 2 and 3: n = 77, 78, and 78; months 4, 5, and 6: n = 76, 

76 and 77  
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 EFFECTS OF CURRENTLY USED ANTHELMINTICS, 

GASTROINTESTINAL NEMATODE FECAL EGG COUNT INTENSITY, 

AND SERUM OSTERTAGIA OSTERTAGI ANTIBODY TITERS ON 

GROWTH AND PRODUCTION PERFORMANCE AND CARCASS 

QUALITY IN WESTERN CANADIAN FEEDLOT CATTLE 

Eranga De Seram, Gregory Penner, John Campbell, Sarah Parker, John Gilleard, Colleen 

Pollock, Samantha Ekanayake, Fabienne Uehlinger 

 

Changing GIN species diversity suggested by Chapter 2 and confirmed ivermectin 

resistance in Chapter 4 emphasize the urgent need for determining the impact of GIN and 

currently used anthelmintics in beef cattle operations in western Canada. Feedlot cattle are a 

suitable cohort for this investigation because maximizing the production performance and 

carcass quality is the primary goal of feedlot finishing programs. In this chapter, the effect of 

GIN and anthelmintic treatments were evaluated in the same feedlot cattle used for Chapters 3 

and 4.  

The combination treatment of ivermectin and fenbendazole had more beneficial effects 

than ivermectin alone on increasing carcass quality of fall-weaned feedlot calves; however, 

these benefits did not translate into an economic advantage in a carcass quality-based analysis. 

Therefore, these results suggest that ivermectin is currently still sufficiently efficacious to control 

adverse production and economic effects of GIN in feedlot calves despite the ivermectin 

resistance confirmed in Chapter 4. However, the integrated findings of this chapter and Chapter 

4 emphasize that strategies to reduce the selection pressure for anthelmintic resistance in beef 

cattle prior to entering the feedlot are urgently needed in western Canada to maintain current 

production levels.  

 

Copyright statement: This chapter will be submitted for publication. The copyright of this 

chapter will belong to the journal it is published in. 
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5.1  Abstract 

This randomized controlled trial was conducted to determine the effects of currently used 

anthelmintics and gastrointestinal nematode (GIN) fecal egg count (FEC) intensity and serum 

Ostertagia ostertagi antibody titers on production performance and carcass quality in feedlot 

cattle from western Canada. Auction market-derived, fall-weaned steers (n = 234) were 

randomly assigned into three treatment groups with six replicated pens per group and 13 steers 

per pen. Treatment groups included an untreated control (CTRL), injectable ivermectin only 

(IVM), and the combined treatment of injectable ivermectin and oral fenbendazole (IVM+FZ). 

Steers were treated with the manufacturer-recommended dose based on individual body weights. 

Individual fecal and blood samples were collected at arrival to determine the FEC and serum 

antibody titers against O. ostertagi by ELISA, respectively. The effects of anthelmintic 

treatments on live body weights (BW), dry matter intake, average daily gain (ADG), gain-to-feed 

ratio, and carcass quality characteristics were analyzed at the pen-level. The effects of FEC 

intensity and serum O. ostertagi titers on the growth, production, and carcass characteristics were 

analyzed at the individual steer-level. The economic analysis was conducted at the pen-level 

based on carcass quality. Final live BW, dry matter intake, ADG, and gain-to-feed ratio were 

unaffected by the anthelmintic treatment. Similarly, hot carcass weight, dressing percentage, 

backfat thickness, and the rib-eye area did not differ between treatment groups. In contrast, the 

proportion of carcasses with modest marbling was higher in the IVM+FZ group compared to the 

other two groups. The IVM+FZ group tended to have a greater percentage of AAA carcasses 

compared to the CTRL group. Overall, both anthelmintic treatments resulted in higher net 

income than the no treatment based on carcass quality characteristics. However, there was no 

distinct net income advantage when ivermectin only and the combination treatments were 

compared. The fecal egg count intensity negatively affected ADG of the finishing phase, hot 

carcass weight, and the percentage of AAA carcasses when assessed with arrival BW as a fixed 

effect in the model. Serum O. ostertagi titers were negatively related to the backfat thickness and 

positively associated with the proportion of yield grade 1 carcass compared to lower yield 

grades. These results suggest that anthelmintics currently used in western Canada can increase 

the yield and quality grades of carcasses resulting in economic benefits in feedlot cattle. 

Negative associations of growth and carcass quality with FEC intensity were detected at 
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considerably low FEC, further suggesting that even a low GIN burden can adversely affect 

feedlot cattle performance in western Canada.   
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5.2 Introduction 

Although the frequency of clinically apparent parasitic gastroenteritis has declined in the 

last twenty to thirty years because of effective parasite management programs, subclinical 

gastrointestinal nematode (GIN) infection is still of a particular concern related to the production 

performance of beef cattle in temperate regions of North America (Corwin, 1997; Kunkle et al., 

2013; Walker et al., 2013). Decreases in average daily gain (ADG) and carcass quality have been 

reported in beef cattle with subclinical GIN infection in recent studies (Kunkle et al., 2013; 

Walker et al., 2013; Andresen et al., 2019). Economic losses caused by GIN in small ruminant 

and cattle industry have been estimated to range from two to seven billion US$ annually in the 

US and Brazil, respectively, although comparable estimates for the Canadian cattle industry are 

lacking (Gasbarre, 1997; Lawrence and Ibarburu, 2007; Grisi et al., 2014).  

Growth and fattening of weaned beef calves in feedlots is a crucial component of beef 

cattle management in North America, including western Canada (National Academies of 

Sciences, 2016; Statistics Canada, 2020). However, fall-weaned beef calves may carry GIN 

acquired while grazing on pasture in the summer to the feedlot. Unless effectively treated, that 

GIN infection may compromise performance in the feedlot (Smith et al., 2000). Recent studies in 

Canadian beef operations have reported suboptimal efficacies of macrocyclic lactones in 

reducing FEC, which is the most widely used anthelmintic drug class in western Canada 

(Mackie, 2016; Avramenko et al., 2017; Wills et al., 2020a). There is also evidence of 

macrocyclic lactone resistant Cooperia oncophora in western Canadian beef operations, which 

could potentially impair growth performance (Leigh and Hunnam, 2013; Avramenko et al., 

2017). These findings warrant frequent evaluation of the perceived production benefits of the 

currently used anthelmintic products in growing and finishing beef cattle.  

The impact of the actual GIN fecal egg count (FEC) intensity or serum Ostertagia 

ostertagi titers on cattle performance has only been explored to a limited extent for FEC but not 

antibody titers in beef operations in northern temperate regions (Clark et al., 2015). To date, 

there are no related published reports available in Canada. Assessing the relationship between 

GIN infection and beef cattle's performance characteristics is useful to promote evidence-based 

GIN control programs. For these reasons, the present study's objective was to determine the 

effects of anthelmintic treatment and GIN infection intensity estimated by FEC intensity and 
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serum O. ostertagi antibody titers on the growth and production performance and carcass 

characteristics in feedlot cattle from western Canada. 

5.3 Materials and methods 

5.3.1 Animal management 

The University of Saskatchewan's Animal Care Committee approved the use of steers in 

this study (Protocol number: AUP 20170028). Steers were cared for and handled according to 

the guidelines of the Canadian Council on Animal Care 2009 (Ottawa, ON, Canada). 

Two hundred and thirty-four auction market-derived (Saskatoon Livestock Sales Ltd, 

Saskatoon, SK, Canada), weaned steer calves were housed at a feedlot research facility at the 

University of Saskatchewan (Saskatoon, SK, Canada). All steers arrived at the feedlot within two 

weeks starting in October 2017 and were kept until slaughter in May 2018.  

Upon arrival, each steer was weighed and ear-tagged with a unique feedlot identification 

number. Subsequently, each steer was given a clostridial and Histophilus somni bacterin-toxoid 

(Vision 8 somnus, Merck Animal Health, QC, Canada) and a bovine respiratory disease complex 

vaccine (Vista once SQ, Merck Animal Health, QC, Canada). Steers were also implanted 

(Ralgro, Merck Animal Health, QC, Canada) and treated with metaphylactic antibiotics (Oxyvet 

200 LA, Vetoquinol, QC, Canada). Steers were again implanted (Revalor XS, Merck Animal 

Health, QC, Canada) 65 days after the first batch of calves' arrival at the feedlot. Vaccination, 

implantation, and metaphylaxis were conducted according to the manufacture's 

recommendations.  

Steers were housed in feedlot pens (13 steers per pen); each steer was allowed to 

acclimatize for at least three weeks (until November 2017) before randomized allocation to 

treatment groups on day 0 of the trial, as described below. Each pen had a common feedbunk, 

and some pens shared a common water bowl. Pens were separated by porous fences and 

contained shelters packed with straw. 

Steers were fed a barley-based backgrounding diet (as a total mixed-ration) that contained 

barley silage (31.5%), dry-rolled barley grain (28.3%), alfalfa hay (28.2%), canola meal (7.0%), 

and a pelleted supplement (5.0%) on a dry matter (DM) basis, from arrival (day −36 to −25 of 

the trial) to December 2017 (day 28) of the trial. Subsequently, steers were gradually transitioned 

from that diet to a barley-based finishing diet using a dietary transition consisting of five steps 
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(three days per step) over 15 days (from day 29 to 43). The finishing diet was fed from early 

January 2018 (day 44) to May 2018 (day 181, shipment date for slaughter) and contained barley 

silage (7.5%), dry-rolled barley grain (84.0%), canola meal (3.5%), and a pelleted supplement 

(5.0%) on a DM basis. Steers were fed once a day for ad libitum intake throughout the feeding 

period. The feedlot staff regularly monitored steers' health and followed a treatment protocol 

supplied by the feedlot veterinarian. In the event of cattle death, post-mortem examinations were 

conducted by a commercial veterinary diagnostic service (Prairie Diagnostic Services Inc, 

University of Saskatchewan, Saskatoon, SK, Canada). At the end of the trial, steers were 

transported to a federally inspected abattoir (Cargill Proteins, High River, AB, Canada). 

5.3.2 Experimental design and treatment allocation 

A randomized controlled trial to determine the effects of anthelmintic treatment on 

production performance and carcass quality was conducted with three treatment groups: 

untreated control (CTRL, injectable ivermectin (IVM), and the combined treatment of injectable 

ivermectin and oral fenbendazole (IVM+FZ). A pour-on ectoparasiticide (lambda-cyhalothrin) 

(Saber, Merck Animal Health, QC, Canada) was administered to the CTRL group to control lice 

infestation. 

Steers were randomized into 18 pens of 13 steers per pen, resulting in 78 steers per 

treatment group. Strategic randomization was implemented to ensure a similar median GIN FEC 

and mean BW in each pen. Arrival FEC and BW were measured on day −1 of the trial and were 

considered in the randomization process.  

In this randomization procedure, steers were first sorted based on the ascending order of 

their arrival FEC. Then steers were grouped into 13 categories of 18 animals each. Three 

categories of 18 steers were then clustered into a group of 54 animals. Therefore, four new 

clusters of 54 steers per each cluster were formed. The remaining 18 steers were considered an 

individual group. Steers were again sorted within clusters according to the order from lightest to 

heaviest based on day −1 BW. Once sorted, each cluster was again categorized into three 

categories of 18 steers making 13 categories of 18 in total. Each individual pen was given a 

unique identification number from 1 to 18. A random number from 1 to 18 was pulled 'out of a 

hat.' The first animal with the lightest BW in the first category of the first cluster was assigned 

into that pen (e.g., if number 5 was pulled, then the first lightest animal was assigned to pen 5, 
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the next will be pen 6, and so on. When pen 18 was reached, then the next animal went to pen 1, 

then 2, 3, and 4). Randomization was repeated for the rest of the 12 categories of 18 steers. 

Following the random assignment of calves into pens, the mean FEC and BW of each pen were 

computed and confirmed that each pen had approximately similar mean FEC and body weights. 

If an individual or multiple pens had highly distinct mean FEC and/or BW, the randomization 

procedure was repeated until obtaining relatively similar numbers. 

The following randomization procedure was used to assign treatments to pens. Pen 

numbers were arranged according to ascending sequential order and categorized into six groups 

with three pens each. Each treatment was assigned a number from 1 to 3 (e.g., no treatment = 1, 

ivermectin = 2, combination treatment of ivermectin and fenbendazole = 3). Then, a treatment 

number was randomly pulled 'out of the hat,' and that number was assigned to the first pen of the 

first group of pens (e.g., if number 1 was pulled out of the hat, then pen number 1 would receive 

no treatment, 2 would be treated with ivermectin, and 3 would be treated with the treatment 

combination). Randomization was repeated for each group of pens. 

Anthelmintic treatments were administered on day 0 of the trial according to 

manufacturers' recommendations and based on each steer's individual BW measured on day −1. 

Ivermectin (Ivomec injection 1%, Merial Canada inc., QC, Canada) was injected subcutaneously 

at 0.2 mg/kg BW. Fenbendazole (Safe-guard suspension 10%, Merck Animal Health, QC, 

Canada) was drenched orally at 5 mg/kg BW. A pour-on pyrethroid ectoparasiticide was 

administered to CTRL steers at 10 mL (if < 275 kg) or 15 mL (if > 275 kg) per steer (Saber, 

Merck Animal Health, QC, Canada). Day 0 was also the starting day of the performance data 

collection. Because steers received the backgrounding diet until day 28, the period from day 0 to 

28 was considered the "backgrounding" phase. The period from day 29 to 177 was considered 

the "finishing" phase of the trial (the dietary transition period was also considered in the 

finishing phase). 

5.3.3 Sample and data collection and processing 

5.3.3.1 Fecal sample collection and fecal egg counts 

Individual fecal samples (per rectum) were collected upon arrival of steers at the feedlot 

and on study days 0 (immediately before treatment administration) and 14 . 
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Fecal samples were collected into labeled plastic bags with the air squeezed out to 

facilitate anaerobic conditions and stored in an insulated container. Following the collection, 

fecal samples were immediately sent to the laboratory (University of Saskatchewan). Fecal 

samples were stored in a refrigerator at 4°C until being processed. 

Individual fecal samples were processed within five days of collection. A modified 

Wisconsin sugar floatation technique was used to obtain FEC from 5 g of feces at a theoretical 

minimum detection limit of 0.2 eggs per gram of feces (EPG) (Ito, 1980).  Based on the unique 

morphology, GIN eggs were identified as strongyle type, Nematodirus spp. or Trichuris spp. 

Gastrointestinal nematode eggs were counted and reported as eggs/5 g of feces. Eggs per gram of 

feces (EPG) were calculated by dividing the total egg count by the original sample weight. An 

overall GIN egg count was then obtained by taking the sum of individual EPG values of 

morphologically distinct GIN egg types; this overall FEC was used in the data analysis. A 

sample was considered positive when at least one GIN egg was detected under the microscope. 

5.3.3.2 Blood sample collection and determination of serum O. ostertagi antibody titers 

On days 0 and 14, individual blood samples (jugular or tail vein) were collected 

immediately before treatment administration. Blood samples were collected into 10 mL 

vacutainer serum tubes (BD Vacutainer, Franklin Lakes, NJ, USA), kept in an insulated 

container, and sent to the laboratory. Serum was separated from blood samples within 24 hours 

of collection by centrifuging at 3000 × g and at room temperature (20 to 23°C) for 10 minutes. 

Serum samples were then subsampled into 2 mL aliquots and stored in cryovials at −80°C until 

further analysis. 

Ostertagia ostertagi antibody titers in serum samples were tested with a commercial kit 

and as per the manufacturer's protocol with minor modification (SVANOVIR O. ostertagi-Ab, 

Boehringer Ingelheim Animal Health, Uppsala, Sweden). Serum samples were diluted for a 

1:140 dilution with PBS-Tween 20 (pH 7.2) for this assay (Colwell et al., 2014. Antibodies 

against O. ostertagi in serum samples were reported as optical density ratios (ODR). Serum 

samples with negative ODR values were considered to have no O. ostertagi antibody titers. 
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5.3.3.3 Bodyweight measurements and average daily gain calculation 

Individual BW of steers were recorded at feedlot arrival and on days −1, 0, 14, 28, 61, 90, 

120, 149, 177, 178, and 181. Day 181 BW were measured before loading steers into trailers for 

transportation to the slaughter facility (High River, AB, Canada). Bodyweight measurements 

were collected before feeding to reduce the confounding effects of gut fill. 

The BW (kg) at the beginning (day 0) of the trial were calculated by taking the average of 

the days −1 and 0 BW. The trial end BW (day 177) were calculated by taking the average of the 

days 177 and 178 BW. Rest of the BW measurements were taken only once. Average daily gain 

(kg/d) was calculated using the slope of the individual animal BW measurements at respective 

sample collections and days on feed. A threshold correlation coefficient of 95% for the slope was 

used to determine the accuracy of the ADG predictions. The pen-level ADG was obtained by 

taking the mean of individual ADG values of steers within a pen. Average daily gains were 

calculated and reported for backgrounding and finishing phases of the trial separately. 

5.3.3.4 Feed sampling, dry matter determination, and feed efficiency calculation 

The weights of feed offered (as fed basis) were recorded daily throughout the feeding 

period, and the refused feed in each pen was measured and recorded monthly. Feed samples were 

also collected monthly to determine feed DM values. Dry matter values (%) of feed samples 

were determined as follows:  

Feed DM = (Dry feed sample weight (g) / as fed feed sample weight (g)) × 100. 

Dry matter intakes (DMI, kg/d) of steers at the pen-level were calculated as follows:  

DMI = [(feed offered to the pen (kg) – feed refused in pen (kg)) × feed DM (%)] / [days 

on feed (d) × number of steers in that pen]. 

An assumption was made that DM values of feed refusals were equal to those of the feed 

offered. This assumption could reduce the accuracy of DMI calculations; however, if there is any 

bias on DMI estimations, it should be similar for each treatment. 

Feed utilization efficiency of steers at the pen-level was calculated as the gain-to-feed 

ratio (G:F). Dry matter intakes and G:F were also computed for backgrounding and finishing 

phases.  
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5.3.3.5 Carcass data 

At slaughter, the following carcass data was obtained from the processing plant: carcass 

weight (kg), vision graded backfat (cm), vision graded rib-eye area between the 12th and 13th rib 

(cm2), vision graded marbling score, Canadian Beef Grading Agency quality grades (B4, A, AA, 

AAA, Canada prime) and yield grades (1, 2, 3; according to the guidelines before January 2019) 

(Canadian Beef Grading Agency, 2020). Vision grading was done by a computer vision grading 

system (VBG 2000 e+v Technology GmbH, Oranienburg, Germany). The dressing percentage 

was later calculated using the hot carcass weight and the shrunk BW as follows. 

Dressing percentage = (hot carcass weight (kg) / shrink-corrected (4% shrink) day 181 

BW (kg)) × 100 

 Marbling scores were categorized into the following categories as per the United States 

Department of Agriculture and Savell et al. (1986): trace (200-299), slight (300-399), small (400-

499), modest (500-599), moderate (600-699) (USDA, 2017).  

5.3.4 Data analysis 

Health information was obtained from the feedlot personnel and reported descriptively.  

Body weights, serum O. ostertagi titers, and FEC of steers were descriptively analyzed and 

reported as arithmetic means (± standard deviation) and range.  

The relationship between FEC and serum O. ostertagi titers at feedlot arrival was 

determined using a Spearman's rank correlation coefficient. 

5.3.4.1 Pen-level assessments 

The effects of anthelmintic treatments on BW, DMI, ADG, G:F, and carcass 

characteristics (hot carcass weight, backfat thickness, rib-eye area, and dressing percentage) were 

analyzed as a complete randomized design and one-way ANOVA using PROC MIXED of SAS 

(version 9.4; SAS Institute Inc., Cary, NC). Because pens were equivalent in terms of mean BW 

and median FEC at arrival due to stratified randomization, BW and FEC were not included as 

fixed effects in the model. Therefore, anthelmintic treatment was the only fixed effect variable in 

the model. The pen and the steer were considered experimental and observational units, 

respectively, for BW, ADG, and carcass characteristics. The pen was both the experimental and 

observational unit for the DMI and G:F.  
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The effects of anthelmintic treatments on categorical carcass characteristics (carcass yield 

grade, quality grade, and marbling score categories) were analyzed as a complete randomized 

design using the PROC GLIMMIX of SAS with a binomial distribution and logit data 

transformation. The anthelmintic treatment was the only fixed effect variable in the model. The 

pen was the experimental unit, and the steer was the observational unit. Each category of a 

particular variable was assessed in a separate model in this analysis. For example, the 

percentages of carcasses in the AA and AAA quality grade categories were considered different 

dependent variables and assessed separately. 

In both the MIXED and GLIMMIX procedures indicated above, least squares means 

were computed. A threshold of P < 0.05 was used for the overall model significance, whereas 

tendencies were declared if 0.05 ≤ P < 0.10. The Tukey-Kramer method was used for the post-

hoc pairwise comparisons of means with a significance level at P < 0.05. If anthelmintic 

treatments had a different model-predicted standard error of means, the average was calculated 

and reported.  

5.3.4.2 Individual steer-level assessments 

The fixed effects of arrival FEC on BW, ADG, and carcass characteristics (hot carcass 

weight, backfat thickness, rib-eye area, and dressing percentage) measured as continuous 

variables were analyzed using PROC MIXED of SAS at the individual animal-level (i.e., steer 

was the experimental unit). The pen was considered a random effect variable in the model. To 

facilitate interpretation of effect estimates, a new fixed effect variable called "10 EPG" was 

generated for arrival FEC by dividing the original EPG value by ten. Body weights at arrival and 

anthelmintic treatment were also assessed in the model as fixed effects. Briefly, univariable 

associations between fixed effect variables (FEC, arrival BW, and anthelmintic treatment) and 

outcome variables were determined with a threshold significance of P ≤ 0.20. If univariable 

associations were not significant, arrival BW or anthelmintic treatment were not considered in 

the multivariable model. Regardless of the significance of the univariable associations, FEC was 

forced into the multivariable model. Associations for individual variables were assessed in the 

multivariable model at a level of significance set at P < 0.05. Fixed effect variables that were not 

significant and proven to have no confounding effects (i.e., < 20% change in the coefficient 

estimate of the other variable/s retained in the model) in the multivariable model were not kept in 
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the final model. Two-way interactions were also assessed between fixed effect variables that 

were retained in the final model. Non-significant interactions were removed from the model. 

Kenward-Roger approximation was used to determine degrees of freedom. Residual and random 

effect normality assumptions were assessed in the final model diagnostics. The same approach 

analyzed the effects of serum O. ostertagi antibody titers on BW, ADG and carcass 

characteristics measured on a continuous scale. 

The fixed effects of arrival FEC and serum O. ostertagi titers on yield grade and marbling 

were assessed with multinomial logistic regression and generalized logit link function using 

PROC GLIMMIX. The pen was included in the model as a random effect. Trace and moderate 

marbling categories that had limited data (n = 1 each) were excluded from the analysis. Binary 

logistic regression and logit link function were used to estimate the effects of quality grades. 

Canada prime, A, and B4 quality grades were also excluded from the analysis due to the small 

numbers of steers in these categories (n = 1, 4, and 1, respectively). Body weight at arrival and 

anthelmintic treatment were also assessed in the model as fixed effects. The steer was the 

experimental and observational unit in these analyses. A similar strategy to the one used to 

predict continuous outcomes was used in model building. The Laplace approximation was used 

in the maximum likelihood estimation. 

5.3.4.3 Net income assessment related to anthelmintic treatment 

A partial budget was used to estimate the net income of anthelmintic treatment using a 

commercial grid pricing system. Production (DMI, G:F) and carcass quality characteristics on 

which the overall anthelmintic treatment effect was significant or tended to be significant (at the 

pen-level) were considered as variable revenues in this assessment. The Tukey-Kramer method 

was used for pairwise comparisons of anthelmintic effects on production and carcass quality 

characteristics that tended to have overall treatment effects. The net income was calculated for 

the following combinations: 1) ivermectin treatment versus no treatment, 2) combination 

treatment versus no treatment, 3) ivermectin treatment versus combination treatment. By design, 

the commercial grid considered all the yield grades, quality grades, and carcass weight for the 

price determination. According to the grid, AAA, yield grade 2, and the hot carcass weight 

category of 431 to 442 kg were considered the price assessment bases. Premiums and discounts 

were given per 45 kg of the hot carcass weight. Due to the grid owner's proprietary concerns, 
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original premiums/discounts offered for a particular yield grade, quality grade, and hot carcass 

weight category are not reported. The mean hot carcass weight was used to estimate the 

treatment benefit per steer. The cost of ivermectin was CAD 0.27/mL, and that of fenbendazole 

was CAD 0.15/mL at the time of the analysis. The mean BW of cattle at arrival and 

recommended drug doses were considered to calculate treatment cost per steer. The net income 

per steer was calculated by taking the difference between variable revenues and costs per steer in 

each treatment group. Costs other than the anthelmintic treatment and feed were assumed similar 

for all treatment groups and excluded from the calculations.  

5.4 Results 

5.4.1 Morbidity and mortality of steers 

There were no clinically ill or dead steers from the arrival to the end of the 

backgrounding; therefore, data from 234 steers were available for the backgrounding phase 

analysis. Three steers were treated for non-infectious diseases (bloat, rectal prolapse, lameness), 

and four steers died in the finishing period. Steers with the rectal prolapse and the bloat condition 

were kept in the trial as they recovered quickly following treatments. The lame steer was 

excluded from the trial as feedlot management decided to euthanize the animal due to ligament 

damage complications. Causes of death identified on necropsy included suspected bloat, 

inflammation in the peritoneal cavity (suspected due to surgical complications following bloat), 

and grain overload; none of the deaths were associated with GIN infection. Data on the lame and 

dead steers were not included in the analysis of the finishing phase. Following the exclusion of 

dead and lame steers, 76, 76, and 77 steers were available in the CTRL, IVM, and IVM+FZ 

groups, respectively. 

5.4.2 Body weights, fecal egg counts, and serum O. ostertagi antibody titers  

Arrival BW of steers ranged from 221 to 334 kg, with a mean of 276.3 ± 18.6 kg. At 

arrival, fecal egg counts ranged from 0 to 53.7 EPG, and the mean was 9.1 ± 10.2 EPG. Most 

fecal samples (225/234, 96.2%) were positive for GIN eggs. Most serum samples (214/234, 

91.5%) were positive (i.e., ODR > 0) for antibodies against O. ostertagi at feedlot arrival, and 

ODR values ranged from 0 to 1.13 with a mean of 0.374 ± 0.264. Figure 5.1 depicts FEC and O. 

ostertagi titers' distribution at feedlot arrival, and pre- and day 14 post-anthelmintic treatment. 
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There was a weak positive correlation between the FEC and serum O. ostertagi titers at feedlot 

arrival in steers (r = 0.14, P = 0.04).  

5.4.3 Effects of anthelmintic treatment on production performance and carcass 

characteristics of steers at pen-level 

Anthelmintic treatment did not affect mean BW, DMI, and G:F during feedlot periods (P 

≥ 0.36; Table 5.1). Similarly, hot carcass weight, dressing percentage, backfat thickness, and rib-

eye area were unaffected by the anthelmintic treatments (P ≥ 0.34; Table 5.2). 

Anthelmintic treatment did not affect the proportion of yield grade 1 carcasses (P = 0.11) 

but affected the proportion of carcasses graded as yield grades 2 (P = 0.006) and 3 (P = 0.048) 

(Table 5.2). A greater proportion of steers treated with IVM had a carcass yield grade 2 

compared to CTRL (P = 0.03) and IVM+FZ-treated steers (P = 0.006). Carcass yield grade 3 

was more frequent in the CTRL group (P = 0.04) compared to the IVM group but not different 

from the IVM+FZ group (P = 0.75).  

There were few steers with prime or B4 carcass quality grades, and these grades were 

unaffected by the anthelmintic treatment (P = 0.99). However, anthelmintic treatment had a 

significant effect on A (P = 0.009) and AA (P = 0.04) quality carcasses. Steers in the CTRL 

group had a higher proportion of A grade carcasses (P = 0.006) in comparison to the IVM+FZ-

treated steers. None of the IVM-treated steers had carcasses that were of quality A grade. 

Compared to the CTRL and IVM-treated steers, the frequency of carcasses with AA grade was 

lower in IVM+FZ-treated steers (P = 0.047 and 0.02, respectively). The IVM+FZ treatment 

tended to increase the number of AAA carcasses (P = 0.06).  

Trace, small, and moderate marbling scores were unaffected by the anthelmintic 

treatment (P ≥ 0.15). However, slight (P = 0.04) and modest (P = 0.002) marbling score 

categories were affected by the anthelmintic treatment. The percentage of carcasses in the slight 

marbling category was greater in the CTRL group compared to IVM (P = 0.03) and IVM+FZ (P 

= 0.02) treated groups. In the modest marbling category, steers treated with IVM+FZ were more 

frequent in comparison to IVM-treated (P = 0.01) and CTRL (P = 0.004) groups.  
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5.4.4 Effects of arrival fecal egg counts on production performance and carcass 

characteristics of individual steers  

Arrival BW had a significant positive association with BW (P < 0.001), ADG during 

finishing phase (P = 0.13), hot carcass weight (P < 0.001), backfat thickness (P = 0.01), and rib-

eye area (P = 0.18) in the univariable analyses while anthelmintic treatment had no association 

with these variables (P ≥ 0.30). Therefore, arrival BW but not anthelmintic treatment was 

considered in the multivariable models assessing the effects of FEC on those outcome variables.  

At the beginning of the backgrounding phase, FEC was not related (P = 0.30) with BW 

(Table 5.3). However, there was a tendency (P = 0.09) for a 1.7 kg decrease in BW at the end of 

the backgrounding phase with every 10 EPG increase of FEC. Moreover, an increase of FEC by 

10 EPG decreased the finishing BW (i.e., day 177 BW) by 6.3 kg (P = 0.01).  

Fecal egg counts were not related to ADG during the backgrounding phase (P = 0.53). 

However, every 10 EPG increase of FEC decreased (P = 0.04) the ADG by 30.2 g/d during the 

finishing phase.  

There were no significant relationships between the FEC and dressing percentage, 

backfat thickness or rib-eye area (P ≥ 0.29). Fecal egg counts interacted with arrival BW to 

affect hot carcass weight (P = 0.04). As an example, based on the model predicted coefficients, 

when the FEC was 10 EPG, every 10 kg increase in arrival BW increased the hot carcass weight 

by 1.8 kg. Conversely, every 10 EPG increase of FEC decreased the hot carcass weight by 3.6 kg 

at a mean arrival BW of 276 kg (data not shown). In summary, an increase in BW decreased the 

negative effect of FEC on hot carcass weight.   

Compared to AA carcasses, the odds of having a AAA carcass were 0.3 times lower (P = 

0.02) for every increase in FEC by 10 EPG (Table 5.4). Overall, the FEC affected the yield 

grades of steers (P = 0.02). The odds of having a yield grade 1 carcass was 1.57 times greater (P 

= 0.005) than the odds for a yield grade 2 carcass with every 10 EPG increase in FEC. However, 

the odds of a yield grade 1 (P = 0.30) or 2 (P = 0.21) carcass was similar to that of a yield grade 

3 carcass. Fecal egg counts did not impact marbling score categories (P = 0.14). 
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5.4.5 Effects of arrival serum antibody titers of O. ostertagi accounted for arrival body 

weights and anthelmintic treatment on production performance and carcass characteristics 

of steers assessed at individual animal-level 

Arrival BW but not the anthelmintic treatment (P ≥ 0.30) was included in the 

multivariable modes of assessing the effects of serum O. ostertagi titers on BW (P < 0.001), 

ADG during the finishing phase (P = 0.13), hot carcass weight (P < 0.001), backfat thickness (P 

= 0.01), and rib-eye area (P = 0.18). 

There were no significant effects of serum O. ostertagi antibody titers on steer BW, 

ADG, hot carcass weight, dressing percentage, and rib-eye area (P ≥ 0.26; Table 5.5). However, 

for every unit (i.e., one ODR) increase in Ostertagia antibody titer, there was a 0.33 cm decrease 

(P = 0.004) in backfat thickness.  

The serum O. ostertagi antibody titers had no effect on quality grades (P = 0.89; Table 

5.6). There was an overall effect of O. ostertagi antibodies on carcass yield grades (P = 0.04). 

With every one ODR unit increase, the odds for a yield grade 1 carcass were 6.7 times greater 

than for a yield grade 3 carcass (P = 0.02). Similarly, yield grade 1 carcasses tended (P = 0.06) to 

be 3.1 times more likely than yield grade 2 carcasses with every unit increase in O. ostertagi 

antibody titers. Changes in serum O. ostertagi titers did not affect the marbling score categories 

in steers (P = 0.57). 

5.4.6 The economic advantage of anthelmintic treatment  

All yield grades and carcass quality grades AAA, AA, and A were included in the net 

income assessment related to anthelmintic treatment as they were significantly affected by or 

trended towards significant association with anthelmintic treatment. Hot carcass weight was not 

included in this assessment as it was not affected by the anthelmintic treatment. Because 

anthelmintic treatment did not affect DMI and G:F, feed costs were assumed to be similar across 

treatment groups and were not considered in this economic assessment.  

5.4.6.1 Ivermectin treatment vs. no treatment 

Ivermectin treatment resulted in a revenue increase of CAD 4.5/steer when compared to 

CTRL group. This revenue increase was due to the 5.7% reduction in yield grade 3 carcasses in 

the IVM group compared to the CTRL group. The cost of ivermectin treatment was CAD 
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1.5/steer. Therefore, the net benefit of ivermectin treatment compared to CTRL group was CAD 

3.0/steer.  

5.4.6.2 Combination treatment of ivermectin and fenbendazole vs. no treatment 

The treatment combination gave a net revenue improvement of CAD 5.2/steer when 

compared to the CTRL group. The 6.2 and 4.0% reductions in AA and A quality carcasses, 

respectively, in the IVM+FZ group compared to the CTRL group, was the reason for this 

revenue. However, the cost of the treatment combination was CAD 3.6/steer. Consequently, the 

net benefit of the combination treatment was CAD 1.6/steer compared to the CTRL group.  

5.4.6.3 Combination treatment of ivermectin and fenbendazole vs. ivermectin treatment 

There was a net increase in revenue of CAD 2.4 for the combination treatment when it 

was compared to ivermectin treatment. The reason was the 7.6% decrease in AA carcasses in the 

IVM+FZ group compared to the IVM group. When the cost of fenbendazole (CAD 2.1/steer) 

was deducted, the net benefit of the combination treatment was CAD 0.30/steer.  

5.5 Discussion 

Recent evidence for reduced macrocyclic lactone efficacy in western Canadian cow-calf 

operations highlights the importance of generating contemporary information on the production 

effects of current anthelmintics used to control GIN (Avramenko et al., 2017). This knowledge is 

particularly important, considering that macrocyclic lactones are still the most widely used 

deworming drug class in western Canadian beef operations (Wills et al., 2020a). There were no 

distinct differences between anthelmintic treated and untreated steers in the present trial in terms 

of BW, DMI, ADG, and feed utilization efficiency at the pen level. The generally low FEC 

obtained in these calves suggests an overall low level of GIN infection and might at least in part 

explain the lack of associations. However, there were overall beneficial effects of anthelmintic 

treatment on several carcass quality characteristics associated with quality grade, marbling score, 

and yield grade. Anthelmintic treatment with injectable ivermectin or injectable ivermectin and 

fenbendazole resulted in more yield grade 2 carcasses and modest marbling scores compared to 

untreated steers, respectively. As well, AAA carcasses tended to be more common in steers 

given the treatment combination. In contrast, carcass quality characteristics such as quality grade 
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A and slight marbling category were more frequent in untreated steers. These findings suggest 

that carcass quality characteristics are more affected by low FEC than production and growth 

performance. 

Diets fed to these steers were balanced to provide daily nutrient requirements adequately. 

As untreated steers had similar DMI to treated steers, compensatory gains of the quantity of 

tissue for possible GIN effects on muscle growth might have occurred, reducing any possible 

effects of parasite infection on finishing BW and ADG. It is again notable that the low FEC 

intensity level in these steers might not be sufficiently detrimental in terms of potential nutrient 

losses associated with the parasite-related tissue damage in the gastrointestinal tract (Hawkins, 

1993). 

The mechanisms for the changes in carcass quality arising from GIN infection are not 

well understood to date (Hawkins, 1993). However, it is noteworthy that the affected carcass 

characteristics were related to subcutaneous and intramuscular fat deposition and muscling. 

Because hot carcass weights and rib-eye area were similar in untreated and treated steers, protein 

metabolism that largely influences muscling was likely unaffected by GIN. Therefore, it can be 

speculated that GIN in untreated steers may reduce fat levels in skeletal muscles by reducing the 

deposition of fat derived from fatty acids of dietary origin or other precursors such as glucose, 

propionate, and acetate. Partly supporting this notion, Yang et al. (2013) reported that GIN 

downregulated genes related to fat deposition in experimentally infected mice.  

The combination treatment had greater positive effects on improving the carcass quality 

compared to ivermectin alone. For instance, the percentage of AAA carcasses tended to be 

greater in the IVM+FZ group compared to the IVM group. Moreover, the percentage of 

carcasses in the modest marbling score category was higher in the IVM+FZ group than the IVM 

group. Gastrointestinal nematode eggs were not recovered from steers in the IVM+FZ groups 14 

days after the treatment suggesting a high efficacy of combination treatment in reducing the 

FEC. However, such high efficacy was not evident in the IVM group when day 0 and day 14 

post-treatment FEC were compared. This difference in the treatment efficacies likely explains 

why the treatment combination increased carcass quality compared to the ivermectin treatment. 

However, it is noteworthy that ADG and G:F were not different between the two anthelmintic 

treatments. Ivermectin alone was still efficacious in reducing adverse effects of GIN on cattle 

performance compared to the untreated steers. A comparative investigation in the US reported 
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increased DMI, ADG, finishing BW, and hot carcass weights in beef cattle receiving the 

treatment combination of pour-on ivermectin and oral fenbendazole in comparison to those 

treated with pour-on ivermectin only (Reinhardt et al., 2006). The post-treatment reduction in the 

FEC in that study also suggested a high efficacy of the treatment combination compared to the 

ivermectin only treatment (Reinhardt et al., 2006). The mean pre-treatment FEC (32.7 EPG) of 

yearling heifers used in the study by Reinhardt et al. (2006) was grater than in the present study 

(9.1 EPG) suggesting an overall higher GIN burden in their cattle. This comparatively greater 

FEC intensity could be a possible reason for the measurable adverse effects on growth and 

production performance in ivermectin-treated cattle in their study but not in the present study. 

Overall, however, the effects of anthelmintic treatment on production performance and 

carcass quality in feedlot cattle are not consistent in both internationally and locally available 

literature. For instance, in the US, fenbendazole treatment significantly improved both 

production performance and carcass quality characteristics when feedlot steers were treated with 

oral fenbendazole compared to untreated steers (Smith et al., 2000). In western Canada, 

ivermectin treatment increased ADG, DMI, and G:F in feedlot yearlings in comparison to 

organophosphate-treated cattle (Schunicht et al., 2000). However, steers treated with levamisole, 

morantel, or thiabendazole had no different ADG and G:F efficiency compared to untreated 

steers (Stockdale and Harries, 1979). The exact reasons for these discrepancies between different 

studies are not clear but could be associated with the differences in drug efficacies, parasite 

infection intensities, GIN species composition, age-related host immunity, unknown history of 

anthelmintic treatments before the experiment, and host genetics. It is also important to note that 

the sole effects of different anthelmintics used in some of the studies mentioned above should be 

discussed with caution as they did not use untreated control groups (Jim et al., 1992; Guichon et 

al., 2000; Schunicht et al., 2000).  

The economic assessment, solely based on carcass quality and commercial grid pricing, 

suggests that either form of anthelmintic treatment is profitable in feedlot steers under similar 

market conditions. Compared to the CTRL group, both the ivermectin and the combination 

treatments resulted in a positive net income when compared to no treatment. When IVM and 

IVM+FZ groups were compared, a positive net income was related to the treatment combination; 

however, that net income was relatively small (CAD 0.3/steer). It is noteworthy that the 

interpretation and generalization of this economic assessment's results must be made cautiously 
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due to the following reasons. Different buyers are likely to have different grid systems to 

determine prices. Moreover, even within a particular grid system, the base prices change from 

time to time. Additionally, not all producers sell their cattle based on grid-based systems. For 

instance, cattle are also sold based on live BW. Therefore, price determination may be 

situational. Also, the carcass yield and quality grading systems used here had recently (after the 

completion of this experiment and obtaining carcass quality data) been updated with 

considerable changes (Canadian Beef Grading Agency, 2020). Consequently, the grid pricing 

system has also changed with different premiums and discounts for new yield and quality grade 

categories. 

Further, it appears that the ivermectin only treatment and the combination treatment of 

ivermectin and fenbendazole are not distinctly different in terms of net income benefits. 

However, macrocyclic lactone resistance was recently suggested in western Canadian beef 

operations, although no confirmatory peer-reviewed reports are currently available (Avramenko 

et al., 2017). Also, routine blanket treatment of pour-on macrocyclic lactones (mostly 

ivermectin) is still the most common GIN management practice in western Canada (Wills et al., 

2020a). This practice can increase the selection pressure for macrocyclic lactone resistant GIN 

(Sutherland and Scott, 2010). If ivermectin resistant GIN are present in western Canada, 

continuing to use the drug in cow-calf operations may increase the frequency of resistant GIN. 

As calves carry the resistant GIN to the feedlots from pastures, in the future, ivermectin only 

treatment may not have sufficiently positive effects on production and carcass quality in feedlot 

cattle.  

Peer-reviewed literature is limited regarding the association between the GIN infection 

intensity and the production performance in beef cattle in northern latitudes. Accurately 

determining the GIN infection intensity in the live animal is challenging. Despite its limitations 

(e.g., varying sensitivity depending on the method used, variation in daily and seasonal shedding 

intensity), the FEC is currently used for approximating the GIN infection intensity in livestock 

worldwide (Storey, 2015; Paras et al., 2018). Furthermore, the FEC from beef cattle in the 

northern US and western Canada are typically low with mean FEC ranging from 2 to 30 EPG 

(Stromberg et al., 2015; Avramenko et al., 2017; Wills et al., 2020b). As mentioned earlier, this 

overall low FEC intensity, at least in part, explain the lack of growth and production effect of 

GIN in these steers. Clark et al. (2015) recently suggested that a high level of GIN infection 
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assessed by FEC (i.e., > 100 EPG) at feedlot arrival could cause long-lasting adverse effects on 

growth performance in beef cattle.   

At the individual steer level, there were significant decreases in ADG and finishing BW 

with each 10 EPG increase of the arrival FEC. The interaction effect between arrival FEC and 

BW further manifested that increased FEC decreased the hot carcass weight of steers with lighter 

arrival BW. The increased likelihood of yield grade 1 compared to yield grade 2 was also 

detected with every 10 EPG increase of the FEC at arrival; this suggests an increase in lean 

muscle yield (likely related to the reduction in fat deposition) with increasing GIN infection 

intensity. The effects of GIN on reducing backfat thickness could partly be a reason for this 

increase in lean muscle yield. This notion is partly supported by the reduction in backfat 

thickness with every ODR increase in O. ostertagi antibody titers, although the FEC intensity did 

not affect these steers' back fat thickness. Similar to the FEC association with yield grade 1, 

higher serum antibody titers were also associated with a greater likelihood of a yield grade 1 

carcass, further supporting this argument. Backfat thickness, an indication of external fat in the 

carcass, is one of the factors used to assess the carcass yield grade (USDA, 2017). Backfat 

thickness is negatively associated with the lean muscle yield.  

Clark et al. (2015) also investigated the effects of FEC intensity on growth and 

production performance and carcass quality in feedlot calves. However, they discovered only 

tendencies for decreased finishing BW and some carcass quality characteristics (i.e., backfat 

thickness, rib-eye area, marbling score) with high FEC intensity (> 100 EPG). The FEC intensity 

of cattle in that study was considerably higher than that of the current trial, but effects were still 

not substantial. 

In contrast to the FEC, antibodies against GIN can be rapidly detected in the serum 

following an infection (Canals and Gasbarre, 1990). Both adult and larval stages are 

immunogenic; therefore, measuring serum IgG may overcome some of the limitations of the 

FEC (Canals and Gasbarre, 1990). A negative association between O. ostertagi IgG in milk and 

milk production has been confirmed in dairy cattle (Sanchez et al., 2004; Charlier et al., 2009). 

Apart from the increased likelihood for yield grade 1 carcasses and a negative relationship with 

backfat thickness, unlike for the FEC, there was no association between serum O. 

ostertagi antibodies and growth and production performance and quality grades. There could be 

a few potential reasons for this discrepancy. The correlation between the FEC and serum O. 
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ostertagi titers was negligible, such that these two measurements could have distinct 

relationships with cattle performance. For example, the FEC indicates a recent, on-going GIN 

infection, whereas serum O. ostertagi titers may not accurately distinguish between on-going, 

recent, or historical infections (Roeber et al., 2013). The latter may be why there were no distinct 

changes in the serum O. ostertagi titers 14 days post-anthelmintic treatment. In contrast to O. 

ostertagi titers, the FEC had more biologically plausible associations with performance and 

carcass quality characteristics that lead to the hypothesis that the detected adverse effects are 

primarily due to recent GIN infection. Additionally, although crude O. ostertagi antigens may 

cross-react with antibodies against several other GIN species in the ELISA, the test primarily 

diagnoses exposure to O. ostertagi; therefore, O. ostertagi titers may not be superior to the FEC 

in assessing the impact of GIN on cattle performance (Keus et al., 1981).  

There was a discrepancy between the pen-level and individual-level performance data in 

steers in terms of growth and production performance. However, population-level causal factors 

do not necessarily have effects at the individual level. The homogenous grouping of steers at the 

pen-level in terms of median FEC and mean BW may have resulted in an infection intensity at 

each pen that had no detrimental effects for group-level growth and production performance.  

A few limitations must further be highlighted in this study. Together with the limited 

capacity for reinfection, the potential for hypobiosis of GIN during the feedlot period could have 

decreased the magnitude of the parasite effects on steer performance. Hypobiotic larvae are 

generally less detrimental compared to adult parasites except in conditions such as type II 

ostertagiasis that merely depend on the intensity of the infection (Myers and Taylor, 1989). 

Furthermore, as steers were auction-market derived, no history was available. It is possible that 

some may have received anthelmintic treatment at some point before arriving at the feedlot, 

which may have reduced the FEC in some steers. However, this was deemed unlikely 

considering that deworming of grazing calves in cow-calf operations in western Canada only 

occurs in about 46% of operations and occurs equally frequently in the spring and fall (Wills et 

al., 2020a).  

A limited sample size (primarily at pen-level) could have restricted the statistical power 

to detect some associations (e.g., yield grade 1 and quality grade AAA in the pen-level analysis). 

Considerably low FEC of steers at feedlot arrival may have limited the accuracy of the effect 

estimations at the individual steer-level. It would be beneficial to evaluate the effects of 
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fenbendazole only treatment as well. However, the number of pens available in the feedlot 

facility limited the sample size the pen-level and limited the number of treatment groups feasible 

for this trial.  

5.6 Conclusions 

In conclusion, anthelmintic treatments improved carcass quality characteristics in these 

feedlot steers from western Canada and were economically beneficial. For producers who are 

paid on a carcass quality basis, this is relevant information. Carcass quality related to 

anthelmintic treatment increased despite generally low FEC, suggesting that even low GIN 

infection intensities negatively affect some carcass quality characteristics in these steers. The 

combination treatment of ivermectin and fenbendazole had more positive effects on carcass 

quality than ivermectin only treatment. However, due to the absence of a distinct difference 

between the net economic benefits related to the combination and the ivermectin only treatment, 

and given the added labor for administering oral fenbendazole, it is currently challenging to 

recommend the treatment combination over ivermectin only treatment based solely on the 

carcass quality-derived economic analysis.   
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Table 5.1. Effects of anthelmintic treatment on average daily gain and feed utilization efficiency 

of auction market-derived, fall-weaned feedlot steers from western Canada (n = 18 pens; 6 

pens/treatment)1 

 Treatment 
SEM5 P-value 

  CTRL2 IVM3 IVM+FZ4 

Live body weight (kg)      

Start of backgrounding phase 324 324 322 1.9 0.70 

End of backgrounding phase 362 363 362 2.5 0.93 

End of finishing phase 618 628 623 5.9 0.46 

      

Dry matter intake (kg/d)      

Backgrounding phase 8.62 8.65 8.43 0.133 0.48 

Finishing phase 10.2 10.5 10.2 0.19 0.65 

      

Average daily gain (kg/d)      
Backgrounding phase 1.32 1.33 1.40 0.060 0.60 

Finishing phase 1.78 1.80 1.76 0.041 0.81 

      
Feed efficiency (gain-to-feed ratio)6       

Backgrounding phase 0.16 0.15 0.17 0.008 0.36 

Finishing phase 0.18 0.17 0.18 0.004 0.82 

Note: reported values under each treatment are model predicted means. 

1Data were analyzed at the pen level; animals were the observational units for body weights and 

average daily gains, whereas pens were the observational units for dry matter intake and feed 

efficiency. Each treatment group (n = 78) had replicates of 6 pens and 13 steers per pen at the 

beginning of the trial. Data from all steers were available at the backgrounding phase. After 

accounting for dead and sick animals and missing information, data from 75, 76, and 77 steers 

were available at the finishing phase for CTRL, IVM, and IVM+FZ groups, respectively.  

2Untreated control 

3Injectable ivermectin 

4Combined treatment of injectable ivermectin and oral fenbendazole 

5Standard error of mean 

6Ratio of live weight gain to dry matter intake  
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Table 5.2. Effects of anthelmintic treatment on carcass quality characteristics of auction market-

derived, fall-weaned feedlot steers from western Canada (n = 18 pens; 6 pens/treatment)1 

 Treatment 
SEM5 P-value 

  CTRL2 IVM3 IVM+FZ4 

Hot carcass weight (kg) 361 361 360 3.7 0.97 

Dressing percentage (%) 59.2 58.9 59.1 0.17 0.41 

Back fat (cm) 1.18 1.28 1.18 0.053 0.34 

Rib eye area (cm2) 90.6 90.4 90.7 0.94 0.97 

    
  

Yield Grade6 (%)       
 1 40.8 (31/76) 38.4 (29/76) 44.8 (34/76) 2.00 0.11 

 2 40.6b (31/76) 48.7a (37/76) 38.3b (29/76) 2.00 0.006 

 3 18.6a (14/76) 12.9b (10/76) 17.0ab (13/76) 1.50 0.048 

      
Quality Grade6 (%)      

 Prime 0 (0/76) 0 (0/76) 1.30 (1/77) 0.20 0.99 

 AAA 49.8 (38/76) 53.8 (41/76) 57.5 (44/77) 2.00 0.06 

 AA 44.9a (34/76) 46.3a (35/76) 38.7b (30/77) 2.00 0.047 

 A 5.3a (4/76) 0ab (0/76) 1.3b (1/77) 0.50 0.009 

 B4 0 (0/76) 0 (0/76) 1.3 (1/77) 0.20 0.99 

      
Marbling score7,8 (%)      

 Moderate 0 (0/72) 1.40 (1/73) 0 (0/72) 0.20 0.99 

 Modest 5.9b (4/72) 6.7b (5/73) 12.5a (9/72) 1.10 0.002 

 Small 32.6 (23/72) 37.1 (27/73) 31.8 (23/72) 1.9 0.15 

 Slight 61.5a (45/72) 55.0b (40/73) 54.3b (39/72) 2.00 0.04 

 Trace 0 (0/72) 0 (0/73) 1.4 (1/72) 0.20 0.99 

Note: reported values under each treatment are model predicted means. Means within a row with 

different superscripts differ significantly from each other (P < 0.05). Each category of yield 

grade, quality grade, and marbling score was assessed in a separate univariate model in this 

analysis. 

1Pens were considered experimental units, and steers were observational units; each treatment 

group had replicates of 6 pens and 13 steers per pen at the beginning of the experiment. After 

accounting for dead and sick animals and missing information, data were available for CTRL, 

IVM, and IVM+FZ groups, respectively as follows: Rib-eye area/Back fat thickness/marbling 

score: 72,73, and 72; hot carcass weight/dressing percentage/Quality grade: 76,76, and 77; yield 
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grade: 76 per each group. Numbers of carcasses are reported beside the respective model 

predicted percentages. 

2Untreated control 

3Injectable ivermectin 

4Combined treatment of injectable ivermectin and oral fenbendazole 

5Standard error of mean 

6According to the Canadian Beef Grading Agency (CBGA) guidelines before January 2019 

(Canadian Beef Grading Agency, 2020) 

7According to the United States Department of Agriculture guidelines (USDA, 2017) 

8Where: 600 to 699 = moderate; 500 to 599 = modest; 400 to 499 = small; 300 to 399 = slight; 

200 to 299 = trace (Savell et al., 1986) 
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Table 5.3. Effects of fecal egg counts at feedlot arrival accounted for arrival body weights on growth, production, and 

continuous carcass quality characteristics of auction market-derived, fall-weaned feedlot steers from western Canada. 

Outcome variable Intercept 

Coefficient (95% confident limit) 
 

P-value 

FEC1 BW2 

  

FEC*BW 
Intercept FEC BW 

FEC*

BW 

Body weight (kg)         

Start of backgrounding phase (n=234) 32.2 (4.1-60.4) −0.99 (−2.85-0.87) 1.06 (0.96-1.16) NA3 0.03 0.30 < 0.001 NA 

End of backgrounding phase (n=234) 62.3 (31.9-92.8) −1.74 (−3.75-0.28) 1.09 (0.98-1.20) NA < 0.001 0.09 < 0.001 NA 

End of finishing phase (n=228) 295 (219-371) −6.32 [−11.31-(−1.34)] 1.22 (0.95-1.45) NA < 0.001 0.01 < 0.001 NA 

         

Average daily gain (kg/d)         

Backgrounding phase (n=234) 1.31 (1.23-1.39) −0.013 (−0.053-0.027) NA NA < 0.001 0.53 NA NA 

Finishing phase (n=228) 1.82 (1.77-1.87) −0.030 [−0.059-(−0.002)] NA NA < 0.001 0.04 NA NA 

         

Hot carcass weight (kg) (n=229) 203 (145-260) −53.9 [−101.8-(−6.0)] 0.58 (0.38-0.79) 0.182 (0.010-0.354) < 0.001 0.03 < 0.001 0.04 

Dressing percentage (%) (n=229) 59.0 (58.8-59.3) −0.001 (−0.196-0.194) NA NA < 0.001 0.99 NA NA 

Back fat (cm) (n=217) 0.245 (−0.608-1.11) −0.026 (−0.084-0.031) 0.004 (0.0004-0.007) NA 0.57 0.37 0.03 NA 

Rib eye area (cm2) (n=217) 89.3 (87.2-91.3) 0.88 (−0.62-2.38) NA NA < 0.001 0.25 NA NA 

Notes: Steer was both the experimental and observational unit. Data were analyzed by a multivariable mixed effect model with the pen as a 

random effect. 

1Fecal egg counts; the unit of fecal egg counts was 10 eggs per gram of feces 

2Body weight (kg) 

3No value for arrival body weight in the model 
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Table 5.4. Effects of fecal egg counts at feedlot arrival accounted for arrival body weights on 

categorical carcass quality characteristics of auction market-derived, fall-weaned feedlot steers 

from western Canada.   

Outcome variable 
Odds ratio (95% confident limit) P-value 

FEC1 BW2 FEC BW 

Quality grade3 (n=224)     

AAA vs AA (ref=AA) 0.705 (0.533-0.934) 1.02 (1.00-1.03) 0.01 0.04 

     

Yield grade3 (n=228)   0.02 0.02 

1 vs 2 (ref=2) 1.57 (1.15-2.15) 0.980 (0.964-0.996) 0.01 0.01 

1 vs 3 (ref=3) 1.21 (0.84-1.75) 0.977 (0.956-0.998) 0.30 0.04 

2 vs 3 (ref=3) 0.773 (0.514-1.16) 0.998 (0.977-1.02) 0.21 0.82 

     

Marbling4,5 (n=215)   0.14 0.03 

Small vs slight (ref=slight) 0.799 (0.587-1.09) 1.02 (1.01-1.04) 0.15 0.008 

Modest vs slight (ref=slight) 0.561 (0.275-1.15) 1.02 (0.988-1.04) 0.11 0.28 

Modest vs small (ref=small) 0.704 (0.338-1.47) 0.992 (0.965-1.02) 0.35 0.59 

Note: Steer was both the experimental and observational unit. Data were analyzed by a 

multinomial logistic regression model with a generalized logit link function. 

1Fecal egg counts (10 eggs per gram of feces) 

2Body weight (kg) 

3According to the Canadian Beef Grading Agency (CBGA) guidelines before January 2019 

(Canadian Beef Grading Agency, 2020) 

4According to the United States Department of Agriculture guidelines (USDA, 2017) 

5Where: 600 to 699 = moderate; 500 to 599 = modest; 400 to 49 = small; 300 to 399 = slight; 

200 to 299 = trace (Savell et al., 1986) 
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Table 5.5. Effects of serum Ostertagia ostertagi titers at feedlot arrival accounted for arrival body weights on growth, production, 

and carcass quality characteristics of auction market-derived, fall-weaned feedlot steers from western Canada.   

Outcome variable Intercept 

Coefficient (95% confident limit) 
P-value 

ODR1 BW2 

Intercept ODR BW 

Body weight (kg)       

Start of backgrounding phase(n=234) 29.2 (0.78-57.7) −4.41(−11.8-2.95) 1.07 (0.97-1.18) 0.04 0.24 < 0.001 

End of backgrounding phase(n=234) 58.9 (28.0-89.8) −4.57 (−12.6-3.42) 1.10 (0.99-1.22) < 0.001 0.26 < 0.001 

End of finishing phase (n=228) 288 (211–366) −8.64 (−29.1–11.8) 1.23 (0.95-1.52) < 0.001 0.41 < 0.001 

       

Average daily gain (kg/d)       

Backgrounding phase (n=234) 1.31 (1.22-1.4018) −0.037 (−0.195-0.121) NA3 < 0.001 0.65 NA 

Finishing phase (n=228) 1.44 (0.99-1.89) −0.035 (−0.154-0.083) 0.001 (−0.0003-0.003) < 0.001 0.57 0.11 

       

Hot carcass weight (kg) (n=229) 351 (253-450) −11.5 (−37.5-14.4) 1.62 (1.26-1.99) < 0.001 0.38 < 0.001 

Dressing percentage (%) (n=229) 59.1 (58.7-59.4) −0.039 (−0.797-0.719) NA < 0.001 0.92 NA 

Back fat (cm) (n=217) 0.027 (−0.821-0.874) −0.329 [−0.550-(−0.107)] 0.005 (0.002-0.008) 0.95 0.004 0.003 

Rib eye area (cm2) (n=217) 89.5 (86.9-92.1) 1.47 (−4.14-7.07) NA < 0.001 0.61 NA 

Note: Steer was both the experimental and observational unit. Data were analyzed by a multivariable mixed effect model with the 

pen as a random effect.  

1Ostertagia ostertagi titers (optical density ratio) 

2Body weight (kg) 

3No value for arrival body weight in the model 
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Table 5.6. Effects of serum Ostertagia ostertagi titers at feedlot arrival accounted for arrival 

body weights on categorical carcass quality characteristics of auction market-derived, fall-

weaned feedlot steers from western Canada.   

Outcome variable 
Odds ratio (95% confident limit) P-value 

ODR1 BW2 ODR  BW 

Quality grade3 (n=224)     

AAA vs AA (ref=AA) 1.08 (0.364-3.21) 1.01 (0.999-1.03) 0.89 0.07 

     

Yield grade3 (n=228)   0.04 0.009 

1 vs 2 (ref=2) 3.14 (0.978-10.1) 0.977 (0.960-0.993) 0.06 0.007 

1 vs 3 (ref=3) 6.66 (1.35-32.9) 0.971 (0.950-0.993) 0.02 0.01 

2 vs 3 (ref=3) 2.13 (0.452-10.0) 0.995 (0.974-1.02) 0.34 0.62 

     

Marbling4,5 (n=215)   0.57 0.02 

Small vs slight (ref=slight) 0.573 (0.182-1.81) 1.02 (1.01-1.04) 0.34 0.006 

Modest vs slight (ref=slight) 1.35 (0.195-9.27) 1.01 (0.984 1.04) 0.76 0.39 

Modest vs small (ref=small) 2.35 (0.314-17.5) 0.989 (0.959-1.02) 0.40 0.45 

Note: Steer was both the experimental and observational unit. Data were analyzed by 

multinomial a logistic regression model with a generalized logit link function. 

1Ostertagia ostertagi titers (optical density ratio) 

2Body weight (kg) 

3According to the Canadian Beef Grading Agency (CBGA) before January 2019 (Canadian Beef 

Grading Agency, 2020) 

4According to the United States Department of Agriculture (USDA, 2017) 

5Where: 600 to 699 = moderate; 500 to 599 = modest; 400 to 49 = small; 300 to 399 = slight; 

200 to 299 = trace (Savell et al., 1986)  
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Figure 5.1. Distribution of (A) fecal egg counts and (B) serum antibody titers against Ostertagia 

ostertagi of auction market-derived fall-weaned feedlot steers (n = 234) from western Canada in 

each treatment group at feedlot arrival, pre-anthelmintic treatment (day 0), and day 14 post-

anthelmintic treatment. Treatment groups were untreated control (CTRL; ectoparasiticide only), 

injectable ivermectin only (IVM), and a combination of injectable ivermectin and oral 

fenbendazole (IVM+FZ). The absence of box and whisker plot in day 14 post-IVM+FZ 

treatment indicates zero fecal egg counts in all individual fecal samples in that group. 
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 CARBOHYDRATE LARVAL ANTIGEN (CarLA) SPECIFIC 

SALIVARY IgA RESPONSE IN A HERD OF YEARLING GRAZING BEEF 

HEIFERS INFECTED WITH GASTROINTESTINAL NEMATODES 

Eranga De Seram, Richard Shaw, John Campbell, John Gilleard, Samantha Ekanayake, Fabienne 

Uehlinger 

 

Targeted selective treatment is a recommended strategy to reduce the risk of anthelmintic 

resistance development. Chapter 3 revealed multiple GIN species resistant to ivermectin in 

western Canadian beef cattle, suggesting the urgent need for implementing strategies such as 

TST to mitigate the further selection pressure for anthelmintic resistance in grazing beef cattle. 

Diagnostic tests that can accurately identify cattle susceptible to compromised performance 

related to GIN infections are essential in TST programs. Commonly used GIN diagnostic 

methods such as the FEC are not accurate enough to determine threshold infection intensities for 

TST in beef cattle. This chapter investigated the anti-CarLA salivary IgA response in a herd of 

grazing yearling beef cattle to determine the potential of an anti-CarLA salivary IgA ELSA as a 

GIN diagnostic test for TST. There was a detectable anti-CarLA salivary IgA response in these 

cattle. While no significant associations between growth parameters and salivary anti-CarLA 

IgA concentrations were evident, the test warrants further investigation over multiple seasons 

using different age-groups of cattle.  
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chapter will belong to the journal it is published in. 

 

Author contributions: De Seram was responsible for study design, fecal, blood, saliva sample 

collection, laboratory and data analysis, O. ostertagi ELISA, and manuscript preparation. 

Uehlinger, Campbell, and Gilleard were responsible for study design and manuscript review. 

Shaw conducted salivary anti-CarLA IgA ELISA and responsible for manuscript review. 

Ekanayake contributed to fecal, blood, and saliva sample collection and laboratory analysis. 

  



 

162 
 

6.1 Abstract 

The objective of this study was to monitor the carbohydrate larval antigen (CarLA) 

specific salivary IgA response over a grazing season and determine its relationship with body 

weights, average daily gain, fecal egg counts (FEC), and serum Ostertagia ostertagi antibody 

titers in yearling grazing beef heifers to understand the potential of a salivary anti-CarLA IgA 

ELISA as a tool for targeted selective treatment. A longitudinal observational study was 

conducted with 44 yearling grazing beef heifers from June to October 2018. Heifers had previous 

grazing experience with their dams and were not treated for internal parasites. Individual fecal, 

saliva, and blood samples and body weight measurements were obtained from heifers 

immediately before and monthly during grazing. Anti-CarLA IgA concentrations in saliva and O. 

ostertagi antibody titers in serum samples were quantified using ELISA assays. A modified 

Wisconsin sugar floatation technique was used to obtain FEC. The phenotypic correlations 

between the anti-CarLA IgA concentrations and parasitological and growth indicators were 

determined using Pearson's correlation coefficient. The salivary anti-CarLA IgA concentrations 

ranged from 0.6 to 211.0 units/mL. All saliva samples except four and two samples in August 

and October, respectively, had anti-CarLA IgA concentrations above the minimum detectable 

level of the test (0.85 units/mL). The anti-CarLA IgA concentrations remained low from June-

August until a peak in September, followed by a decline in October. Weak to moderate positive 

correlations between anti-CarLA IgA concentrations and FEC were only significant between 

June and July and June and September. Significant correlations were absent between monthly 

anti-CarLA IgA concentrations and body weights, average daily gains, and serum O. ostertagi 

titers. The low FEC intensities, the immune memory from the previous grazing, and acquired 

protective immunity during grazing are some of the potential reasons for the lack of significant 

findings. However, overall, these results manifest that anti-CarLA IgA ELISA can identify beef 

cattle exposed to GIN. Nevertheless, the above relationships must be re-evaluated with particular 

attention to cattle's preferred age to further understand the potential of salivary anti-CarLA IgA 

ELISA as a diagnostic tool for targeted selective treatment in beef cattle.   
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6.2 Introduction 

Anthelmintic resistance in gastrointestinal nematodes (GIN) is increasingly reported in 

beef operations worldwide, and the presence of macrocyclic lactone resistance has recently been 

suggested in western Canada (Sutherland and Leathwick, 2011; Avramenko et al., 2017). 

Evidence-based, targeted selective treatment (TST) programs help alleviate the selection 

pressure for anthelmintic resistance by creating sufficient refugia in a GIN population to dilute 

the effects of resistant genes in that population (Hodgkinson et al., 2019). The success of TST 

primarily relies on the accurate identification of individual animals that are highly susceptible to 

the production losses associated with GIN infections and high shedders, which are responsible 

for a large amount of GIN contamination in a herd.  

Treating animals based on a defined threshold fecal egg count (FEC) is one of the current 

strategies used in TST in cattle (O'Shaughnessy et al., 2014). However, the FEC has many 

limitations as a diagnostic method, including but not limited to varying detection sensitivities of 

different egg counting methods, daily variation in fecal egg shedding, the fecundity of GIN 

species, and maturity and the gender of parasites (Storey, 2015). These factors limit the accuracy 

of the FEC in diagnosing the GIN infection and, therefore, minimize the reliability of a FEC as a 

useful tool for TST. Additionally, threshold FEC for TST are challenging to establish in beef 

cattle due to generally low FEC in northern US and Canada with long cold winters and dry 

summers (Stromberg et al., 2015; Wills et al., 2020b).  

Selective administration of anthelmintics to animals with compromised growth 

performance, such as reduced average daily gain (ADG), has been investigated as a TST strategy 

in cattle to a limited extent (Greer et al., 2010; Höglund et al., 2013a). Despite the reduction in 

the use of anthelmintics compared to the routine whole-herd treatment, this TST strategy did not 

result in a significant improvement in the ADG of first grazing season dairy calves used in those 

investigations following the treatment (Greer et al., 2010; Höglund et al., 2013a). Due to this 

noticeable disadvantage and the potential risk for economic losses, the use of indicators such as 

ADG as a tool for performance-based TST programs is doubtful.  For these reasons, exploring 

sensitive and accurate diagnostic tools that can effectively be used in selective GIN treatment 

programs is currently a need. 

The use of immunological markers to diagnose GIN infections in cattle may have 

advantages over FEC methods. For example, larval stages of GIN species are immunogenic, 
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while FEC methods are not capable of diagnosing prepatent GIN infections (Keus et al., 1981; 

Storey, 2015). Salivary IgA against carbohydrate larval antigen (CarLA), a surface antigen of 

GIN third stage larvae (L3) in ruminants, has been tested as an immune marker for the selection 

of naturally GIN resistant sheep (Shaw et al., 2012, 2013). Anti-CarLA IgA concentrations in 

saliva have been demonstrated to have positive genetic and phenotypic correlations with ADG in 

sheep (Shaw et al., 2013). Additionally, there was a negative relationship between salivary anti-

CarLA IgA concentrations and FEC (Shaw et al., 2012, 2013; McRae et al., 2014). The peer-

reviewed literature on the anti-CarLA response in cattle is limited to a single study in France, 

which quantified measurable levels of anti-CarLA IgA concentrations in first grazing season 

dairy cattle (Merlin et al., 2017). As an additional asset, at least one epitope found on CarLA is 

highly conserved; therefore, purified CarLA from one GIN species can be used to detect CarLA 

specific salivary IgA against different GIN species within and between host species (Harrison et 

al., 2003b, 2008). These findings highlight the potential of the salivary anti-CarLA IgA ELISA 

as a useful diagnostic tool for evidence-based TST in cattle.  

An Ostertagia ostertagi antibody ELISA in bulk milk samples is used as a tool for 

targeted treatment in dairy cattle (Charlier et al., 2010). Serum O. ostertagi ELISA has also been 

successfully used to detect GIN infections in beef cattle (Colwell et al., 2014). However, more 

studies are needed comparing these diagnostic methods.  

Therefore, this study was conducted with yearling grazing beef heifers to determine the 

anti-CarLA salivary IgA response during a grazing season and to determine the relationships of 

the salivary anti-CarLA IgA concentration with body weights (BW), ADG, FEC, and O. 

ostertagi serum antibody titers during the grazing season.  

6.3 Materials and methods 

6.3.1 Study population and study design 

A longitudinal observational study was conducted from June to October 2018 using a 

University of Saskatchewan's herd of yearling beef heifers (n = 44). The study was approved by 

the University of Saskatchewan's Animal Care Committee (Protocol number: AUP 20180032). 

Guidelines of the Canadian Council on Animal Care 2009 (Ottawa, ON, Canada) were followed 

in caring and handling heifers. 
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Heifers grazed on one pasture from June to mid-September during the study and were 

then moved to a second pasture. The study was completed in October. The sole reason for 

switching heifers to a different pasture in September was the lack of pasture growth because of 

severe drought conditions in the region. On both pastures, heifers had free access to water. 

Pasture one consisted of a combination of native prairie and brome grass and had been grazed for 

the last seven years. The second pasture was a seeded pasture which consisted of Brome, crested 

wheat, and Russian wild rye grass, and had been grazed for the previous 12 years.  

Heifers were born between April 1st and May 15th of 2017. Consequently, their ages 

ranged from 13.0 to 14.5 months at the beginning of the study. They had not been treated for 

internal parasites at any time before or during the study and had previous grazing experience 

from June to October of 2017 (as cow-calf pairs). They were weaned and housed in the first 

week of October of 2017. During the housing period preceding the study (October 2017 to June 

2018), the heifers were housed in dirt pens with straw-packed shelters and were fed a total mixed 

ration, which contained barley silage, alfalfa hay, barley grain, and a vitamin-mineral supplement 

in feed bunks. Before pasture turnout, the heifers were bred by artificial insemination. 

6.3.2 Sample collection and body weight measurements 

Fecal (per rectum), saliva, and blood (jugular or tail vein) samples were collected from 

each heifer at monthly intervals from June to October. The first sample in June was collected the 

day before heifers were turned out to pasture. A handful of feces from the rectum of each heifer 

was collected into labeled plastic bags with the air expelled and kept in an insulated container. 

Blood samples were collected into labeled vacutainer serum tubes (10 mL) and kept in an 

insulated container. Individual saliva samples were collected by gently rubbing a dental cotton 

roll under the tongue and mucosal surface between the cheek and gums for 10 to 15 seconds 

(Shaw et al., 2012). The saliva-soaked cotton rolls were put into 5 mL centrifuge tubes, which 

were kept on ice. Immediately following collection, samples were transported to the laboratory 

(University of Saskatchewan, Saskatoon, SK, Canada) for further processing. Saliva samples 

were kept on ice before being processed. At each sampling event, all heifers were weighed 

individually.  
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In addition to individual fecal sampling, approximately 3 kg of freshly voided feces were 

also collected into a large plastic container at each sampling event. These feces were used for 

coprocultures for the hot water extraction of the CarLA required for the salivary IgA ELISA.   

6.3.3 Laboratory analysis 

6.3.3.1 Obtaining a fecal egg count 

Individual fecal samples (5 g of each) were processed within two days of collection to 

determine GIN egg counts using a modified Wisconsin sugar floatation method at a theoretical 

minimum detection limit of 0.2 eggs per gram of feces (Ito, 1980). An overall FEC was 

calculated for the data analysis by taking the sum of the EPG values of all three GIN groups (i.e., 

strongyle-type, Nematodirus spp., Trichuris spp.) identified based on egg morphology under the 

microscope. 

6.3.3.2 Coprocultures and isolation of third stage larvae 

Coprocultures to harvest L3 for hot water extraction of the CarLA were prepared within 

two days of the fecal collection as follows using a modified method of Roberts and O'Sullivan 

(1950): from each sampling event, freshly voided feces and the leftover per rectum collected 

fecal samples were thoroughly mixed with vermiculite and tap water in a large plastic container. 

Eighty-gram portions of the mixture were transferred into 250 mL glasses and incubated at 27°C 

for 14 days. Following the incubation, L3 were harvested using the modified Baermann 

technique (Roberts and O'Sullivan, 1950). Harvested L3 from each glass were counted, pooled, 

and concentrated by centrifugation (3725 × g, 4°C, 10 min). Concentrated L3 were transferred 

into a 50 mL centrifuge tube, which was topped up with 50 mL of tap water and subsequently 

used for exsheathment and hot water extraction of the CarLA. 

6.3.3.3 Larvae exsheathment, hot water extraction, and purification of CarLA  

The centrifuge tube containing L3 collected for exsheathment was incubated in a water 

bath at 37°C for 30 min (Conder and Johnson, 1996). Following the incubation, 210 µL of 

NaOCl containing 10 to 15% chlorine were added to the tube and incubated at 37°C with 

intermittent mixing for 15 min. The mixture was immediately centrifuged (525 × g, 20°C, 10 

min). The supernatant was then carefully decanted, and the larvae were washed twice by 
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suspending the L3 pellet each time in 50 mL of warm tap water followed by centrifugation (525 

× g, 20°C, 10 min). Exsheathed larvae were recovered using a modified Baermann technique and 

transferred into a 50 mL tube. They were then concentrated by centrifugation (525 × g, 20°C, 10 

min). 

Concentrated L3 were resuspended in 10 mL of distilled water and boiled for 1 hour 

(Harrison et al., 2008). The larvae were subsequently centrifuged (3725 × g, 20°C, 15 min), and 

the supernatant containing crude extracts of CarLA was collected into a 50 mL tube. The L3 

pellet was resuspended in 10 mL of distilled water and boiled for another 30 min. Larvae were 

then centrifuged again (3725 × g, 20°C, 15 min), and the supernatant was collected. Hot water 

extractions obtained from each sample collection were stored at –20°C. 

 After the sample collection period, the crude hot water extractions were sent to a 

commercial laboratory (AgResearch, Hopkirk Research Institute, Palmerston North, New 

Zealand) for CarLA concentration and purification using gel filtration chromatography, 

according to Harrison et al. (2008).  

6.3.3.4 Extraction of saliva and anti-CarLA salivary IgA ELISA 

Saliva extraction was conducted within four hours of collection. Cotton rolls containing 

saliva were centrifuged (2000 × g, 15 min, 4°C) (Shaw et al., 2012). Extracted saliva was then 

transferred into 2 mL cryovials and stored at –20°C. At the end of the sample collection period, 

the saliva samples were sent together with the crude hot water extractions to the laboratory for 

further processing and subsequent quantification of anti-CarLA IgA concentrations.  

The anti-CarLA salivary IgA ELISA was performed according to previously described 

protocols for sheep, with modifications (Harrison et al., 2008; Shaw et al., 2013). In brief, saliva 

samples were diluted 1:20 in ELISA buffer. Immuno-assay plates (Costar 9017, medium 

binding, Corning Inc., New York, NY, USA) were coated with CarLA diluted to 1:50 in 

phosphate-buffered saline (200µL/plate), and the antigen-coated plates were incubated overnight 

at 4°C. Plates were washed three times with reverse osmosis water containing 0.67% (w/v) 

Tween 20 (W-T20) and blocked for 30 min at room temperature by adding 5% buffered skim 

milk powder. Plates were again washed three times with W-T20. Forty and 60 µL of each diluted 

saliva sample were loaded into the plate wells to produce final dilutions of 1:33 and 1:50 by 

adding ELISA buffer to a total volume of 100 µL. Plates were then incubated at 37°C for 2 
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hours. Following the incubation, plates were washed with W-T20 six times. Rabbit anti-bovine 

IgA conjugated with horseradish peroxidase (Bethyl Laboratories Inc., Montgomery, TX, USA) 

was diluted (1:5000) with ELISA buffer and added to each well (100 µL/well). Plates were 

incubated at 37°C for 2 hours, followed by six washes with W-T20. The freshly prepared 

substrate solution (100 µL/well) of tetramethylbenzidine (AppliChem GmBH, Darmstadt, 

Germany) was added to each well and incubated for 30 min at room temperature. The reaction 

was stopped by adding 1 M H2SO4 (50 µL/well). Plates were read for absorbance at a 

wavelength of 450 nm (Versamax, Molecular Devices LLC, San Jose, CA, USA). 

A preliminary assay determined the optimum dilution (i.e., 1:33 and 1:50) of saliva 

samples with ten randomly selected samples (undiluted) and four dilutions (1:10, 1:20, 1:40, 

1:80). A linear curve was observed for most samples between 1:10 and 1:80 dilution with 

acceptable variability. Therefore, 1:33 and 1:50 were selected as optimum dilutions for all 

samples. Assay standards were prepared from a five-fold serial dilution of sheep serum initially 

diluted to 1:1250. A reference standard method to determine the CarLA specific IgA 

concentrations (units/mL) in saliva was used (Peterman and Butler, 1989). The generated 

standard curve was transformed to a logit scale using the natural log (base e) of unit values. The 

linear region of the standard curve (transformed) was used to determine the anti-CarLA IgA 

concentration in saliva samples using linear regression. The regression equation for that linear 

region was remodeled to calculate the anti-CarLA IgA concentration. The anti-CarLA IgA 

concentrations in each saliva sample were obtained by averaging the respective unit values of 

1:33 and 1:50 dilutions. The minimal detectable value of the assay was determined by 

multiplying the mean absorbance value plus three standard deviations of the wells containing the 

ELISA buffer by 33 and 50 (sample dilutions) and then taking the respective average. The 

calculated minimum detectable anti-CarLA IgA concentration was 0.85 units/mL. The effective 

range of the standard curve was 0.5 to 60.0 units/mL. Samples above the standard curve were 

further diluted to 1:100 or 1:200 and re-assayed. The mean coefficient of variations of the 

replicates of the assay standards and internal controls were 9.4% and 17.5%, respectively.  
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6.3.3.5 Processing of blood samples and determination of serum Ostertagia ostertagi 

antibody titers 

Vacutainer tubes containing blood from each heifer from each sampling event were 

centrifuged (3000 × g, 20°C, 10 min) for serum separation within four hours of collection. Serum 

was sub-sampled into 2 mL aliquots and stored at –80°C until the determination of serum 

antibody titers (IgG) against O. ostertagi. 

 Ostertagia ostertagi antibody titers in serum samples were determined using a 

commercial ELISA kit as per the manufacturer's protocol with minor modifications 

(SVANOVIR® O. ostertagi-Ab, Boehringer Ingelheim Animal Health, Uppsala, Sweden). Serum 

samples were diluted (1:140 dilution) in phosphate-buffered saline (PBS)-Tween 20 (pH 7.2) for 

this assay (Colwell et al., 2014). Serum O. ostertagi antibody titers were expressed as optical 

density ratio (ODR) as per the manufacturer's protocol. 

6.3.4 Data analysis 

6.3.4.1 Descriptive analyses  

The normality of the data of each variable was assessed by sampling month with 

frequency histograms, box-plots, and the Shapiro-Wilk test (threshold P < 0.05) and either 

arithmetic (for normal data) or geometric (for non-normal data) means (± standard deviation) 

were reported. 

The GIN prevalence of heifers at each sampling occasion was computed as the 

percentage of fecal samples positive for at least one GIN egg using visual morphology by 

microscopy. The geometric mean FEC (± standard deviation) was calculated after adding a 

constant of 0.2 (the smallest detected EPG value in the test) to the original FEC to avoid zero egg 

counts.  

The percentage of heifers with detectable levels (≥ 0.85 units/mL) of anti-CarLA IgA 

concentrations was calculated for each sampling occasion. The geometric mean anti-CarLA IgA 

concentration (± standard deviation) was reported. Given the lack of data in cattle, the CarLA 

IgA concentrations were categorized based on the salivary IgA titer thresholds for different 

protection levels against GIN in sheep: 0 to 0.5: none or trace; > 0.5 to 1.0: low; > 1.0 to 5.0: 

medium; > 5.0: high (Shaw et al., 2013). 
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Serum samples with a negative ODR were assumed to have no or negligible levels of O. 

ostertagi antibody titers; therefore, those samples were assigned a zero in the calculations. The 

prevalence of serum O. ostertagi antibody titers was calculated as the percentage of serum 

samples with ODR > 0. The arithmetic mean (± standard deviation) was calculated and reported 

for all ODR values.  

The arithmetic mean (± standard deviation) of BW in each sampling month was 

calculated. The ADG (kg/d) of individual heifers for the entire study period was calculated by 

dividing the BW difference at the beginning and end of the study by days on pasture. The 

arithmetic mean of the ADG (± standard deviation) of all heifers was then calculated. 

6.3.4.2 Comparison of parasitological indicators and body weights across sampling 

A repeated-measures ANOVA was used to determine differences of anti-CarLA IgA 

concentrations in saliva, FEC, O. ostertagi antibody titers in serum, and heifer body weights 

between sampling months. Sampling month was both an independent and a repeated-measures 

variable in the model. The equal variance assumption was checked with Mauchly's test of 

sphericity. The overall model significance was assessed at P < 0.05, which was corrected by the 

Greenhouse-Geisser correction if dependent variables had unequal variance. Post-hoc pairwise 

comparisons of marginal linear predictions of the means were conducted at P < 0.05. In building 

the model, the FEC (with the constant added) and the anti-CarLA IgA concentrations were 

transformed into natural logs (e) to meet the assumption of normality. The P-values obtained 

from pairwise comparisons of monthly loge transformed FEC, and anti-CarLA IgA 

concentrations were reported with their respective geometric means. 

6.3.4.3 Determination of relationships between parasitological indicators and growth 

indicators  

Relationships between the loge salivary anti-CarLA IgA concentrations, logeFEC, O. 

ostertagi antibody titers in the serum, BW, and ADG were also determined using Pearson's 

correlation coefficient at P < 0.05 (tendencies at 0.05 ≤ P ≤ 0.10). 

The strength of the correlation was expressed as follows according to Akoglu (2018) with 

minor modifications: 0 to 0.3 (–0.3 to 0) = weak positive (negative) to no correlation; > 0.3 to 

0.6 (–0.6 to < –0.3) = moderate positive (negative) correlation; > 0.6 to 0.9 (–0.9 to < –0.6) = 
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strong positive (negative) correlation; > 0.9 to 1.0 (–1.0 to < –0.9) = perfect positive (negative) 

correlation.  

Data were analyzed using commercial statistical software (Stata/SE 15.1, StataCorp LLC, 

TX, USA). 

6.4 Results 

6.4.1 Salivary anti-CarLA IgA responses  

Anti-CarLA IgA concentrations ranged from 0.6 to 211.0 units/mL during the sampling 

period (Figure 6.1A). All samples collected in June, July and September had anti-CarLA IgA 

concentrations above the minimum detection limit (0.85 units/mL) of the test. There were 90.9 

(40/44) and 95.5% (42/44) saliva samples with anti-CarLA IgA concentrations > 0.85 units/mL 

in August and October, respectively. There were 77.3% (34/44) of heifers with a salivary anti-

CarLA IgA concentration of 1 to 5 units/mL in June before grazing started. The anti-CarLA IgA 

response peaked in September when 86.4% (38/44) of heifers had salivary IgA antibody 

concentrations > 5 units/mL (Figures 6.1A and 6.2). Consequently, the mean salivary anti-CarLA 

IgA concentration was highest in September compared to the other sampling months (P < 0.001; 

Table 6.1).  

6.4.2 Fecal egg counts and serum O. ostertagi antibody titers  

Gastrointestinal nematode eggs were detected in all fecal samples in June, July, and 

August, whereas GIN eggs were prevalent in 95.6 and 93.2% samples in September and October, 

respectively. Fecal egg counts ranged from 0 to 40.9 EPG across samplings (Figure 6.1B). The 

mean FEC decreased from June to October (P < 0.001; Table 6.1).  

Serum antibody titers against O. ostertagi ranged from 0 to 0.897 ODR (Figure 6.1C). All 

heifers except one in June and two in July had detectable O. ostertagi titers across the sampling 

months. The highest mean serum O. ostertagi titers were detected in October (P < 0.001; Table 

6.1). Ostertagia ostertagi titers in September were also higher than in June, July, and August (P 

< 0.001). 
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6.4.3 Body weight changes and daily weight gain  

There was a gradual increase in the mean BW during the grazing period, and the mean 

BW in October was significantly higher compared to the previous sampling months (P < 0.001; 

Table 6.1).  

The ADG of heifers from June to October ranged from 0.215 to 0.890 kg/d. The overall 

mean ADG was 0.62 (± 0.13) kg/d. 

6.4.4 Correlations between anti-CarLA IgA concentration and other parasitological 

indicators 

The salivary anti-CarLA IgA concentrations in June were moderately positively 

correlated with the FEC in June (r = 0.48; P = 0.001) and there was a weak positive correlation 

with the FEC in September (r = 0.32; P = 0.04; Table 6.2). The June salivary anti-CarLA IgA 

concentrations tended to have a weak positive correlation (r = 0.25; P = 0.10) with the FEC in 

August. There were tendencies for weak positive correlations between the salivary anti-CarLA 

IgA concentrations and the FEC in July (r = 0.26; P = 0.09) and September (r = 0.26; P = 0.09) 

and between the anti-CarLA IgA concentrations and FEC in September (r = 0.29, P = 0.06; 

Table 6.2).  

In June, the salivary anti-CarLA IgA concentrations had a weak and positive correlation 

(r = 0.35; P = 0.02) with the serum O. ostertagi antibody levels in October (Table 6.2). Also, 

there were tendencies for weak positive correlations between the anti-CarLA IgA concentrations 

in June and the serum O. ostertagi antibodies in August (r = 0.27; P = 0.08) and September (r = 

0.28; P = 0.07; Table 6.2). Tendencies for weak positive correlations were also present between 

the July salivary anti-CarLA IgA concentrations and the O. ostertagi titers in August (r = 0.26; P 

= 0.09) and between the anti-CarLA IgA concentrations and serum O. ostertagi titers in October 

(r = 0.28; P = 0.06).  

The fecal egg counts and the serum O. ostertagi titers were not significantly correlated 

between sampling months (–0.20 ≤ r ≤ 0.16; P ≥ 0.20; Table 3). 

6.4.5 Correlations between growth and parasitological indicators  

The salivary anti-CarLA IgA concentrations were not significantly correlated with the 

monthly BW (–0.25 ≤ r ≤ 0.11; P ≥ 0.11) except for a tendency for a weak negative correlation 
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(r = –0.28; P = 0.07) between the June anti-CarLA concentration and September BW (Table 

6.2). There were no correlations between the salivary anti-CarLA concentrations and heifers' 

ADG (–0.15 ≤ r ≤ 0.18; P ≥ 0.34). 

There were tendencies for weak negative correlations between the FEC in September 

with BW of heifers in September (r= –0.26, P = 0.09) and October (r = –0.26, P = 0.10; Table 

6.3). A moderate positive correlation was found between the FEC and the ADG in July (r = 0.36; 

P = 0.02).  

Ostertagia ostertagi titers did not correlate with the BW of heifers (0.02 ≤ r ≤ 0.20; P ≥ 

0.20) or their ADG (–0.16 ≤ r ≤ 0.18; P ≥ 0.27; Table 6.4). 

6.5 Discussion 

The beef heifers in this study mounted a detectable salivary anti-CarLA IgA response. To 

the best of the authors' knowledge, this is the first report of anti-CarLA salivary IgA detection in 

beef heifers and only the second report in cattle, with one previous publication related to dairy 

cattle (Merlin et al., 2017). The salivary anti-CarLA IgA response in heifers remained relatively 

unchanged during the first three months of the grazing season and peaked in September. Peaking 

of the anti-CarLA IgA response towards the end of the grazing season was comparable to the 

literature on grazing sheep, deer, and dairy cattle with natural, mixed GIN infections (Shaw et 

al., 2013; Mackintosh et al., 2014; Merlin et al., 2017).  

The anti-CarLA IgA response in ruminants primarily relies on the intensity, frequency, 

and duration of the L3 challenge, which may vary based on numerous factors (e.g., weather 

changes, pasture availability, supplemental feeding, grazing management) (Shaw et al., 2013; 

Mackintosh et al., 2014; Merlin et al., 2017). Additionally, the immune memory from the 

previous exposures can directly influence the anti-CarLA IgA response in upcoming exposures. 

Given that these heifers might already have had CarLA-specific IgA B-cells in their immune 

system at the commencement of the study, reinfection following the start of their second grazing 

season would presumably restimulate the CarLA-specific immune memory response in these 

heifers. It is also noteworthy that the rapidity and the intensity of the anti-CarLA IgA response 

may vary among individuals (Shaw et al., 2012).  

Given the GIN biology and ecology, the pasture used by these heifers was expected to 

have a low L3 burden following approximately eight months of winter resting period, which 
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could explain the small but significant increase in the mean anti-CarLA IgA concentration in 

July compared to June. The pasture contamination with L3 generally increases as grazing 

progresses, which likely contributes to increasing salivary anti-CarLA IgA concentrations during 

the grazing season (Sutherland and Scott, 2010). A marked increase in salivary anti-CarLA IgA 

during the grazing season became only evident in September. The 2018 summer in the study 

region was exceptionally dry and hot, with moderate to severe drought conditions declared 

throughout the province (Agriculture and Agri-Food Canada, 2018). These conditions are 

unfavorable for most GIN parasite development and survival on pastures from June to August. In 

ruminants, the optimum temperature for the hatching of GIN eggs ranged from 10 to 25°C 

(Sutherland and Scott, 2010). At the same time, free-living larval stages are highly susceptible to 

desiccation associated with dry weather conditions (Sutherland and Scott, 2010). Contrary to the 

first three months of the study period, the significant peak in the mean anti-CarLA IgA 

concentrations in September might be related to daily maximum temperatures of < 25°C and an 

increased number of days with precipitation > 1 mm, which suggest a relatively moist and 

favorable period for L3 development on pasture (Environment Canada, 2018). The drop in the 

mean anti-CarLA concentration in October compared to September could be related to the move 

from the first to the second pasture. The second pasture might have had a lower L3 burden than 

the first pasture, and as the anti-CarLA IgA response in ruminants is highly susceptible to the 

intensity of L3 challenge, it could have resulted in a decrease of the anti-CarLA IgA titers. 

Fluctuations in anti-CarLA IgA responses have also been observed with rotating pastures in 

sheep and deer (Shaw et al., 2013; Mackintosh et al., 2014). Additionally, in October, low 

precipitation and colder weather conditions could have reduced the L3 burden on pasture by 

compromising egg hatching, larval development, and survival (Environment Canada, 2018). The 

lowest FEC in October could further support this assumption as a decrease in the pasture L3 

burden reduces the new establishment of adult parasites within the host. 

Detecting measurable anti-CarLA IgA concentrations in saliva samples collected in June, 

before pasture turnout, was unexpected. It is suggested that only exsheathed L3 stimulate the 

host antibody response against CarLA (Harrison et al., 2003b). Although the heifers used in the 

present study had previous grazing experience, they had been housed for approximately eight 

months. Therefore, exposure to L3 associated with pasture grazing can be ruled out. As indicated 
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above, the anti-CarLA IgA concentrations in ruminants rapidly decline in the absence of 

continuous L3 exposure (Shaw et al., 2012).  

Several other possible factors for antibody reactivity against CarLA that might lead to a 

measurable anti-CarLA IgA response in June can also likely be ruled out. The highly specific 

anti-IgA conjugate used in the ELISA has been confirmed by immunoelectrophoresis and ELISA 

to have no cross-reactivity with CarLA specific IgG present in saliva. Therefore, cross-reactivity 

with CarLA-specific isotypes should not have been a concern in these heifers. Binding of non-

specific antibodies is also unlikely because non-specific binding of antibodies usually happens at 

a low level, and the effects of non-specific binding are negligible when the saliva is diluted to > 

1:10 (here, 1:33 and 1:50 dilutions were used for saliva samples). If present, non-specific binding 

could have resulted in non-linear absorption curves generated for each serially diluted saliva 

sample, but there was no evidence for that in the present study. Instead, hypobiotic GIN larvae 

(L4) may have stimulated a salivary anti-CarLA IgA response in these heifers. In sheep 

experimentally infected with a single dose of Teladorsagia circumcincta, hypobiotic L4 were 

recovered in those sheep that had the highest anti-CarLA IgA response over the course of 71 

days (McRae et al., 2014). It is important to note that different stages of the GIN life cycle 

except hypobiotic L4 have been studied for the presence of CarLA, and only L3 have been 

confirmed to bear the antigen (Harrison et al., 2003b). Therefore, further studies are warranted to 

investigate if CarLA is present on hypobiotic L4 and can induce a CarLA specific antibody 

response in the host. 

In sheep, the anti-CarLA IgA concentration in saliva has been validated as a marker for 

selecting sheep genetically resistant to GIN infections (Shaw et al., 2012). Identifying GIN 

resistant individual animals is strategically beneficial for reducing the risk of anthelmintic 

resistance by limiting the use of anthelmintics through genetic selection or TST. Additionally, 

the salivary anti-CarLA IgA concentration in sheep was also positively correlated with weight 

gain and, therefore, weight gain-based TST can, to some extent, be used as a strategy to reduce 

the risk of anthelmintic resistance development.  

There were no correlations between salivary anti-CarLA IgA concentrations and growth 

indicators (i.e., BW and ADG) evaluated in the present study. These heifers were expected to 

have an ADG of 0.27 kg/d on average (calculated based on breeding weights and predicted 

calving and mature weights) from breeding to calving with a 90% pregnancy rate assuming 
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linear growth throughout gestation (National Academies of Sciences, 2016). The ADG during 

the summer grazing was expected to be slightly higher than the above value to get the advantage 

of using low-cost resources (i.e., pasture). Except for one heifer (0.21 kg/d of ADG), the ADG 

ranged from 0.36 to 0.89 kg/d with an overall pregnancy rate of 91% (data not shown). This 

information suggests that the individual heifers were gaining weights well beyond the predicted 

ADG, and the effects of GIN were negligible on their performance. Overall, the low FEC 

intensity also supports the assumption of a low GIN burden in these heifers. The probably low 

GIN burden is, therefore, at least in part likely a reason for the absence of correlations between 

growth indicators and salivary anti-CarLA IgA concentrations in these heifers.  

The effects of salivary anti-CarLA IgA concentrations on the host's growth indicators are 

inconsistent in the limited published literature. For example, there were moderate to strongly 

positive genetic and weakly positive phenotypic correlations between anti-CarLA IgA 

concentrations and live body weight in sheep (Shaw et al., 2013). Furthermore, Merlin et al. 

(2017) detected weak phenotypic correlations between the anti-CarLA IgA concentration and 

ADG in some but not all first grazing dairy cattle groups investigated. However, the direction 

(i.e., positive or negative) of correlations in those cattle groups was contradictory. In contrast, 

anti-CarLA IgA concentrations in saliva and ADG were not correlated in deer (Mackintosh et al., 

2014). Species-specific differences, age, the intensity of GIN burden, and feeding and grazing 

management are some of the potential reasons for these inconsistent findings.  

A fecal egg count is still the most common diagnostic tool for GIN infection in beef 

cattle. It has been investigated as a potential tool for TST in cattle in few studies despite its 

numerous limitations as a diagnostic method (Greer et al., 2010; Höglund et al., 2013a; 

O’Shaughnessy et al., 2014). The moderate positive correlation between the anti-CarLA IgA 

concentrations and the FEC in June might support the presence and recrudescence of hypobiotic 

larvae. However, there were no significant correlations between the monthly anti-CarLA IgA 

concentrations and the FEC as the grazing season progressed. This lack of a relationship could be 

associated with the generally low FEC found in these heifers. The geometric mean FEC of these 

heifers ranged from 1.6 to 9.0 EPG across sampling months. These FEC were lower than the 

arithmetic mean FEC (89 to 184 EPG) reported by Merlin et al. (2017), who detected a moderate 

negative phenotypic correlation between the anti-CarLA IgA concentrations and the FEC in 

some dairy cattle groups but not in most of them. Furthermore, negative genetic and phenotypic 
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correlations were detected between the anti-CarLA IgA concentrations and FEC in sheep that 

excreted > 800 EPG (Shaw et al., 2013).  

The acquired protective host immunity could be another reason for the absence of 

significant phenotypic correlations between the anti-CarLA IgA concentrations and the FEC in 

these heifers. Although cattle are generally most susceptible to GIN infections until two years of 

age, there are likely differences in protective immunity development against individual GIN 

species. As an example, regardless of the age, cattle are likely to acquire protective immunity 

against C. oncophora following an infection relatively faster (6 to 12 weeks) compared to O. 

ostertagi (may take up to two years) (Gasbarre et al., 2001b; Verschave et al., 2016). Therefore, 

it is necessary to consider the possibility that these heifers had already acquired protective 

immunity to some GIN species during the previous grazing season. The reduction in the FEC as 

grazing progressed also supports this notion. As an example, a gradual increase towards the end 

of the grazing season is the typical FEC response in young beef calves with a lack of 

immunocompetency against GIN (Agneessens et al., 1997). There is also evidence for a 

decreased correlation between the anti-CarLA IgA concentration and FEC related to the acquired 

immunity in sheep. For instance, Shaw et al. (2013) reported a reduced strength of genetic and 

phenotypic correlations between the anti-CarLA IgA concentrations and FEC towards the end of 

the grazing season and when sheep were at least nine months of age. The heifers used in this 

study were 18 to 19 months old by October when the grazing season ended, and, therefore, they 

might have been outside the most desirable age-range for determining this correlation. 

The anti-CarLA IgA concentrations did also not have noticeable phenotypic correlations 

with the serum O. ostertagi titers in this study. The differences in antibody isotypes detected by 

the two ELISA methods and the type of antigens that induced those antibody responses may 

partly explain this lack of relationship. The O. ostertagi ELISA detects IgG while the anti-CarLA 

ELISA detects IgA. Different types of antibody isotypes may have different responses against 

GIN in the host. Moreover, the crude antigen used in the O. ostertagi ELISA is extracted from 

adult parasites (Sanchez et al., 2002a). The crude adult O. ostertagi antigen may contain 

components common to other stages (L3 and L4) of the parasite and can cross-react with IgG 

from other GIN species in cattle (Keus et al., 1981)). However, crude adult O. ostertagi may not 

contain CarLA, as this has only been found in L3 stages of GIN. This information collectively 

suggests that the O. ostertagi ELISA captures IgG from all parasitic stages of the GIN life cycle 
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while the anti-CarLA specific ELISA captures IgA against L3 primarily. Another consideration 

is that the anti-CarLA IgA response reflects mucosally-produced antibody while the O. ostertagi 

assay measures a systemic response. These two responses might be distinctly different and result 

in no correlation between anti-CarLA IgA concentrations and O. ostertagi ELISA titers. 

Regardless of these explanations and contrary to the findings of the present study, anti-CarLA 

IgA concentrations were weakly positively correlated with O. ostertagi titers in some groups of 

dairy cattle (Merlin et al., 2017). The exact reason for this discrepancy was not apparent but 

could be related to the age difference of cattle. (Merlin et al. (2017) detected those week positive 

correlations only in 6 to 9 months old dairy cattle at pasture turnout. The rest of the cattle with no 

significant correlation were 14 to 15 months old in that study. The comparison of these two 

studies, together with sheep studies' findings, suggests that correlations between CarLA and 

other indicators may principally be apparent in 6 to 12 months old cattle. 

Besides the reasons highlighted previously, the limited sample size could also be a reason 

for not detecting potential relationships between salivary anti-CarLA IgA concentrations and 

growth and production indicators in this study. The heifers used in this study were conveniently 

selected. The source population was limited to these 44 heifers such that the sample size could 

not be further increased. Also, sheep studies suggest that phenotypic correlations are distinctly 

weaker than genotypic correlations (Shaw et al., 2012, 2013). Therefore, determining phenotypic 

correlations only might not be adequate to detect potential relationships related to the salivary 

anti-CarLA IgA response in these heifers. 

6.6 Conclusions 

This study confirmed that yearling beef heifers mount a measurable salivary IgA 

response to GIN, suggesting that anti-CarLA IgA can detect beef cattle exposed to GIN. 

However, the lack of associations with the measured growth indicators in this study currently 

does not support salivary anti-CarLA IgA concentrations as a diagnostic tool for TST in beef 

cattle. Further studies are warranted to better explore this diagnostic test with particular attention 

to the preferred age of cattle at the time of testing and study duration.  
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Table 6.1. Mean (± standard deviation) salivary anti-CarLA IgA concentrations, gastrointestinal nematode fecal egg counts, serum 

Ostertagia ostertagi antibody titers, and body weights of yearling grazing beef heifers (n = 44) at monthly samplings from June to 

October 2018. 

Variable 
Sampling month 

P-value 
June July August September October 

Anti-CarLA IgA (unit/mL)1 2.9c (1.9) 4.6b (2.3) 3.4bc (2.5) 16.7a (3.2) 4.6b (3.4) < 0.001 

Fecal egg counts (EPG)1,2 8.8a (2.2) 5.5b (2.3) 3.8c (2.2) 2.5d (2.5) 1.5e (2.4) < 0.001 

O. ostertagi titers (ODR)3,4 0.341cd (0.165) 0.317d (0.199) 0.385c (0.182) 0.468b (0.173) 0.568a (0.173) < 0.001 

Body weights (kg)3 463c (36.7) 461c (32.5) 500b (34.0) 503b (35.9) 546a (35.9) < 0.001 

Means with different superscripts across a row are significantly different (P < 0.05) 

1Geometric mean 

2Eggs per gram of feces 

3Aritmetic mean 

4Optical density ratio  
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Table 6.2. Correlations between the salivary anti-CarLA IgA concentrations, gastrointestinal nematode fecal egg counts, serum 

Ostertagia ostertagi antibody titers, and body weights of yearling beef heifers (n = 44) across monthly samplings from June to 

October 2018. 

Month Variable 
Pearson's correlation coefficient with loge anti-CarLA IgA (P-value) 

June July August September October 

June Loge fecal egg counts (EPG)1 0.48 (0.001)     

O. ostertagi titers (ODR)2 –0.02 (0.92)     

Body weights (kg) 0.04 (0.78)     

       

July Loge anti-CarLA IgA (unit/mL) 0.44 (0.003)     

Loge fecal egg counts (EPG) 0.23 (0.13) 0.26 (0.09)    

O. ostertagi titers (ODR) 0.24 (0.12) 0.09 (0.55)    

Body weights (kg) 0.11 (0.45) –0.25 (0.11)    

       

August Loge anti-CarLA IgA (unit/mL) 0.29 (0.06) 0.39 (0.009)    

Loge fecal egg counts (EPG) 0.25 (0.10) 0.18 (0.20) 0.08 (0.60)   

O. ostertagi titers (ODR) 0.27 (0.08) 0.26 (0.09) 0.13 (0.46)   

Body weights (kg) 0.11 (0.49) –0.25 (0.11) –0.11 (0.47)   

       

September Loge anti-CarLA IgA (unit/mL) 0.26 (0.09) 0.22 (0.15) 0.42 (0.004)   

Loge fecal egg counts (EPG) 0.32 (0.04) 0.26 (0.09) 0.02 (0.15) 0.28 (0.06)  

O. ostertagi titers (ODR) 0.28 (0.07) 0.04 (0.80) 0.07 (0.67) 0.08 (0.60)  

Body weights (kg) 0.01 (0.94) –0.28 (0.07) –0.15 (0.34) –0.09 (0.58)  

       

October Loge anti-CarLA IgA (unit/mL) 0.21 (0.17) 0.11 (0.48) 0.15 (0.33) 0.21 (0.18)  

Loge fecal egg counts (EPG) 0.18 (0.24) 0.08 (0.59) 0.22 (0.16) 0.05 (0.73) 0.18 (0.25) 

O. ostertagi titers (ODR) 0.35 (0.02) 0.07 (0.67) 0.01 (0.96) 0.10 (0.54) 0.28 (0.06) 

Body weights (kg) 0.07 (0.66) –0.21 (0.19) –0.09 (0.58) –0.21 (0.19) –0.17 (0.30) 
1Eggs per gram of feces 

2Optical density ratio  
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Table 6.3. Correlations between the gastrointestinal nematode fecal egg counts, serum Ostertagia ostertagi antibody titers, and body 

weights of yearling beef heifers (n = 44) across monthly samplings from June to October 2018. 

Month Variable 
Pearson's correlation coefficient with loge fecal egg counts (P-value) 

June July August September October 

June O. ostertagi titers (ODR)1 –0.20 (0.20)     

Body weights (kg) –0.10 (0.52)     

       

July Loge fecal egg counts (EPG)2 0.55 (< 0.001)     

O. ostertagi titers (ODR) –0.04 (0.80) –0.08 (0.60)    

Body weights (kg) –0.08 (0.62) –0.16 (0.30)    

       

August Loge fecal egg counts (EPG) 0.44 (0.003) 0.44 (0.003)    

O. ostertagi titers (ODR) –0.06 (0.71) 0.01 (0.93) 0.16 (0.29)   

Body weights (kg) –0.10 (0.52) –0.19(0.21) –0.12 (0.42)   

       

September Loge fecal egg counts (EPG) 0.48 (0.001) 0.47 (0.001) 0.34 (0.02)   

O. ostertagi titers (ODR) 0.14 (0.36) –0.08 (0.61) 0.09 (0.57) 0.06 (0.71)  

Body weights (kg) –0.12 (0.46) –0.22 (0.16) –0.11 (0.49) –0.26 (0.09)  

       

October Loge fecal egg counts (EPG) 0.60 (< 0.001) 0.57 (< 0.001) 0.38 (0.33) 0.64 (< 0.001)  

O. ostertagi titers (ODR) 0.14 (0.36) –0.09 (0.56) 0.04 (0.81) 0.05 (0.76) –0.14 (0.36) 

Body weights (kg) -0.11 (0.51) –0.17 (0.28) –0.19 (0.23) –0.26 (0.10) –0.06 (0.70) 
1Eggs per gram of feces 

2Optical density ratio 
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Table 6.4. Correlations between the serum Ostertagia ostertagi antibody titers and body weights of yearling beef heifers (n = 44) 

across monthly samplings from June to October 2018. 

Month Variable 
Pearson's correlation coefficient with loge fecal egg counts (P-value) 

June July August September October 

June Body weights (kg) 0.02 (0.99)     

       

July O. ostertagi titers (ODR)1 0.57 (< 0.001)     

Body weights (kg) 0.02 (0.89) 0.06 (0.72)    

       

August O. ostertagi titers (ODR) 0.44 (0.003) 0.67 (< 0.001)    

Body weights (kg) 0.15 (0.34) 0.07 (0.65) 0.04 (0.82)   

       

September O. ostertagi titers (ODR) 0.43 (0.004) 0.56 (< 0.001) 0.81 (< 0.001)   

Body weights (kg) 0.03 (0.87) 0.06 (0.72) 0.08 (0.60) 0.17 (0.26)  

       

October O. ostertagi titers (ODR) 0.29 (0.06) 0.28 (0.07) 0.60 (< 0.001) 0.82 (< 0.001)  

Body weights (kg) 0.05 (0.75) 0.12 (0.47) 0.09 (0.58) 0.20 (0.20) 0.09 (0.57) 
1Optical density ratio 
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Figure 6.1. Distribution of (A) salivary anti-CarLA IgA concentrations, (B) gastrointestinal 

nematode fecal egg counts, and (C) serum Ostertagia ostertagi antibody titers in yearling 

grazing beef heifers (n = 44) at monthly samplings from June to October 2018.   
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Figure 6.2. Distribution of salivary anti-CarLA IgA concentrations (units/mL) in yearling 

grazing beef heifers (n = 44) at monthly samplings from June to October 2018 categorized 

according to the laboratory (Shaw et al., 2013) for different protection levels (0 to 0.5: none or 

trace; > 0.5 to 1.0: low; > 1.0 to 5.0: medium; > 5.0: high) against gastrointestinal nematodes in 

sheep.  
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 OVERALL DISCUSSION 

7.1 Introduction 

Gastrointestinal nematodes can cause substantial economic losses to beef cattle 

operations, and cattle < 2 years of age are highly susceptible to GIN infections and associated 

adverse effects (Gasbarre, 1997; Gasbarre et al., 2001a; Grisi et al., 2014). Therefore, the 

sustainable management of GIN infections is essential in young beef cattle to improve their 

productivity and welfare; this is of particular interest in beef operations in western Canada, given 

the significant contribution of young beef cattle to the Canadian economy (Statistics Canada, 

2018). However, the scarcity of contemporary knowledge on epidemiology and the impact of 

GIN infections in young beef cattle is an obstacle for developing sustainable management 

strategies in western Canada.  

Warming temperatures and changes in beef cattle management practices (e.g., herd size) 

over the past 2 to 3 decades are likely favorable for changing the epidemiology of GIN infections 

in western Canada (Jelinski et al., 2015; Bush and Lemmen, 2019). Recent evidence for reduced 

anthelmintic efficacies further adds to this issue (Avramenko et al., 2017). Both historical and 

recent literature primarily focussed on the prevalence and FEC intensities of GIN in the region 

with limited emphasis on related risk factors (Polley and Bickis, 1987; Beck et al., 2015; Jelinski 

et al., 2016; Wills et al., 2020b). Furthermore, species-level characterization of GIN communities 

in beef cattle in the region is crucial for many reasons including but not limited to the 

understanding of their response to anthelmintic programs, epidemiology, interactions with the 

host, pathogenicity, and ecology. However, large-scale regional herd-level species diversity 

assessments are currently scarce in western Canada (Avramenko et al., 2017; Wills, 2017).  

 Anthelmintic resistance is a global threat to the effective management of GIN infections 

and related economic losses in beef cattle (Sutherland and Leathwick, 2011). Macrocyclic 

lactone and benzimidazole resistance have been detected in Cooperia spp., O. ostertagi, and H. 

placei worldwide (Mejía et al., 2003; Waghorn et al., 2006; Cotter et al., 2015; Ramos et al., 

2016). A recent large-scale study in the US also suggested that ML resistance in Cooperia spp. 

and H. placei is widespread in the southeast and central US (Gasbarre et al., 2015). The routine 

pour-on ML treatment in the fall is still the most common internal and external parasite 

management method in western Canada; this is a potential risk for increased selection pressure 
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for GIN resistance to ML (Wills et al., 2020a). A sub-optimal efficacy of pour-on ivermectin 

treatment was recently detected in most cow-calf operations in western Canada (Avramenko et 

al., 2017). However, to date, there is no peer-reviewed literature on confirmed anthelmintic 

resistance; this information is currently needed for evidence-based GIN control in the region.  

    Subclinical infection of GIN is common in temperate regions of North America 

(Gibbs, 1993). Adverse production effects related to subclinical GIN infections in young beef 

cattle have been reported. For instance, in yearling grazing cattle in the US and Canada, an 0.08 

to 0.17 kg/d decrease in ADG has been reported when they were left untreated for GIN 

(Kennedy and ZoBell, 1988; Kennedy et al., 1989; Kunkle et al., 2013). Furthermore, in western 

Canada, 0.07 to 0.08 kg/d decrease in ADG and 0.15 to 0.23 (gain-to-feed ratio) decrease in feed 

utilization efficiency have been detected in finishing feedlot cattle not treated for GIN compared 

to anthelmintic-treated cattle (Bauck et al., 1989; Schunicht et al., 2000). However, there is no 

recent information on anthelmintic treatment effects on the growth and production performance 

and carcass quality in feedlot cattle in western Canada.  

Gastrointestinal nematode-induced host immune responses and immunomodulatory 

effects of GIN can adversely affect the host immune response to non-parasitic vaccine antigens. 

Examples include but are not limited to the decreased IgG2a production against Salmonella 

vaccine in H. polygurus infected mice and suppressed IgG1 and IgG2 response to M. 

hyopneumoniae vaccine antigens in A. suum infected pigs (Liu et al., 2004; Steenhard et al., 

2009). Related peer-reviewed information in cattle is limited to a few studies with all but one 

study manifesting no significant effect of GIN on non-parasitic vaccine antibody response (Yang 

et al., 1993a; b; Schutz et al., 2012; Charlier et al., 2013). Given the significant contribution of 

immunization in the early feedlot phase to control significant diseases such as BRD-complex, 

determining the effect of GIN infections in feedlot cattle on vaccine antibody response is 

important (Wildman et al., 2008; O’Connor et al., 2019).  

Accurate diagnosis is a necessity for evidence-based GIN control. Given the worldwide 

prevalence of anthelmintic resistance in beef cattle, refugia-based GIN control strategies such as 

TST are currently considered ideal for mitigating the selection pressure for resistance (Berk et 

al., 2016). Few studies have tested FEC and plasma pepsinogen as indicators for selecting 

individuals for TST in cattle (O’Shaughnessy et al., 2014, 2015). These parasitological indicators 

have many limitations as diagnostic tests. For instance, limitations of the FEC include but are not 
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limited to the following: only a representation of adult female GIN in the host, daily variations of 

egg shedding, density-dependence of egg shedding, different FEC methods have different 

detection limits, a snapshot of the time of sampling (Storey, 2015). Moreover, plasma 

pepsinogen concentrations are recommended for clinical ostertagiasis only. Interestingly, anti-

CarLA IgA ELISA, a test currently used for selecting GIN resistant sheep for breeding programs, 

has shown its potential as a suitable tool for TST in cattle; this includes positive and negative 

phenotypic and genotypic correlations of salivary anti-CarLA IgA concentrations with ADG and 

FEC, respectively, in sheep (Shaw et al., 2012, 2013). The anti-CarLA IgA response has been 

studied in cattle only once in the peer-reviewed literature, and that was related to first grazing 

season dairy cattle in France. Therefore, investigations related to beef cattle are warranted.  

This thesis work aimed to narrow some of these knowledge gaps and to provide updated 

information on the epidemiology and impact of GIN infections in young beef cattle in western 

Canada. Specifically, Chapter 1 comprehensively reviewed the literature related to the 

epidemiology, management, and the impact of GIN in young beef cattle in northern temperate 

regions of North America, emphasizing the existing knowledge gaps in those aspects in western 

Canada. Chapter 2 determined the GIN FEC intensities, prevalence, and their associations with 

several potential risk factors. Also, relative species abundance in herd-level GIN communities 

was investigated, and provincial differences were elucidated. Chapter 3 explored the effects of 

GIN FEC intensities and O. ostertagi ELISA antibody titers on the antibody response to BVDV 

type 1 vaccine antigens in feedlot calves from western Canadian cow-calf operations. Chapter 4 

investigated the presence of anthelmintic resistance in western Canadian beef operations and the 

effect of anthelmintic treatment on the GIN species populations. The effects of currently used 

anthelmintics, FEC intensities, and O. ostertagi ELISA antibody titers on growth, production 

performance, and carcass quality were determined in Chapter 5. In chapter 6, the salivary anti-

CarLA IgA response and its relationships with FEC intensity, ADG and O. ostertagi ELISA 

antibody titers over a grazing season in a yearling beef herd were examined.  

In combination, the results of this thesis lead to a better understanding of the 

epidemiology and the impact of GIN infections in young cattle in western Canadian beef 

operations. Consequently, this knowledge can be used for producer education, revisiting existing 

GIN control strategies, and future protocols on sustainable GIN management. Additionally, this 

dissertation also identified future research questions that warrant further investigations. 
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7.2 Chapter 2 

In this chapter, FEC data of 844 calves from 43 cow-calf operations (n = 23, 10, 9, 1 from 

AB, SK, MB, and BC) were used to determine the GIN FEC intensities and prevalence. 

Moreover, herd-level L3 pools prepared from individual coproculture-derived L3 were 

characterized using ITS-2 rDNA nemabiome metabarcoding to determine their relative species 

abundance. Risk factors for FEC intensities and prevalence were identified (deworming and 

weaning history, sampling period, summer grazing system, access to community pastures, and 

herd size) from the information obtained from producers at the time of sampling and a recent 

survey by Wills et al. (2020). Pairwise assessment of the strength of associations between risk 

factors revealed a strong association between deworming and weaning status. Therefore, 

deworming status was selected over weaning to be considered in the model building due to its 

biological relevance to FEC intensities and prevalence. Among the risk factors evaluated, 

sampling period and herd size were not significantly associated with GIN FEC intensities and 

prevalence. 

The key finding of Chapter 2 was the high relative abundance of C. punctata in 

Manitoba, with 50% of the study herds within that province having this species predominant. In 

the study conducted by Avramenko et al. (2017), the abundance of C. punctata was also high in 

most cow-calf operations in Ontario compared to western Canada; however, that species was not 

predominantly present in any of those farms. That study included only 2 herds from Manitoba 

such that a meaningful comparison to the present thesis’ results cannot be made. Interestingly, 

however, C. punctata was also predominant in Manitoba L3 pools from adult beef cattle (Wills 

(2017). These findings suggest a regional predominance of certain GIN species, and this 

warrants further investigations in the future.  

Historically, C. punctata has not been commonly diagnosed in beef operations in mixed 

GIN infections in Canada compared to the predominant diagnosis of O. ostertagi and C. 

oncophora (Slocombe, 1974; Smith, 1974; Stockdale and Harries, 1979). Cooperia punctata is 

generally predominant in more southern tropical and subtropical regions in North America. 

(Porter, 1942; Stromberg et al., 2015). Compared to O. ostertagi and C. oncophora, this parasite 

is unlikely capable of overwintering on pastures in colder regions, which is probably at least one 

reason for its generally low relative abundance in temperate climates of North America 

(Slocombe, 1974; Hildreth and McKenzie, 2020). However, climate data comparisons have 
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confirmed warming annual and seasonal temperatures in western Canada over the past 50 years 

(Bush and Lemmen, 2019). The gradual long-term increase in the winter temperatures may have 

increased the overwintering capability of C. punctata on pasture in western Canada, thereby 

increasing the infection intensities and prevalence (Hildreth and McKenzie, 2020). Furthermore, 

in the US, C. punctata was also predominant in most beef herds in the mid-west where O. 

ostertagi was previously the most abundant GIN species (Stromberg and Corwin, 1993; 

Avramenko et al., 2017). Therefore, these data suggest that C. punctata is expanding its 

distribution from southern to northern regions of North America (Hildreth and McKenzie, 2020). 

In addition to the possible climatic expansion of its distribution, the high relative abundance of 

C. punctata in Manitoba may also result from ML resistance. Cooperia spp. are considered the 

dose-limiting parasite for ML compounds; therefore, ML resistance in Cooperia spp. has been 

widely reported globally, including the US (Sutherland and Leathwick, 2011). Interestingly, the 

results of Chapter 4 strongly suggested the presence of ivermectin resistant C. punctata in 

western Canadian beef operations. Apart from the high regional abundance of C. punctata in 

Manitoba, O. ostertagi and C. oncophora were the most abundant GIN species; this was 

expected as these two species were well adapted colder temperate climates (Dorny et al., 1997).  

Another finding of Chapter 2 was the increased prevalence of Nematodirus spp. with 

rotational or combined grazing compared to continuous grazing. Nematodirus spp. infection are 

relatively common in young calves with generally low intensities; however, heavy infections of 

this parasite can cause severe clinical parasitic gastroenteritis in calves with immature 

immunocompetence (Herlich and Porter, 1953; Sutherland and Scott, 2010). Rotational grazing 

systems with three to five months pasture resting are generally recommended as a GIN 

management strategy (alone or integrated with anthelmintic treatment) (Bransby, 1993). 

However, recommended pasture resting periods for optimum pasture regrowth and maximum 

utilization by cattle are distinctly shorter (3 to 8 weeks) than the duration required to reduce the 

risk of infectivity of heavily contaminated pastures (Undersander et al., 1997). Therefore, 

rotational grazing strategies generally used by producers to optimize pasture utilization may not 

be ideal for GIN management. This notion is supported by the historical findings of Ciordia et al. 

(1964), who reported increased FEC intensities in dairy cattle managed in rotationally grazed 

pastures with 6 weeks resting period compared to cattle grazed in a continuous system. In 

rotational grazing systems, cattle tend to graze most of the available pastures in the paddock 



 

190 
 

before being sent to a new paddock; this may force cattle to graze closure to fecal pats, where L3 

generally concentrate in high numbers (Stromberg and Averbeck, 1999). Consequently, GIN 

infection intensity in cattle may be increased. The information related to identified risk factors 

were primarily based on the survey of Wills et al. (2020). However, the survey did not retrieve 

information regarding pasture resting durations of rotational grazing systems. Therefore, it is 

unclear why the grazing systems affected Nematodirus spp. prevalence differently. 

Consequently, the association between rotational grazing and GIN prevalence should be 

discussed with caution.  

Dewormed calves in Chapter 2 had reduced FEC intensities and prevalence of strongyle-

type GIN compared to untreated calves, but this was not the case for Nematodirus spp. In US 

beef operations, ML resistance was suggested as a potential risk factor for increased 

Nematodirus spp. prevalence compared to the past (Gasbarre, 2014). In Chapter 4, due to 

distinctly low EFC in all treatment groups, a FECRT was not conducted to determine the 

anthelmintic resistance status in Nematodirus spp. Therefore, commenting on the ML resistance 

status in Nematodirus spp. in beef operations in western Canada is currently not possible. 

Another consideration is that most calves had been treated with a pour-on ivermectin product. 

According to the product label, pour-on ivermectin is not efficacious against adult parasites of 

Nematodirus spp. Consequently, there is a possibility that calves were dewormed at a time when 

most Nematodirus spp. were adults, which might, therefore, not have been killed by the 

treatment. However, there can be other potential confounding factors that were not identified in 

this study. 

Overall, FEC intensities were low while the prevalence was high; this is consistent with 

the historical and more recent findings in western Canada and northern temperate regions of the 

US (Polley and Bickis, 1987; Stromberg and Corwin, 1993; Hildreth et al., 2007; Wills et al., 

2020b). Cold winters and dry summers in northern temperate regions of North America are 

generally not favorable for high GIN infection intensities. Therefore, the climate is likely one of 

the primary reasons for the low FEC intensities and the predominance of subclinical GIN 

infections in calves in these regions compared to more southern tropical regions in the US with 

favorable climates for generally high GIN infection intensities (Hildreth and McKenzie, 2020; 

Navarre, 2020) 
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One primary limitation of this study was the low number of participating herds. This 

study was based on the producers' volunteer participation (n = 97) in the survey of Wills et al. 

(2020). Only 43 of 97 producers in that survey volunteered in the present study. Also, the FEC 

intensities and prevalence could have been underestimated due to the sampling time. Fecal egg 

counts of grazing calves generally peak in late summer or early fall in Canada (Slocombe and 

Curtis, 1989; Ranjan et al., 1992). All samples were collected in late fall or winter, which is 

generally the time that hypobiosis of L4 occurs in cattle in northern temperate climates (Armour 

and Duncan, 1987). Moreover, only a few risk factors were evaluated, and other potential risk 

factors such as stocking densities, pasture quality, or anthelmintic treatment in cows were not 

studied (Stromberg and Averbeck, 1999). Additionally, the grazing strategies of producers might 

not have been accurately reflected by the study’s definitions given to different grazing systems, 

and misclassifications of grazing systems could have occurred.  

To conclude, the high regional abundance of C. punctata suggests a changing species 

composition in beef operations in western Canada. The ivermectin resistance in C. punctata 

suggested by Chapter 4 could be one of the potential reasons for this finding; therefore, this 

requires further attention. It appears that current grazing management strategies affect GIN 

epidemiology in calves in western Canada. Therefore, further investigations are warranted to 

determine if potential adverse effects of increased GIN infections related to grazing management 

outweigh the beneficial effects of those grazing strategies on maximizing cattle productivity and 

pasture growth. 

7.3 Chapter 3 

Chapter 3 aimed to determine the effects of the FEC intensity and serum O. ostertagi 

antibody titers on the antibody response to BVDV type 1 vaccine antigen in feedlot cattle from 

western Canada. A cross-sectional observational study was conducted using 240 (238 steers and 

2 bulls) fall-weaned calves purchased from an auction market in Saskatchewan. The deworming 

and vaccination history of these calves was unknown. However, the most recent survey on GIN 

management in western Canadian cow-calf operations reported that 54% (52/97) of the 

producers enrolled in that study did not treat their calves before weaning for parasites. 

Approximately half of the producers who treated their calves administered the treatment in the 

spring (Wills et al., 2020a). Therefore, most calves were likely not dewormed before their arrival 
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at the feedlot. Furthermore, as mentioned previously, the FEC of calves generally peaks in the 

fall. Consequently, these calves were an ideal group in which to determine the effects of FEC 

intensities on immune responses. Specifically, the immune response to BVDV type 1 antigen 

was evaluated due to the known ability of BVDV vaccine antigens to induce robust immune 

responses in cattle and the ability to measure extended titers using a serum neutralization test.  

 There were no significant relationships between FEC intensities and the host antibody 

response (i.e., antibody fold change or seroconversion), which was determined using pre- and 21 

days post-vaccination titers against BVDV type 1 vaccine antigens. Significant correlations were 

also not evident between O. ostertagi ELISA serum antibody titers and the BVDV type 1 

antibody response.  

There are only a few peer-reviewed publications related to the effects of GIN infections 

on non-parasitic vaccine antibody response in cattle (Yang et al., 1993a; b; Schutz et al., 2012; 

Charlier et al., 2013). Most of those studies reported no significant effects on GIN infections on 

the vaccine antibody response (Yang et al., 1993a; b; Schutz et al., 2012; Charlier et al., 2013). 

For instance, in an experimental infection of O. ostertagi and C. oncophora, serum neutralization 

titers for BVDV type 1 and 2 at day 14 post-vaccination was not different in anthelmintic-treated 

4 months old dairy bull calves with a lower FEC compared to untreated calves with a higher FEC 

(Schutz et al., 2012). Furthermore, Charlier et al. (2013) detected no significant relationship 

between O. ostertagi ELISA serum antibody titers and the rate of antibody increase (day 0 to 14 

post-vaccination) and decrease (day 14 to 70 post-vaccination) against rabies vaccine antigens in 

adult grazing dairy cows with natural GIN infections. In contrast, experimental infections of O. 

ostertagi significantly decreased the antibody response to Brucella abortus and infectious bovine 

rhinotracheitis vaccines in 3 months old calves compared to uninfected calves (Yang et al., 

1993a). However, overall, caution is essential in comparing these studies because they differ in 

many factors including but not limited to age, breed, and management of cattle, type of GIN 

infection, (i.e., experimental vs. natural) and type of vaccine antigens. These factors may have 

direct or confounding effects on the immune responses in the host. 

One possible reason for the lack of a relationship between parasitological parameters and 

the BVDV type 1 antibody response is the overall low FEC intensities, which suggested a low 

GIN infection intensity in these calves. Moreover, during the study period, these calves were 

clinically healthy, with no signs of parasitic gastroenteritis. Therefore, the subclinical GIN 
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infection might not have had sufficient detrimental effects on the BVDV type 1 antibody 

response. Furthermore, in general, helminth infections induce a Th2-type immune polarization in 

the host (Nutman, 2015). Therefore, GIN infections are likely to suppress the vaccine antigen 

directed antibody production (e.g., IgG2a) driven by Th1-dependent cytokines while favoring the 

antibody production (e.g., IgG1, IgM, IgE) depends on Th2 polarization (Urban et al., 2007). 

However, overall, virus vaccine antigen-induced antibody responses depend on Th2-type 

cytokine responses (Siegrist, 2018). Therefore, it is reasonable to assume that GIN infections in 

these calves had induced a typical Th2 polarization, which might not be detrimental to their 

antibody response to BVDV type 1 antigens. In contrast, GIN species that induce a mixed 

Th2/Th1 type immune polarization may have different effects on the vaccine antibody response 

in the host. In support of this, a swine-based study demonstrated a tendency of Ascaris suum, 

which can induce a mixed Th1/Th2 cytokine response, to decrease both IgG1 and IgG2 specific 

to Mycoplasma hyopneumoniae vaccine antigens. Ostertagia ostertagi is also known to induce 

mixed Th1/Th2 cytokine responses and is also able to otherwise regulate the anti-parasitic 

immune responses (Almeria et al., 1997; Claerebout et al., 2005; Li et al., 2019). In Chapter 4, O. 

ostertagi was identified as the predominant GIN in these calves. Therefore, it is possible that the 

host immune modulation related to the predominance of O. ostertagi might have minimized the 

overall adverse effects that GIN may have otherwise had on the BVDV type 1 antibody response 

in these calves.  

Several limitations have also been identified in this study. As mentioned in the 

introduction to this overall discussion, the FEC is not a very accurate diagnostic test for GIN 

infections. Due to its limitations highlighted previously, correlation and logistic regression 

estimations made based on the FEC at a single time point might not be entirely accurate. 

Compared to the FEC, serum O. ostertagi ELISA antibodies might better reflect the effects of 

GIN because this ELISA test can detect host antibody responses directed to both adult and larval 

stages (Keus et al., 1981). Significant cross-reactions with other GIN antigens further support its 

use in diagnosing the exposure to mixed GIN infections (Keus et al., 1981). However, this 

ELISA test cannot discriminate ongoing, more recent, and historical infections, thereby limiting 

its ability to accurately estimate relationships between GIN infections and the vaccine antigen 

response in these calves (Roeber et al., 2013). Moreover, the vaccination history of these calves 

could not be retrieved as they were auction market-derived. Approximately half of these calves 
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had pre-vaccination serum neutralization titers, which could be a result of previous BVDV 

vaccination in addition to maternal antibodies and previous exposure to the virus. Furthermore, 

the study did not attempt to identify persistently BVDV infected calves, which are generally 

immunocompromised and not capable of mounting a robust immune response to vaccines 

(Khodakaram-Tafti and Farjanikish, 2017). Persistently infected calves generally manifest with 

compromised growth and production performance and repeated infections (Bolin, 2002). 

However, all calves were clinically healthy with no visible compromised performance during the 

study period suggesting there were no persistently infected calves. Also, the prevalence of the 

persistently infected calves in the feedlot cattle population is generally low (< 0.4%) in north 

America including western Canada; therefore their effects on feedlot population could be 

negligible overall (Taylor et al., 1995; Loneragan et al., 2005). Additionally, 21 days post-

vaccination might be too early to detect a significant effect of GIN infection on the BVDV type 1 

vaccine antibody response, which might take 35 to 42 days to peak (Stevens et al., 2009). 

However, 21-days post-vaccination titer was selected in this study with the logical argument that 

day 21 is sufficient to detect potential effects of GIN infection on BVDV type 1 vaccine antibody 

response during the exponential phase of the vaccine response.  

Based on the results of this chapter, the overall low FEC intensity, which suggests a low 

GIN burden in fall-weaned calves entering the feedlot may not have adverse effects on the 

antibody response to BVDV- type 1 vaccination in the early feedlot phase; however, further 

investigations are necessary to confirm this. In further studies, assessing the BVDV type 1 

antibody response for extended durations (i.e., > 21 days post-vaccination) in calves with known 

deworming and vaccination status may be meaningful. 

7.4 Chapter 4 

The objective of this study was to determine the presence of anthelmintic resistant GIN in 

western Canadian beef operations. A FECRT was integrated with ITS-2 nemabiome 

metabarcoding to meet this objective. The feedlot steers (n = 234) used in the study of Chapter 3 

were also used in this trial. Those calves were strategically randomized to 3 treatment groups 

(CTRL, IVM, IVM+FZ), each containing 6 replicated pens of 13 steers. This randomization 

procedure ensured homogenous pens with similar mean BW and median FEC. The longitudinal 
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assessment of the monthly changes in the relative GIN species abundance was strategically 

implemented to determine if resistant hypobiotic L4 were present.  

This trial identified ivermectin resistant GIN in these steers. This finding further suggests 

that the ivermectin resistance is widespread across beef operations in western Canada because of 

how these steers were sourced. It was logical to think of the auction market as a regional 

representation of calves considering the cattle movements between western Canadian provinces 

during the grazing season. The FECRT revealed an 82.5% efficacy for ivermectin, confirming 

the presence of resistance (i.e., mean reduction in FEC < 95% with upper and lower 95% 

confidence intervals of < 95% and < 90%, respectively) while the combination treatment of 

IVM+FZ was 100% effective. Nemabiome metabarcoding confirmed that the ivermectin 

resistance was specific to C. oncophora but also strongly suggested the presence of ivermectin 

resistant H. placei and C. punctata. These findings are not surprising because numerous global 

reports, including the US, confirm ML resistance in these GIN species (Gasbarre et al., 2009a; 

Edmonds et al., 2010; Sutherland and Leathwick, 2011). Identifying ivermectin resistance in 

hypobiotic O. ostertagi larvae was alarming as this species is the predominant GIN in most beef 

herds across western Canada (revealed by Chapter 2) and is highly pathogenic, particularly in 

cattle < 2 years (Gasbarre et al., 2001a).  

Peer-reviewed data on ML resistance in O. ostertagi resistance is limited to a single study 

in US beef operations (Edmonds et al., 2010). However, based on unpublished data, Kaplan 

(2020) suggested that O. ostertagi resistance is also widespread in beef cattle rearing operations 

across the US. The presence of ivermectin resistance in hypobiotic L4 but not in adults suggests 

that the O. ostertagi resistance to ivermectin is still in the early stage and at a low level. The 

justification is that a FECRT is only sensitive to detect adult ML resistance to a recommended 

drug dose if the resistant allelic frequencies are beyond a particular threshold  (i.e., if > 25% of 

adult worms are resistant) (Coles et al., 1992; Kaplan, 2004). Additionally, this trial 

demonstrated the value of the integration of ITS-2 rDNA nemabiome metabarcoding with 

FECRT for diagnosing the ivermectin resistance in hypobiotic L4 as a feasible alternative 

approach to laborious necropsies.  

This chapter also revealed that the treatment combination of ivermectin and fenbendazole 

was highly efficacious to control GIN infections. The mean reduction of FEC was 100% in the 

IVM+FZ group on day 14 post-treatment, and L3 were not recovered from coprocultures of this 
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group until 4 to 5 months post-treatment manifesting its high efficacy; this was most probably 

due to the high efficacy of fenbendazole. In support of this notion, recent molecular data suggest 

that benzimidazole resistant mutations are presently rare in beef operations in western Canada 

(Avramenko, 2018). Furthermore, the high efficacy of benzimidazole was recently demonstrated 

in several beef herds in western Canada (Avramenko et al., 2017). 

The overall low FEC in these calves is one of the primary limitations in this trial. Current 

guidelines recommend using individual cattle with a FEC > 100 EPG, but this is a significant 

challenge in beef cattle in western Canada with generally low FEC, as highlighted in the 

discussion in Chapter 2 (Coles et al., 2006; Wills et al., 2020b). However, to minimize that 

limitation, several strategies were implemented. A large sample size of 78 steers, replicates of 6 

pens, and strategic randomization of calves (to ensure equal distribution of FEC in each pen) 

were used for each treatment group to increase the statistical power of the FECRT. This sample 

size was greater than the suggested sample size of 10 to 15 by the present guidelines (Coles et 

al., 1992, 2006). Increasing the sample size has also been suggested to improve the accuracy of a 

FECRT by a recent simulation study (Levecke et al., 2012a). Moreover, a modified Wisconsin 

sugar floatation technique with an analytical sensitivity (i.e., minimum detection limit) of 0.2 

EPG was used. Also, pre- and post-treatment FEC of the same individual calves were used to 

determine the mean percentage reduction in FEC. This method has been suggested to minimize 

the effects of FEC aggregation, which is common in cattle, on the accuracy of the FECRT 

(Levecke et al., 2012a). Another potential limitation was the unknown deworming history of 

these calves. As mentioned in Chapter 3, it cannot be entirely ruled out that some calves were 

dewormed before arrival at the feedlot. If they had been dewormed around the time of their 

feedlot entry, the residual drug effect could reduce the accuracy of the FECRT results. Injectable 

ivermectin has persistent effects on most GIN for 14 to 21 days (as per the product label), and 

fenbendazole is generally effective for 15 days (Taylor and Hodge, 2014). However, these calves 

were treated 21 to 35 days (based on individual feedlot entry dates) after arriving at the feedlot; 

therefore, any potential effects of residual drug activity should be negligible.  

In conclusion, this chapter diagnosed the presence of multiple GIN species resistant to 

ivermectin in western Canada. The ivermectin resistance in O. ostertagi is likely at an early stage 

and low level. Future molecular confirmations are needed to identify gene mutations related to 

ivermectin resistance and to confirm suggested resistance. The combination treatment was highly 
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efficacious, suggesting that mutations related to fenbendazole resistance are currently rare in 

western Canadian beef cattle. Western Canadian beef producers must be made aware and 

strategies should be implemented to mitigate the selection pressure for anthelmintic resistance. 

7.5 Chapter 5 

The objective of this chapter was to determine the effects of anthelmintic treatments and 

GIN FEC intensities on growth, production performance and carcass quality in feedlot calves 

using the same calves and study design as for Chapter 4.  

As a key finding of this chapter, the pen-level assessment revealed the overall positive 

effects of anthelmintic treatment on several carcass quality characteristics, although growth and 

production performance were unaffected. For instance, compared to the CTRL group, the IVM 

group had a greater percentage of yield grade 2 carcasses. Furthermore, the IVM and IVM+FZ 

groups tended to have a greater percentage of AAA carcasses than the CTRL group. The 

arithmetic mean FEC of calves in the CTRL group at arrival was 9.1 EPG (range 0 to 53.7 EPG). 

These findings, therefore, suggest that carcass quality characteristics are more affected by even 

such low FEC than production and growth performance.  

Adversely affected carcass quality characteristics in CTRL calves were related to the 

subcutaneous and intramuscular fat deposition and muscling. However, the protein metabolism, 

which primarily influences muscling, was unlikely affected as hot carcass weights and rib-eye 

area (two major characteristics considered in yield grading in addition to external fat and kidney, 

pelvic, and heart fat) were not different among treatments. Therefore, it is likely that fat 

deposition in skeletal muscles was suppressed by GIN. The exact mechanisms involved in GIN-

related carcass quality reduction are not well understood (Hawkins, 1993). However, 

experimental evidence suggests that GIN infections affect lipid metabolism in cattle. For 

example, increased concentrations of non-esterified fatty acids in plasma and expression of genes 

related to lipid metabolism (associated with immune functions) in the gut tissues have been 

reported in O. ostertagi and C. oncophora infected cattle (Fox et al., 1989b; Li and Gasbarre, 

2009). These findings suggest that fat mobilization in adipose tissues, including muscles, takes 

place. It is noteworthy that O. ostertagi was the predominant GIN throughout the feedlot period, 

while C. oncophora was the second most abundant GIN for five of six months of the trial. The 
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predominance of these two GIN species, therefore, further strengthens the argument of GIN 

effects on the fat metabolism in these steers.  

When the IVM and IVM+FZ groups were compared, the combination treatment had 

greater effects than IVM alone in terms of improving the carcass quality, although there was no 

difference between finishing BW, G:F, and ADG. As an example, the percentage of AAA 

carcasses tended to be higher in the IVM+FZ group in comparison to the IVM group. Also, the 

carcasses with modest marbling score categories were more frequent in the IVM+FZ compared 

to the IVM group. The differences in treatment efficacies might, at least in part, be a reason for 

this finding. As identified in Chapter 4, the treatment combination had a 100% efficiency in 

reducing the FEC, while the efficacy of ivermectin alone was only 82.5%. However, the 

economic assessment based on carcass quality and the commercial grid did not reveal a distinct 

difference in terms of the net income related to ivermectin and combination treatment when IVM 

and IVM+FZ groups were compared. Regardless, the results of the economic analysis must be 

interpreted with caution. Firstly, the base prices are subject to change, and that can influence the 

net benefit assessment. Secondly, the commercial grid-based assessments may vary from buyer 

to buyer. Lastly, not all producers sell cattle based on grid-based pricing (i.e., some producers 

may be paid based on individual steer-based prices); therefore, pricing can be situational. 

Nevertheless, the level of ivermectin efficacy identified in these steers, although suboptimal, is 

likely currently still capable of controlling adverse carcass quality effects in beef cattle in 

western Canada. However, in the future, continued use of routine pour-on ML blanket treatment, 

which is currently the most common GIN management practice in western Canada in cow-calf 

operations, may further increase the selection pressure and the level of ivermectin resistance 

(Wills et al., 2020a). Consequently, the resistant GIN carried by calves from those cow-calf 

operations may decrease their carcass quality during fattening programs in feedlots that primarily 

rely on ivermectin for GIN control. The TST strategy and the use of combination anthelmintic 

treatments are two of the currently recommended strategies to reduce the selection pressure for 

anthelmintic resistance in grazing cattle (Geary et al., 2012; Berk et al., 2016). Therefore, these 

strategies should ideally be implemented in cow-calf operations to prolong the sustainable use of 

ivermectin in the future and to mitigate the potential adverse effects of ivermectin resistant GIN 

in feedlot cattle performance. 
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The individual calf-level assessment was also in agreement with the pen-level assessment 

in that GIN can decrease the carcass quality even at an overall low level of infection, as 

suggested by the FEC. For instance, every 10 EPG increase in the arrival FEC decreased the 

likelihood of AAA carcasses compared to AA carcasses. Interestingly, the probability of having 

a yield grade 1 carcass compared to a yield grade 2 was increased by every 10 EPG increase in 

FEC, suggesting an increase in lean muscle yield with increasing GIN infection. This may be 

related to GIN effects on backfat thickness. Although the effects of FEC intensity on the backfat 

thickness were not significant, every ODR increase in the serum O. ostertagi ELISA antibody 

titers decreased the backfat thickness in calves. The backfat thickness indicates the amount of 

external fat in the carcass, which is a consideration for yield grade assessment (USDA, 2017). 

Therefore, a reduction in backfat is likely to increase the lean meat yield due to their inverse 

relationship. Furthermore, an increased FEC intensity decreased the BW and ADG at finishing; 

however, increases in the serum O. ostertagi ELISA antibody titers did not reveal such effects on 

the growth and production characteristics. There was no correlation between the FEC and the 

serum O. ostertagi titers in these calves, and this could be one of the reasons why FEC and O. 

ostertagi titers had equivocal effects on the growth and production performance in these steers.  

A few limitations were also identified in this trial. The trial was conducted during the 

winter when there might be more hypobiotic L4 compared to adults. Therefore, the effects of 

GIN on steer performance might have been reduced. Hypobiotic L4 are generally not detrimental 

for cattle than adult parasites except in type 2 ostertagiasis (Myers and Taylor, 1989). However, 

there were no clinical signs in these calves related to this condition. As indicated in Chapter 4, 

the unknown deworming history meant that some calves might have had a FEC intensity at 

feedlot arrival that did not reflect a natural infection level, possibly diminishing any effects that a 

GIN infection might have on performance. Additionally, the limited sample size could decrease 

the power of detecting significant effects, primarily for some carcass quality characteristics at the 

pen-level. For instance, in the pen-level analysis, the P-value (0.11) was at the margin to claim a 

tendency for a significant effect of deworming on yield grade 1 with clear numerical differences. 

It is noteworthy that the sample size was initially calculated (n = 96/treatment group) to detect at 

least a 0.13 kg/d ADG (at the power of 80% and 95% confidence) difference between groups. 

However, the limited capacity of the research feedlot facility ultimately reduced the number of 

calves that could be recruited in the trial.  
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In conclusion, Chapter 5 demonstrated that anthelmintic treatment could improve the 

carcass quality in feedlot calves. Although ivermectin resistance was present in these steers, it 

was not sufficient to result in adverse economic effects based on carcass quality. Therefore, a 

recommendation to use combination treatments cannot be made based only on the economic 

analysis in these steers. However, feedlot operators should be notified of the potential for further 

reduction in ivermectin efficacy and that an effective anthelmintic treatment provides production 

and subsequent economic benefits. 

7.6 Chapter 6 

This longitudinal observational study aimed to investigate the salivary anti-CarLA IgA 

response in young grazing beef cattle in western Canada over a grazing season and to determine 

its phenotypic correlations with other parasitological and production indicators. Because cattle < 

2 years are most susceptible to GIN infections and their adverse effects, a herd of yearling 

grazing beef heifers (n = 44; age range: 13 to 14.5 months at the beginning of the study) was 

selected for this study.  

Over the grazing season, these heifers mounted a detectable salivary anti-CarLA IgA 

response. All saliva samples in June, July, and September had anti-CarLA IgA concentrations 

above the minimum detectable concentration (0.85 units/mL) of the test. In August and October, 

90.9 and 95.5% saliva samples had anti-CarLA IgA concentrations > 0.85 units/mL. A relatively 

unchanged anti-CarLA IgA concentration during the first 3 months of grazing was followed by a 

peak in September and then a drop at the last sampling in October. Overall, the peaking of the 

anti-CarLA IgA concentrations in saliva towards the end of the grazing was in agreement with 

previous studies related to sheep, deer and dairy cattle (Shaw et al., 2013; Mackintosh et al., 

2014; Merlin et al., 2017). The decrease in the salivary anti-CarLA IgA concentration from 

September to October was most probably associated with switching the heifers to a different 

pasture in September due to the lack of pasture availability associated with a severe drought in 

the region. It has been shown that the intensity, frequency, and duration of the L3 challenge 

affect the anti-CarLA IgA response (Shaw et al., 2013). As the salivary anti-CarLA IgA 

concentration tends to drop when exposure to L3 is reduced, it suggests that the second pasture 

had a relatively low level of L3 contamination compared to the first pasture.  
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However, there were no correlations between the salivary anti-CarLA IgA concentrations 

and ADG of heifers during the study. Furthermore, monthly BW were also not correlated with 

the salivary anti-CarLA IgA concentrations across samplings. Based on the calculations of 

breeding weights and predicted calving and mature weights, these heifers were expected to have 

a mean ADG of 0.27 kg/d from breeding to calving with a recommended pregnancy rate of 90% 

(National Academies of Sciences, 2016). All except one heifer had ADG range from 0.36 to 0.89 

kg/d; this suggests that the magnitude of the GIN burden in these heifers was not intense enough 

to cause adverse effects on BW gains and ADG. Moreover, the overall low FEC intensities, e.g., 

geometric mean 1.6 to 9.0 EPG across all samplings (which will be discussed further in the next 

section), partly support this suggestion. Therefore, it is reasonable to assume that this lack of a 

relationship was, at least in part, due to the negligible effects of GIN on BW and ADG. In 

contrast, ADG had moderate to strongly positive genetic and weakly positive phenotypic 

correlations with the salivary anti-CarLA IgA concentration in sheep (Shaw et al., 2013). In the 

only peer-reviewed publication related to the anti-CarLA IgA response in cattle, weak 

phenotypic correlations were detected between ADG and salivary anti-CarLA IgA 

concentrations. It is noteworthy that those correlations were detected only in some cattle groups, 

and directions were conflicting (i.e., either positive or negative) in some cattle groups (Merlin et 

al., 2017). However, such correlations were not evident in deer (Mackintosh et al., 2014). Factors 

including but not limited to differences among species, GIN infection intensities, age, and 

grazing management practices may be responsible for these contradictory findings. 

Despite the moderate positive correlation detected in June immediately before the grazing 

start, there were no further significant correlations between the salivary anti-CarLA IgA 

concentrations and the FEC as the grazing progressed. The overall low FEC intensities could be 

one of the reasons for this lack of a relationship. In comparison, Merlin et al. (2017), who 

detected a moderately negative phenotypic correlation between these two parameters in dairy 

cattle, reported greater FEC intensities (i.e., arithmetic mean of 89 to 184 EPG). However, 

Merlin et al. (2017) detected these correlations only in a few cattle groups studied but not in the 

majority. Acquired protective immunity might be another reason for the lack of a correlation in 

the present study. In agreement with this, Shaw et al. (2013) manifested decreases in the 

magnitude of genetic and phenotypic correlations between salivary anti-CarLA IgA 

concentrations and FEC towards the end of grazing in sheep when they were at least 9 months of 
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age and mentioned that this finding was presumably due to acquired immunity. Although cattle < 

2 years are generally most susceptible to GIN infections compared to adults, the rate of host-

immunity development may vary depending on the GIN species. For instance, cattle are likely to 

acquire protective immunity against C. oncophora 6 to 12 weeks following infection regardless 

of age (Verschave et al., 2016). However, cattle may not acquire protective immunity against O. 

ostertagi until two years of age (Gasbarre et al., 2001a). Consequently, the heifers used in this 

study might have already developed protective immunity to some GIN species during the 

previous grazing season when they were out on pasture with their dams. Therefore, the CarLA 

response in these heifers may only have been a re-activation of the immune memory related to 

the previous grazing, and younger calves would ideally have been studied. Based on the findings 

of sheep, Shaw et al. (2013) suggest that the ideal age range to determine the anti-CarLA IgA 

response and its relationship between growth and parasitological indicators is five to seven 

months in grazing ruminants. Additionally, there was a significant reduction in the FEC across 

the grazing season in these heifers. Therefore, this reduction in FEC across grazing further 

suggests that these heifers were acquiring protective immunity (e.g., reduced worm 

establishment and fecundity) against GIN during the study, and that might have affected the 

relationship with the salivary anti-CarLA IgA concentration.   

Noticeable correlations were also absent between the salivary anti-CarLA IgA 

concentrations and the serum O. ostertagi ELISA antibody titers, possibly due to the following 

reasons. Firstly, the antibody isotypes detected by these two tests are distinctly different. For 

instance, the O. ostertagi ELISA detects IgG while the anti-CarLA ELISA detects IgA (Keus et 

al., 1981; Shaw et al., 2012). Furthermore, the crude antigen extracted from adult GIN for the O. 

ostertagi ELISA presumably does not contain CarLA as it has only been found in L3 (Harrison 

et al., 2008). Also, the anti-CarLA IgA ELISA reflects a mucosal response, but the O. ostertagi 

ELISA detects a systemic response. Regardless of these explanations, Merlin et al. (2017) 

detected weak positive phenotypic correlations between these 2 parameters in some cattle 

groups. The exact reason for this difference among the two studies is not apparent, but age 

differences can be a possibility. In support of this, Merlin et al. (2017) detected the relationship 

between anti-CarLA IgA concentrations and O. ostertagi antibody titers in six to nine months old 

cattle at pasture turnout. 
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As already indicated, the generally low FEC intensity, which suggests an overall low 

GIN infection intensity in these heifers, was a potential limitation in this study. The severe 

drought conditions, which are not favorable for the development and survival of free-living GIN 

stages, might have further reduced the overall infection intensity in these heifers thereby 

reducing the magnitude of the anti-CarLA IgA response. The potential effects of the immune 

memory from the previous grazing season must also be reiterated as a limitation. Furthermore, 

this study only focussed on determining phenotypic relationships. However, the sheep studies 

suggest that phenotypic relationships are distinctly weaker than genotypic relationships between 

the salivary anti-CarLA IgA concentrations and production and parasitological indicators (Shaw 

et al., 2012, 2013). Furthermore, the sample size of 44 heifers was small and might not have been 

adequate to detect significant relationships. Additional recruitment of heifers was not possible as 

the source population was limited to these 44 heifers.   

In conclusion, this chapter confirms that salivary anti-CarLA IgA ELISA can detect beef 

cattle exposed to GIN. Generally, low FEC intensities, immune memory from previous 

exposures, the potential for acquired immunity might be some of the reasons why for the lack of 

significant associations between anti-CarLA IgA concentrations and growth and other 

parasitological indicators. Therefore, this response should further be evaluated with attention to 

preferred cattle age to understand the potential of salivary anti-CarLA IgA ELISA as a future 

tool for TST in beef cattle. 

7.7 Future research 

The epidemiology of GIN infection in young grazing beef cattle in western Canada was 

affected by different risk factors; this was one hypothesis of this dissertation and it was true 

based on the findings of Chapter 2. Among the evaluated risk factors, deworming status, access 

to community pastures, and summer grazing management systems were significantly associated 

with the GIN FEC prevalence and intensity. This finding highlights the importance of studying 

grazing systems across western Canadian beef operations in more detail with regards to the GIN 

epidemiology in the future. In those studies, it is essential to determine if potential adverse 

effects of increased GIN infections related to grazing management outweigh the beneficial 

effects of those grazing strategies on maximizing cattle productivity and pasture growth. Some of 

the identified risk factors (e.g., stocking density, cow deworming status) that were biologically 
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relevant for influencing the GIN epidemiology could not be evaluated due to limited data 

availability, therefore warrant future investigations. One key finding of Chapter 2 was the 

regional predominance of C. punctata in western Canada. Chapter 2 did not explicitly evaluate 

potential risk factors for GIN species diversity; however, based on Chapter 5 results, ivermectin 

resistance was suggested as a possible risk factor this parasite’s unusually high regional 

abundance. Therefore, future studies are required in this regard with an increased number of 

participating herds in western Canada; other potential risk factors such as management and 

climate should also be studied. Longitudinal assessment of GIN species diversity over several 

years would be essential to determine the potential effects of climate changes on the relative GIN 

species composition.  

Currently, there is only one peer-reviewed publication on the adverse production impact 

of C. punctata in beef cattle (Stromberg et al., 2012). That was a feedlot study based on 

experimental infections with C. punctata monocultures. It suggested that the production impact 

of C. punctata might not be evident in mixed GIN infections unless the pathogenic potential of 

this parasite is increased by the removal of competitive GIN species (Stromberg et al., 2012). 

Therefore, comparisons of growth and production performance of cattle in herds with mixed GIN 

infections but a predominant abundance of C. punctata may be worthwhile.  

Results of Chapter 3 revealed no significant associations of FEC intensity and serum O. 

ostertagi antibody titers with antibody response to BVDV type 1 vaccine response. Therefore, 

the hypothesis that GIN infections affect the vaccine response to non-parasitic vaccine antigens 

was refuted. However, future investigations were identified to better test this hypothesis. As 

previously discussed in Chapter 3, the antibody response to BVDV type 1 vaccine antigens may 

peaks > 21 days post-vaccination. Consequently, the effects of GIN infection intensity on the 

BVDV type 1 vaccine antibody response could be further investigated using serum neutralization 

titers > 21 days post-vaccination. Additionally, to overcome the potential effects of pre-

vaccination antibody titers and unknown deworming history, the study should be repeated for a 

group of calves with no pre-vaccination titers (i.e., no previous vaccination, maternal antibodies, 

and exposure to infection) and which have certainly not been dewormed. It would also be 

beneficial to evaluate these relationships in naturally infected calves with greater FEC suggestive 

of a higher GIN burden and consideration could be given to investigating non-parasitic vaccine 

antigens other than BVDV type 1.   
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Another hypothesis tested in this dissertation was that anthelmintic resistance was present 

in western Canadian beef operations. The results of Chapter 4 proved that this hypothesis was 

true. In Chapter 4, ivermectin resistance was diagnosed in multiple GIN species and it was 

suggested to be widespread across western Canada. However, to determine how widespread the 

resistance is in herds, a large-scale study using accurately dosed injectable ivermectin products 

and multiple herd-level samples across western Canada is warranted. In addition to determining 

how widespread the resistance is, it may also be useful to explore if the resistance pattern varies 

among different regions, management systems, and categories of cattle (e.g., calves, cows, 

stocker cattle, replacement heifers). Chapter 4 provided a phenotypically characterized 

ivermectin resistant GIN population. Molecular-level assessment of these samples are required 

for the detection of gene mutations related to ivermectin resistance and to confirm the suggested 

ivermectin resistance of H. placei, C. punctata and O. ostertagi.  

Moreover, pour-on ivermectin products should also be tested and compared to injectable 

products. Other macrocyclic lactone products (e.g., moxidectin, doramectin, and eprinomectin) 

currently used in Canada should also be assessed for resistance status. This assessment is 

essential for the following reasons: studies in other countries, including the US, have confirmed 

resistance to multiple ML products in beef cattle (Gasbarre et al., 2009a; Sutherland and 

Leathwick, 2011). Furthermore, comprehensive reviews on ML resistance in nematode species 

have suggested that different ML might not be identical in terms of resistance mechanisms, 

although some similarities may be shared (Prichard et al., 2012; Prichard and Geary, 2019). For 

instance, some ligand-gated chloride channels likely have similarities in the binding affinity to 

both avermectins and moxidectin, while others do not, resulting in different paths for resistance 

development (Prichard et al., 2012; Prichard and Geary, 2019). Additionally, the mode of 

administration (e.g., injectable ivermectin and duration of the action (e.g., transient ivermectin 

vs. extended-release eprinomectin) of these ML products are different. Pour-on and extended-

release products may lead to under-dosing, which is a risk factor for increased selection pressure 

for anthelmintic resistance (Sutherland and Scott, 2010). However, they are also convenient 

administration methods for producers and are commonly used, thereby further compounding the 

risks for anthelmintic resistance development (Wills et al., 2020a).  

The hypothesis that GIN infection in western Canadian feedlot cattle impact their growth 

and production performance and carcass quality was also tested. Chapter 5 revealed significant 
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adverse effects of GIN infections on carcass quality in untreated calves compared to 

anthelmintic-treated calves at pen-level proving that the hypothesis was true. Further, 

compromised growth performance in addition to the reduced carcass quality was evident in the 

individual-level assessments. In Chapter 5, some of the significant effects of GIN infections on 

carcass quality, particularly at the pen-level, were likely masked by the potentially limited 

sample size. The trial may be repeated with a sample size focussing on detecting treatment group 

differences of qualitative carcass characteristics. Additionally, the trial can be repeated with a 

fenbendazole-only treatment group, which could not be done in Chapter 5, in addition to other 

groups. Similar to grazing calves in cow-calf operations and feedlot calves, stocker cattle and 

replacement heifers are crucial components of beef cattle management in western Canada. No 

contemporary peer-reviewed information is available related to the effects of GIN infection and 

currently used anthelmintics on growth and production performance in stocker cattle or 

replacement heifers in Canada. The confirmed anthelmintic resistance further highlights the 

importance of studies in this area. It is additionally important to consider that most producers 

‘routinely’ manage GIN without specific thought to evidence-based methods (Wills et al., 

2020a). In order to incite change in behaviour, however, particularly if the suggested new 

behaviour is potentially less practical to producers (e.g. combination treatments, TST), 

production or health effects must likely be noticeable to cattle owners. Therefore, studies on GIN 

effects on growth and production in other cattle groups are urgently needed.  

The epidemiology of GIN infections in grazing calves has been studied to a certain extent 

over the past several years. However, no effort has been taken to investigate the effects of GIN 

infections and anthelmintic treatment on the growth performance of spring-born calves in cow-

calf operations over a grazing season in western Canada. Given the epidemiology of GIN 

infections, spring treatment may not be the best approach for GIN control in spring-born calves 

on cow-calf operations. However, a certain proportion of producers (approximately 25%) in 

western Canada still treat calves likely because the approach is convenient for them (Wills et al., 

2020a). Therefore, a trial comparing the growth performance (e.g., weaning weight) of treated 

and untreated spring-born calves may provide evidence-based information if the spring treatment 

can improve the growth performance of grazing calves in western Canada.   

The last hypothesis was that young grazing beef cattle in western Canada mount a 

measurable salivary anti-CarLA IgA response over a grazing season. Proving this hypothesis 
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true, in Chapter 6, anti-CarLA IgA concentrations in most (> 90%) saliva samples collected from 

yearling grazing heifers across the grazing season was above the minimum detection limit of the 

ELISA test. However, potentially due to highlighted limitations, some of the relationships that 

could have existed between salivary anti-CarLA IgA concentrations and growth and production 

parameters and other parasitological indicators were likely not well-reflected. Therefore, the 

study may be repeated with the following strategies. Firstly, a group of fall-born calves go onto 

pastures in the spring can be studied to avoid the potential direct or confounding effects of 

previous immune memory, already developed protective immunity, and maternal antibody levels 

on these relationships. Secondly, the study can be conducted longitudinally over several grazing 

seasons to determine any possible weather effects on results. Thirdly, the assessment of both 

genotypic correlations (need pedigree data) and phenotypic correlations are likely essential to 

detect significant relationships if they exist. Lastly, the sample size can be increased to increase 

the statistical power; multiple randomly selected beef herds across western Canada could be 

studied to make reliable inferences on the anti-CarLA IgA response in young beef cattle.  

7.8 General conclusions 

An overarching conclusion is that ivermectin resistance is present in multiple GIN 

species in western Canadian beef operations. Another crucial finding of this thesis was the 

regional predominance of C. punctata, which was an unusual finding in colder climatic 

conditions in far northern regions of North America and suggested a changing species diversity 

in western Canada. Ivermectin resistance could be one driving force behind these changes in the 

species predominance; however, other potential factors must also be further investigated. Despite 

the ivermectin resistance, both anthelmintic treatments evaluated had economic benefits related 

to improved carcass quality compared to no treatment; this emphasizes the importance of 

anthelmintic treatment to control GIN at the early feedlot phase. Both anthelmintic treatments 

appear to be equally economically beneficial under similar management conditions and carcass 

quality-based pricing system. Therefore, it is currently not possible to recommend one 

anthelmintic treatment over the other to feedlot producers based on this economic assessment. 

However, it is essential to alert the beef industry about the presence of anthelmintic resistance 

and implement strategies to reduce its further selection pressure. For example, as the 

combination treatment of ivermectin and fenbendazole was highly efficacious, it can be 
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recommended, particularly in cow-calf productions, to reduce the further development of 

resistance. Furthermore, as an injectable ivermectin product was used, it is plausible that the 

resistance situation with a pour-on product might be even worse, and this must also be 

communicated to producers. Approaches for TT should be encouraged as opposed to routine 

whole herd treatment on grazing beef operations. Approaches to TST must be further 

investigated. The detectable salivary anti-CarLA IgA response in the present study confirms that 

salivary anti-CarLA IgA ELISA can identify beef cattle exposed to GIN. The lack of significant 

associations between the anti-CarLA IgA concentrations in saliva and production and growth 

parameters currently does not support this test's possible use in TST programs. However, further 

investigations are warranted to better understand these associations in other preferred beef cattle 

age groups for more conclusions. Another overarching finding in all studies was the generally 

low FEC intensity in the studied calves; this suggests that calves in cow-calf operations in 

western Canada are unlikely heavily infected with GIN. This overall low FEC intensity could be, 

at least in part, a reason for its no adverse effects on antibody response to BVDV type 1 vaccine 

antigens and absence of significant associations between salivary anti-CarLA IgA concentrations 

and growth indicators. Despite that, this low FEC intensity can still affect the carcass quality and 

growth performance (at individual-animal level), and that should be communicated to the feedlot 

producers. In the future, if measures are not implemented to reduce the selection pressure for 

anthelmintic resistance, FEC intensity may ultimately increase. Consequently, the magnitude of 

the adverse effects of FEC intensity on carcass quality and growth performance may be 

increased.  
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