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ABSTRACT 

 

EFFECTS OF BIRDSFOOT TREFOIL AND ALFALFA SUPPLEMENTATION ON 

GASTROINTESTINAL NEMATODE EGG SHEDDING IN YOUNG DAIRY CATTLE 

 

Kristen Nicole Wight        Advisors: 

University of Guelph, 2018       Dr. Renée Bergeron 

          Dr. Simon Lachance 

 

 The main objective of this thesis was to investigate if birdsfoot trefoil (BF), a plant rich 

in condensed tannins (CTs), could be used to reduce the gastrointestinal nematode (GIN) egg 

shedding in young dairy cattle. The experiments were conducted to measure the effect of fresh or 

bailed BF supplementation on GIN egg shedding of artificially infected dairy cattle. For six 

weeks, animals were fed in treatment groups of fresh or bailed alfalfa, BF, and grass. During the 

feeding trials, there were differences in forage consumption between treatments, with alfalfa 

being consumed in a greater amount than BF, for both the fresh and dried forages. Contrary to 

our expectations, GIN egg shedding did not differ between forage treatments, even after 

accounting for differences in forage consumption. The amount of forage CTs consumed by 

individuals may have been insufficient to have a therapeutic effect on animals that were 

artificially infected with GIN. 



iii 
 

ACKNOWLEDGMENTS  

 

 I would like to thank my advisors, Drs. Renée Bergeron and Simon Lachance, for 

providing me with the opportunity to pursue research in dairy behavior and welfare. You have 

been integral to every aspect of this thesis and I cannot thank you enough. Your endless patience 

and editing has helped me through multiple road blocks that would have prolonged the process 

without your guidance. Thank you for being understanding of extracurricular activities and 

helping me to learn to balance all of life commitments while completing tasks in a timely 

manner.  

  

 My committee member, Dr. Andrew Peregrine, also deserves my recognition and thanks 

for his positivity and interest in my research when I couldn’t initially see the exciting results of 

my work. Thank you for always carving out time in your busy schedule to meet with me to 

discuss many different aspects of my project. Your lab staff and students, Jacob Avula and 

Emma Borkowski, cannot be forgotten for their guidance with culturing and species 

identification of gastrointestinal nematodes and their willingness to answer all my questions. 

 

 My committee member, Dr. Trevor DeVries, also deserves my recognition and thanks for 

his guidance and development of my thesis through offering his own perspective and 

commentary on the research I conducted.  

 

 Many thanks go to Michelle Edwards, the department’s statistics wizard. Without your 

continued guidance SAS would have gotten the best of me, and I would have continued to 

struggle. Your endless ability to answer every question, or to find the answer, is astonishing.  

 

 The staff at Ridgetown Campus Dairy Centre, who aided in many aspects of this research 

project, Robert Reid, Amber Sayers, Dave Hogg, and George Woudenberg who were always 

available to answer questions and to help with the animals in the barn. Also, Mark Monden for 

all the tractor work and crop harvesting that was required throughout the project, and answering 

questions.  

 

 I would also like to thank the summer students, Jennifer Howson, Aimée Adcock, 

Elizabeth Teel, and Mathilda “Aubrie” Willmott-Johnson, for your assistance with data 

collection and processing. Without you I would’ve been overwhelmed by all that needed to be 

done. Working with such great students made the long summer days in the barn an absolute 

pleasure.  

 

 Lastly, I wouldn’t be here today without the love and support of my wonderful parents 

Wayne and Kim Wight, for encouraging me to pursue my education. Last but by far not the least, 

the devotion of Lucy, my 10 year-old Labrador, for sitting with me while I completed the writing 

of my thesis. 

 

 

 

  



iv 
 

TABLE OF CONTENTS 

 

Abstract……………………………………………………………………………………………ii 

Acknowledgments…………………………………………………………………………….….iii 

Table of Contents…………………………………………………………………………………iv 

List of Tables……..……………………………………………………………………………...vii 

List of Figures……………….…………………………………………………………………..viii 

List of Abbreviations…………………….……………………………………………………….x 

Chapter 1: Introduction……………………………………………………………………………1 

1.1 Gastrointestinal Nematodes in Cattle………………………………………..………..2 

1.1.1 Prevalence of GIN Infections……………………………………………...2 

1.1.2 Important GIN Species and Life Cycle……………………………………4 

1.1.3 Impact of GIN on Cattle Metabolism and Productivity…………………...7 

1.2 Prevention and Control of GIN Infections..………………………………………….10 

1.2.1 Host Immunity and Resistance to Infection……………………………...10 

1.2.2 Anthelmintic Drugs and Resistance Development………………………11 

1.2.3 Effects of Grazing Practice on GIN Infections…………………………..13 

1.2.4 Alternative GIN Treatments………………………………..……………14 

1.3 Tannins……………………………………………………………………………….18 

1.3.1 Biochemistry of Tannins…..………………………………………..……18 

1.3.2 Digestion of Condensed Tannins……………………….………………..20 

1.3.3 Anthelmintic Effects of Condensed Tannins…………………………….22 

1.4 Objectives and Hypothesis…………………………………..……………………….24 



v 
 

Chapter 2: Effects of birdsfoot trefoil and alfalfa supplementation on gastrointestinal nematode  

       egg shedding in young dairy cattle…………………………………………………..25 

 2.1 Introduction ………………………………………………………………………….25 

 2.2 Materials and Methods……………………………………………………………….27 

  2.2.1      Experiment 1 – Effect of fresh birdsfoot trefoil supplementation on GIN  

   egg counts………………………………………………………………..27 

   2.2.1.1 Preparation of Nematode Larvae……………………….………..27 

   2.2.1.2 Animals, Housing and Experimental Procedures……..…………28 

   2.2.1.3 Feed Sampling and Analyses…………………………………….31 

  2.2.2  Experiment 2 – Effect of dry hay alfalfa and birdsfoot trefoil   

   supplementation on GIN egg counts……..………………………………32 

   2.2.2.1 Preparation of Nematode Larvae………………………..……….32 

   2.2.2.2 Animals, Housing and Experimental Procedures………………..32 

   2.2.2.3 GIN Genotyping and Morphological Species Identification..…..34 

   2.2.2.4 Feed Sampling and Analyses…………………………………….36 

  2.2.3 Statistical Analysis…………………………………………………….…37 

 2.3 Results………………………………………………..………………………………39 

  2.3.1 Experiment 1 – Effect of fresh birdsfoot trefoil supplementation on GIN  

   egg counts………………….…………………………………….………39 

  2.3.2 Experiment 2 – Effects of dry hay alfalfa and birdsfoot trefoil   

   supplementation on GIN egg counts……………………..………………40 

 2.4 Discussion……………………………………………………………………………42 

  2.4.1 Infection with GIN larvae……………………………………………...…..42 



vi 
 

  2.4.2 Forage and tannin consumption……………………...…………………….44 

  2.4.3 Gastrointestinal nematode egg shedding……………………….………….45 

Chapter 3: General Discussion…..…………………………...…………………………………..64 

 3.1 Important Findings……………………………...……………………………………64 

 3.2 Limitations and Future Research…………………………………………………….65 

 3.3 Implications……………………………….…………………………………………67 

Chapter 4: References………………………………………………..…………………………..68 

  



vii 
 

LIST OF TABLES 

 

Table 2.1 Chemical composition of experimental forages used in Experiment 1 (2016)……….50 

Table 2.2 Chemical composition of experimental forages used in Experiment 2 (2017)...…….51 

Table 2.3 Species proportions identified from first stage gastrointestinal nematode larva (L1) 

collected from the donor animal in Experiment 2 (2017) from Southwestern, ON, Canada during 

5 collection day……………………………………………………………………………..……52 

Table 2.4 First stage gastrointestinal nematode larva (L1) species proportions collected from 

experimental animals pre- or post-feeding treatment (Experiment 2; 2017)……….…….……..53 

 

 

  



viii 
 

LIST OF FIGURES 

 

Figure 2.1 Average trichostrongyle-type FECs of heifers (eggs per gram ± SE) prior to, during 

artificial infection, throughout the trial period, and post-trial period within the treatment groups 

of alfalfa (n = 18) and birdsfoot trefoil (n = 12)(Experiment 1; 2016). Orange arrows indicate 

oral GIN larvae administration dates. Green arrows indicate the start (week 1) and finish of the 

feeding trial (week 6)…………………………………...………………………………………..54 

Figure 2.2 Post-infection fecal egg count (FEC) of heifers (n = 30) in eggs per gram (epg) 

averaged at the peak of their infection (July 21, July 28, August 4) in relation to age of the host at 

the beginning of feeding treatments (Experiment 1; 2016)……………………………………..55 

Figure 2.3 a) The average weekly DM intake (kg ± SE) of forage treatments (alfalfa n = 18 and 

birdsfoot trefoil  n = 12), b) The average weekly intake of protein (kg of DM ± SE) for each 

forage supplement treatment (alfalfa n = 18 and birdsfoot trefoil n = 12), and c) The average 

weekly intake of tannins (kg of DM ± SE) for each forage supplement treatment (alfalfa n = 18 

and birdsfoot trefoil n = 12) by heifers (Experiment 1; 2016). 
a, b, c

 LSmeans with the same letter 

are not significantly different (P < 0.05)………………………………………………......…….56 

Figure 2.4 The average BW (kg ± SE) of heifers for all forage supplement treatments (alfalfa n 

= 18 and birdsfoot trefoil n = 12) in Experiment 1 (2016). 
a, b, c

 LSmeans with the same letter are 

not significantly different (P < 0.05)…………………..…………...……………………………57 

Figure 2.5 Average trichostrongyle-type FECs of heifers and steers (eggs per gram, epg ± SE) 

prior to, during artificial infection, throughout the trial period, and post-trial period within the 

treatment groups of alfalfa (n = 10), birdsfoot trefoil (n = 10), and control grass hay (n = 10) 

(Experiment 2; 2017). Orange arrows indicate oral GIN larvae administration dates. Purple 

arrows indicate the start (week 1) and finish (week 6) of the feeding trials……………………..58 



ix 
 

Figure 2.6 Post-infection fecal egg count (FEC) of heifers and steers (n=30) in eggs per gram 

(epg) averaged at the peak of their infection (July 27, August 3, August 10) in relation to age of 

the host at the beginning of feeding treatments (Experiment 2; 2017)………………….………59 

Figure 2.7 a) The average weekly DM intake (kg ± SE) of forage treatments (alfalfa, birdsfoot 

trefoil and grass hay control, n = 10 per treatment), b) the average weekly intake of protein (kg of 

DM ± SE) for each forage supplement treatment (alfalfa, birdsfoot trefoil and grass hay control, 

n = 10 per treatment), and c) the average weekly intake of tannins (kg DM ± SE) for each forage 

supplement treatment (alfalfa, birdsfoot trefoil and grass hay control, n = 10 per treatment)  by 

heifers and steers (Experiment 2; 2017). 
a, b, c

 LSmeans with the same letter are not significantly 

different (P < 0.05)……………….……………………………………………...……………..60 

Figure 2.8 The average BW (kg ± SE) of heifers and steers for all forage supplement treatments 

(alfalfa, birdsfoot trefoil and grass hay control, n = 10 per treatment) in Experiment 2 (2017). 
a, b, 

c
 LSmeans with the same letter are not significantly different (P < 0.05)……………….………61 

Figure 2.9 Picture of third stage (L3) Haemonchus placei from the donor animal in Experiment 

2 under 100x magnification. Courtesy of Jacob Avula (OVC, University of Guelph)…………62 

Figure 2.10 First stage gastrointestinal nematode larvae (L1) species identified for the two 

animal groups (pen 1 older: n=15, average age = 328.6 ± 72.7 d; pen 2 younger: n=15, average 

age = 144.9 ± 24.7 d) and for each treatment (A = alfalfa, B = birdsfoot trefoil, C = control grass 

hay; n=10 per treatment) pre- (July) and post- (September) treatment in Experiment 2 (2017), 

identified by deep amplicon sequencing (Avramenko et al., 2015)……………….…………….63 

 

 

 

  



x 
 

LIST OF ABBREVIATIONS 

 

AR – anthelmintic resistance 

BZ – benzimidazole 

CT – condensed tannin / proanthocyanidin 

tannins 

DM – dry matter 

EPG – eggs per gram 

FEC –fecal egg count 

FECRT – fecal egg count reduction test 

GIN – gastrointestinal nematode 

GIT – gastrointestinal tract 

HT – hydrolysable tannins 

L1 – first stage larva 

L3 – third stage larva 

L4 – fourth stage larva 

LC – Lotus corniculatus 

LEV – 

imidazothiazoles/tetrahydropyrimidines 

LP – Lotus pedunculatus 

mDP – mean degree of polymerization 

ML – macrocyclic lactones 

PC – procyanidin tannins 

PD – prodelphinidin tannins 

PEG – polyethylene glycol 

PSM – plant secondary metabolites 

PVPP – polyvinylpolypyrrolidone 

SL – Sericea lespedeza 

UK – United Kingdom 

US / USA – United States / United States of 

America 

 

Chapter Specific Abbreviations 

Chapter 2 

A – alfalfa 

ADF – acid detergent fiber 

ADL – acid detergent lignin 

B – birdsfoot trefoil 

BW – body weight 

C – control 

DM – dry matter 

DMI – dry matter intake 

NW40 – forage analysis from SGS 



1 
 

CHAPTER 1. INTRODUCTION 

 Gastrointestinal nematode (GIN) infections in pastured cattle are among the most 

production- limiting infections worldwide (Sutherland and Bullen, 2015). Synthetic 

anthelmintics were introduced 25 to 35 years ago with high efficacy and broad spectrum 

coverage to reduce the negative impact of GIN on production levels (Li and Gasbarre, 2009). 

Due to the initial high efficacy and broad spectrum coverage of these drugs, little research was 

done to identify alternative methods of parasite control (Li and Gasbarre, 2009). Thus, for many 

years, conventional dairy farmers have used synthetic anthelmintics as their main method to 

control GIN, but anthelmintic resistance (AR) has increased worldwide due to their extensive use 

(Sutherland and Leathwick, 2011). Pastured cattle have higher levels of GIN infections than 

those housed indoors due to minimal transmission occurring indoors (Nodtvedt et al., 2002). 

Gastrointestinal nematode levels can be exacerbated in organic operations where pasturing cattle 

is a requirement (Sorge et al., 2015), and there are restrictions on use of synthetic anthelmintics 

(Government of Canada, 2015). Thus, sustainable methods for long-term GIN control for both 

conventional and organic ruminant operations need to be developed that are not reliant on 

synthetic anthelmintics (Gasbarre, 2014; Lombardi et al., 2015).  

 Forages play an important part in ruminant nutrition, and can be a rich source of 

beneficial nutraceuticals for grazing animals (Hoste et al., 2006). Current research on GIN 

control by feeding bioactive-rich forages is focused on small ruminants such as sheep and goats, 

and the use of condensed tannins (CTs), a common bioactive compound in forages (Hoste et al., 

2006). Condensed tannins, defined as polymerized phenolic compounds, can be found in several 

forage legumes such as chicory (Cichorium intybus; Pena-Espinoza et al., 2016), sainfoin 

(Onobrychis viciifolia Scop.; Desrues et al., 2016a), birdsfoot trefoil (Lotus corniculatus; 



2 
 

Shepley, et al., 2015), big trefoil (Lotus pedunculatus; Niezen et al., 1998), Sericea lespedeza 

(Min et al., 2004), and others (Hoste et al., 2006). Current research with CTs in small ruminants 

has shown reductions in GIN numbers, worm fecundity, and the ability of GIN eggs to mature to 

infective larvae (Hoste et al., 2006). There is, however, limited research on the efficacy of these 

forages in large ruminants such as cattle, and their practical applications for GIN control on 

conventional and organic farms. 

  

1.1 Gastrointestinal Nematodes in Cattle 

1.1.1 Prevalence of GIN Infections  

 The requirements for pasture grazing and limited use of synthetic anthelmintics have the 

potential to increase the prevalence and impact of GIN infections on organic dairies compared to 

conventional dairies (Sorge et al., 2015). Nodtvedt et al. (2002) showed that cattle from farms 

that used pasture had higher fecal egg counts (FEC) than farms that did not. Traditionally, FEC 

have been used to monitor GIN levels due to the ease and non-invasive nature of the sampling 

method (Gasbarre, 2014). Fecal egg counts in cattle provide an idea of GIN infection, but show a 

lack of correlation with the burden of adult worms present in the host and with clinical signs of 

parasitism, and are less reflective of worm burdens as cattle age (Cox and Todd, 1962). Young 

cattle, 6 to 10 months of age have been shown to be the most susceptible (Williams et al., 1993). 

Heifers are often exposed to high numbers of GIN infective larvae on pasture and typically show 

high FECs in early summer through to early winter (Suarez, 1990). Adult cattle typically show a 

resistance to GIN, as their FECs are lower throughout the year (Sandoval-Castro et al., 2012). 

For all age groups of cattle, GIN egg shedding is typically higher during the spring to early 

winter, than during the winter (Suarez, 1990). The rise in spring shedding is likely due to the 



3 
 

hypo-biotic fourth stage larvae (L4) harbored internally by the host over the winter, maturing 

into fecund females (Nodtvedt et al., 2002). This ‘spring-rise’ has been reported in both small 

ruminants and cattle, and is a well-known phenomenon (Nodtvedt et al., 2002). 

 In a host population, GIN abundance does not follow a normal bell-shaped curve, but 

rather a negative binomial distribution (Crofton, 1971a; Crofton, 1971b). This distribution is 

characterized by the standard deviation exceeding the average of the group (Gasbarre, 2014). 

This means that the majority of animals shed low numbers of GIN eggs, while a few herd 

members shed large numbers of GIN eggs, whether due to variations in GIN species fecundity, 

numbers of adults per host, or variation in the active immune system of the host (Gasbarre, 

2014). Host immunity develops in cattle exposed to GIN as they age, and this limits the egg-

laying ability of the GIN (Ploeger et al., 1995). Vercruysse et al. (2001) has recommended 

identifying the level of parasitism that justifies treatment with synthetic anthelmintics, although 

there is currently no reliable diagnostic technique, especially in adult animals, making it difficult 

to identify this threshold value.  Mejia et al. (1999), in Argentina, showed a rapid increase in 

FEC in Holstein heifers that were raised on pasture shared with mature cows at 12 weeks of age 

until about 18-20 weeks of age, where FEC peaked at 917 ± 189 eggs per gram (epg), followed 

by a decrease to  < 200 epg by week 28. Typically on Canadian dairy farms, FEC in heifers 

average around 2 epg; with pasture exposure resulting in higher FEC (8 epg) and animals not 

exposed to pasture having a FEC averaging <1 epg (Scott, 2017). Sanchez et al. (2005) found 

that FECs of lactating dairy cows treated with eprinomectin pour-on, a synthetic anthelmintic, at 

the time of calving in herds in total confinement or semi-confinement across Eastern Canada 

(Prince Edward Island, Nova Scotia and Ontario) were low, ranging from zero to 134 epg with a 

median of 0. They also stated that herds in total confinement had lower parasite levels than those 
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in semi-confinement, and that there was a seasonal pattern where higher parasite levels were 

observed in the summer and fall and lower levels were observed in the winter (Sanchez et al., 

2005). The differences in FEC between Argentina and Canada may be due to parasite burden and 

different species of parasites that the cattle are exposed to on pasture due to climatic differences 

between the two countries, but the trends of GINs in animals appear to be similar as both 

countries experience seasonal changes and immunity development.  

 

1.1.2 Important GIN Species and Life Cycle 

Gastrointestinal parasitism typically occurs in mixed infections (Sutherland and Bullen, 

2015). In Canada, there are about 8 species of GIN, with 5 that are commonly found (Scott, 

2017). Some species have more economic importance in North America than others (Sutherland 

and Bullen, 2015). Two species, Cooperia oncophora and Ostertagia ostertagi, are of utmost 

importance due to their abundance in temperate zones (Vlaminck et al., 2015). Typically, GIN in 

cattle have a life cycle that results in almost exclusive transmission on pasture via fecal-oral 

transmission (Sutherland and Leathwick, 2011). Adult GIN live in the gastrointestinal tract of 

cattle, where they mature and reproduce (Sutherland and Leathwick, 2011). Female GIN lay 

eggs, which are passed in manure into the environment. Eggs hatch into free-living first-stage 

larvae (L1), which moult into second (L2), and then into the infective third-stage (L3) larvae. 

The infective L3 migrate from the fecal patty onto nearby vegetation where they can be ingested 

by grazing cattle (Sutherland and Leathwick, 2011). In larval cultures of feces from several 

locations across Canada that permitted some pasture exposure to their herds, 99% of L3 were 

identified as Cooperia or Ostertagia (99.49%), while the remaining larvae were identified as 

Oesophagostomum (0.15%), Haemonchus (0.13%), and Trichostrongylus (0.23%) (Nodtvedt, 



5 
 

2002). These species often occur together but differ in their fecundity, pathogenicity, and their 

immunological effects (Dorny et al., 1997). 

Cooperia sp. are most prevalent in young cattle (Gasbarre, 2014), especially C. 

oncophora in the first grazing season (Vlaminck et al., 2015). They are primarily located in the 

duodenum and anterior jejunum (Coop et al., 1979). These GIN are highly fecund, but 

pathogenic effects are mild (Satrija and Nansen, 1992). Cooperia spp. are able to cause 

economic losses by decreasing food intake and, therefore, animal productivity (Gasbarre, 2014). 

In contrast, Ostertagia spp., located in the abomasum (Vlaminck et al., 2015), are not very 

fecund, but are very pathogenic, leading to severe clinical disease that puts constraints on 

productivity in all ages of dairy cattle (Sutherland and Bullen, 2015). 

Both Ostertagia sp. and Cooperia sp. follow a similar life cycle in temperate zones, as 

previously described. Mature females produce eggs that are shed into the manure (Zajac, 2006). 

Fecal matter acts as a protectant to the eggs from adverse environmental conditions and allows 

for their development (Zajac, 2006). First stage larvae (L1) form and hatch, feeding on bacteria 

found in the manure, and go through two molts of their cuticle to become infective third-stage 

larvae (L3) within manure (Zajac, 2006). The third-stage larvae retain a tough semipermeable 

sheath, which is replaced with each molt, from the previous larval stage (Hoste et al., 2012; 

Zajac, 2006), which allows them to survive changing environmental conditions while still on 

pasture (Hoste et al., 2012). However, this sheath prevents them from feeding, so they move out 

of the fecal matter and onto forages that may be consumed by their host, i.e. grass on pasture or 

hay fed on the ground (Zajac, 2006). If the L3 use up their metabolic reserves before being 

consumed by a host, they will die (Zajac, 2006). 



6 
 

Larval exsheathment characterizes the first stage of host invasion, and occurs after 

ingestion of L3 by the host (Hoste et al., 2012). GIN species occupy different gastrointestinal 

regions of the host (Vlaminck et al., 2015). Abomasal and intestinal nematodes typically require 

different conditions for exsheathment to occur (Novobilsky et al., 2011). Desrues et al. (2017) 

confirmed in vivo that L3 of C. oncophora exsheath in the rumen, similar to O. ostertagi. The 

larvae then migrate to the organ they inhabit as adult worms. Once L3 reach their specific organ, 

they penetrate the mucosa or invade gastric glands, and molt into fourth-stage larvae (L4) (Hoste 

et al., 2012); this can lead to visible changes in the mucosal surface of the abomasum or intestine 

as, depending on the species, nodules may be produced by L4 before they mature into adults 

(Zajac, 2006). From the time they are ingested by the host, it typically takes the larvae about 3 

weeks to reach maturity, at which stage they typically survive for a few months (Zajac, 2006). 

There is evidence that L3 O. ostertagi are able to withstand winter conditions on pasture 

in the Northeastern USA and can be infective again in the spring (Gibbs, 1988). However, the 

survival of O. ostertagi was shown to drop throughout the following grazing season (Gibbs, 

1988). It is suggested that no more than two generations of O. ostertagi can occur through a 

grazing season, due to the time required for the life cycle (Gibbs, 1988). Even species that 

typically like sub-tropical climates, such as the Haemonchus spp. are able to survive in temperate 

regions due to their success through the summer months and hypobiosis throughout the winter 

months (Zajac, 2006). Transmission levels of GIN will be affected by changes in climate 

(Verschave et al., 2016). Under future temperature and precipitation conditions the length of the 

grazing season may increase, which would prolong the GIN transmission season (Verschave et 

al., 2016). For GIN infections in sheep, some early evidence of changing trends suggests that not 
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only parasite abundance but also seasonality and spatial distribution are already affected (van 

Dijk et al., 2008). These trends are not yet available for cattle (Verschave et al., 2016). 

There are several other GIN species also present in cattle, but to a lesser degree. 

Haemonchus placei is commonly considered a cattle Haemonchus sp., whereas Haemonchus 

contortus is considered the small ruminant equivalent. Haemonchus spp. are abomasal parasites 

that feed on host blood and can cause fatal anemia at high burden levels (Zajac, 2006). 

Haemonchus placei can reach the size of 3 cm, making them one of the largest strongylid 

nematodes of ruminants (Zajac, 2006). Haemonchus spp. thrive in warm wet climates and do not 

tolerate cold temperatures (Zajac, 2006). However, there have been recent occurrences of 

Haemonchus in cooler climates like the Northeastern and Western USA (Zajac, 2006) and 

Southwestern Australia (Jabbar et al., 2014); the period of transmission in these areas is shorter 

than in tropical and subtropical areas of these countries (Zajac, 2006). Trichostrongylus spp. are 

typically small intestinal parasites (Taylor et al., 2015). Species of Trichostrongylus thrive in 

cooler, drier conditions (Zajac, 2006). Nematodirus spp. are small intestine nematodes that thrive 

in temperate zones (Taylor et al., 2015).  

 

1.1.3 Impact of GIN on Cattle Metabolism and Productivity  

In young cattle, particularly dairy heifers, GIN infections can limit the animals’ ability to 

thrive in their first year, leading to reduced health and welfare (Nodtvedt et al., 2002). Continual 

GIN challenge can cause pathological consequences including: inappetence or anorexia, 

diarrhea, anemia, impaired nutrition and digestion, loss of body condition and death of all ages of 

cattle, resulting in production losses (Coop and Kyriazakis, 1999; DesCoteaux et al., 2001; Mejia 

et al., 2009; Larsson et al., 2011). For young cattle, GIN infection can result in live weight gain 
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losses and delayed sexual maturity (Mejia et al., 1999). In lactating cattle, GIN can cause 

reduced milk production and reproductive performance, even with a low exposure (Blanco-

Penedo et al., 2012) possibly because the stress associated with GIN infections compounds 

stressors associated with milk production (Sutherland and Leathwick, 2011; Gasbarre, 2014). 

Gastrointestinal nematode infections reduce the amount of nutrients available for the host 

to use, due to reductions in voluntary feed intake or nutrient absorption, depending on the GIN 

species (Dynes et al., 1998). For example, Teladorsagia circumcincta are an abomasal GIN in 

lambs that reduce voluntary feed intake (Sykes and Coop, 1977). Elevated gastrin levels that 

accompany some abomasal parasites, such as O. ostertagi, impair reticulo-rumen motility and 

slow abomasal emptying, leading to stasis of ingesta and a reduction in feed intake (Fox, 1993). 

T. colubriformis is an intestinal GIN of cattle that reduces the efficiency of feed utilization 

(Sykes and Coop, 1976). It has been shown in both cattle and sheep that inappetence may be 

dependent on parasite abundance (Fox, 1993). Appetite, which may be reduced (15- 20%) due to 

chronic subclinical GIN infections in lambs, usually returns to normal once the host develops 

resistance to parasites (Coop et al., 1982; Sykes et al., 1988; Kyriazakis et al., 1996). 

Gastrointestinal nematode infections also result in an increased loss of endogenous proteins due 

to leakage of plasma protein, increased muco-protein production and sloughing of epithelial cells 

into the gastrointestinal tract (Poppi et al., 1986; Bown et al., 1991a). Bown et al. (1991b) were 

able to show that GIN infections resulted in a protein deficiency, not an energy deficiency, as 

lamb resilience to infection was maintained when supplemented with protein, but not energy.  

Mejia et al. (2009) showed that dairy heifers treated with a synthetic anthelmintic, 

ivermectin, reached oestrus earlier, were inseminated sooner, required fewer services, and were 

younger at parturition than untreated heifers at the same weight and height. Another study 
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reported similar results with breeding-aged heifers treated with a bolus of sustained-release 

ivermectin (DesCoteaux et al., 2001). Larsson et al. (2011) showed that a decrease in weight-

gain as a result of parasitism in the first grazing season persisted in subsequent seasons, which 

could lead to culling from the herd due to lost production parameters, as DesCoteaux et al. 

(2001) suggested that improvement of daily gains during growth has an impact on mammary 

gland development, which in turn could improve milk production in the first lactation. Treatment 

of parasitic infections during the growth stage improved future health and productivity of adult 

cattle, and treated heifers remained in the herd significantly longer than untreated heifers (Mejia 

et al., 2009). 

Herd management and housing environment are factors that affect dairy cow lactation 

performance the most (DesCoteaux et al., 2001). Effective parasite control programs should be 

an important aspect of herd and pasture management (Sutherland and Bullen, 2015). Cow 

performance can be limited or enhanced based on how effective parasite control programs are 

handled in the first two years of a heifer’s life (Sutherland and Bullen, 2015). However, livestock 

producers have relied heavily on synthetic anthelmintics as their main management method for 

GIN, leading to resistance development and loss of efficacy of commercially available products 

(Sutherland and Leathwick 2011).  
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1.2 Prevention and Control of GIN Infections 

1.2.1 Host Immunity and Resistance to Infection 

Innate immunity can be defined as the first line of defense against pathogens: bacteria, 

viruses, parasites, or fungi (Carroll and Forsberg, 2007). The acquired immune system is 

characterized by its memory and its ability to produce specific antibodies and T cells that allow 

for faster and stronger responses when re-exposed to the same pathogen (Carroll and Forsberg, 

2007). The acquired immune system can take several weeks to recognize and produce 

immunological changes after a first exposure to a pathogen such as GIN (Coop and Kyriazakis, 

1999). Development of acquired immunity against GIN requires continuous larval exposure for 

varying amounts of time depending on the parasite species (Ploeger et al., 1995). Most intestinal 

species such as Cooperia spp. produce a long-term immunity after a short exposure period, 

whereas immunity to Ostertagia spp. appears to take several grazing seasons (Williams et al., 

1993). Once developed, acquired immunity has effects on establishment, development, survival, 

and fecundity of GIN (Quinnell and Keymer, 1990). 

The function of the bovine immune system is influenced by the nutrients available from 

the feed (Carroll and Forsberg, 2007). High protein diets increase the animals’ ability to cope 

with, and reduce, GIN infections (Coop and Kyriazakis, 2001). An increased supply of amino 

acids may counteract the loss of protein in the digestive system due to heavy GIN presence and 

will aid in the stimulation of the immune system (Barry and McNabb, 1999). Therefore, 

resilience and/or resistance can be improved with the support of proper nutrition as a component 

of an integrated approach for GIN control (Coop and Kyriazakis, 1999).  
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1.2.2 Anthelmintic Drugs and Resistance Development  

Anthelmintics are drugs developed to effectively remove or prevent GIN infections 

(Sutherland and Bullen, 2015). In the 1960s, synthetic anthelmintics were introduced and caught 

on quickly because they were convenient and efficient at controlling GIN infections; heavy 

parasite loads were reduced and production increased (Areskog et al., 2014). There are 3 families 

of anthelmintic drenches used for cattle GIN globally: benzimidazoles (BZ), 

imidazothiazoles/tetrahydropyrimidines (LEV), and macrocyclic lactones (ML) (Sutherland and 

Bullen, 2015). Anthelmintic families work according to different mechanisms to target GIN, but 

all aim to break the GIN life-cycle (Hoste et al., 2012).  

There has been extensive worldwide use of anthelmintics to control GIN, and this has led 

to the development of anthelmintic resistance (AR) in sheep, goats and cattle (Waller, 1994; 

Sutherland and Leathwick, 2011). Anthelmintic resistance can be defined as the persistence of 

GIN after adequate dosing with an anthelmintic. It generally starts with one family of 

anthelmintic and one species of GIN, and eventually develops so that a single species of GIN is 

resistant to several different families of anthelmintics (Sutherland and Bullen, 2015). 

Anthelmintic resistance to multiple anthelmintics occurred sooner in cattle than in sheep and 

goats (Sutherland and Bullen, 2015). The presence of multidrug resistance has created the need 

to revisit the use of synthetic anthelmintics (Geurden et al., 2015). 

One commonly used method to asses efficacy of anthelmintics is the fecal egg count 

reduction test (FECRT); a FECRT greater than 90% is considered efficient, whereas resistance in 

GIN is declared when there is less than 90% reduction in FEC (Coles et al., 1992). To determine 

which GIN species are resistant to treatment, larval cultures and species identification should be 

done, as FEC can change due to GIN population changes (Hoste et al., 2015; Sutherland and 
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Bullen, 2015). A more definitive test for which species are surviving anthelmintic treatment is 

recovery, enumeration, and species identification of GIN from all areas of the digestive tract 

following treatment (Wood et al., 1995); however, this method requires the animal be killed after 

treatment, which is not possible outside of research, and is ethically questionable. 

Anthelmintic resistance in Haemonchus sp. and O. ostertagi in cattle was first 

documented in the United States in 2004, with the BZ family (Gasbarre et al., 2009a; Gasbarre et 

al., 2009b). Benzimidazoles target and inhibit microtubule formation, causing infrastructural 

changes to intestinal and tegumental cells of GIN, further resulting in death (Bowmann, 1999). 

Resistance to BZs is extremely common for H. contortus, predominantly in small ruminants, but 

a few well-documented reports come from cattle Haemonchus spp. (Chaudhry et al., 2014). The 

increased reliance on anthelmintic GIN control programs to improve productivity on cattle farms 

is the leading cause of AR in the US (Gasbarre, 2014). Efforts to reduce the use of anthelmintics 

through grazing management practices and other prevention and control methods (Craig, 2006) 

are needed to reduce the rate of AR development and preserve the efficacy of current 

anthelmintics (Sutherland and Bullen, 2015). 

There are also cases of AR against the ML drug class with Cooperia sp. and O. ostertagi 

in cattle in different continents (Sutherland and Leathwick, 2011; Leathwick and Miller, 2013; 

Areskog et al., 2013; Edmonds et al., 2010). Macrocyclic lactones interfere with chloride 

channel transmission and prevent initiation or propagation of normal action potentials, resulting 

in paralysis and death of the parasites (Bowmann, 1999). Macrocyclic lactones can also act on 

uterine muscle and suppress the nematode’s ability to lay eggs, but allow the adult worm to 

survive (Areskog et al., 2014).  
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1.2.3 Effects of Grazing Practices on GIN Infections 

Forage consumed by the host must be in contact with infective GIN larvae for the GIN 

lifecycle to occur. Highly-infected cattle can shed a large number of eggs and contaminate feed 

stuffs consumed by all cattle in the pasture. There is therefore a potential for major pathological 

and production implications for livestock that are exposed to GIN on pasture (Hoste et al., 2015). 

However, Sorge et al. (2015) showed that very few organic farm managers considered parasite 

prevention when setting up grazing schedules, and did not perceive GIN as a problem. 

Pasture forage is a major component of the diet of organic and some non-organic cows 

during the late spring to fall season in many countries (Ramirez-Restrepo and Barry, 2005). 

Canadian organic standards require that the consumption of grazed forage during the grazing 

season must represent at least 30% of the total forage intake (Government of Canada, 2015). The 

Organic Production Systems General Principles and Management Standards of Canada state that 

organic livestock operations shall have a comprehensive plan to minimize parasite problems in 

livestock. The plan must include preventative measures such as pasture management and fecal 

monitoring, as well as protocols for emergency measures in the event of a parasite outbreak. In 

the event of a parasite problem, observation of the animals and fecal samples must indicate the 

animal is infected. The operator must receive written instruction from a veterinarian indicating 

the product and method for parasite control that shall be used, with withdrawal times being twice 

the label requirement or 14 days, whichever is longer. In dairy animals, more than two treatments 

per year (of antibiotics or parasiticides) will cause an individual to lose their organic status, and 

animals must go through a 12-month transition and never be slaughtered for organic meat 

(Government of Canada, 2015). Pasturing requirements for organic herds, along with the 

restrictions around the use of synthetic anthelmintics has the potential to increase the level of 
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GIN infection in organic cattle, unless there is a comprehensive plan in place to minimize 

parasite problems (Government of Canada, 2015; Sorge et al., 2015). 

Some management strategies have been shown to have no effect on FEC, such as 

pasturing cows and heifers in the same pastures, either at the same time or different times, and 

the stocking density on pasture (Sorge et al., 2015). Nodtvedt et al. (2002) showed that spreading 

of manure on heifer pastures resulted in a lower than expected FEC, likely due to the 

development of acquired immunity, which is similar to heifers being exposed to GIN from 

pasturing with cows. Development of acquired immunity is especially important for organic 

dairies, which are limited in their inability to treat GIN infections with anthelmintics. Once 

natural immunity occurs, good management would then prevent further build-up of infective 

larvae on pasture, like using rotational grazing systems instead of continuous, and allowing 

pasture to regenerate and parasites to die (Sorge et al., 2015).  

It is suggested that individual heifers in the US with FEC greater than 150 EPG may then 

be treated with combinations of anthelmintics, since at this level clinical parasitism is usually 

observed and there are usually very few with GIN FEC at this level (Gasbarre, 2014; Sutherland 

and Bullen, 2015). With selective treatment with anthelmintics, the development of resistant GIN 

will be reduced, as drug-susceptible parasites in the environment and in untreated animals will 

constitute the majority of parasites in the farm environment. 

 

1.2.4 Alternative GIN Treatments 

Gastrointestinal nematodes have been shown to be controlled with plant bioactive 

compounds, also called plant secondary metabolites (PSM) (Athanasiadou and Kyriazakis, 2004; 

Sandoval-Castra et al., 2012). Several plant species containing high levels of PSMs have been 
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studied, such as chicory (Pena-Espinoza et al., 2016), sainfoin (Desrues et al., 2016a), birdsfoot 

trefoil (Shepley et al., 2015), and big trefoil (Niezen et al., 1998). In several cases, the active 

compounds of bioactive forages remain to be identified, even though the forage shows anti-

parasitic effects (Athanasiadou and Kyriazakis, 2004). Some plant secondary metabolites have 

been linked to plant defense mechanisms to prevent their consumption, and this is the reason 

why most PSMs have anti-nutritional properties along with an aversive taste and/or smell 

(Marten, 1978; Athanasiadou and Kyriazakis, 2004). 

Phytotherapy uses a plant or mixture of plants that are administered for a short time span 

to an individual animal (Sandoval-Castro et al., 2012). The herbal remedies are often a mixture 

of plants and/or plant extracts produced through physical and/or chemical processes (Hoste et al., 

2012). In contrast, nutraceuticals are used over a long time span, weeks to months, for health 

improvement and/or maintenance, and provide macronutrients to the animal (Hoste et al., 2015). 

This combination of nutritional and pharmaceutical properties (Hoste et al., 2015) allows for the 

prevention of clinical disease (Hoste et al., 2012).  

Anti-parasitic properties of PSM strongly depend on the structure, level of ingestion and 

the availability of active ingredients in the target organs. Some research has demonstrated 

efficacy of PSM in the control of GIN in ruminants, particularly small ruminants, but comparable 

research in large ruminants is still limited (Molan et al., 2000; Hoste et al., 2009). 

Bovine research has shown that chicory, a plant of the dandelion family, has some anti-

Ostertagia effects when used as a nutraceutical (Pena-Espinoza et al., 2016). Calves fed chicory 

(>70% of chicory DM in the diet) had a mean reduction of 57% in total worm burden of O. 

ostertagi, compared with animals consuming ryegrass (Pena-Espinoza et al., 2016). 

Sesquiterpene lactone in chicory does not have an effect on exsheathment of L3, but causes rapid 
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paralysis of adult O. ostertagi (Pena-Espinoza et al., 2016). The paralysis in female O. ostertagi 

would be the reason for the decrease seen in FEC, as they cannot lay eggs (Pena-Espinoza et al., 

2016). Pena-Espinoza et al. (2016) suggested that there may not be an effect on the GIN in the 

small intestine due to insufficient concentrations of sesquiterpene lactone. 

Calves fed pelleted sainfoin, a member of the legume family, as a continuous diet showed 

a 51% reduction in adult O. ostertagi after 42 days compared to calves fed grass-clover hay 

(Desrues et al., 2016a). However, Desrues et al. (2016a) did not show a significant reduction in 

total FEC, likely due to a lack of effect on C. oncophora, which were responsible for the 

majority of egg shedding. These authors did not test for which stage of infection was affected, 

but showed a lack of effect in the small intestine, possibly due to smaller concentrations of bio-

actively available CTs to interact with GIN, which agrees with research from Pena-Espinoza et 

al. (2016) with a different CT containing forage (Desrues et al., 2016a). In goats, sainfoin had a 

mild anti-parasitic effect on H. contortus by reducing the number of eggs shed on pasture (Min et 

al., 2004). However, there was a rapid rebound in FEC when animals stopped grazing sainfoin, 

which suggests a failure to reduce the worm burden; the authors hypothesized that CTs act by 

inhibiting egg hatching and larval development in manure (Min et al., 2004). Paolini et al. 

(2005) also found that sainfoin reduced intestinal GIN population in goats by about 50%, but saw 

no change in abomasal species. The numbers of eggs present in utero of female worms of 

Haemonchus, Teladorsagia and Trichostrongylus were significantly lower with a regime of 

2.73% tannin DM sainfoin for a 7 day cycle each month in goats (Paolini et al., 2005). It is 

hypothesized that sainfoin phenolics have several mechanisms of antiparasitic activity and that 

this is not just due to CTs (Molan et al., 2003; Barrau et al., 2005; Hoste et al., 2006). There are 

direct inhibiting effects from sainfoin phenolics on larval exsheathment (Bahuaud et al., 2006), 
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dissociations between the cuticle and the hypodermis of larvae, and degeneration and/or death of 

hypodermal, muscular and intestinal cells of GIN (Bruner et al., 2011). Wang et al. (2015) 

reported effects of sainfoin PSM on the size and fecundity of adult worms, due to the production 

of buccal and intestinal lesions, which can lead to muscle damage and damage to reproductive 

organs.  

Birdsfoot trefoil (LC) is a common tannin-containing legume forage (Novobilsky et al., 

2011). Douglas et al. (1995) fed worm-free lambs LC, which had high crude protein levels, 

rather than just alfalfa, which had lower crude protein content, and they grew faster on LC. 

Therefore, it can be hypothesized that the decrease in parasitic egg shedding may be due to 

improved nutrition as well as due to tannins acting directly on parasites (Athanasiadou and 

Kyriazakis, 2004). Molan et al. (2000) showed a reduction of egg hatching by 34%, a reduction 

in eggs maturing to L3 by 91%, and a decrease in mobility of L3 by 30% with CTs purified from 

LC in vitro. There was a 3.8-9.4 fold reduction in egg shedding when naturally infected heifers 

were fed LC, compared to controls fed alfalfa silage (Shepley et al., 2015).  

Big trefoil (LP) is known to have a high nutritive value, with twice the crude protein of 

grass (Barry and Duncan, 1984); however, its CTs are different from those found in LC (Molan 

et al., 2000). Big trefoil was found to be significantly more effective (57%) at inhibiting L3 

migration of T. colubriformis than LC (37%) in vitro (Molan et al., 2000).  

 Bioactive tanniniferous plants could be a valuable option for GIN control (Hoste et al., 

2012). There appears to be a significant dose-dependent effect of tannin-rich extracts on GINs 

(Hoste et al., 2012). Although efficacy varies due to parasitic stage or GIN species, the most 

consistent control of GIN was found when total free tannin content was high, ranging from 5.3% 

to 24.7% in the forage (Hoste et al., 2009). Feeding tannin-rich forages will not eliminate GIN 
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completely, but could lower GIN numbers to a manageable level by disrupting their life cycle 

(Klongsitiwet et al., 2015). If the GIN control goal is to lower pasture infectivity, the reduction 

in egg hatchability on pasture with PSM is promising (Sandoval-Castro et al., 2012). From 

current evidence, it is unlikely that a single PSM forage can be used for the control of several 

species of GIN (Athanasiadou and Kyriazakis, 2004). PSMs would need to be combined with 

other control mechanisms to get full protection, as effects on different GIN species are variable 

(Athanasiadou and Kyriazakis, 2004). The most consistent effects come from plant extracts that 

have high tannin content (Hoste et al., 2009), but in vitro studies done by Molan et al. (2002) 

demonstrated efficacy with low tannin concentrations (up to 0.9 mg/ml). It may, therefore, be 

possible to see positive impacts with forages rich in PSMs under farm conditions, as a 

phytotherapy or a nutraceutical (Molan et al., 2002).  

 

1.3 Tannins 

1.3.1 Biochemistry of Tannins 

 Tannins belong to the family of flavonoids and polyphenolic compounds, a diverse group 

of molecules that have a high affinity for proteins (Mueller-Harvey and McAllen, 1992). These 

polyphenolic compounds can be found in the leaves, stems, buds, flowers, and bark of many 

plant species (Terrill et al., 1992). Tannins are broken down into two groups; hydrolysable (HT) 

and condensed (CT), characterized by their molecular structure (Min and Hart, 2003). 

Hydrolysable tannins are readily absorbed and can be potentially toxic to ruminants (Hoste et al., 

2006), as they can be metabolized into pyrogallol (Murdiati et al., 1992), which may cause 

methemoglobinemia, characterized by the oxidation of oxyhemoglobin to methemoglobin, which 

decreases the availability of oxygen to the tissues (Plumlee et al., 1998). Condensed tannins are 
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the sole type of tannin group found in forage legumes (Reed, 1995). Condensed tannins are 

synthesized by a chloroplast-derived organelle, the tannosome, and stored in vacuoles (Wang et 

al., 2015). There are three fractions of CTs in forages: extractable, protein-bound, and fibre-

bound (Wang et al., 2015). Very few plant species specialize in the synthesis of a single type of 

CT (Klongsitiwet et al., 2015). 

 Condensed tannins are described based on their mean degree of polymerization (mDP) or 

tannin size (Klongsitiwet et al., 2015). As mDP increases, there is a greater ability for CTs to 

bind proteins (Le Bourvellec and Renard, 2011) and exhibit higher in vitro activities against GIN 

(Novobilsky et al., 2013; Williams et al., 2014; Desrues et al., 2016b). In addition, CTs higher in 

prodelphidin (PD) monomer tannins have a more potent anthelmintic activity against GIN than 

tannins with procyanidin (PC) subunits (Novobilsky et al., 2011). Big trefoil contains 

predominantly PD subunits, while birdsfoot trefoil contains a predominance of PC subunits (Min 

and Hart, 2003). Tannin concentration will vary greatly from one forage plant to the other, and 

most forage species will have higher concentrations of tannins at a mature stage (Berard et al., 

2011). The mDP will also increase as the plant matures, and is highest during secondary 

regrowth when compared with first regrowth (Wang et al., 2015). The complete structures of 

CTs are not fully determined, as the chemistry is complex (Barry and McNabb, 1999). One 

reason is that differences in PD content, hydroxylation, and mDP can produce an infinite variety 

of CT structures with different biological properties (Barry and McNabb, 1999). Some other 

flavonoid compounds in forages such as rutin, narcissin, saponin or nicotiflorin, may also have 

anthelmintic properties (Barrau et al., 2005).  
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1.3.2 Digestion of Condensed Tannins   

 Ruminant performance can also be promoted with the consumption of CTs (Ramirez-

Restrepo and Barry, 2005). In a review by Waghorn (2008) there was evidence that birdsfoot 

trefoil produces a type of CT in its foliage that is effective for improving ruminant performance. 

Sheep fed birdsfoot trefoil (20-40 g of CT/kg of DM) showed an increased absorption of 

essential amino acid in the small intestine by 62% (Waghorn et al., 1987), increased milk and 

wool production, and an improved reproductive rate (Barry and McNabb, 1999), likely due to 

improved protein utilization. However, when CT-containing forages are consumed by ruminants 

at >7% DM, it can lead to reduced feed intake, disturbed digestive processes, decreased nutrient 

digestibility, weight loss, reduced production and possibly death (Min et al., 2003; Waghorn and 

McNabb, 2003). These side effects of CTs are caused by the impairment of rumen metabolism 

(Barry and McNabb, 1999; Reed, 1995). 

 Within ruminant systems, the digestive process and environment of the gastrointestinal 

tract may cause differences in CTs available for anthelmintic activity (Desrues et al., 2017). In 

vitro bioassays have been applied to various GIN stages in a dose-dependent manner to confirm 

their anthelmintic efficacy (Molan et al., 2000; Molan et al., 2002; Barrau et al., 2005). The 

anthelmintic properties of CTs are affected by voluntary feed intake, the digestive process and 

metabolism of nutrients in the host (Hoste et al., 2015). The amount of available CTs will change 

throughout the digestive tract once the plant is swallowed, ruminated and digested by enzymes 

and gut microflora (Hoste et al., 2015). The concentration and the structure of the CT present in 

different forages appear to be the major factors associated with anthelmintic activity (Hoste et 

al., 2006).  
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 Voluntary consumption and DM digestibility need to be considered so that CT-containing 

forages can be used on farms. Preference for feeds is often related to their taste, odor, and their 

ability to promote satiety (Beaumont, 1996). Plants containing secondary compounds, such as 

CTs are often associated with a bitter taste, which causes the aversion of ruminants to consume 

them (Villalba et al., 2014).  Preference tests have shown cattle prefer bioactive forages as a 

bailage (Lombardi et al., 2015), but this process, and ensiling, has been shown to have major 

effects on the structure and chemistry of the CTs, changing their biological activity in sheep due 

to interactions with other plant molecules and fermentation products (Scharenberg et al., 2007). 

Desrues et al. (2017) showed that a large proportion of CTs were not accounted for in the feces 

of cattle of all ages, when digestibility of the forage was estimated at 60%. These losses of CTs 

may be due to microbial fermentation that leads to changes in composition and binding 

capacities; as a result, they are unable to be detected by current analytical methods (Desrues et 

al., 2017).  

 Condensed tannins at near-neutral pH 5.5-8.0, such as in the rumen, can bind proteins and 

carbohydrates, reducing protein degradation by microbes and promoting anthelmintic action 

(Jones and Mangan, 1977; Athanasiadou and Kyriazakis, 2004). Condensed tannin binding 

increases the amount of protein by-pass to the abomasum and small intestine (Jones and Mangan, 

1977). Once these stable CT-protein complexes enter an acidic environment, the lower pH of 

about 4.0 in the abomasum dissociates dietary proteins, freeing them for enzymatic hydrolysis 

and absorption in the small intestine (Jones and Mangan, 1977). Molecular changes in the CT 

molecule (Terrill et al., 1994), following dissociation in the abomasum (Jones and Mangan, 

1977), may explain the reduced anthelmintic properties seen against GIN in the abomasum 

compared to the small intestine (Ramirez-Restrepo and Barry, 2005). Condensed tannins and 
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proteins can re-associate in the small intestine as the pH is about 5.5 in the first 1 – 2 m (Terrill 

et al., 1994; Wang et al., 1996). Beyond this point, it is expected that free CTs are able to act 

against GIN (Hagerman and Butler, 1991). There will therefore be a different impact of CTs in 

various parts of the gastrointestinal tract due to variable exposure to free CTs (Hoste et al., 

2006).  

 Further studies of CT action on GIN should be forage species specific due to the different 

CT structures in plants and the variations in reactivity of CTs throughout the gastrointestinal tract 

(Min and Hart, 2003). Gastrointestinal nematode species should always be identified in research 

as there is variation in anthelmintic efficacy of CTs against GIN due to the parasite’s ability to 

cope with oxidative stress (Calderon-Quintal et al., 2010).  

 

1.3.3 Anthelmintic Effects of Condensed Tannins 

 Direct pharmacological CT-nematode interaction and the impact on key biological 

functions of different stages of GIN were found via in vitro studies (Hoste et al., 2012). There is 

evidence for three main effects of CT: decreasing development of infective third-stage larvae 

(L3s) into mature GIN in the host (Haemonchus contortus in goats; Paolini et al., 2003), lower 

excretion of nematode eggs either due to reduced adult worm numbers (Haemonchus contortus 

and Cooperia curticei in lambs; Heckendorn et al., 2006) or lower female fecundity (Paolini et 

al., 2005), and impaired development of eggs (Trichostrongylus colubriformis in vitro; Molan et 

al., 2000). Condensed tannins have been shown to decrease FEC and have the ability to inhibit 

egg hatching and larval development of Trichostrongylus colubriformis to a greater extent than 

larval motility in vitro (Molan et al., 2000). Condensed tannin content of 45 to 55 g of CT/kg of 

DM in a ration has the best reduction in FEC, as research with CT levels above and below this 



23 
 

are inconsistent (Min and Hart, 2003). The changes in establishment rate of GIN in the host, 

reduce egg excretion and decreased development of eggs to L3 have the ability to reduce pasture 

contamination (Hoste et al., 2012), enabling increased productivity and improved animal welfare 

(Hoste et al., 2015).  

 When GIN L3 enter an environment, like the rumen, containing CTs, the main effect is 

likely on their establishment and maturation to adult GIN, in contrast to CTs being added 

following establishment, when the effects are likely related to egg production (Hoste et al., 

2006). Tannins can be present post-digestion in feces (Terrill et al., 1994) which exposes GIN 

eggs to CTs from the start of development (Molan et al., 2002). Molan et al. (2002) showed that 

CTs were significantly more effective at inhibiting egg to L2 development if they were added 

before egg hatching, and hypothesized that enzymes necessary for hatching may be inactivated 

by CTs. Further studies showed CTs in fecal material have the ability to bind to proteins on GIN 

eggs and inhibit their development (Min et al., 2004). With reduced development of GIN eggs, 

there will be a reduction of parasites contaminating the environment and a reduction in the risk 

of host infection (Hoste et al. 2015).  

 Morphological and anatomical changes to GIN due to CT include dissociations of the 

cuticle and the hypodermis, degeneration and/or death of hypodermal, muscular, and intestinal 

cells, changes in the buccal and vulvar areas of female worms and paralysis of body and 

pharyngeal muscles (Hoste et al., 2012). These changes can reduce motility, inhibit necessary 

metabolic pathways, prevent larvae from feeding and affect nematode reproductive functions by 

necrosis of germinal cells (Hoste et al., 2012). As well, it is hypothesized that CTs can bind to 

contortin, an anti-blood-clotting substance of GIN with a proline rich end (Gledhof and Knox, 
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2008), causing intestinal blockage in a GIN that is consuming blood, leading to starvation and 

ultimately death (Hoste et al., 2012). 

 

1.4 Objectives and Hypotheses  

 The previous sections highlighted the importance of controlling GIN infections in grazing 

ruminants and the need to search for alternatives to conventional anthelmintics. Plants rich in 

secondary metabolites have been successfully used in small ruminants to control GIN infections 

(Hoste et al., 2006), but relatively little research has been done with cattle. Birdsfoot trefoil has 

been shown to be readily consumed by heifers (Lombardi et al., 2015) and to prevent natural 

GIN infections from developing (Shepley et al., 2015). The overall objective of this study was 

therefore to determine if birdsfoot trefoil could be used as forage to reduce the excretion of GIN 

eggs in young dairy animals that have been artificially infected with GIN larvae.  

The first specific objective was to measure the effect of birdsfoot trefoil supplementation 

on the parasite egg shedding of heifers with a moderate level of GIN infection by using fresh cut 

forages.  

The second objective was to measure the effect of birdsfoot trefoil and alfalfa 

supplementation on the parasite egg shedding of heifers and steers with moderate to high levels 

of GIN infection using dried and bailed forages.  

It was hypothesized that birdsfoot trefoil, a forage high in CTs, would reduce excretion of 

GIN eggs. 
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CHAPTER 2: Effects of birdsfoot trefoil and alfalfa supplementation on gastrointestinal 

nematode egg shedding in young dairy cattle 

2.1 INTRODUCTION 

 Gastrointestinal nematode (GIN) infections in pastured cattle are among the most 

production- limiting infections worldwide (Sutherland and Bullen, 2015). Gastrointestinal 

parasites have been shown to reduce growth rate and delay sexual maturity in heifers (Mejia et 

al., 1999, 2009). They can also reduce milk yield in cows, even in situations of moderately 

contaminated pastures (DesCoteaux et al., 2001).  

 Exposure of replacement heifers to pasture increases the risk of infection by 

gastrointestinal parasites, especially in young animals that do not have a fully developed immune 

system (Williams et al., 1993; Carroll and Forsberg, 2007). The immune system can take several 

weeks to recognize and elicit an effective immunological response after a first exposure to a 

pathogen such as GIN (Coop and Kyriazakis, 1999). Once developed, acquired immunity has 

effects on establishment, development, survival, and fecundity of GIN (Quinnell and Keymer, 

1990). 

 The challenge created by GIN is especially important to organic dairy producers, as 

pasturing cattle is required (Sorge et al., 2015) and there are regulations which limit use of 

synthetic anthelmintics (Government of Canada, 2015). The risk of infection may also be 

important for conventional producers as many still keep their replacement heifers outside during 

the summer and fall. Conventional dairy producers have relied on the routine use of synthetic 

anthelmintic drugs to maintain health and productivity. However, relatively recently, drug-

resistant gastrointestinal parasite strains have emerged in cattle, which has stimulated the search 

for sustainable alternative options (Sandoval-Castro et al., 2012); sustainable methods for long-
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term GIN control, not reliant on synthetic anthelmintics, need to be developed for both 

conventional and organic ruminant operations (Gasbarre, 2014; Lombardi et al., 2015). 

 Forages play an important part in ruminant nutrition, and can be a rich source of 

nutraceuticals for the benefit of grazing animals (Hoste et al., 2006). Bioactive forages such as 

birdsfoot trefoil (Lotus corniculatus), rich in secondary compounds, have been successfully used 

in small ruminants to control gastrointestinal parasite infections (Min et al., 2003; Hoste et al., 

2006). There is, however, limited research on the efficacy of these forages in large ruminants 

such as cattle, and their practical applications for GIN control on conventional and organic 

farms. Recent experiments with young cattle have shown that birdsfoot trefoil is readily 

consumed by animals (Lombardi et al., 2015) and may have a preventive effect against 

gastrointestinal parasite infections (Shepley et al., 2015). Whether birdsfoot trefoil is effective at 

reducing GIN egg shedding in animals that are already infected is unknown. 

 Direct pharmacological condensed tannin-nematode interaction and the impact on key 

biological functions of different stages of GIN were found via in vitro studies (Hoste et al., 

2012). There is evidence for three main effects of CT: decreasing establishment of infective 

third-stage larvae (L3s) into mature GIN in the host, lower excretion of nematode eggs either due 

to reduced adult worm numbers or lower female fecundity, and impaired development of eggs 

(Hoste et al., 2012). Condensed tannins have been shown to decrease FEC and have the ability to 

inhibit egg hatching and larval development to a greater extent than larval motility in vitro 

(Molan et al., 2000). The changes in establishment rate of GIN in the host, reduced egg excretion 

and decreased development of eggs to L3 have the ability to reduce pasture contamination (Hoste 

et al., 2012), enabling increased productivity and improved animal welfare (Hoste et al., 2015). 
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 The overall objective of this study was to determine if birdsfoot trefoil can be used as a 

therapeutic forage to reduce the excretion of GIN eggs in young dairy animals that have been 

artificially infected with GIN larvae. The first specific objective was to measure the effect of 

birdsfoot trefoil supplementation, using fresh cut forages, on the parasite egg shedding of heifers 

with a moderate level of GIN infection. The second specific objective was to measure the effect 

of birdsfoot trefoil supplementation, using dried and bailed forages, on the parasite egg shedding 

of heifers and steers with moderate to high levels of GIN infection. It was hypothesized that a 

diet rich in condensed tannin provided by the forage legume birdsfoot trefoil, would reduce 

excretion of GIN eggs. 

 

2.2 MATERIALS AND METHODS 

 Two experiments were conducted over two summers (Experiment 1: 2016, and 

Experiment 2: 2017) at the University of Guelph, Ridgetown Campus Dairy Centre (Ridgetown, 

Ontario, Canada). The use of cows and experimental procedures complied with guidelines of the 

Canadian Council on Animal Care (CCAC, 2009) and were approved by the University of 

Guelph Animal Care Committee (Animal Use Protocol # 3539).  

2.2.1 Experiment 1 – Effect of fresh birdsfoot trefoil supplementation on GIN egg counts 

2.2.1.1 Preparation of Nematode Larvae 

Third-stage nematode larvae (L3) were reared by incubating fresh feces collected on 

several days from May 11 to June 30, 2016, directly from the rectum of a donor animal, a 2 yo 

Holstein bull that had an average FEC of 135.1 ± 21.7 egg per gram of feces (epg; mean ± SD). 

The animal was selected based on high FEC and originated from an organic farm in Eastern 

Ontario, Canada. The fecal samples were stored at 4°C in a Ziploc plastic bags (4.0 L) (S. C. 
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Johnson & Son) for 1 to 9 d until they were mixed with vermiculite (Fisher Scientific, Pittsburg, 

PA) in a 5:1 ratio (by weight). The culture medium was divided into 360-g portions, each placed 

in 2-L translucent high density polyethylene containers (Fisher Scientific, Pittsburg, PA), 

covered with a woven nylon mesh (160 µm pore size) to allow air exchange and incubated for 

10-12 d at 23°C. The culture medium was stirred daily for approximately 30 s and up to 50 mL 

of distilled water was added to maintain a moist environment, as needed. Following incubation, 

the culture medium was shaped into 20 g balls, wrapped in 2 layers of cheesecloth, and the balls 

suspended above Baermann funnels (Fisher Scientific, Pittsburg, PA) filled with room 

temperature distilled water to cover ¾ of the entire ball. Following a 24 h period, L3 that 

migrated from the fecal culture into the 5 mL of distilled water at the lower portion of a clamped 

rubber tube were collected into a 50 mL beaker. Third-stage larvae collected from all Baermann 

funnels were combined into an Erlenmeyer flask (250 mL; Fisher Scientific, Pittsburg, PA), 

covered with Parafilm (Fisher Scientific, Pittsburg, PA), stored at 4°C and used within 2 mo of 

collection. The number of L3 per flask was estimated by counting active GIN in three 10 µL 

samples under a dissecting microscope (FisherScientific Stereomaster 7X to 45X magnification; 

Fisher Scientific, Pittsburg, PA) at 40X magnification and calculating the average.  

2.2.1.2 Animals, Housing and Experimental Procedures 

 Thirty Holstein heifers with previous exposure to pasture at Ridgetown College (426.7 ± 

168.2 d of age; mean ± SD) were used in this experiment. All animals were weaned at the 

beginning of the experiment, adapted to a forage based diet, and not due to calve until 

completion of the trial period, to avoid animals dropping out of the experiment before 

completion. Heifers had an average BW of 409 ± 131.8 kg prior to the treatment period and 

were divided into two groups (2 pens), based on age and BW, with the older animals in pen 1 
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and the younger animals in pen 2 (pen 1: n = 15, average age = 569.3 ± 96.6 d, average BW = 

515.4 ± 83.9 kg; pen 2: n = 15, average age = 284.0 ± 75.3 d, average BW = 303.7 ± 70.5 kg). 

Groups were housed indoors in adjacent straw-pack pens, each with a concrete feeding alley. 

Pens measured 13.9 m x 4.9 m, with 13.9 m x 3.7 m alleys. Heifers had daily access to an 

outdoor exercise yard, from 1200 to 1600 h. All heifers were fed mixed alfalfa-grass dry hay ad 

libitum and 2 kg of a grain ration per animal (56.2 % corn grown on farm, 18.8 % oats grown in 

Ontario purchased from Ridgetown Feed and Supply, and 25 % supplement 1143R Stature Dairy 

Heifer pellets (Purina Agribrands, Woodstock, ON; analysis of complete grain ration had 17.5% 

protein) 1x/d at around 1600 h. Within each group, heifers were randomly assigned to one of two 

fresh forage supplement treatments: alfalfa (A; n = 9 per group) or birdsfoot trefoil (B; n = 6 per 

group). All heifers had been housed in the pens for a minimum of 2 months and each heifer was 

pre-exposed to using a head gate and a feed bucket in a single 45-min adaptation session the day 

before the feeding treatments started. 

From June 22
nd

 to July 28
th

, heifers were infected 4 x by oral administration of 20 to 30 

mL of a solution containing L3 and tap water, using a 60 mL syringe (Becton Dickinson Canada 

Inc., Mississauga, ON, CA) with no needle. All heifers were locked in head gates and 

individually administered one syringe by holding the mouth open and dispensing the contents of 

the syringe into the back of the mouth, so the esophageal groove reflex was not stimulated. Four 

doses were given for an estimated total of 17 900 GIN L3 per heifer. Fecal egg counts (FEC) 

were performed 2 weeks before animals were artificially infected, as well as weekly following 

artificial infection. Roughly 100 mL of feces was collected directly from the rectum while 

heifers were locked in head gates, and stored in a 118-mL sample container (Fisher Scientific, 

Pittsburg, PA) at 4°C until FECs were performed. A modified-Wisconsin procedure was used to 
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estimate FEC (Bliss and Kvasnicka, 1997). Briefly, 5 g of feces were placed into a 50-mL beaker 

(Fisher Scientific, Pittsburg, PA) with 12 mL of water, homogenized by mixing with a stirring 

rod, and then strained through a 7-cm poly mesh strainer (Home Hardware, St. Jacobs, ON, 

Canada). The strained liquid suspension was then transferred into a 15-mL centrifuge tube 

(Fisher Scientific, Pittsburg, PA) and filled up to 14 mL with distilled water. The 14-mL 

suspension was centrifuged for 3 min at 1500 RPM (226 g) (Sorvall ST16R, ThermoFisher 

Scientific, made in Germany) and the supernatant was removed. The sediment was initially 

mixed with 9 mL of Sheather’s sucrose solution (specific gravity = 1.3), then additional sucrose 

solution was added to obtain a positive meniscus, covered with a cover slip (Fisherfinest, 

Premium Cover Glass 22 x 22 mm #1; Fisher Scientific, Pittsburg, PA), and centrifuged for 5 

min at 1200 RPM (163 g). The cover slip with eggs was then removed from the top of the tube 

and placed on a glass microscope slide (Double frosted 25 x 75 x 1.0 mm, Fisher Scientific, 

Pittsburg PA). All trichostrongyle-type eggs were counted under the coverslip at 400x 

magnification (Microsmaster, FisherScientific, Pittsburg, PA). This modified Wisconsin 

procedure had an analytical sensitivity of 5 epg (George et al., 2017). 

The feeding period was started when the weekly level of FEC reached 46 ± 50 EPG 

(mean ± SD), 4 wk following the first oral administration of L3. Starting week 1 of the feeding 

period, for a total of 6 wk (July 29 until September 2), the heifers were then offered one of two 

supplemental forage treatments (alfalfa or birdsfoot trefoil). Heifers were locked in head gates 

and fed ad libitum, in 57 L individual rubber feed buckets (LittleGiant, Glencoe, MN, USA), 

once a day for 45 min between the hours of 0700 and 1300 h, 5 d a wk. Heifers were fed in 4 

groups of 7 or 8 animals at a time. Forages were grown on the Ridgetown Campus and harvested 

with a research plot harvester (custom model, Carter Manufacturing Co., INC., Brookston, IN, 
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USA) the previous day between 1300h and 1600h, and weeds (if any) were manually removed 

from the feed. Forages were transferred into Sterilite 68 L containers (Townsend, MA, USA) and 

stored in a refrigerator overnight at 4°C. Each day, diets were pre-weighed in 4 kg portions into 

Sterilite 68 L containers before feeding started. The feeding was performed using rubber feed 

buckets placed in the feed alley at alternating head gates, to prevent forage sharing between 

adjacent animals. If a heifer consumed more than was originally placed in her bucket, more 

forage was offered as needed on a per animal basis until the 45-min time period ended, and 

refusals were weighed. Each heifer was weighed using a Holstein weigh tape (The Coburn 

Company, Inc., Whitewater, WI, USA) biweekly before, during and after the treatment period by 

the same observer.  

2.2.1.3 Feed Sampling and Analyses 

 Throughout the study, 3 - 4, 100 g fresh alfalfa and birdsfoot trefoil forage samples were 

randomly collected from each forage each feeding day. Composite samples of free choice dry 

hay and concentrate were also collected at the beginning of the trial to be analyzed for dry matter 

(DM) and chemical composition. All samples were placed in Ziploc plastic bags (7.5 L) (S. C. 

Johnson & Son) and immediately frozen at -18°C until further analysis.  

After a 2-h period of thawing, the forage samples were oven dried at 60°C for 24-48 h, 

and DM was recorded. Daily samples were ground with a coffee grinder (Rival, Wal-Mart 

Canada Corp, Mississauga, ON, made in China) and then pooled by wk. These samples were 

then sent to SGS (Guelph, Ontario, Canada) for forage analysis by wet chemistry and near 

infrared spectroscopy (NIR) (NIR Forage Package NW40), including analysis of DM (adapted 

from Goering and Van Soest, 1970), crude protein (N x 6.25; AOAC, 2006: method 990.03), 

soluble protein and degradable protein (Krishnamoorthy et al., 1982), crude fibre (ANKOM 
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Technology, 2006: method AOCS Ba 6a-05), ADF (AOAC, 2000: method 973.18), ADL 

(AOAC, 2000: method 973.18D), NDF (ANKOM Technology, 2017: method 13), crude fat 

(ANKOM Technology, 2017: method 2), starch (AACCI, method 76-13.01), and ash (AOAC, 

2000: method 942.05) (Table 2.1). 

Subsamples of the dried weekly pooled samples (6 alfalfa and 6 birdsfoot trefoil) were 

also sent to Texas A&M (College Station, Texas, USA) for analysis of tannin content (soluble, 

protein bound, and fiber bound) using the method from Wolfe et al. (2008), and were 

summarized as total tannin content (Table 2.1).  

2.2.2 Experiment 2 – Effect of dry hay alfalfa and birdsfoot trefoil supplementation on GIN egg 

counts 

2.2.2.1 Preparation of Nematode Larvae 

 For experiment 2 in 2017, the preparation of L3 was conducted as in Experiment 1. 

However, feces were collected from a different donor animal, a 2 yo Holstein heifer, which was 

selected based on high FEC (406.1 ± 88.9 epg; collection period: May 1 until June 5, 2017) and 

was from an organic farm in South Western Ontario. Following collection, feces were stored for 

no more than 24 h at 4°C before cultures were prepared. Cultures were done for L1 and L3, for 

species identification and artificial infection, respectively.  

2.2.2.2 Animals, Housing and Experimental Procedures 

 Nineteen Holstein heifers (292.4 ± 97.8 d of age; mean ± SD), with some exposure to 

pasture and 14 Holstein steers (135.1 ± 18.6 d of age), with no pasture exposure, were used in 

this experiment. All animals were weaned prior to the start of the experiment, had an average 

BW of 257.4 ± 109.3 kg, and were divided into two groups (pens) based on age and BW (pen 1: 

n=15, average age = 328.6 ± 72.7 d, average BW 355.9 ± 83.6 kg; pen 2: n=15, average age = 



33 
 

144.9 ± 24.7 d, average BW = 183.4 ± 23.8 kg). Groups were housed indoors in adjacent straw-

pack pens, each with a concrete feeding alley. Pen 1 measured 13.9 m x 4.9 m with a 13.9 m x 

3.7 m alley, while Pen 2 measured 7 m x 4.9 m with a 7 m x 3.7 m alley. All animals were fed 

dry grass hay ad libitum and 2 kg of a grain ration per animal (same as Experiment 1) 1x/d at 

around 1500 h. Within each group, animals were randomly assigned to one of 3 dry forage 

supplement treatments: alfalfa, birdsfoot trefoil or grass hay control, n = 5 for each. Each group 

contained one or two animals that were used to monitor environmental infection, who were not 

artificially infected with GIN or offered any of the supplementation diets (pen 1: n=1, pen 2: 

n=2, average age = 115 ± 11.3 d, average BW = 135.3 ± 7.2 kg). As in Experiment 1, all 

animals had been housed in the pens for a minimum of 2 months and were pre-exposed to the 

head gate and feed bucket in a single 45-min adaptation session the day prior to the beginning of 

feeding treatments. 

From June 16
th

 to June 21
st
, animals were infected with GIN 4 x by oral administration, 

following the same protocol as Experiment 1. The total L3 administered was estimated to be 39 

530 GIN per animal. Before infection and throughout the infection stage, trichostrongyle-type 

FECs were monitored weekly for each animal. Manure sampling and FEC were performed using 

the same techniques as in Experiment 1. 

 Five wk post-first dose of L3s being given to the animals, an average increase in FECs 

was seen (52 ± 62.5 EPG; mean ± SD), and marked the start of the experimental feeding period. 

Starting week 1 of the feeding period, for a total of 6 wk (July 24 until September 1), animals 

were fed supplemental dry forage treatments in individual feed buckets twice a day (once 

between 0800 and 1200 h, and again between 1200 and 1500 h) for 45 min ad libitum, 5 d a wk. 

Forages were previously harvested (John Deere moco 935, Ottumwa, IA, USA)  at Ridgetown 
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Campus (alfalfa: June 12; birdsfoot trefoil: June 9; grass hay: May 20 and Aug 1), aside from the 

grass hay harvested in part (Aug. 1) from another farm in South Western Ontario, bailed into 

small square (alfalfa and birdsfoot trefoil) or large round (control) bales (New Holland 575, New 

Holland, PA, USA and John Deere 469, Ottumwa, IA, USA), and stored indoors. Each day, 

forages were chopped (WIC bedding chopper, Wickham, QC, Canada) to reduce stem length to 

about 20 cm. Feeding was performed by placing 1 kg of the cut forages in 57 L rubber feed 

buckets (LittleGiant, Glencoe, MN, USA) placed in the feed alley at alternating head gates, to 

prevent forage sharing between adjacent animals. If an animal consumed the initial 1 kg of 

forage given to them more forage was offered as needed on a per animal basis, and refusals were 

recorded. Each animal’s weight was monitored weekly before, during, and after the treatment 

period using a weigh scale (PS200, Brecknell; Birmingham, UK). 

2.2.2.3 GIN Genotyping and Morphological Species Identification 

 In addition to the L3, first-stage larvae (L1) were reared for species identification. 

Manure samples (no older than 3 d and stored at 4°C) were collected from the 30 individual 

animals before and after the feeding trials (July 21 and Sept 5, 2017). Each culture was a 

combination of 5 animals, each animal contributed 6 g of feces for a total of 30 g of feces used 

for each culture (Pen 1: alfalfa, birdsfoot trefoil, control; Pen 2: alfalfa, birdsfoot trefoil, control; 

n = 5 per treatment by pen), for a total of 12 cultures. Approximately 20 mL of distilled water 

was added to the feces in a 100-mL beaker (Fisher Scientific, Pittsburg, PA). The manure and 

water were then mixed with a stirring rod to make a slurry. The slurry was strained through a 7-

cm poly mesh strainer (Home Hardware, St. Jacobs, ON, Canada), without pressing on the 

substrate. The strained liquid suspension was poured into a 50-mL centrifuge tube (Fisher 

Scientific, Pittsburg, PA) and the volume increased to 40 mL with distilled water. The 40-mL 
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suspension was then centrifuged for 3 min at 2000 RPM (402 g) (Sorvall ST16R, ThermoFisher 

Scientific, made in Germany) and the supernatant was removed with a 5-ml Pasteur pipette 

(Simport P200-56, Beloeil, QC.). Thirty mL of saturated salt solution (specific gravity = 1.2) was 

added to the 50-mL centrifuge tube (FisherScientific, Pittsburg, PA), and stirred with a vortex 

(Mini-Vortexer, Fisher Scientific, Pittsburg, PA) for 30 sec to make a homogeneous solution. 

The solution was then centrifuged for 3 min at 2000 RPM (402 g). The supernatant was then 

carefully poured through a 150-µm sieve (Fisher Scientific, Pittsburg, PA) placed over a 25-µm 

sieve (Fisher Scientific, Pittsburg, PA), to catch the eggs in the 25-µm sieve. The eggs were 

rinsed with tap water in the 25-µm sieve and transferred into a petri dish (100 x 15 mm, Fisher 

Scientific, Toronto, ON, Canada) by washing with a rinse bottle from the 25-µm sieve. The 

solution was then pipetted from the petri dish (100 x 15 mm, Fisher Scientific, Toronto, ON, 

Canada) with a 5-mL Pasteur pipet  into 15-mL centrifuge tubes (Fisher Scientific, Pittsburg, 

PA), not to exceed  the 10 mL mark, so more than 1 centrifuge tube could have been used. The 

tubes containing the egg solution were then centrifuged for 3 min at 2000 RPM (402 g) and the 

supernatant was removed with a 5-mL Pasteur pipette. Each 15-mL centrifuge tube was filled to 

8 mL with the saturated salt solution and vortexed for 10 s (Mini-Vortexer, Fisher Scientific, 

Pittsburg, PA). The solution was then centrifuged again for 3 min at 2000 RPM (402 g). The 

supernatant was then carefully poured over a 150-µm sieve with a 25-µm sieve below to collect 

the eggs, and were rinsed well with tap water while in the 25-µm sieve. The eggs were 

transferred back to the petri dish by rinsing with a rinse bottle filled with distilled water, using 

approximately 40 mL of water. Following a 48-h incubation period at 23°C in the petri dishes, 

the hatch rates were determined by counting the number of L1 and unhatched eggs in 3 different 

fields of view under a dissecting microscope (Stereomaster, FisherScientific, Pittsburg, PA) at 
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40x magnification. The solution was then transferred into a 50-mL centrifuge tube (Fisher 

Scientific, Pittsburg, PA) and refrigerated at 4°C for 1 h, cooling the larvae and reducing their 

motility. Centrifuge tubes were then placed in the centrifuge for 3 min at 2000 RPM (402 g). The 

supernatant was quickly removed with a 5-mL Pasteur pipette, without disturbing the pellet and 

leaving approximately 2 mL of water. The pellet was then re-suspended in the remaining water 

by manually swirling the tube for 2 sec, and then a 10-µL sample was taken to estimate the 

number of larvae in the tube by counting the number of L1 under a dissecting microscope 

(Stereomaster, FisherScientific, Pittsburg, PA) at 40x magnification. A minimum of 100 L1/300 

µL was required for genotyping. A 300-µL sample of solution containing the L1 was placed into 

a 1.5-mL screw top tube (Fisher Scientific, Pittsburg, PA), and 700 µL of 99.5% ethyl alcohol 

(Commercial Alcohols, Brampton, Ontario, Canada) was added to fix the larvae. The preserved 

larvae were then stored at -18 °C for later analysis. Samples were sent to the University of 

Calgary (Calgary, AB, Canada) for species identification by deep amplicon sequencing 

(Avramenko et al., 2015).  

2.2.2.4 Feed Sampling and Analyses 

 At the beginning of the study, hay samples from groups of 5 bales of alfalfa and birdsfoot 

trefoil were collected with a hay probe (Colorado hay probe; Fort Collins, CO, USA), and pooled 

by species. Control grass-hay forages were sampled from a group of 15 bales. Composite 

samples (12 alfalfa, 6 birdsfoot trefoil and 3 grass hay) were analyzed at SGS (Guelph, ON) as in 

Experiment 1 along with the concentrate ration provided to each animal daily, summarized by 

weekly averages of forages provided (Table 2.2). 

 Forage samples were also collected daily, by random sampling of 100 g, and then pooled 

by week to determine average weekly tannin content. All samples were immediately frozen at -
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18 °C until further analysis. Composite samples (6 alfalfa, 6 birdsfoot trefoil, 6 grass hay) were 

sent to Texas A&M (College Station, Texas, USA) for analysis of tannin content using the same 

method as in Experiment 1 (Table 2.2). 

2.2.3 Statistical Analysis  

To study the relationship between the success of the artificial infection and the age of the 

host-animal, the FEC post-infection of each treatment animal was averaged for weeks 3, 4, and 5 

post infection in 2016 and weeks 6, 7 and 8 post infection in 2017 and data (animal age vs 

average FEC) submitted to a non-linear regression analysis using the NLIN procedure of SAS 

(SAS Institute Inc., 2012).  

 To investigate the effect of forage supplement treatments (two treatments in 2016; three 

treatments in 2017) on FEC; FEC data (epg) were grouped by week of treatment (1 to 6) and 

analyzed in a generalized linear mixed models using the GLIMMIX procedure of SAS (SAS 

Institute Inc., 2012), treating week as a repeated measure. Normality was tested with the 

UNIVARIATE procedure of SAS and it was determined that a log normal distribution was the 

best fit for the data. The model included the fixed effects of treatment, week and week x 

treatment, and the random effects of pen and pen x treatment interaction. The antedependence 

(ANTE1) and unstructured (UN) covariance structures were specified in the model in 2016 and 

2017, respectively, on the basis of best fit according to Akaike Information Criterion (AIC), to 

account for the within-subject time-dependent correlations. The PDIFF option was used in the 

LSmeans statement along with the Tukey adjustment, for analyzing differences between 

treatments, weeks and interactions when differences were detected. Total dry matter 

consumption on a weekly basis was included in the model as a covariate. The model used in the 

analysis was: 
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𝑦𝑖𝑗𝑘 = 𝜇𝑖 + 𝜏𝑖 + 𝛽𝑗 + 𝛼𝑗+ + 𝜏𝛼𝑖𝑙 + 𝜏𝛽𝑖𝑗 + 𝛿1(𝑥𝑖𝑗 − x̄) + 𝜑𝑖𝑗𝑘 + 휀𝑖𝑗𝑘 

 

𝑖 = 1, … , 𝑎;  j =  1, … , b;  k =  1, … , n 
 

Where:  

𝑦𝑖𝑗𝑘 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑘 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑖 𝑎𝑛𝑑 𝑝𝑒𝑛 𝑗 

𝜇 = 𝑡ℎ𝑒 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑚𝑒𝑎𝑛 

𝜏𝑖 = 𝑡ℎ𝑒 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑖 
𝛽𝑗 = 𝑡ℎ𝑒 𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑝𝑒𝑛 

𝛼𝑙 = 𝑡ℎ𝑒 𝑓𝑖𝑥𝑒𝑑 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑤𝑒𝑒𝑘 

𝜏𝛼𝑖𝑙 = 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑡𝑟𝑚𝑡 𝑖 𝑎𝑛𝑑 𝑤𝑒𝑒𝑘 𝑙 
𝜏𝛽𝑖𝑗 = 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑡𝑟𝑚𝑡 𝑖 𝑎𝑛𝑑 𝑝𝑒𝑛 𝑗 

𝛿1 = 𝑡ℎ𝑒 𝑐𝑜𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑜𝑓 𝐷𝑀 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 

𝜑𝑖𝑗𝑘 = 𝑡ℎ𝑒 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑎𝑛𝑖𝑚𝑎𝑙 

휀𝑖𝑗𝑘 = 𝑡ℎ𝑒 𝑟𝑎𝑛𝑑𝑜𝑚 𝑒𝑟𝑟𝑜𝑟 

𝑎 = 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠; 
𝑏 = 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑛𝑠; 

𝑛 = 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑡𝑟𝑚𝑡 𝑥 𝑝𝑒𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 
 

 To investigate the effect of forage supplement treatments on voluntary intake of forage 

components, DM consumption, DM protein consumption, and DM tannin consumption weekly 

averages for each animal were calculated and analyzed using the GLIMMIX procedure of SAS 

(SAS Institute Inc., 2012), treating week as a repeated measure. Normality of residuals was 

tested with the UNIVARIATE procedure of SAS; transformations were necessary for analysis of 

all the 2017 data, as well as the tannin consumption in 2016. The model included the fixed 

effects of week, treatment and week x treatment and the random effects of pen and pen x 

treatment interaction. The same analysis was used to look at weight changes in the animals 

throughout the treatment period. The PDIFF procedure was used in the LSmeans statement with 

the Tukey adjustment, for analyzing differences between treatments, weeks and interactions 

when differences were detected.  
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 Significance was declared at 𝑃 ≤ 0.05 and tendencies were reported if 0.05 < 𝑃 ≤

0.10. If the P-value of an interaction term was ≤ 0.05, it was considered, otherwise interaction 

terms were not presented. 

 

2.3 RESULTS 

2.3.1 Experiment 1 – Effect of fresh birdsfoot trefoil supplementation on GIN egg counts 

 Fecal egg counts started to increase between 3 and 4 wk after the first oral dose of third 

stage GIN larvae was administered, and reached a peak between weeks 5 and 6 (Figure 2.1). 

Following oral infection with GIN, FEC in heifers showed a negative logarithmic relationship 

with the age of the animals (𝐹𝐸𝐶 = 18.42 𝑋 106 𝑥 𝑎𝑔𝑒−2.1552), with older animals having 

significantly lower FEC results between 5 and 6 wk post first GIN L3 dose (R
2
 = 0.866; P < 

0.0001; Figure 2.2).  

 Included as a covariate in the analysis for FEC, DM consumption showed significance in 

the model (P < 0.05), indicating that it had an effect on the dependent variable. There were no 

differences in FEC between treatments (Figure 2.1), but FEC tended (P = 0.08) to be lesser 

during week 6 (back-transformed LSmean ± SE: 13.9 ± 16.7 epg) compared to week 4 (25.1 ± 

30.1 epg) and 5 (21.0 ± 25.1 epg). A week by treatment interaction was found for voluntary DM 

consumption of forage supplements. Dry matter consumption was higher for alfalfa than 

birdsfoot trefoil during weeks 4 and 6, and, within each treatment, week 6 DM consumption was 

lesser than any other week (Figure 2.3a).  

 There was an interaction between forage supplement treatment and week (P < 0.001) for 

the voluntary protein consumption, on a DM basis. Protein consumption was greater for alfalfa 
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than birdsfoot trefoil during weeks 4 and 6, and, within the alfalfa treatment, week 6 protein 

consumption was lesser than any other week (Figure 2.3b).    

 An interaction between forage supplement treatment and week (P <0.05) was also found 

for the voluntary tannin consumption, on a DM basis.  Tannin consumption was greater for 

birdsfoot trefoil than alfalfa during week 5, and, within each treatment, week 6 tannin 

consumption was lesser than any other week. For the birdsfoot trefoil treatment, tannin intake 

during week 3 was lesser than week 2, and for the alfalfa treatment, tannin consumption was 

greater during week 4 than week 5 (Figure 2.3c).    

 The average daily gain of heifers was 0.89 ± 1.05 kg throughout the feed trial. Heifer 

BW increased over time (P <0.001), but the difference was between week 1 and the other weeks, 

without any treatment effect (Figure 2.4). 

2.3.2 Experiment 2 – Effect of dry hay alfalfa and birdsfoot trefoil supplementation on GIN egg 

counts 

 The FEC following GIN infection was generally higher in 2017 than in 2016, with 

averages above 350 epg for the duration of the feeding period. Fecal egg counts started to 

increase 4 wk after the first oral dose of third stage GIN larvae was administered, and reached a 

peak 3 wk later (Figure 2.5). Sentinel animals that were present in the environment throughout 

the trial had an average FEC of 1 ± 1 epg throughout the monitoring period. Following oral 

infection with GIN, FEC in animals showed a negative logarithmic relationship with the age of 

the animals (𝐹𝐸𝐶 = 21.93 𝑋 106 𝑥 𝑎𝑔𝑒−2.0483). Again, older animals had lower FEC than 

younger animals (Figure 2.6; R
2
 = 0.72; P < 0.0001).  

 Included as a covariate in the analysis for FEC, DM consumption did not show 

significance in the model (P = 0.29). There were no differences in FEC between treatment 
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groups (Figure 2.5), but FEC was lesser (P < 0.05) on week 1 (back transformed LSmean ± SE: 

197.8 ± 104.4 epg) compared to all other weeks (326.6 ± 172.4 epg). A week by treatment 

interaction was found for voluntary DM consumption of forage supplements (P < 0.01). Alfalfa 

was consumed more than either birdsfoot trefoil or control, on a DM basis, and within the alfalfa 

treatment, DMI was greater during week 6 than any other week (Figure 2.7a).  

 There was an interaction between forage treatment and week (P < 0.01) for the voluntary 

protein consumption, on a DM basis. Protein consumption was greater for alfalfa than birdsfoot 

trefoil and control groups throughout the feeding trial. Within the alfalfa group, protein 

consumption on weeks 1 thru 5 was lesser than on week 6 (Figure 2.7b).  

 An interaction between forage treatment and week (P < 0.01) was also found for 

voluntary tannin consumption, on a DM basis. Tannin intake was greater for the alfalfa and 

birdsfoot trefoil groups than for the control group during weeks 2, 3, 4, and 5, while only the 

birdsfoot trefoil group was greater than the control group during week 1. Tannin DM 

consumption did not differ between the alfalfa and birdsfoot trefoil groups, except on week 6, 

where tannin DM consumption was greater for the alfalfa than for the birdsfoot trefoil group 

(Figure 2.7c).  

 The average daily gain of heifers and steers was 0.76 ± 0.94 kg throughout the feed trial, 

with no differences between treatments. Animal BW increased over time (P < 0.05); week 1 was 

lesser than all other weeks, while weeks 5 and 6 were greater than weeks 1 thru 4 (Figure 2.8). 

 No statistical analysis could be done on the results of the GIN species identification, but 

descriptive statistics are reported. Feces from the donor animal predominantly contained 

Haemonchus placei (> 99%) (Figure 2.9) on each of 5 collection dates (Table 2.3). The 

proportions of GIN species present in treatment animals were not the same between the two 
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animal age-groups (pens: older and younger) (Table 2.4). Animals in the first pen were older 

than animals in pen 2, while 4 were old enough to have had some exposure to contaminated 

pasture during the previous grazing season and the remaining 11 had spring pasture exposure, 

which likely explained the higher levels of Cooperia oncophoera and Ostertagia ostertagi 

infection, which was not seen in younger (pen 2) animals (Table 2.4). Younger animals (pen 2) 

had no prior outdoor exposure, and hosted similar proportions of GIN species as the donor 

animal (Table 2.3, Table 2.4). From the species identification of culture done prior to the forage 

supplementation (July) compared to cultures done post-supplementation (September), there were 

changes in proportions of GIN species in pen 1; over the 6-wk period, the proportion of H. placei 

species increased (from 66.07 ± 1.49 % to 90.16 ± 7.35 %), while the proportion of C. 

oncophora decreased (from 25.55 ± 4.45 % to 7.04 ± 5.11 %; Figure 2.10, Table 2.4). There 

were no obvious changes in proportions of species in pen 2, as they were predominantly H. 

placei (range from 99.87 % to 99.97 % pre and post treatment). 

 

2.4 DISCUSSION 

2.4.1 Infection with GIN larvae 

 The level of FEC post-infection varied between Experiment 1 in 2016 and Experiment 2 

in 2017. The lower number of infective larvae used in Experiment 1 (17 900 unidentified GIN 

L3) resulted in a lower average FEC than in Experiment 2, in which the dose was more than 

doubled (39 530 GIN L3; predominantly H. placei). The higher FEC in Experiment 2, could be a 

direct result of receiving more GIN L3, but could also be explained in part by a shorter infection 

period (4 doses over 6 d in 2017; 4 doses over 6 wk in 2016) and the fact that the animals were 

younger in 2017 and more susceptible to infection. The FECs in our experiments were highly 
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variable among individual animals. Other studies reported infection results that also varied 

among individual animals, the dose used and the species of GIN larvae involved. In all of these 

studies, young animals were used, likely naive to GIN, and therefore more susceptible to 

infection (Gasbarre et al., 2001). Fernandez et al. (1999) infected 2-4 month old calves with a 

single dose of 25 000 O. ostertagi L3 and reported an average FEC of approximately 90 epg. 

Areskog et al. (2014) infected 3-7 mo old cattle with approximately 40 000 L3 of 50% O. 

ostertagi and 50% C. oncophora, in a single dose, and had FEC of 738 ± 328 (mean ± SD) epg 

with one individual with 2350 epg and 2 below 100 epg. Pena-Espinoza et al. (2016) infected 

cattle (92 ± 62 d of age) with 76 000 L3 (10 000 O. ostertagi and 66 000 C. oncophora), in a 

single dose, and saw a peak FEC of approximately 225 epg. Li and Gasbarre (2009) infected 3-

mo old calves with 100 000 C. oncophora L3 in a single dose, and reported a FEC of 619 epg 28 

d post infection. The current experiments with 17 900 unidentified L3 given over 4 doses, and 39 

530 predominantly H. placei L3 given over 4 doses, saw peak FECs of 66.0 ± 73.1 epg and 

557.9 ± 519.3 epg, respectively. The number of L3 given in the current experiments was lower 

than all previous studies, and the respective FECs were lower as well. Variations in FEC among 

the different infection experiments may reflect a lack of direct relationship between the GIN 

species becoming established in the host and its fecundity, as suggested by Coop et al. (1979), 

and differences in the proportion of larval species in the bolus used to infect animals (Gasbarre, 

2014). 

 These FECs observed in experiments using artificial infection protocols, including those 

used in the present experiments, are considered high when compared to natural infections on 

Canadian farms; it has been shown that FEC in dairy heifers across Canada average around 2 

epg, with pasture exposure resulting in higher FEC (8 epg), while animals not exposed to pasture 
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had a FEC averaging <1 epg (Scott, 2017). Although the infection levels were on average high in 

the present experiments, it was clearly seen that younger animals had a greater FEC than older 

animals. Researchers have shown that after a primary exposure of naïve animals to GIN, 

subsequent exposure often results in a reduction in the establishment of the same parasites and 

reduction in FEC (Gasbarre and Canals, 1989). The immune system of cattle can take several 

weeks to recognize and produce immunological changes after a first exposure to pathogens such 

as GIN (Coop and Kyriazakis, 1999). As a consequence, GIN exposure is more detrimental to 

the youngest or naïve animals in the herd (Gasbarre et al., 2001). There are differences in the 

amount of exposure time to GINs before protective immunity can be seen, depending on the GIN 

species (Gasbarre et al., 2001). When calves are exposed to Cooperia sp. and H. placei on a 

continuous basis, such as pasture, there will be a reduced number of incoming larvae, of the 

respective species, that can establish successfully by the end of the first grazing season (Gasbarre 

et al., 2001). In contrast, cattle can remain susceptible to Ostertagia infection until they are more 

than 2 yr old, as Ostertagia have evolved means to suppress or evade protective immune 

mechanisms (Gasbarre et al., 2001). Once developed, acquired immunity has effects on 

establishment, development, survival, and fecundity of GIN in cattle (Quinnell and Keymer, 

1990). The overall result of all these effects of the immune response to GIN is a reduction in 

GIN transmission within the herd due to reductions of infective larvae that are present in the 

environment (Gasbarre et al., 2001).  

2.4.2 Forage and tannin consumption 

 During the feeding trials, following infection with GIN L3, there were differences in 

forage consumption between treatments, with alfalfa being consumed in a greater amount than 

birdsfoot trefoil, for both the fresh forages in Experiment 1 and dried forages in Experiment 2. 
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Alfalfa was also consumed more than grass hay in Experiment 2. Alfalfa has been shown to be a 

preferred legume in grazing trials (Horadagoda et al., 2009). Preference for feeds is often related 

to their taste, odor, and their ability to promote satiety (Beaumont, 1996). Plants containing 

secondary compounds, such as CTs are often associated with a bitter taste, which is part of their 

evolved defense mechanisms to prevent herbivory (Villalba et al., 2014). In the present 

experiments, the higher CT contents in birdsfoot trefoil may have been partly responsible for the 

reduced consumption, although total tannin consumption was greater for the birdsfoot trefoil 

treatment compared to alfalfa only towards the end of the feeding trials. This suggests that 

factors other than tannins may also affect forage palatability. Villalba et al. (2006) found that 

lambs foraged more in locations that did not have plants containing tannins as compared to areas 

that did. However, preference for forages may change depending on the GIN parasite load of 

animals, as research has demonstrated that lambs infected with GIN consumed more tannin-rich 

feed than lambs who were not infected with GINs (Juhnke et al., 2012). In the present 

experiments, the higher CT contents in birdsfoot trefoil may have been partly responsible for the 

reduced consumption, although total tannin consumption was greater for the birdsfoot trefoil 

treatment compared to alfalfa only towards the end of feeding trials. This suggests that factors 

other than tannins may also affect forage palatability. To control for variations in voluntary 

intake between treatments, forage consumption was included as a covariable in the statistical 

model used to evaluate forage treatment effects on GIN egg shedding.  

2.4.3 Gastrointestinal nematode egg shedding 

 Contrary to our expectations, GIN egg shedding did not differ between forage treatments, 

even after accounting for differences in forage consumption. The levels of tannins found in 

birdsfoot trefoil in both experiments were on the lesser end of the range of normal values of 0.2 
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to 4 % of DM (Waghorn et al., 1998). It is possible that the overall amount of CT consumed by 

animals in either experiment was not sufficient to have a therapeutic effect. According to a 

review by Min and Hart (2003), beneficial effects of high tannin forages on sheep FEC occur 

when forage CT is in the range of 4.5 to 5.5 % of DM. In the present experiments, forage CT 

levels were below that range. In addition, in vitro experiments by Molan et al. (2002) suggested 

that birdsfoot trefoil CTs were less effective at inhibiting egg hatch (at a concentration of 900 

µg/ml CT) and larval maturation of L1 to L3 (at a concentration of 500 µg/ml CT) than other 

CT-containing forages at the same concentrations. These differences in anthelmintic activities 

may be due to the molecular makeup of the tannins present in birdsfoot trefoil (Novobilsky et al., 

2013; Williams et al., 2014; Desrues et al., 2016b).  

 In the present study, CT content in the diets may have been ineffective against the large 

numbers of GIN resulting from the artificial infection, especially in Experiment 2. The 

anthelmintic properties of CTs are affected by voluntary feed intake, the digestive process, and 

metabolism of the nutrients (Hoste et al., 2015). Thus, the amount of available CTs will change 

throughout the digestive tract once the plant is swallowed, ruminated, and digested by enzymes 

and gut microflora (Hoste et al., 2015). A higher CT concentration in the digestive tract may be 

needed to have effects on a larger number of GINs.  

 The lack of treatment effects may also be explained by the timing of forage 

supplementation relative to infection. Hoste et al. (2006) stated that when GIN larvae enter an 

environment containing CTs, the main effect is likely on their establishment, in contrast to CTs 

being added following establishment, when the effects are likely related to egg production and 

development. There have been mixed results in small ruminants, sheep and goats, on reducing 

FEC and total worm count with several different tannin-rich plants (Hoste et al., 2006). In the 
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present study, CT ingestion occurred after establishment of GIN larvae, and this may explain 

their lack of effect on FEC. From the present results, as well as in a previous study in which 

birdsfoot trefoil prevented natural infection with GIN (Shepley et al., 2015), it can be 

hypothesized that the main effect of CT may be on establishment of GIN larvae in the host rather 

than on its development or reproduction. Consequently, it may be best to feed therapeutic forages 

containing CTs before and/or at introduction of animals to pasture. Condensed tannins have 

differing actions throughout the digestive process. It has been stated that CTs bind to proteins 

and carbohydrates at near neutral pH, and disassociate when they reach acidic pH, where they 

can be absorbed or passed along the digestive tract (Jones and Mangan, 1977; Athanasiadou and 

Kyriazakis, 2004). This indicates that CTs can be active in areas with near neutral pH such as the 

rumen or in manure (Jones and Mangan, 1977; Athanasiadou and Kyriazakis, 2004).  

 Interestingly, GIN egg shedding tended to be reduced toward the end of Experiment 1, 

suggesting that the egg production of adult nematodes may have been reduced by both alfalfa 

and birdsfoot supplementation. Alfalfa was chosen as a control in this experiment because of its 

similar protein content to birdsfoot trefoil. Coop and Kyriazakis (1999) suggested that the 

anthelmintic effect associated with plants rich in secondary compounds may be due to their high 

protein content (an indirect effect on immunity), rather than the presence of CTs. An improved 

nutritional state of animals following supplementation with high protein forages may be equally 

effective at reducing GIN egg shedding, as the animals can efficiently develop immunity against 

GIN when they do not have to direct all nutrients for other reasons, such as growth or pregnancy. 

It is therefore possible that the tendency for reduced egg shedding at the end of the feeding trial 

resulted from both treatments having a slight effect on GIN. However, results from Experiment 

2, in which a low protein forage was provided as a control, do not support this hypothesis.  
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 Another potential explanation for the tendency for a reduced GIN shedding at the end of 

Experiment 1 is the development of acquired immunity by animals. Acquired immunity against 

GINs needs a continuous larval exposure for varying amounts of time depending on species 

(Ploeger et al., 1995). Most intestinal species such as Cooperia sp. and H. placei generate a 

permanent immune response after a short exposure period, typically by the end of the first 

grazing season (Williams et al., 1993). With these species, the calves’ immune system can reduce 

the number of incoming larvae that can be successful in establishing in the host (Gasbarre et al., 

2001). In contrast, the host’s immune response to Ostertagia sp., an abomasal GIN, does not 

occur at significant levels until the second grazing season (Williams et al., 1993). Because GIN 

species present in the infective bolus were not determined in Experiment 1, we cannot verify the 

hypothesis that animals were infected with a high proportion of GIN that generates a rapid 

immune response. In Experiment 2, however, animals were infected with a high proportion of H. 

placei, against which immunity development occurs by the end of the first grazing season. A 

reduction in FEC due to immunity development against H. placei would have been expected by 

the end of the grazing season, but the experimental period may have been too short relative to a 

typical grazing season. 

 

CONCLUSIONS 

 The levels of FEC observed 4-5 wk following oral infection with laboratory reared L3 

GIN reflects their successful establishment in young dairy animals. However, over both 6-wk 

forage supplementation experiments, CTs from birdsfoot trefoil fed ad libitum once or twice 

daily for 45 min, were not effective at reducing the FEC of the young dairy animals artificially 

infected with GIN larvae, even when differences in forage intake were taken into account. The 
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amount of forage CT consumed by individuals may have been insufficient to have a therapeutic 

effect on animals that were artificially infected with GIN larvae. It is also possible that CTs are 

not effective against GIN once established in the host.  
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Table 2.1 Chemical composition of experimental forages used in Experiment 1 (2016)
1
 

Composition A1 A2 A3 A4 A5 A6  B1 B2 B3 B4 B5 B6  

DM 26.3 30.4 23.5 24.0 33.5 35.4 24.7 24.6 29.0 21.8 22.9 23.9 

CP 17.8 17.3 19.6 25.7 24.9 22.4 16.2 15.7 14.5 19.7 20.7 20.6 

ASH 8.7 8.4 9.2 11.3 11.2 10.8 7.8 7.5 7.4 10.2 10.6 9.8 

ADF 33.6 31.7 30.2 25.6 21.8 25.4 31.6 31.9 31.7 30.7 25.8 23.0 

NDF 47.0 44.2 42.2 38.2 33.0 38.2 42.5 44.3 44.4 44.7 43.3 35.8 

NDP 7.4 6.2 7.2 9.6 9.9 10.0 4.4 5.2 4.7 7.9 9.7 8.2 

LIG 8.5 7.8 7.4 5.7 5.4 6.9 8.4 8.3 8.4 7.7 4.4 4.8 

CT 0.4 0.4 0.6 0.5 0.4 0.4 1.1 1.1 0.8 1.2 0.9 0.9 
1 

Each value is the mean of 2-4 daily samples pooled weekly.  
2 

Values are provided in % of dry matter (DM), except for DM. A = alfalfa, and B = birdsfoot 

trefoil; numbered by week (1 until 6). CP = crude protein, ASH = minerals, ADF = acid 

detergent fiber, NDF = neutral detergent fiber, NDP = non-degradable protein, LIG = lignin, CT 

= condensed tannin.  
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Table 2.2 Chemical composition of experimental forages used in Experiment 2 (2017)
1
 

Composition  A1 A2 A3 A4 A5 A6  B1 B2 B3 B4 B5 B6  C1 C2 

DM 90.5 90.7 89.9 90.5 91.3 92.1 89.5 90 90 89.9 89.7 90.5 78.6 91.3 

CP 19.8 19.8 18.8 18.1 17.8 18.5 18.7 17.4 17 17.9 18.8 17.2 10.1 10.1 

ASH 9.7 9.3 8.7 8.2 7.6 8 8 7.9 7.9 8.2 8.4 7.6 7.5 6.2 

ADF 30.8 31 33.4 34.4 31.7 32 31.6 32.1 31.9 31 30.1 33.8 41.5 39.7 

NDF 43.7 44.3 46.5 49.3 47.6 47 44.8 46.8 46.9 45.5 44 46.4 66.6 64.2 

NDP 6.7 6.4 5.6 6 6.3 6.3 5.5 5.5 5.6 5.9 6.3 5.1 7.2 5.4 

LIG 8.1 8.3 7.8 7.3 5.9 6.4 9 9.1 9 8.7 8.4 9.9 8.5 7.5 

CT 0.4 0.4 0.3 0.3 0.3 0.4 0.7 0.7 0.8 0.7 0.8 0.4 0.3 0.3 
1 

Each value is the mean of 5 bale samples pooled weekly.  
2 

Values are provided in % of DM except for DM. A = alfalfa, B = birdsfoot trefoil (numbered by 

week, 1 until 6) and C = control (numbered by cluster, 1 or 2). CP = crude protein, ASH = 

minerals, ADF = acid detergent fiber, NDF = neutral detergent fiber, NDP = non-degradable 

protein, LIG = lignin, CT = condensed tannin.  
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Table 2.3. Species proportions identified from first stage gastrointestinal nematode larva (L1) 

collected from the donor animal in Experiment 2 (2017) from Southwestern, ON, Canada during 

5 collection d. 

Date Cooperia 

oncophora 

Haemonchus 

placei 

Ostertagia 

ostertagi 

12 May 0.02 99.91 0.07 

15 May 0.07 99.9 0.03 

16 May 0.11 99.86 0.03 

2 June 0 100 0 

5 June 0.05 99.95 0 
1
 Each value is presented as a percentage   
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Table 2.4. First stage gastrointestinal nematode larva (L1) species proportions collected from 

experimental animals pre- or post-feeding treatment (Experiment 2; 2017)  

   
Species identification (%) 

Animal 

age 

Forage 

treatment 

Pre/post 

treatment Cooperia 

oncophora 

Haemonchus 

placei 

Ostertagia 

ostertagi 

Older Alfalfa Pre 29.81 64.72 5.47 

Older Alfalfa Post 12.95 81.78 5.28 

Older Birdsfoot trefoil Pre 25.91 67.67 6.42 

Older Birdsfoot trefoil Post 4.16 95.53 0.31 

Older Control hay Pre 20.93 65.84 13.23 

Older Control hay Post 4.02 93.16 2.83 

Younger Alfalfa Pre 0.01 99.97 0.02 

Younger Alfalfa Post 0.08 99.87 0.05 

Younger Birdsfoot trefoil Pre 0.05 99.92 0.03 

Younger Birdsfoot trefoil Post 0.03 99.94 0.03 

Younger Control hay Pre 0.04 99.93 0.02 

Younger Control hay Post 0.01 99.93 0.06 
1
 Each value is presented as a percentage 

2
 Animals were divided by age into two pens (pen 1: n=15, average age = 328.6 ± 72.7 d; pen 2: 

n=15, average age = 144.9 ± 24.7 d) and then by forage treatment (alfalfa, birdsfoot trefoil, 

control hay) 
3
 Samples were analyzed pre- (July) and post- (September) treatment  
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Figure 2.1. Average trichostrongyle-type FECs of heifers (eggs per gram ± SE) prior to, during 

artificial infection, throughout the trial period, and post-trial period within the treatment groups 

of alfalfa (n = 18) and birdsfoot trefoil (n = 12) (Experiment 1; 2016). Orange arrows indicate 

oral GIN larvae administration dates. Green arrows indicate the start (week 1) and finish of the 

feeding trial (week 6).  

0

10

20

30

40

50

60

70

80

90
A

v
er

a
g

e 
F

E
C

 (
ep

g
) 

Sample date 

Alfalfa

Birdsfoot Trefoil



55 
 

 
Figure 2.2. Post-infection fecal egg count (FEC) of heifers (n = 30) in eggs per gram (epg) 

averaged at the peak of their infection (July 21, July 28, August 4) in relation to age of the host at 

the beginning of feeding treatments (Experiment 1; 2016).  
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Figure 2.3. a) The average weekly DM intake (kg ± SE) of forage treatments (alfalfa n = 18 and 

birdsfoot trefoil  n = 12), b) The average weekly intake of protein (kg of DM ± SE) for each 

forage supplement treatment (alfalfa n = 18 and birdsfoot trefoil n = 12), and c) The average 

weekly intake of tannins (kg of DM ± SE) for each forage supplement treatment (alfalfa n = 18 

and birdsfoot trefoil n = 12) by heifers (Experiment 1). 
a, b, c

 LSmeans with the same letter are not 

significantly different (P < 0.05).  
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Figure 2.4. The average BW (kg ± SE) of heifers for all forage supplement treatments (alfalfa n 

= 18 and birdsfoot trefoil n = 12) in Experiment 1. 
a, b, c

 LSmeans with the same letter are not 

significantly different (P < 0.05).   
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Figure 2.5. Average trichostrongyle-type FECs of heifers and steers (eggs per gram, epg ± SE) 

prior to, during artificial infection, throughout the trial period, and post-trial period within the 

treatment groups of alfalfa (n = 10), birdsfoot trefoil (n = 10), and control grass hay (n = 10) 

(Experiment 2). Orange arrows indicate oral GIN larvae administration dates. Purple arrows 

indicate the start (week 1) and finish (week 6) of the feeding trials.  
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Figure 2.6. Post-infection fecal egg count (FEC) of heifers and steers (n=30) in eggs per gram 

(epg) averaged at the peak of their infection (July 27, August 3, August 10) in relation to age of 

the host at the beginning of feeding treatments (Experiment 2; 2017).  
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Figure 2.7. a) The average weekly DM intake (kg ± SE) of forage treatments (alfalfa, birdsfoot 

trefoil and control grass hay, n = 10 per treatment), b) the average weekly intake of protein (kg of 

DM ± SE) for each forage supplement treatment (alfalfa, birdsfoot trefoil and control grass hay, 

n = 10 per treatment), and c) the average weekly intake of tannins (kg DM ± SE) for each forage 

supplement treatment (alfalfa, birdsfoot trefoil and control grass hay, n = 10 per treatment)  by 

heifers and steers (Experiment 2).  
a, b, c

 LSmeans with the same letter are not significantly different (P < 0.05).  
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Figure 2.8. The average BW (kg ± SE) of heifers and steers for all forage supplement treatments 

(alfalfa, birdsfoot trefoil and control grass hay, n = 10 per treatment) in Experiment 2. 
a, b, c

 

LSmeans with the same letter are not significantly different (P < 0.05).  
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Figure 2.9. Picture of third stage (L3) Haemonchus placei from the donor animal in Experiment 

2 under 200x magnification. Courtesy of Jacob Avula (OVC, University of Guelph).  

100 µm 
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Figure 2.10. First stage gastrointestinal nematode larvae (L1) species identified for the two 

animal groups (pen 1 older: n=15, average age = 328.6 ± 72.7 d; pen 2 younger: n=15, average 

age = 144.9 ± 24.7 d) and for each treatment (A = alfalfa, B = birdsfoot trefoil, C = control grass 

hay; n=10 per treatment) pre- (July) and post- (September) treatment in Experiment 2 (2017), 

identified by deep amplicon sequencing (Avramenko et al., 2015).  
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CHAPTER 3: GENERAL DISCUSSION 

3.1 Important Findings 

 Young dairy animals in organic operations are exposed to GIN larvae on pasture and 

therefore carry a higher level of GIN post-exposure than young dairy animals on conventional 

farms (Nodtvedt et al., 2002). As opposed to conventional dairy production where synthetic 

anthelmintics are used to control GIN, the organic regulations limit their use (Government of 

Canada, 2015). There is currently little research to find alternative natural solutions acceptable 

for use in organic systems, while providing effective GIN reduction in dairy animals. There has 

been promising research involving small ruminants and the use of CTs from various forage 

species to control GINs (Hoste et al., 2006). It was the purpose of this study to test whether CTs 

from birdsfoot trefoil are effective at reducing GIN egg excretion in large ruminants. However, 

in both experiments performed, there was a lack of efficacy of birdsfoot trefoil at reducing the 

FECs when fed over a treatment period of 6 weeks. The reason for this lack of effect is not clear, 

but it may be due to the low CT content of the variety of birdsfoot trefoil used to treat animals, 

the short duration of the feeding treatments and their timing relative to infection, or the amount 

consumed not large enough to be effective. 

 The younger animals in the study were more susceptible to GIN infection, as was shown 

with the non-linear regression relationship between age and FEC in our artificially infected 

animals. This may have been partly a result of the older animals in each experiment having had 

some exposure to GIN infected pasture previously. Therefore, it showed how susceptible naïve 

animals are to GIN, which confirms previous studies (Gasbarre et al., 2001). With elevated GIN 

levels, there is potential for reduced performance throughout the life span of these animals 

(Sutherland and Bullen, 2015). Typically on Canadian farms (Scott, 2017), FECs are not seen to 



65 
 

the high levels that were present in our study, resulting from artificial infection with L3. The 

warming of climate in areas that would normally experience colder winters may be allowing GIN 

to survive and be infective for longer seasons, increasing the risk for higher FECs (Gibbs, 1988). 

Climate changes may therefore increase the risks of reduced productivity and health of dairy 

cattle in Canada.  

  In the second experiment, feces collected from a donor animal on a local organic dairy 

contained Haemonchus placei eggs as the most prevalent species, present in >99.8 % of the 

samples collected in May and June. Typically, Ostertagia ostertagi and Cooperia oncophora are 

the predominant species found on Canadian farms (Scott, 2017). Haemonchus placei typically 

thrive in warm and wet climates and do not tolerate cold temperatures (Zajac, 2006). However, 

there have been recent occurrences of Haemonchus sp. in cooler climates like the Northeastern 

and Western USA (Zajac, 2006) and Southwestern Australia (Jabbar et al., 2014). With H. placei 

being a highly fecund species (Gasbarre et al., 1990), and predominant in the second experiment 

in 2017, it is no surprise that the FEC collected from the treatment animals were high.  

3.2 Limitations and Future Research 

 There were a few limitations in the current experiments. Species identification was not 

conducted on the GIN larvae that were used in Experiment 1. It would have been helpful to be 

able to compare the GIN species between the two experiments, since species differ in their egg 

laying abilities (Dorny et al., 1997), and such differences could potentially explain the tendency 

for decline in FEC in Experiment 1, which was not present in Experiment 2. The genotyping of 

GIN in the current study, showed some relative decreases in two species (O. ostertagi and C. 

oncophora) in the birdsfoot trefoil treatment, compared to the alfalfa and control hay groups, but 

we had insufficient data for statistical analysis due to the use of composite cultures. Future 
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research should focus on the GIN species that are more commonly found on Canadian farms, 

such as Ostertagia sp. and the Cooperia sp., to determine if CTs have an effect against these 

species in cattle. It would be necessary to do GIN identification weekly for each individual 

animal to evaluate the changes in GIN species composition and sensitivity. The different species 

of GIN may show differing sensitivities to CTs, due to their locations in the GIT.  

 A second limitation was the timing of our supplemental forage feeding in relation to the 

stage of GIN infection. Previous research found that birdsfoot trefoil offered to heifers as a 

supplement was effective at preventing a natural GIN infection (Shepley et al., 2015). In our 

experiments, birdsfoot trefoil was not effective at reducing GIN egg shedding when offered after 

GIN establishment. Our experiments were not designed to test the timing of birdsfoot treatment 

in relation to infection. Future research should compare feeding the same forages to animals that 

have an established infection as well as animals that have not been infected yet, but will be 

infected during the feed supplementation period. This would help determine whether CTs should 

be consumed prior to, during, or post GIN establishment in the host. 

   In the current experiments, there was a lesser amount of CTs in the forage varieties used 

than in those reportedly effective at reducing FEC in other studies (Hoste et al., 2009). The CT 

containing forages being used in future research with cattle may need to be fed at a higher dose 

and from forage varieties that contains a different CT structure or a higher CT percentage, since 

there seems to be positive results in small ruminants with plant species such as chicory and 

sainfoin (Hoste et al., 2006). Effective ways of delivering higher doses of CTs to the host should 

be developed, such as producing a concentrate mixed with palatable feed ingredients, as forages 

containing CTs are generally not preferred over other forages (Villalba et al., 2014).   
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3.3 Implications  

 These results suggest that the CT intake and types provided by the birdsfoot trefoil forage 

in this study were not effective at reducing GIN egg numbers in young dairy animals that have 

been artificially infected with GIN. With the current research available on large ruminants 

consuming CTs to combat GIN infections, birdsfoot trefoil does not appear to be a dependable 

method to be used on farms to manage internal parasites once they are established within the 

animal. The unexpected discovery of the presence of H. placei in the donor animal used in 

current experiment, and therefore in our experimental animals, suggests that changes in GIN 

populations may be occurring on Canadian farms, possibly as a result of climate changes. These 

changes, along with developing resistances to conventional anthelmintics, represent future 

challenges for dairy producers.  
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