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Summary 
The experiments reported in this thesis were designed to define and improve the 

effectiveness of ewe and lamb gastrointestinal nematode control in meat-breed 

production systems in a summer-dominant rainfall region of NSW Australia.  The 

experiments (Chapters 2-7) reported in this thesis were written as a series of 

publications.  

The first step in defining the effect of gastrointestinal nematodes (GIN) on meat-breed 

lamb production under grazing conditions is the creation and maintenance of 

uninfected control groups. Experiments conducted under grazing conditions are 

challenging with difficulties encountered in maintaining uninfected control groups as 

GIN-free. One method is to serially treat sheep with a combination of short and long-

acting anthelmintics to provide effective and continual GIN-suppression. Chapter 2 

investigated the effect of persistent larval challenge on growth of meat-breed lambs, 

suppressively treated with effective anthelmintics to determine if any production loss 

was associated with the host’s immunological response to larval challenge. There was 

no effect of larval challenge on growth of grazing, meat-breed lambs when 

suppressively treated with effective anthelmintics. Therefore, the tested methodology 

was confirmed as a valid means of maintaining GIN-suppressed sheep in field 

experiments reported in subsequent chapters.  

Chapter 3 investigated the importance of the immunological response of meat-breed 

lambs to Trichostrongylus colubriformis infection as measured by effects on lamb 

growth. T. colubriformis reduced growth rates of grazing meat-breed lambs with the 

greatest loss being associated with the host’s immunological response rather than the 

direct effects of infection.  Immune-mediated production costs may negate the benefits 

of greater host resistance and highlight the need to ensure that animals are also 

selected on other production traits.   
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Chapter 4 defined the effect of ewe GIN control on meat-breed lamb and ewe 

performance and investigated if the effects of GIN are reduced on farms using regional 

WormBoss integrated parasite management (IPM) programs. Production losses 

attributed to the effects of GIN were relatively small for ewes and their meat-breed 

lambs and highlighted the resilience of these sheep types to GIN infection when 

managed in productive systems. IPM strategies reduced worm egg counts (WEC) of 

ewes and lambs, and the number of drenches administered to ewes, but did not reduce 

the production loss associated with GIN infection. These findings support the use of 

IPM programs as a suitable approach to GIN control for meat-breed lamb production in 

a summer-dominant rainfall region.  

Chapter 5 defined the effect of lamb GIN control on growth of meat-breed lambs over 

the pre and post weaning periods. There was no effect of GIN on growth of suckling 

meat-breed lambs, despite high WEC at weaning, indicating resilience to GIN in lambs 

growing at rates in excess of 200 g/day.  GIN infection reduced post weaning growth, 

confirming the susceptibility of weaned lambs to GIN infection and highlights the 

importance of effective control measures during this time. 

Risk factors for drench resistance in meat-breed production systems are reported in 

Chapters 6 and 7.  Long-acting drenches are often administered to ewes pre-lambing 

to diminish the effects of the peri-parturient rise in WEC.  When a drench is lipophilic, 

there is the potential for a portion of the dose to be partitioned to the mammary gland 

and transferred to the lamb via suckling.  Chapter 6 investigated if there was evidence 

of milk transfer of anthelmintic actives from ewes to their suckling lambs by reference 

to lambs’ WEC.  The decline in WEC for lambs suckling ewes treated with lipophilic 

anthelmintics indicated that lambs ingested sub-therapeutic doses of anthelmintic 

active via milk which would increase selection pressure within the GIN population for 

anthelmintic resistance.  The mobilisation and removal of the active as a consequence 

of lactation also reduces the concentration of the active within the ewe and, in the case 
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of persistent anthelmintics, this may shorten the expected period of protection against 

re-infection.  

Clinical signs of diarrhoea and ill thrift are often associated with tapeworm infection, 

however there is little evidence that tapeworm are pathogenic and therefore not 

causative of these clinical signs. Producers who drench to remove tapeworm are 

restricted to drenches containing praziquantel as a mixture with one active ingredient to 

remove GIN burdens. Using single-active drenches is a known risk factor for the 

development of anthelmintic resistance. Chapter 7 investigated the effects of tapeworm 

infection on meat-breed lamb production. There was no effect of tapeworm on lamb 

growth, confirming that treating to remove tapeworm is not only unnecessary but will 

hasten the development of anthelmintic resistance.  

The experiments reported in this thesis have shown that the effects of GIN on meat-

breed lamb and ewe performance are small, indicating considerable resilience of these 

sheep types to GIN infection within a productive system. IPM programs led to lower 

WEC achieved with fewer drenches which will slow development of drench resistance 

and improve sustainability of GIN control.  Collectively, outcomes from these 

experiments have provided a solid platform to improve GIN control programs 

appropriate to these breed types and production systems in a summer-dominant 

rainfall region. 

    



vi 

Certification 

I hereby certify that the substance of this thesis has not already been submitted for any 

degree and is not currently being submitted for any other degree or qualification. 

 

I certify that any help received in preparing this thesis and all sources used have been 

acknowledged in this thesis. 

 

 

 

Michelle Dever 

16 October 2015 



 

vii 

Acknowledgement 
Firstly, I must thank my principal supervisor, Associate Professor Lewis Kahn for his 

amazing support, enduring perseverance, wonderful guidance, advice and friendship 

throughout my candidature.  I am forever grateful for all you have done for me during 

this time and I certainly recognise how lucky I was to have you as my supervisor, 

mentor and friend – thank-you so very much.  

Dr Emma Doyle, thank-you so much for being a wonderful inspiration to me. Your 

endearing support, kindness and guidance have helped me endlessly along my 

journey. You also believed in me when I often did not. You are a wonderful friend, 

supervisor and always had great advice - thank-you so very much.  

I would also like to thank Professor Steve Walkden-Brown for your wonderful advice, 

direction and support throughout my candidature. It was very much appreciated.  

I would like to thank the CRC for Sheep Industry Innovation for providing me with a 

scholarship and the opportunity to participate in the invaluable conferences that were 

held each year during my candidature. I am forever grateful for your support.  

I acknowledge the financial support of Meat and Livestock Australia for funding the 

main project (The Lifting the Limits worm control project (B.AHE.0045)) in this thesis. 

 Also, a very big thank-you to the University of New England, Armidale for providing 

both financial and technical support and many valuable opportunities to me during my 

candidature. I am also very grateful to have been a recipient of the A S Nivison 

Memorial Scholarship – thank-you. 

I have a great deal of gratitude and appreciation for all those who helped me with my 

experiments. No-one ever complained and everyone was always so willing to help out 

(& always with a smile!) – thank you so very much. To Sara Bowers, thank-you for all 

your help and expertise, not only did I enjoy working with you but your friendship, 



viii 

advice and support certainly helped me along the way. To Paul Reynolds, thank-you 

for all your help, support and friendship on the project, you certainly made my job much 

easier and more enjoyable. To Michael Raue, Mark Porter, Sue Burgess, Andrew 

Blakely and Katrin Renz – thank-you all so very much. Not only were you all fabulous 

to work with but your friendship during my candidature has certainly made my time 

here special. To my fellow post-graduate friends, thank-you for you friendship and 

support.  

Finally to my wonderful, supportive and amazing family (Mum, Dad, Nicole, Martin, 

Belinda, Danny, Suzy, Jonas and all my nieces and nephews) and my incredible 

friends. You all believed in me and gave me so much encouragement when I really 

needed it. I am forever grateful for all your constant support, love and friendship.  

 

 



 

ix 

Table of Contents 
 

Summary ...................................................................................................................... iii 

Certification .................................................................................................................. vi 

Acknowledgement ....................................................................................................... vii 

Table of Contents ........................................................................................................ ix 

Table of Figures .......................................................................................................... xv 

List of Tables ............................................................................................................ xviii 

List of Abbreviations ................................................................................................... xx 

List of publications ..................................................................................................... xxii 

Chapter 1 Review of the Literature .............................................................................. 1 

1.1. Overview of the Australian lamb industry ........................................................ 1 

1.2. Cost of gastrointestinal nematodes to the Australian sheep industry .............. 3 

1.3. Epidemiology of three important gastrointestinal nematodes affecting sheep 
on the Northern Tablelands, New South Wales ......................................................... 4 

1.3.1. Macro and microclimatic variables and impact on development and 
survival of free-living larvae with emphasis on H. contortus ................................... 5 

1.3.2. Haemonchus contortus .......................................................................... 10 

1.3.3. Trichostrongylus spp. ............................................................................. 11 

1.3.4. Teladorsagia circumcincta ..................................................................... 12 

1.4. Effects of gastrointestinal nematodes on sheep ............................................ 14 

1.4.1. Reduction in voluntary feed intake ......................................................... 15 

1.4.2. Direct damage to the gastrointestinal tract ............................................. 19 

1.4.3. Anaemia ................................................................................................ 20 

1.4.4. Diarrhoea ............................................................................................... 21 

1.4.5. Growth ................................................................................................... 22 

1.4.6. Milk production ...................................................................................... 25 

1.4.7. Mortality ................................................................................................. 27 

1.4.8. Ovulation and conception rate ............................................................... 28 

1.5. Role of immunological responses to gastrointestinal nematodes .................. 29 

1.5.1. Resistance and resilience ...................................................................... 30 

1.5.2. Attributes and consequences associated with resistance and resilience 31 

1.5.3. Cost of immunity to the host .................................................................. 32 

1.5.4. Loss of immunity during the periparturient period .................................. 35 

1.6. Strategies for controlling gastrointestinal nematodes .................................... 39 



x 

1.6.1. Chemical treatments .............................................................................. 39 

1.6.2. Strategic and tactical drench treatments ................................................ 42 

1.7. Drench resistance ......................................................................................... 43 

1.7.1. Implications and production costs .......................................................... 43 

1.7.2. Prevalence and distribution in Australia ................................................. 46 

1.7.3. Causative factors ................................................................................... 47 

1.8. Refugia ......................................................................................................... 51 

1.9. Non-chemical approaches to gastrointestinal nematode control ................... 53 

1.9.1. Grazing management ............................................................................ 53 

1.10. Conclusion ................................................................................................ 57 

Chapter 2 Persistent challenge with Trichostrongylus colubriformis and Haemonchus 
contortus larvae does not affect growth of meat-breed lambs suppressively treated with 
anthelmintics when grazing ......................................................................................... 61 

2.1. Introduction ................................................................................................... 62 

2.2. Materials and methods ................................................................................. 64 

2.2.1. Experimental design .............................................................................. 64 

2.2.2. Animals .................................................................................................. 64 

2.2.3. Treatments ............................................................................................ 64 

2.2.4. Paddocks and paddock rotation ............................................................. 65 

2.2.5. Herbage mass, pasture quality and supplementary feeding ................... 66 

2.3. Sampling and measurements ....................................................................... 66 

2.3.1. Liveweight, faecal worm egg count and coproculture ............................. 66 

2.3.2. Total worm burden ................................................................................. 67 

2.3.3. Tissue antibody response ...................................................................... 68 

2.3.4. Tissue homogenisation .......................................................................... 68 

2.3.5. Enzyme Linked Immunosorbent Assay (ELISA) ..................................... 68 

2.3.6. Blood sample collection and analysis .................................................... 69 

2.3.7. Statistical analysis ................................................................................. 69 

2.4. Results ......................................................................................................... 70 

2.4.1. Parasitological Measurements ............................................................... 70 

2.5. Total worm burden ........................................................................................ 72 

2.5.1. Immunological responses ...................................................................... 73 

2.5.2. Circulating eosinophils and lymphocytes ............................................... 74 

2.5.3. Productivity measurements .................................................................... 74 

2.6. Discussion .................................................................................................... 75 

2.7. Conclusion .................................................................................................... 77 



 

xi 

Chapter 3 Immune-mediated responses  account for the majority of production loss  
for grazing meat-breed lambs during Trichostrongylus colubriformis infection............. 81 

3.1. Introduction ................................................................................................... 82 

3.2. Materials and methods ................................................................................. 83 

3.2.1. Experimental design .............................................................................. 83 

3.2.2. Animals .................................................................................................. 84 

3.2.3. Treatments ............................................................................................ 84 

3.2.4. Paddocks and tracer lambs ................................................................... 85 

3.3. Sampling and measurements ....................................................................... 86 

3.3.1. Liveweight, faecal worm egg count and coproculture ............................. 86 

3.3.2. Worm burden ......................................................................................... 87 

3.3.3. Tissue antibody response ...................................................................... 87 

3.3.4. Blood sample collection and analysis .................................................... 88 

3.3.5. Estimation of fat, lean and bone composition within the carcass ............ 89 

3.3.6. Statistical analysis and calculations ....................................................... 90 

3.4. Results ......................................................................................................... 92 

3.4.1. Parasitological Measurements ............................................................... 92 

3.4.2. Immunological responses ...................................................................... 95 

3.4.3. Circulating eosinophils, neutrophils and lymphocytes ............................ 96 

3.4.4. Productivity measurements .................................................................... 96 

3.5. Discussion .................................................................................................... 99 

3.6. Conclusion .................................................................................................. 104 

Chapter 4 Integrated parasite management improves control of gastrointestinal 
nematodes in lamb production systems in a high summer rainfall region, on the 
Northern Tablelands, NSW. ...................................................................................... 109 

4.1. Introduction ................................................................................................. 110 

4.2. Materials and methods ............................................................................... 111 

4.2.1. Experimental design and management ................................................ 111 

4.2.2. Animals ................................................................................................ 114 

4.2.3. Drench treatments and worm egg count reduction tests ...................... 115 

4.2.4. Worm egg count reduction test ............................................................ 116 

4.3. Sampling and measurements ..................................................................... 117 

4.3.1. Liveweight, body condition score, faecal worm egg count and 
coproculture ....................................................................................................... 117 

4.3.2. Pregnancy scanning ............................................................................ 117 

4.3.3. Fleece traits and analysis .................................................................... 118 

4.3.4. Ewe and lamb apparent mortality ......................................................... 118 



xii 

4.3.5. Statistical analysis ............................................................................... 118 

4.4. Results ....................................................................................................... 119 

4.4.1. Ewes ................................................................................................... 119 

4.4.2. Mortality ............................................................................................... 126 

4.4.3. Lambs.................................................................................................. 126 

4.5. Discussion .................................................................................................. 128 

4.6. Conclusion .................................................................................................. 131 

Chapter 5 Growth is impeded by gastrointestinal nematodes in weaned rather than 
suckling meat-breed lambs in a high summer rainfall region, on the Northern 
Tablelands, New South Wales. ................................................................................. 135 

5.1. Introduction ................................................................................................. 136 

5.2. Materials and methods ............................................................................... 137 

5.2.1. Experimental design ............................................................................ 137 

5.2.2. Animals ................................................................................................ 138 

5.2.3. Treatments .......................................................................................... 139 

5.3. Sampling and analyses ............................................................................... 140 

5.3.1. Live weight, body condition score, dag score, faecal worm egg count and 
coproculture ....................................................................................................... 140 

5.3.2. ‘Apparent’ lamb mortality ..................................................................... 141 

5.4. Statistical analysis ...................................................................................... 141 

5.5. Results ....................................................................................................... 142 

5.5.1. Faecal worm egg count and larval differentiation ................................. 142 

5.5.2. Liveweight ........................................................................................... 143 

5.5.3. Body condition score ........................................................................... 145 

5.5.4. Dag score ............................................................................................ 145 

5.5.5. ‘Apparent’ lamb mortality ..................................................................... 146 

5.6. Discussion .................................................................................................. 146 

5.7. Conclusion .................................................................................................. 149 

Chapter 6 Decline in faecal worm egg counts in lambs suckling ewes treated with 
lipophilic anthelmintics: Implications for hastening development of anthelmintic 
resistance.  ................................................................................................................ 153 

6.1. Introduction ................................................................................................. 154 

6.2. Materials and methods ............................................................................... 155 

6.2.1. Experimental design ............................................................................ 155 

6.2.2. Animals ................................................................................................ 156 

6.2.3. Treatments .......................................................................................... 156 

6.2.4. Group treatments ................................................................................. 156 



 

xiii 

6.3. Sampling and measurements ..................................................................... 156 

6.3.1. Live weight, faecal worm egg count and coproculture .......................... 156 

6.3.2. Blood sample collection and analysis .................................................. 157 

6.3.3. Total worm burden ............................................................................... 157 

6.4. Statistical analysis ...................................................................................... 158 

6.5. Results ....................................................................................................... 159 

6.5.1. Live weight .......................................................................................... 159 

6.5.2. Faecal worm egg count and larval differentiation ................................. 159 

6.5.3. Total worm burden ............................................................................... 161 

6.5.4. Packed cell volume .............................................................................. 162 

6.5.5. Relationship between variables ........................................................... 162 

6.6. Discussion .................................................................................................. 164 

6.7. Conclusion .................................................................................................. 168 

Chapter 7 Removal of tapeworm (Moniezia spp.) did not increase growth rates of 
meat-breed lambs in the Northern Tablelands of NSW ............................................. 173 

7.1. Introduction ................................................................................................. 174 

7.2. Materials and methods ............................................................................... 175 

7.2.1. Experimental design ............................................................................ 175 

7.2.2. Animals ................................................................................................ 176 

7.2.3. Treatments .......................................................................................... 176 

7.2.4. Sampling and measurements .............................................................. 177 

7.3. Statistical analysis ...................................................................................... 177 

7.4. Results ....................................................................................................... 178 

7.4.1. Parasitological Measurements ............................................................. 178 

7.4.2. Growth rate .......................................................................................... 180 

7.5. Discussion .................................................................................................. 180 

7.6. Conclusion .................................................................................................. 183 

Chapter 8 General Discussion ................................................................................. 187 

8.1. Introduction ................................................................................................. 187 

8.2. Methodology ............................................................................................... 188 

8.3. Defining the effect of gastrointestinal nematode control for meat-breed lamb 
and ewe performance ............................................................................................ 189 

8.4. Implementation of integrated parasite management programs for control of 
gastrointestinal nematodes .................................................................................... 191 

8.5. Factors hastening the development of drench resistance ........................... 192 

8.5.1. Treating lactating ewes with lipophilic drenches ................................... 192 



xiv 

8.5.2. Removal of tapeworm infection with a product containing a single active 
against GIN ........................................................................................................ 194 

8.6. Economic cost of gastrointestinal nematodes for meat-breed lamb production 
on the Northern Tablelands, New South Wales ..................................................... 194 

8.6.1. Gross Margin Analysis ......................................................................... 195 

8.7. Improvements in experimental design and concepts for future research ..... 199 

8.8. Conclusion .................................................................................................. 200 

References ............................................................................................................... 203 



 

xv 

Table of Figures 
Figure 1-1 Production and export of Australian lamb (carcass weight; kt) between 1991 
and 2013. ...................................................................................................................... 2 

Figure 1-2 Mean monthly rainfall and mean minimum and maximum temperatures for 
Armidale between 1997 and 2015................................................................................. 5 

Figure 1-3 Common lifecycle of gastrointestinal nematodes. ........................................ 6 

Figure 1-4 Optimum temperature range (indicated by box with most optimal 
temperature marked by high colour intensity) for development of the unembryonated 
egg to infective third stage larvae of three important gastrointestinal species on the 
Northern Tablelands, NSW. The dashed lines (—) extend to the upper and lower 
temperature limits for development. Source: (O'Connor et al., 2006). ........................... 7 

Figure 1-5 Declining rate of survival of infective Trichostrongylus colubriformis L3 
larvae in water as temperature increases from 4°C. Source: (Andersen et al., 1966) .... 8 

Figure 1-6 Effect of a concurrent T. colubriformis and T. circumcincta infection on 
voluntary feed intake of Merino X Border Leicester wether lamb (GIN species and 
infection rates described above). Retrieved from: (Steel et al., 1982). ........................ 18 

Figure 1-8 National summary of WECRT conducted between 2009 and 2012 indicating 
the percentage and number of properties where differentiated reduction in WEC was 
<95% for T. circumcincta, T. colubriformis and H. contortus in sheep. Retrieved from: 
(Playford et al., 2014) .................................................................................................. 46 

Figure 1-9 Resistance gene frequencies for a new drench active when administered to 
lambs six times at twenty-eight day intervals starting at weaning when placed into a low 
GIN-risk paddock. Dotted line is new single active; next 3 lines represent the new 
active administered in combination with abamectin when abamectin is either 50%, 80% 
or 95% effective. Retrieved from: (Leathwick, 2012) ................................................... 48 

Figure 1-10 Hypothetical illustration of the effect of declining active concentration (in 
arbitrary units) in the host and the effect on survival of RR (homozygote-resistant L3), 
RS (heterozygote-resistant L3) and SS (homozygote-susceptible L3) infective larvae at 
different active concentrations. Source: (Dobson et al., 1996) .................................... 50 

Figure 1-11 Survival of Haemonchus contortus infective larvae on pasture at various 
daily maximum temperatures and 60% relative humidity. Source: Developed from 
death rate of the L3 population in ‘Simulation of pasture larval populations of 
Haemonchus contortus’ (Barger et al., 1972). ............................................................. 55 

Figure 2-1 Summary of back-transformed least squares means small intestinal total 
antibody titres (lower, upper 68% c.i.) specific to T. colubriformis for meat-breed lambs 
from each of the treatment groups (see legend for Table 2-1)  and comparisons 
between the main effects of uninfected and infected and untreated and treated groups
 ................................................................................................................................... 73 

Figure 2-2 Mean liveweight (least squares means ± se) of meat-breed lambs either 
infected with 2,000 T. colubriformis and 300 H. contortus L3/week for 9 weeks (IF) or 
uninfected (UIF) and treated (TX) or untreated (UTX) with anthelmintic. ..................... 74 



 

xvi 

Figure 3-1 Back-transformed least squares mean worm egg counts (epg ± 68% c.i.) of 
lambs that were infected with T.colubriformis (IFY) or remained uninfected (IFN) and 
either immunosuppressed (SUPY) or non-immunosuppressed (SUPN). ...................... 93 

Figure 3-2 Back-transformed least squares mean intestinal total antibody titres (± 68% 
c.i.) specific to T. colubriformis for meat-breed lambs at the end of period 1 (day 36), 
period 2 (day 57) and period 3 (day 85) that were infected with T.colubriformis (IFY) or 
remained uninfected (IFN) and either immunosuppressed (SUPY) or non-
immunosuppressed (SUPN). Means within each period followed by different letters 
differ at p<0.02. ........................................................................................................... 95 

Figure 3-3 Mean liveweight (least squares mean ± s.e.) for meat-breed lambs that were 
infected with T.colubriformis (IFY) or remained uninfected (IFN) and either 
immunosuppressed (SUPY) or non-immunosuppressed (SUPN). Liveweight on day 0 
was fitted as a significant (p<0.001) covariate. ............................................................ 97 

Figure 3-4 Mean growth rate cost (least square means ± s.e.) partitioned into immune-
mediated and direct pathological components in response to T. colubriformis infection 
for meat-breed lambs grazing at pasture. Means within each period followed by 
different letters differ at p<0.0001. .............................................................................. 99 

Figure 4-1 Schematic illustration of the experimental design detailing the number of 
farms enrolled for each GIN management (IPM and TYP) and the number of ewes in 
each group and ewe GIN control (SUP and NSUP) on each farm. ............................ 113 

Figure 4-2 Back-transformed least squares mean worm egg count (epg ± 68% c.i.) of 
ewes that were either GIN-suppressed (SUP) or not suppressed (NSUP) and managed 
with either IPM or TYP programs in Years 1 and 2.................................................... 120 

Figure 4-3 Mean liveweight (kg; least square means ± se) of SUP and NSUP ewes 
managed with either IPM or TYP GIN programs in Years 1 and 2. Liveweight at 
enrolment was fitted as a significant covariate. ......................................................... 123 

Figure 5-1 Back-transformed least squares mean worm egg counts (epg ± 68% c.i.) of 
lambs that were either GIN-suppressed (SUP) or non GIN-suppressed (NSUP).      All 
lambs drenched at weaning. ..................................................................................... 142 

Figure 5-2 Least squares mean liveweight (kg ± s.e.) of SUP or NSUP lambs. 
Liveweight at lamb marking was fitted as a significant covariate. Weaning occurred 
three months after lamb marking. ............................................................................. 144 

Figure 6-1 Back-transformed least squares means faecal worm egg count (eggs/g ± 
68% c.i.) of meat-breed lambs, suckling either untreated ewes (UTX) or ewes treated 
with anthelmintics (TX). ............................................................................................. 159 

Figure 6-2 Linear regression of faecal worm egg count (cube-root transformed) on days 
0 and 7 of meat-breed lambs, suckling either untreated ewes (UTX) or ewes treated 
with anthelmintics (TX). ............................................................................................. 160 

Figure 6-3 Linear regression of worm egg count (cube-root transformed) and packed 
cell volume (%) on day 7 for meat-breed lambs, suckling either untreated ewes (UTX) 
or ewes treated with anthelmintics (TX) .................................................................... 162 



 

xvii 

Figure 6-4 Relationship between total adult female H. contortus (day 8; cube-root 
transformed) and worm egg count (day 7; cube-root transformed) for lambs suckling 
untreated ewes (UTX). .............................................................................................. 163 

Figure 6-5 Relationship between H. contortus total worm burden (Day 8; cube-root 
transformed) and packed cell volume (Day 7; %) for lambs suckling untreated ewes 
(UTX). ....................................................................................................................... 164 

Figure 8-1 Relationship comparisons between faecal worm egg count and packed cell 
volume for Border Leicester X Merino ewes (y = -0.0007x + 24.4; r2 = 0.62) and meat-
breed lambs (y = -0.0005x + 31.2; r2 =0.69). Samples were collected from the 
experiment reported in Chapter 6 of this thesis. ........................................................ 191 

 



 

xviii 

List of Tables 
Table 1-1 Australian sheep numbers (million) and percentage (%) reduction in sheep 
numbers between 1991 and 2013. ................................................................................ 1 

Table 2-1 Back-transformed least squares means faecal worm egg counts (eggs/gram; 
lower, upper 68% c.i.) and larval differentiation results of meat-breed lambs either 
infected with 2000 T. colubriformis and 300 H. contortus L3/week for 9 weeks (IF) or 
uninfected (UIF) and treated (TX) or untreated (UTX) with anthelmintics. Note: infected 
and untreated group (IF UTX), infected and treated (IF TX), uninfected and untreated 
(UIF UTX) and uninfected and treated (UIF TX). ......................................................... 71 

Table 2-2 Back-transformed least squares means total worm burden (lower, upper 68% 
c.i.) of meat-breed lambs either infected with 2000 T. colubriformis and 300 H. 
contortus L3/week for 9 weeks (IF) or uninfected (UIF) and treated (TX) or untreated 
(UTX) with anthelmintics. ............................................................................................ 72 

Table 2-3 Least squares means daily liveweight gain (g/day) of meat-breed lambs 
either infected with 2,000 T. colubriformis and 300 H. contortus L3/week for 9 weeks 
(IF) or uninfected (UIF) and treated (TX) or untreated (UTX) with anthelmintic. .......... 75 

Table 3-1 Back-transformed least squares mean worm egg counts (epg ± 68% c.i.) and 
total T. colubriformis burden of lambs infected with either 2,000 or 4,000 T.colubriformis 
L3/week. ..................................................................................................................... 91 

Table 3-2 Back-transformed least squares mean worm burdens (± 68% c.i.) of meat 
lambs at the end of period 1 (day 36), period 2 (day 57) and period 3 (day 85) that were 
infected with T.colubriformis (IFY) and either immunosuppressed (SUPY) or non-
immunosuppressed (SUPN). ....................................................................................... 94 

Table 3-3 Growth rate (g/day; least squares mean ± s.e.) of meat-breed lambs grazing 
at pasture that were infected with T.colubriformis (IFY) or remained uninfected (IFN) and 
either immunosuppressed (SUPY) or non-immunosuppressed (SUPN) during periods 1, 
2 and 3........................................................................................................................ 98 

Table 4-1 Chemical and non-chemical approaches to regional WormBoss IPM and the 
compliance of IPM and TYP GIN management in this experiment. ........................... 114 

Table 4-2 The number of drench actives effective against H. contortus or 
Trichostrongylus spp., and the percentage of anthelmintic treatments administered to 
ewes that were effective, on each of the IPM and TYP farms ................................... 116 

Table 4-3  Larval differentiation results (%) for NSUP ewes that were managed with 
IPM or TYP programs in Years 1 and 2..................................................................... 121 

Table 4-4  Mean liveweight changes (kg; least squares mean ± s.e.) of SUP and NSUP 
ewes managed to IPM or TYP programs. ................................................................. 124 

Table 4-5 Fibre diameter (µm), washing yield (%), greasy and clean fleece weights (kg) 
(least squares mean ± s.e.) for NSUP and SUP ewes that were managed to IPM or 
TYP programs. .......................................................................................................... 126 

Table 4-6 Mean liveweight (kg; least squares mean ± s.e.) of lambs reared by either 
NSUP or SUP ewes and managed with IPM or TYP programs. ................................ 127 



 

xix 

Table 5-1 Number of lambs and mean lamb marking liveweight (kg ± s.e.) of GIN 
control groups within each year and in total. ............................................................. 138 

Table 5-2 Anthelmintic treatment regime for suppression of gastrointestinal nematodes 
in SUP lambs with timepoints relative to lamb marking. ............................................ 139 

Table 5-3 Mean percentage (%) of gastrointestinal nematode species in NSUP lambs 
with timepoints relative to lamb marking. ................................................................... 143 

Table 5-4 Least squares mean growth (kg ± s.e.) for SUP and NSUP lambs and the 
number of lamb observations for each assessment. Timepoints are relative to lamb 
marking. .................................................................................................................... 145 

Table 6-1 Least squares means total worm burdens (upper, lower 68% c.i.) of meat-
breed lambs, suckling untreated ewes (UTX) and euthanised on Day 8.................... 161 

Table 7-1 Drench efficacy results against Haemonchus contortus and Trichostrongylus 
spp. ........................................................................................................................... 176 

Table 7-2 Back-transformed least squares mean tapeworm egg count (eggs/gram 
±68% c.i. lower, upper) of meat-breed lambs, treated to remove tapeworm and 
gastrointestinal nematodes (Prazi) or just gastrointestinal nematodes (Control). ...... 178 

Table 7-3 Prevalence and percentage of lambs with positive faecal tapeworm egg 
counts. ...................................................................................................................... 178 

Table 7-4 Back-transformed least squares mean WEC (eggs/gram ±68% c.i. lower, 
upper) of meat-breed lambs, treated to remove tapeworm and gastrointestinal 
nematodes (Prazi) or only gastrointestinal nematodes (Control). .............................. 179 

Table 7-5 Infective gastrointestinal nematodes (%) as assessed from group 
coprocultures of meat-breed lambs, treated to remove tapeworm and gastrointestinal 
nematodes (Prazi) or only gastrointestinal nematodes (Control). .............................. 179 

Table 7-6 Mean bodyweight gains (g/day; least square mean ± se) of meat-breed 
lambs, treated to remove tapeworm and gastrointestinal nematodes (Prazi) or only 
gastrointestinal nematodes (Control). ....................................................................... 180 

Table 8-1 Gross margin analysis from using integrated parasite management (IPM) 
and regionally typical (TYP) programs in the control of gastrointestinal nematodes for 
meat-breed lamb production systems on the Northern Tablelands, NSW. ................ 198 

 

 



 

xx 

List of Abbreviations 
Acronym Abbreviation 

GIN Gastrointestinal nematodes 

IPM Integrated parasite management 

TYP Typical 

RH Relative humidity 

VFI Voluntary feed intake 

MP Metabolisable protein 

ME Metabolisable energy 

PCV Packed cell volume 

WEC Worm egg count 

PPRI Periparturient relaxation of immunity 

PPR Periparturient rise 

BZ Benzimidazole 

ML Macrocyclic lactone 

LEV Levamisole 

IVM Ivermectin 

I/T Imidazothiazoles/tetrahydropyrimidines 

AAD Amino-acetonitrile derivative 

TST Targeted selective treatment 

IF Infected 

UIF Uninfected 

TX Treated 

UTX Untreated 

CRC Controlled release capsule 

CP Crude protein 

HCl Hydrochloric 



 

xxi 

ELISA Enzyme Linked Immunosorbent Assay 

IFY Infected 

IFN Uninfected 

SUPY Immunosuppressed 

SUPN Non-immunosuppressed 

ASBV Australian Sheep Breeding Value 

epg Eggs per gram 

CT Computerised tomography 

SUP GIN-suppressed 

NSUP Non GIN-suppressed 

WECRT Worm egg count reduction test 

BCS Body condition score 

GI Gastrointestinal tracts 

Prazi Praziquantel 

 



 

xxii 

List of publications 
 

1. Dever, M. L., Kahn, L. P., & Bowers, S. F. (2013). Ewe but not lamb worm 

control increases weaning weight of prime lambs.  In ‘The 24th International 

Conference of the World Association for the Advancement of Veterinary 

Parasitology’, Perth, Western Australia. 

 

2. Dever, M. L., & Kahn, L. P. (2013). Removal of tapeworm (Moniezia spp.) did 

not increase growth rate of prime lambs on the Northern Tablelands, NSW.  In 

‘The Australian Sheep Veterinarians Conference’, Albany, Western Australia. 

 

3. Dever, M. L., Kahn, L. P., Doyle, E. K., & Walkden-Brown, S. W. (2014). Worm 

egg counts in lambs decreased after administration of long acting anthelmintics 

to ewes.  In ‘The Australian Society for Parasitology Conference’, Canberra, 

Australia. 

 

4. Dever, M. L., Kahn, L. P., & Doyle, E. K. (2015). Removal of tapeworm 

(Moniezia spp.) did not increase growth rates of meat-breed lambs in the 

Northern Tablelands of NSW. Veterinary Parasitology. 208, 190-194. 

 

5. Dever, M. L., Kahn, L. P., & Doyle, E. K. (2015). Persistent challenge with 

Trichostrongylus colubriformis and Haemonchus contortus larvae does not 

affect growth of meat-breed lambs suppressively treated with anthelmintics 

when grazing. Veterinary Parasitology 209, 76-83.  

 

6. Dever, M. L., & Kahn, L. P. (2015). Decline in faecal worm egg counts in lambs 

suckling ewes treated with lipophilic anthelmintics: Implications for hastening 

development of anthelmintic resistance. Veterinary Parasitology. 209, 229-234.  

 

7. Dever, M. L., Kahn, L. P., Doyle, E. K., & Walkden-Brown, S. W. (2015). 

Partitioning production loss due to Trichostrongylus colubriformis into direct and 

immune-mediated components in grazing meat-breed lambs.  In ‘The 25th 

International Conference of the World Association for the Advancement of 

Veterinary Parasitology’, Liverpool, United Kingdom.  



 

xxiii 

8. Dever, M. L., Kahn, L. P., & Doyle, E. K. (2016). Immune-mediated responses 

account for the majority of production loss for grazing meat-breed lambs during 

Trichostrongylus colubriformis infection.  Veterinary Parasitology. 216, 23-32. 

 

9. Dever, M. L., Kahn, L. P., & Doyle, E. K., (2015).  Integrated parasite 

management improves control of gastrointestinal nematodes in lamb production 

systems in a high summer rainfall region, on the Northern Tablelands, New 

South Wales. Accepted to Animal Production Science.  

 

10. Dever, M. L., Kahn, L. P., & Doyle, E. K. (2015). Growth is impeded by 

gastrointestinal nematodes in weaned rather than suckling meat-breed lambs in 

a high summer rainfall region, on the Northern Tablelands, NSW. Accepted to 

Animal Production Science. 

 

 

 

 



 

xxiv 




