
ABSTRACT 

VALLIERE, NICOLE KAITLYN . Impact of Genetic X Environment Interactions on 

Performance of Katahdin Lambs Divergently Selected for Fecal Egg Count Estimated Breeding 

Value. (Under the direction of Dr. Andrew Weaver). 

 

Genetic selection and nutritional supplementation are potential methods to mitigate the 

impact of parasitism in sheep. Understanding feeding behavior of growing lambs divergently 

selected for parasite resistance (LowFEC) or susceptibility (HighFEC) using the fecal egg count 

(FEC) estimated breeding value (EBV) may help quantify the impact of genetic selection and 

supplemental feeding on parasitism. Over two years [Year 1 (Y1) and Year 2 (Y2)], LowFEC 

Katahdin ewes (Y1: n = 52; Y2: n = 40) were randomly bred to LowFEC Katahdin rams (Y1: n = 

3; Y2: n = 3) at the Virginia Tech Southwest Agricultural Research and Extension Center. 

HighFEC Katahdin ewes (Y1: n = 48; Y2: n = 50) were randomly bred to HighFEC Katahdin 

rams (Y1: n = 3; Y2: n = 3). Prior to weaning (Y1: 76 d; Y2: 92 d), pairs were managed on 

fescue-based pasture. In Y1, lambs (n = 175) were moved to ungrazed fescue-based pasture at 

weaning and managed as one contemporary group for 36 days to assess training behavior with 

the C-Lock, Inc Super SmartFeeder (SSFeeder). During this time, lambs were supplemented with 

a concentrate pellet (16% CP, 76% TDN) in standard trough feeders for 23 days. Lambs were 

also provided 0.23 kg/hd/d of the same pellet via the SSFeeder. FAMACHA Ó 3 was utilized as 

the basis for anthelmintic treatment. At the conclusion of the acclimation period, the feeding trial 

began (day 1). At this time, LowFEC and HighFEC lambs were randomly assigned to a dry-lot 

(LowFEC: n = 27; HighFEC: n = 24) or pasture (LowFEC: n = 26; HighFEC: n = 25) group. The 

dry-lot group received ad libitum supplementation via the SSFeeder while the pasture group was 

supplemented 2% body weight via standard trough feeders for 63 days. In Y2, LowFEC and 

HighFEC lambs were randomly assigned to a dry-lot (LowFEC: n = 37; HighFEC: n = 40) or 



pasture (LowFEC: n = 37; HighFEC: n = 40) group at weaning. To transition lambs to the 

SSFeeder, dry-lot lambs continued to receive 2% body weight in standard trough feeders for 15 

days after SSFeeder introduction. Pasture lambs received 2% body weight in standard trough 

feeders until they were moved to a dry-lot (day 36) due to health concerns and began receiving 

ad libitum supplementation. At the conclusion of the study, lamb eye muscle depth (EMD) was 

determined via ultrasound. Throughout the feeding trial in both years, forage samples, body 

weights, FEC, packed cell volume (PCV), and FAMACHA scores were collected every 14 d. 

Frequency of SSFeeder visits, daily supplemental intake, and average daily gain (ADG) were 

collected via the SSFeeder and supplemental feed:gain (S:G) was calculated for the dry-lot 

group. Statistical analyses were conducted using SAS (SAS Institute Inc., Cary, NC) with Proc 

MIXED for repeated measures and Proc GENMOD for feeding data. In Y1, LowFEC lambs 

tended to have greater daily feed intakes (P = 0.06), while no differences existed between 

genotypes in Y2. No differences existed between genotypes for S:G in either year. In Y2, 

LowFEC lambs had greater ADG than HighFEC lambs (P < 0.05) and dry-lot housed lambs had 

greater ADG than pasture raised lambs (P < 0.01). Dry-lot lambs had greater EMD than pasture 

raised lambs in both years (P < 0.01). In both years, LowFEC lambs had lower FECs compared 

to HighFEC lambs (P = 0.05), and dry-lot lambs had lower FECs compared to pasture lambs (P 

< 0.01). These results indicate the potential of housing and supplemental nutrition systems to 

help mitigate genetic susceptibility to parasitism allowing improved health status and increased 

growth during the post-weaning period. 
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CHAPTER 1: Literature Review 

1.1 Origin and purpose of the Katahdin in the Southeastern United States 

This review will address the purpose of the Katahdin in the United States (U.S.) sheep 

industry, the genetic variation within-breed for parasite resistance, their adaptability to forage-

based management systems and impact of nutritional supplementation on lamb performance. 

Further discussion will focus on the interactions between nutritional supplementation and 

parasitism. 

1.1.1 Origin and breed standards 

The Katahdin breed was developed in Maine, (U.S.) during the late 1950s. It is a 

composite between breeds from the Virgin Islands (West African hair sheep) and multiple 

British wool breeds including the Wiltshire Horn and Suffolk. Selection pressure has been placed 

on growth rate, prolificacy, absence of wool, and a polled phenotype. The hair coat color may 

range between white, tan, dark brown, or a combination. Mature ewe body weights span from 

55-73 kg and 68-90 kg in rams (Wildeus, 1997). This low maintenance and hardy sheep breed 

has gained popularity among producers in the southeastern U.S. due to their enhanced parasite 

resistance and moderate frame size making them more adaptable to forage-based production 

systems (Vanimisetti et al., 2004b; Wildeus, 1997). Katahdins do not require shearing which has 

also contributed significantly to their popularity. In the National Sheep Improvement Program 

(NSIP), the Katahdin is one of the most active breeds in terms of annual enrollment (Ngere et al., 

2017). Previous studies indicate greater natural gastrointestinal nematode (GIN) resistance and 

resilience in Katahdins compared to wool breeds. However, they have less resistance compared 

to the Caribbean hair breeds (Vanimisetti et al., 2004b). Fecal egg count (FEC) estimated 

breeding values (EBVs) have been available to Katahdin breeders who participate in NSIP since 
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2007, which has provided a selection tool for parasite resistance (Ngere et al., 2018). 

Consequently, the Katahdin breed has become prevalent in forage-based systems found in the hot 

and humid southeastern U.S. climates. From 2000 to 2019, hair sheep numbers rose from 1% to 

26% of the nationôs flock. Due to the introduction of hair sheep, the number of sheep operations 

in the Southeast has grown by 167% (Newton, 2019). 

1.1.2 Southeastern United States environment 

Due to variation in climate across the U.S., producers utilize numerous management 

tools. Breed selection is one of those tools. Since hair sheep were developed in a tropical climate, 

they tend to be more adaptable to the hot and humid production environments in the southeastern 

U.S. (Wildeus, 1997). The southeastern region includes states south of the Ohio River and west 

as far as Arkansas. Within this region, annual precipitation over the last thirty years has ranged 

from 91 to 203 centimeters. Average annual temperatures for this region over the same time 

period range from 8 to 26° C with increasing annual temperatures across the deep south (PRISM 

Climate Group, 2021a,b). Hot and humid climates found in the southeastern U.S. are ideal 

conditions for strongylid nematodes, including Haemonchus contortus. Increased humidity on 

the east coast heightens concerns of parasitic gastroenteritis (PGE; Zajac, 2006). To mitigate 

parasite burden and environmental stressors, sheep producers in the southeast must utilize 

management and selection tools. 

1.1.3 Non-traditional sheep markets 

The majority of sheep along the east coast of the U.S. are marketed through the non-

traditional or ethnic market. This market includes sheep not slaughtered and sold under federal 

inspection in the traditional lamb commodity market. Typically, lambs sold to the ethnic market 

are younger, lighter weight lambs compared to lambs marketed through traditional channels. 
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These are often hair sheep (Shiflett et al., 2010; Shiflett, 2020). The U.S. Department of 

Agriculture (USDA) National Agricultural Statistics Service (NASS) has sectioned lamb 

slaughter into three categories: federally inspected (FI), non-federally inspected (NFI), and on-

farm. Federally inspected slaughter requires a federal meat inspector to be on-site during 

livestock slaughter under the Federal Meat Inspection Act. Contrastingly, NFI slaughter includes 

all state inspected slaughter (livestock slaughtered, inspected, processed, and sold within state 

lines) and custom-exempt slaughter (facilities are not inspected regularly by federal inspectors, 

so meat is labeled ñnot for saleò and must be returned to the original livestock owner). 

Commercial slaughter is the combination of FI and NFI. Between 2000-2019, FI slaughter 

averaged 92% of commercial lamb slaughter while the remaining are slaughtered in state 

inspected facilities. On-farm slaughter is calculated in annual surveys from producer reports and 

may not be accurately captured by federal reporting (Shiflett, 2020). 

Hair sheep, including the Katahdin, fit the demands of the ethnic market well and 

sometimes even receive the highest prices. The two largest livestock auctions in the U.S. that 

market sheep and goat into the non-traditional trade are located in San Angelo, TX and New 

Holland, PA. The USDA Agriculture Market Service (AMS) reported that most hair lambs 

selling at New Holland Sale Stables (New Holland, PA) are 40 to 50 kg (Shiflett, 2020) with 

approximately 600-700 hair lambs sold per week (USDA-AMS, 2022). There has been a steady 

decline in the number of sheep being slaughtered under federal inspection. However, the non-

traditional market has been growing. The number of lambs that were slaughtered on farms from 

2000-2004 made up 1.6% of the total annual lamb crop while this percentage rose to 2.5% from 

2010-2019 (Shiflett, 2020). Even so, the accuracy of these numbers is questionable and 

additional lambs may be unaccounted for. It is estimated that close to half a million lambs are 
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being sent to ethnic markets by lamb packers within the traditional market sector. Therefore, 

roughly 20% of sheep slaughtered under federal regulation are sent to ethnic markets. In 

addition, approximately 300,000 head enter the ethnic market from livestock auctions and 

roughly one million head are directly marketed to consumers off the farm. The number of direct 

sales is difficult to estimate due to a lack of regulation within the industry. Utilizing U.S. lamb 

crop projections and sale numbers from federal inspection sites, direct sales were approximated 

(Shiflett et al., 2010). Producers in the eastern U.S. are shifting towards raising hair sheep like 

the Katahdin since they are more adapted to the production environment. Hair sheep tend to be 

more desirable because they are of moderate size and produce finished carcasses at an 

appropriate weight for the non-traditional market. 

1.2 Parasite biology and resistance in Katahdin sheep 

Parasite burden decreases the economic value and overall health of sheep. Mavrot et al. 

(2015) indicated a negative effect of parasitism on production in 83% of trials. The production 

measures included weight gain, wool production, and milk yield. When comparing naïve and 

infected animals, weight gain, wool growth and milk yield was reduced by 23%, 10% and 22% 

respectively in parasite infected animals (Mavrot et al., 2015). This decrease in performance 

directly impacts producersô profitability. Internal parasites are considered the most costly disease 

for Australiaôs sheep producers accounting for millions of dollars in losses each year. In 

Australiaôs summer rainfall zone where the predominant internal parasite is Haemonchus 

contortus, the national economic cost totals approximately $23 million per year (Sackett et al., 

2006).  

In 2010, the USDA National Animal Health Monitoring System (NAHMS) reported the 

percentage of lambs lost to internal parasites was higher in the eastern region of the U.S. 
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compared to the western and central regions (14.2% v. 3.7 and 4.2%, respectively). In the same 

report, internal parasites were a leading cause of non-predator losses in both fenced-range and 

pasture operations (11.9 and 15.3%, respectively; USDA-APHIS-VS-NAHMS, 2012). In 2014, 

the percentage of nonpredator lamb death losses caused by internal parasites was 9.1% while in 

2019, this percentage rose to 15.5% (21,239 and 36,140 lambs, respectively; USDA-APHIS-VS-

NAHMS, 2021). 

The GIN of greatest importance to small ruminants include the order Strongylida and the 

superfamily Trichostrongyloidea (Levine, 1980) with the primary species being Haemonchus 

contortus, Teladorsagia (Ostertagia) circumcincta, and the Trichostrongylus species (T. 

colubriformis, T. vitrinus, T. axei) (Gossner et al., 2013; Good et al., 2006; Fox, 2014; Zajac, 

2006). 

Teladorsagia circumcincta prefers more temperate climates with winter rainfall (Gossner 

et al., 2013; Zajac, 2006). Similar to H. contortus, this GIN has a prepatent period (time between 

host consumption of infective larvae to parasite sexual maturity) of approximately three weeks 

(Soulsby, 1965) and resides in the abomasum, but they do not feed primarily on blood (Zajac, 

2006). Instead, they develop in the gastric glands of the abomasum causing nodules on the 

mucosal surface (Levine 1980). T. circumcincta more commonly causes diarrhea, and 

occasionally anemia and death (Zajac, 2006).  

The Trichostrongylus species often contribute to PGE in small ruminants. T. axei is an 

abomasal parasite while T. colubriformis and T. vitrinus are found in the small intestine (Zajac, 

2006). Heavy infections of Trichostrongylus can cause weight loss, diarrhea (ñblack scoursò) and 

occasionally death (Bowman, 1999). Trichostrongylus also survives longer as adults than both H. 

contortus and T. circumcincta (Courtney et al., 1983). 
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Haemonchus contortus is the most important of the strongylid nematodes that thrives in 

tropical and subtropical regions around the world due to its productivity in hot and humid 

climates. Concerns are associated with its prolificacy and blood consumption that causes anemia 

in the host. FAMACHA scoring has been utilized to specifically address infection with H. 

contortus since infection commonly causes anemia. However, FAMACHA scoring is not a 

beneficial test for other strongylid parasites since they are not blood feeders. Anemia may result 

in weight loss, bottle jaw (submandibular edema) due to severe protein loss, and even death 

(Miller et al., 2012; Whittier et al., 2009). Parasitism can have indirect consequences on 

metabolism by mobilizing proteins during immune responses, anorexia from reduced feed intake, 

and an increased susceptibility to other pathogens (Coop et al., 1999; Moreau et al., 2010; Sykes 

et al., 2001). Since diarrhea is not a direct effect of an H. contortus infection (Fox, 2014; 

Soulsby, 1965) producers may not recognize the extent of infection until death occurs (Zajac, 

2006). Haemonchus contortus is commonly known as the Barber Pole Worm due to the distinct 

appearance of the adult female. The female adult worms have a red and white striped appearance 

due to the wormôs blood-filled intestines wrapping around the wormôs reproductive tract. The 

prepatent period of H. contortus extends 17 to 21 days (Levine, 1980). Haemonchosis and PGE 

are often seen in young lambs or adults whose immunity has been compromised due to previous 

illness or stress (Zajac, 2006).  

The life cycle of H. contortus begins with adult females found in the abomasum. Adult 

female worms have the capacity to produce 5,000 to 15,000 eggs per day which have the 

potential to exponentially increase the amount of infective larvae found on pastures (Emery et 

al., 2016). Eggs are deposited in the feces and the first-stage larvae (L1) hatch from the eggs in 

the fecal matter. Larvae feed on bacteria and undergo two molting stages. After the second molt, 
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they become third-stage infective larvae (L3). The L3 will reside in water droplets on the forage 

until they are ingested. Once inside the host, larvae go through two more molts (L4 and L5 stage) 

and then develop into mature adults. Haemonchus contortus consumes blood in the abomasum of 

the sheep during the L4, L5, and adult stages. Each individual worm in the abomasum can 

consume up to 30 ɛl of blood per day causing anemia that can be fatal to young, previously ill 

animals, or chronically infected animals (Emery et al., 2016; Zajac, 2006).  

Temperature will cause variation in the length of time for development from the egg to 

the L3 stage. The minimum length of time is 3-4 days (Levine, 1980), so during a hot and humid 

summer, development may progress fairly rapidly. However, in winter, development could take 

months to occur (Herd, 1984). The L3 requires rain or moisture on the forage to migrate 

vertically or laterally (Fleming et al., 2006; Krecek et al., 1995). Typically, the larvae will not 

migrate more than 10 cm away from fecal matter, but they are known to migrate up to 90 cm 

(Skinner and Todd, 1980). Migration can be affected by temperature, soil moisture, and overall 

humidity (Niezen et al., 1998). First (L1) and second-stage (L2) larvae can be killed when 

exposed to ultraviolet light (Stromberg, 1997). Larvae have an outer cuticle that is 

semipermeable. This cuticle is replaced after each molt in the life cycle, except L3. The L3 

utilizes the L2 cuticle as a sheath resulting in two layers. The sheath will protect the larva from 

harsh environmental conditions, but it restricts feeding ability. Therefore, the L3 larva must be 

ingested by a host animal to continue the life cycle. Once metabolic reserves are drained while 

outside of the host, the L3 larva will die (Barger, 1999). 

Sheep producers located in the southeastern U.S. frequently deal with the impacts of 

parasite infections. Anthelmintics have been frequently used to control GIN since the 1960s 

(Zajac, 2006). Due to intensive usage, there is now widespread resistance to many anthelmintics 
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(Fleming et al., 2006; Howell et al., 2008). There are three approved anthelmintic classes: 

benzimidazoles, cholinergic agonists, and macrocyclic lactones each with unique modes of 

action. Benzimidazoles inhibit the parasiteôs microtubule (ɓ-tubulin) development, cholinergic 

agonists are considered paralytics, and macrocyclic lactones diminish chloride channel 

neurotransmission (Bowman, 1999). When a parasite population becomes resistant to a particular 

anthelmintic, it then becomes resistant to the entire class (Zajac, 2006). Globally, anthelmintic 

resistance has been categorized as the single greatest threat to small ruminant production 

(Waller, 1997). Haemonchus contortus has the greatest resistance to anthelmintics and it is the 

most abundant GIN in tropical and subtropical regions (Fleming et al., 2006). Previous solutions 

to parasite burden included regularly dosing flocks with an anthelmintic throughout the grazing 

season (Terrill, 2012). Due to increasing anthelmintic resistance, integrated parasite management 

such as grazing management and genetic selection should be explored to combat parasite 

burdens. 

In a 2008 analysis completed by Howell et al. (2008), 46 sheep and goat farms across 

eight states in the southeastern U.S., St. Croix in the U.S. Virgin Islands, and Puerto Rico were 

studied to determine the prevalence of anthelmintic resistance. Results indicated that H. 

contortus was the most abundant parasite on 96% of farms. Haemonchus contortus was resistant 

to benzimidazole, levamisole, ivermectin and moxidectin on 98%, 54%, 76%, and 24% of farms, 

respectively. On 48% of farms, H. contortus was found to be resistant to all three classes of 

anthelmintics. Resistance to all three classes plus moxidectin was found on 17% of farms 

(Howell et al., 2008). 

Hayward et al. (2014) defines parasite resistance as the sheepôs ability to reduce parasite 

numbers through establishment prevention. This is measured through the collection of FECs 
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which is a method of determining how many strongylid parasite eggs are present in one gram of 

fecal material. Fewer eggs indicate the individualôs ability to expel a parasite infection on their 

own or prevent its establishment. Contrastingly, tolerance is described as maintaining health in 

spite of increasing parasite numbers. Further, resilience is the hostôs ability to recover from 

damages incurred during infection. Traditionally, FAMACHA scoring has been utilized to 

specifically address infection with H. contortus since infection commonly causes anemia. Using 

the FAMACHA method, the ocular mucous membranes of small ruminants are classified on a 

one to five scale ranging from bright red, pink to white with severe anemia cases. This system is 

an effective tool for identifying animals who have a low tolerance to H. contortus since anemia 

is a primary pathologic effect of infection (Kaplan et al., 2004). FAMACHA scoring does not 

predict an individualôs ability to expel an infection, it simply elucidates which animals are 

impacted greater by the infection. Heritability estimates for FAMACHA scores range from 0.2 to 

0.46 (Alvarez et al., 2018; Ngere et al., 2018). Fecal egg count is known to have a heritability of 

0.2 to 0.3 and increasing resistance through selection for lower FEC has been successful (Notter, 

2013). 

Gastrointestinal nematodes, H. contortus specifically, have major health and economic 

impacts on sheep production worldwide. Alternative solutions to mitigate parasites must be 

utilized due to the increase in anthelmintic resistance. Understanding the difference between 

tolerance and resistance is important in managing GIN burdens. Knowing who the resistant 

individuals are allows for selection within the flock. Identifying tolerant animals only allows us 

to determine who is capable of withstanding, but not preventing, parasite infection. Tolerant 

animals may not suffer as severely from a parasite infection, but they are still shedding eggs on 

pastures for more susceptible animals to ingest. 
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1.2.1 Hypobiosis 

Hypobiosis is a period of time where larvae can undergo arrested development. Post-

infection, larvae between the L3 and L4 stage can become dormant and metabolically inactive 

for up to several months when environmental conditions are unfavorable for egg and larvae 

survival (Eysker, 1997; Zajac, 2006). Adult worms are only able to live for a few months inside 

the host. Therefore, H. contortus may enter hypobiosis during the winter months to extend or 

delay its life cycle (Levine, 1980). Environmental signals, that are not fully understood at this 

time, indicate when hypobiosis should begin. During this time, producers see a decrease in 

overall parasite burden since eggs that are shed on pasture at the end of the grazing season will 

develop slowly or not develop at all (Zajac, 2006). Spring cues signal the arrested larvae to 

continue development when favorable environmental conditions exist once again. These cues are 

hypothesized to be related to host immunity suppression that occurs around parturition. Increased 

progesterone levels within the ewe may play a role in increasing larval motility and inhibiting the 

larval molting process (Gutiérrez-Amézquita et al., 2017).  

In the spring months, there is typically an increase in fecal egg counts as parasites leave 

dormancy and continue development to sexual maturity. The rise in adult worm burden and 

increased egg production can exacerbate parasitism in periparturient ewes. Immunity relaxation 

in periparturient ewes causes a rise in FEC. Peak PPR usually occurs approximately 30 days 

post-parturition (Notter et al., 2017). Larger numbers of larvae reach maturity due to the lack of 

expulsion in lactating ewes and greater adult worm populations lead to a greater number of eggs 

being shed on pastures. Therefore, larvae are available in the environment for both the ewes and 

their susceptible lambs to ingest (Gibbs, 1986). 
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1.2.2 Periparturient rise 

Ewes tend to have increased susceptibility to parasites right before, during, and a few 

weeks following lambing (Notter et al., 2017). Periparturient rise (PPR) occurs when new larvae 

or larvae re-emerging from hypobiosis establish in the gastrointestinal tract and there is failure of 

expulsion due to a suppression of the immune system during late gestation and early lactation 

(Connan, 1968). This results in an increase in pasture larval contamination if producers are 

grazing ewes close to lambing (Brunsdon, 1970; Connan, 1976; Lloyd, 1983; OôSullivan and 

Donald, 1970). This impacts both the ewesô (Procter and Gibbs, 1968) and the lambsô health 

since young, growing lambs are more susceptible to parasitism (Kahn et al., 2003). Factors that 

are liable to elevate parasite susceptibility in ewes and lambs include the age of the ewe and litter 

size (Notter et al., 2017). In newborn lambs, parasite resistance depends on their innate immunity 

due to genetics. However, expression of resistance in growing lambs and periparturient ewes 

may be aided by acquired immunity after an initial parasite exposure (Notter et al., 2017). 

Gestating and lactating ewes with larger litters have a greater nutrient demand during these 

periods which decreases their responsiveness to an increase in worm establishment (Bishop and 

Stear, 2001; Courtney et al., 1986; Notter et al., 2018).  

Previous research indicated the optimum treatment for periparturient ewes is to de-worm 

shortly before or at lambing (Notter et al., 2018). Since refugia, which is the proportion of 

parasites that have not been exposed to treatment and therefore contain an anthelmintic 

susceptible population, is low at this time point, the rate of anthelmintic resistance development 

will increase (Leathwick et al., 2006; Van Wyk and Bath, 2001). Fortunately, FEC is moderately 

heritable and direct selection for low FEC in lambs correlates to low FECs in periparturient ewes 
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(Notter et al., 2018). Periparturient rise may be suppressed with supplemental feeding during 

these times of heightened nutrient demands (Notter et al., 2017). 

1.2.3 Immune response 

The speed and type of immune (cellular and humoral) response after consuming infective 

larvae determines that individualôs resistance to GIN infection. Parasite susceptibility stems from 

delayed responsiveness and reduced presence of the various immune signals (Bowdridge et al., 

2013; Rowe et al., 2009). This delayed immune response in parasite susceptible breeds allows 

the parasite time to establish in the abomasum (Bowdridge et al., 2015; Shepherd et al., 2017). 

The immune response can be categorized into either humoral or cellular responses. Antibodies 

associated with GIN infections include the presence of IgE (Gill et al., 2000; Huntley et al., 

2001; Lacroux et al., 2006; Lee et al., 2011; Pettit et al., 2005; Pernthaner et al., 2005a; Pfeffer et 

al., 1996; Prichard et al., 1997; Shaw et al., 1998), IgA (Henderson and Stear, 2006; Lee et al., 

2011; Martinez-Valladares et al., 2005; Pernthaner et al., 2006; Stear et al., 1995a) and IgG (Gill 

et al., 2000; Pernthaner et al., 2006). Granulocytes, lymphocytes, and monocytes are involved in 

cellular responses to infection (Bowdridge et al., 2015; Gill et al., 2000; Henderson and Stear, 

2006; MacKinnon et al., 2015; Pfeffer et al., 1996; Stear et al., 2002). During a T-helper type 2 

(Th2) response (Lacroux et al., 2006), cytokine expression includes IL-4 (Finkelman et al., 2004; 

Gossner et al., 2013; Lacroux et al., 2006; Luttmann et al., 1999), IL-5 (Gill et al., 2000; Gossner 

et al., 2013; Pernthaner et al., 2005b), IL-13 (Finkelman et al., 2004; Gossner et al., 2013; 

Pernthaner et al., 2005b, 2006) and tumor necrosis factor ‌ (Pernthaner et al., 2005b). T-helper 

type 2 (Th2) responses are associated with parasite and allergic reactions. Within the gut lumen, 

these Th2 responses increase mucus production from goblet cells and smooth muscle 

contractility , creating an unfavorable environment for parasite establishment in the 
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gastrointestinal tract (Horsnell et al., 2011; Zhao et al., 2008). This ñweep and sweepò response 

expels worms from the gut, creates a hostile environment, and flushes them outside of the host 

body (Anthony et al., 2007; MacKinnon et al., 2015). 

Bowdridge et al. (2015) compared parasite establishment in wool versus hair sheep. 

Results indicated that wool sheep tend to be less resistant due to diminished and delayed 

multifaceted immunological responsiveness when exposed to infective larvae. After larval 

ingestion, there are increased concentrations of neutrophils present in hair sheep through the first 

seven days of infection compared to wool sheep. Neutrophils eventually respond in wool sheep, 

but this delayed response allows time for larval establishment. When provided a primary 

infection, St. Croix sheep have a slight increase in FEC, but it is much lower than what is 

observed in Suffolk sheep. During a challenge infection (after the individual has previously been 

exposed to parasites), St. Croix sheep have little to no FEC while Suffolk sheep still suffer from 

increased FECs (Jacobs et al., 2015). The ability of the St. Croix to promote an early 

immunological response may be key in preventing adult worm establishment. 

The immune system responds to GIN infection once larvae ingestion is recognized. This 

characteristic response is the specific activation of CD4+ T cells. A significant increase in T cells 

within infected sheep tends to occur between days 3 and 5 post-infection (Balic et al., 2002). Past 

research results indicate that depleting CD4+ T helper cells resulted in higher FEC and increased 

worm burdens in Caribbean hair sheep which suggests that CD4+ T cell activation is necessary 

for immunity against H. contortus (Gill et al., 1993; Jacobs et al., 2015; Peña et al., 2006).  

1.2.4 Genetic selection 

Genetic selection for parasite resistance has immense potential for combating parasite 

burdens, resulting in decreased need for anthelmintics since it creates a permanent genetic 
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change (Bishop, 2012). Between breeds, there is significant variation regarding genetic responses 

to parasite infection (Bishop et al., 1996; Morris et al., 1997; Woolaston and Windon, 2001). 

Many tropical and subtropical breeds like the St. Croix are more resistant to trichostrongyle 

infections compared to temperate breeds like the Dorset or Suffolk (Baker et al., 1999; Gamble 

and Zajac, 1992; Jacobs et al., 2015; Notter et al., 2003; Vanimisetti et al., 2004b). While 

maintained under the same conditions, hair sheep tend to develop resistance to GIN quicker than 

wool sheep (Gamble and Zajac, 1992; Vanimisetti et al., 2004b). In addition to genetic variation 

between breeds, there is also documented evidence of variation within-breeds (Baker et al., 1999; 

Courtney et al., 1985; Notter et al., 2022). Lush (1943) initially described the increased amount 

of genetic variability within breed compared to variation between breeds. Blackburn et al. (2011) 

has reported similar findings. 

Genetic evaluation of parasite resistance utilizing FEC is available through NSIP and the 

Australian LAMBPLAN program (Meat & Livestock Australia (MLA), 2004; Notter, 2013). 

Producers may record FEC at weaning (between 45 and 90 days of age) and again at a post-

weaning time point (between 90 and 304 days of age). These collection points are critical in 

determining variation in innate and acquired resistance in lambs (Notter, 2013). These FEC 

phenotypes are utilized to calculate FEC EBVs. In 2003, NSIP began collecting FEC data to 

create an EBV for parasite resistance. Estimated breeding values are expressed as a percentage 

which reflects an individualôs genetic merit (Notter and Lewis, 2018). The NSIP Searchable 

Database (2023) indicates FEC EBVs for weaning FEC (WFEC, 45-90 days of age) and post-

weaning FEC (PFEC, 90-240 days of age) currently range from -99.7 to 201.43% and -101.18 to 

239.24%, respectively. Individuals with lower FEC EBVs are more parasite resistant. Estimated 

breeding values combine individual performance, pedigree information, progeny data, and 
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correlated traits to measure individual genetic merit which make FEC EBVs the best selection 

tool for parasite resistance. Even with this selection tool, the mechanism underlying within-breed 

variation is not fully understood (Weaver et al., 2022). 

Genetic resistance to parasites is a quantitative trait that is determined by many genes 

rather than just a few major genes. Al Kalaldeh et al. (2019) discovered that genomic regions on 

Ovis aries (OAR) chromosomes 2, 6, 18 and 24 are highly associated with parasite resistance in 

Australian sheep. Within these specific genomic regions, 13 genes were found to have various 

roles in innate and acquired immune responses in addition to cytokine signaling in a cross-bred 

flock with a significant proportion of Merino genes (70%; Al Kalaldeh et al., 2019). These 

results prove that both genetic and immunological responses to parasite infections are complex 

and need to be further explored to elucidate the specific mechanisms involved in GIN resistance. 

1.2.5 Heritabilit y 

Heritability measures the relationship between performance or phenotypic variation and 

genetic variation for a trait within a population. As heritability for a trait increases, genetics 

account for a greater portion of that traitôs phenotype. It is a measure of the degree to which 

offspring resemble their parents in performance for a specific trait. The ability to select for GIN 

resistance is dependent on the heritability of those measures associated with resistance. Fecal egg 

count and packed cell volume (PCV) are generally used as indicators to measure resistance and 

anemia, respectively. Heritability for FEC ranges from approximately 0.18 for WFEC to 0.23 for 

PFEC (Ngere et al., 2018). Heritability is used to calculate breeding values since it represents the 

genetic variation of an observable trait. 

As expected, PCV is generally lower during parasite infections and is correlated with 

higher FEC since it is a measure of anemia. The heritability of PCV for mature ewes is 
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approximately 0.15 (Vanimisetti et al., 2004a), and 0.12 to 0.39 in lambs (Assenza et al., 2014; 

Miller et al., 2006; Vanimisetti et al., 2004a).  

Lighter lambs tend to be heavily impacted by parasite infection. Therefore, lower body 

weights may result in higher FEC. However, higher FEC may also reduce growth which will 

result in lower overall body weight. Fertility and prolificacy were not found to be related to 

parasite resistance. However, yearling ewes tend to be more susceptible to infection compared to 

mature ewes (Vanimisetti et al., 2004a). 

Vanimisetti et al. (2004a) reported lambs with increased genetic merit for growth were 

more susceptible to parasite infection as adults. These ewes tend to produce lambs with higher 

growth potential which is more nutrient demanding during gestation and lactation. Susceptibility 

to infection increases as extra stress is placed on ewes with heavier lambs. 

Even though there is a considerable amount of variation, FEC and PCV have moderate 

heritability which allows producers to select for low FEC, increased PCV and overall increased 

resistance to GIN. Brown and Fogarty (2017) also indicated low genetic correlations between 

FEC and BW. Ngere et al. (2018) indicated lambs with greater potential for growth had lower 

WFEC. Results indicated that a positive phenotypic association between BW and parasite 

resistance may exist. This further supports the hypothesis that smaller lambs are more susceptible 

to parasitism and that increased infection levels inhibit subsequent growth. Therefore, selection 

to reduce FEC can be made without compromising positive effects on BW gain. 

1.2.6 Conclusions 

Gastrointestinal nematode infections will continue to burden sheep populations and 

impacts will only be lessened with continued research and implementation of alternative 

management strategies. Anthelmintic resistance continues to rise, so one solution may be 
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focusing on the genetic mechanisms controlling parasite resistance. Gastrointestinal nematode 

resistance stems from the speed of immune responsiveness and expression of genes within the 

individualôs immune system. More rapid immune responses prevent or limit  parasite 

establishment. Gastrointestinal nematodes are not distributed equally across a flock. In general, 

20-30% of the flock is depositing 70-80% of the parasite eggs in a pasture (ACSRPC, 2023). 

Typically, the highest FECs occur within a small proportion of the flock and the rest of the 

animals will have low to moderate FECs (Sreter et al., 1994; Stear et al., 1995b). Therefore, the 

goal should be to find and eliminate the small portion of the flock that carries most of the GIN. 

Ultimately, the aim for producers is to bring the level of parasitism below the economic 

threshold, which is the maximum adult and/or larval parasites an individual can tolerate before 

experiencing a decrease in production performance (Vercruysse and Claerebout, 2001). 

However, it is almost impossible to determine explicit thresholds for each individual parasite-

host relationship. Therefore, assessments of economic losses must be considered on a flock-to-

flock basis. Integrated parasite management involves reducing the use of anthelmintics by 

incorporating multiple alternative strategies to lessen parasite burden. Programs such as NSIP 

that provide FEC EBVs offer sheep producers an alternative option to prevent GIN infections. 

Genetic selection can be utilized as a tool within integrated parasite management to prevent 

further increases in anthelmintic resistance in worm populations by minimizing treatment 

requirements. Next, nutritional management will be evaluated as an additional parasite 

management strategy. 

1.3 Nutritional and parasitological interactions 

The interactions between nutritional supply and parasitism can be addressed under many 

different circumstances. According to Coop and Holmes (1996), these interactions can be 
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explained by studying the influence of parasites on the animalôs metabolism, how nutrition 

affects parasite populations within the host, and how the sheep withstands infection through an 

immune response. Henceforth, nutritional status can influence parasite resistance and resilience 

(Coop and Kyriazakis, 1999). Controlling GIN populations is difficult since resistance and 

infection levels are influenced by age, breed, genetics, immunological, and nutritional status of 

the host. Due to high genetic variability, even within breeds, susceptibility ranges when animals 

are maintained on similar nutritional planes (Coop and Holmes, 1996). However, past studies 

have shown that sheep provided with a high plane of nutrition are often able to better withstand a 

GIN infection compared to undernourished sheep (Coop and Holmes, 1996; Coop and 

Kyriazakis, 1999; van Houtert and Sykes, 1996). This protein surplus repairs the damaged 

epithelial lining of the abomasum in addition to helping launch an immune response. 

1.3.1 Effect of supplemental nutrition during gestation and lactation 

It is widely accepted that late gestation and lactation are two of the most nutritionally 

demanding periods in an eweôs production cycle. Therefore, it is not uncommon to provide 

supplemental nutrition during these time periods to maintain overall ewe health and productivity . 

Similar to how an eweôs parasite susceptibility increases with twins or triplets, her nutritional 

requirements also increase. In a study completed by Godfrey and Dodson (2003), results 

indicated milk production was higher in ewes provided a pellet supplement in addition to grazing 

pasture compared to ewes solely provided with pasture. Not only did supplementation increase 

ewe performance, but the lambs of these ewes had increased birth weights, weaning weights, and 

average daily gain (ADG) compared to the pasture only group. Gunn et al. (1995) indicated ewe 

lambs whose grazing dams were provided with additional nutritional supplement during lactation 

had an 11% increased lambing rate compared to ewe lambs whose dams were raised on pasture 
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alone. Periparturient rise occurs due to increasing nutritional demands from the fetuses and 

lactation stress. This would explain why these nutrient demanding periods tend to have the 

greatest benefits from nutritional supplementation when managing parasitism (Coop and 

Kyriazakis, 1999).  

Nutritional supplementation increases host resilience; however, its impact may vary 

based on the animalôs developmental stage. The expression of immunity in ewes typically has a 

lower priority than supporting a pregnancy or lactation which drives the idea that late gestation 

and lactating ewes experience a relaxation in immunity during nutritionally demanding periods 

and may experience an increased parasite burden (Knox et al., 2003). Contrastingly, immunity in 

lambs has a higher priority than growth in the face of an infection (Coop and Kyriazakis, 1999). 

1.3.2 Effect of supplemental nutrition during the growth period 

Weaning is one of the most stressful time periods during a lambôs development. Parasites 

take advantage of this, establishing in the lambôs gut when the immune system is most 

vulnerable. Mavrot et al. (2015) reported up to a 15% reduction in growth between infected and 

non-infected lambs. There are benefits to be gained when lambs are provided with a high protein 

diet after weaning since there are proteinaceous cells lost during infection with the sloughing of 

epithelial cell layers (Poppi et al., 1986; Sykes and Coop, 2001). Datta et al. (1999) 

supplemented lambs for nine weeks post-weaning while being housed on pasture and these 

animals had greater gain, wool production, and antibody responses to H. contortus and T. 

colubriformis and lower fecal egg counts. Improving resistance and resilience to infection in 

newly weaned lambs by increasing supplemental feed intake is one potential component of an 

integrated parasite management program (Coop and Kyriazakis, 1999). Oddy and Sainz (2002) 

indicated that if lambs have reached 40% of their mature body weight before growth impairment 
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occurs, then there is little effect on their ability to undergo compensatory gain. Compensatory 

gain is known as ñcatch-upò growth and is the accelerated growth following a period of slow 

development, usually due to an attack on the immune system or undernutrition. This is evidence 

that the immune system is prioritized overgrowth in lambs. However, if impairment due to 

undernutrition or parasite burden occurs before 40% maturity can be attained, lambs may never 

reach the same weight as their properly nourished or uninfected counterparts. Long-term 

improvement in parasite resistance may be influenced by strategic, short-term, early-life 

nutritional supplementation (Datta et al., 1998; Datta et al., 1999).  

In a study completed by Wallace et al. (1995), five-month-old Hampshire lambs were 

given artificial infections of H. contortus larvae for 10 weeks. Initially, the lambs received a dose 

of 100 L3 per kg bodyweight and then a trickle infection of 200 L3 three times a week for the 

entire study. In parallel, Wallace et al. (1996) utilized 30-week-old Scottish Blackface lambs to 

compare breed resistance and resilience during a continuous low-level exposure to H. contortus. 

The Scottish Blackface lambs maintained lower worm burdens and FECs compared to 

Hampshire lambs. However, diet did not influence FEC in Scottish Blackface lambs while a 

reduction in FEC was noticed between diets in Hampshire lambs. The Hampshire group on a 

basal diet (93 g CP per kg DM) showed increased FECs compared to the Hampshire group on 

the supplemental diet (172 g CP per kg DM). However, wide variation between individual lambs 

existed. Results indicated that protein supplementation during parasite infection can reduce 

pathophysiological changes associated with haemonchosis in genetically susceptible lambs. High 

protein diets can help overcome the genetic disadvantages that susceptible lambs face during 

infection. 
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1.3.3 Increased dietary requirements during infection 

Improved nutrition during parasite exposure may decrease GIN establishment. 

Metabolizable protein (MP) supplementation is often utilized since it tends to be lacking in 

growing and gestating sheep when feeding lower quality forage or restrictive feeding (AFRC, 

1993). Gastrointestinal nematode infections typically increase MP requirements to overcome 

damaged host intestinal tissue (Coop and Kyriazakis, 1999). Liu et al. (2003) indicated that an 

additional 17 g/day of MP may be required to compensate for protein loss during infection. 

Bypass protein has shown benefits for young sheep (Crawford, 2020; Steel, 2003) and 

periparturient ewes (Kahn, 2003) by increasing the supply of digestible protein to the intestines. 

Evidence regarding a positive impact of protein supplementation on small ruminant resistance to 

GIN has been illustrated several times by various authors (Bambou et al., 2011; Sykes and Coop, 

2001; Walkden-Brown and Kahn, 2002). Maintaining immunity during a parasite challenge in 

late gestation and lactating ewes may require metabolizable protein supply up to 30% greater 

than conventional requirements (Donaldson et al., 2001).  

Animals usually have a reduced feed intake, or anorexia, (up to 50% reduction during 

subclinical infections) due to the damage the parasites incur to the gut (Sykes and Coop, 1976; 

Sykes and Greer, 2003). The severity of anorexia may be affected by many factors including the 

species of parasite, site of infection, and by breed, age or resistance status of the host. Feed 

intake reductions seem to be the greatest during the immune responseôs acquisition phase (first 

10 weeks of infection; Sykes and Greer, 2003). During infection, there is plasma and 

extracellular fluid leakage along with the sloughing of epithelial cell layers. Since these cells are 

proteinaceous, the animal has to increase protein synthesis in order to replenish and maintain 

tissue function (Poppi et al., 1986; Sykes and Coop, 2001). In addition to reduction in nutrient 
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availability through decreased voluntary feed intake and increased anemia, GIN can reduce the 

efficacy of nutrients absorbed and diet digestibility due to the leakage of proteins into the 

gastrointestinal tract (Dynes et al., 1998; Houdijk, 2012; Kyriazakis et al., 1998). Improving 

dietary protein supply allows for the compensation of these endogenous losses and reduced feed 

intake (Abbott et al., 1986; Datta et al., 1998; Knox and Steel, 1999; van Houtert et al., 1996). 

Increased dietary protein also enables the infected sheep to launch an immunological response 

and reduce parasite establishment (Coop et al., 1995; van Houtert et al., 1996). Maierle et al. 

(2023) found that moderately infected lambs (0 - 1208 eggs/g) did not differ in feeding behavior 

compared to their uninfected counterparts when fed ad libitum utilizing a GrowSafeÊ for five to 

six weeks. Results indicate that greater levels of parasite infection are required to detect an effect 

of parasitism on feeding behavior. Nutrition may have a direct impact on GIN due to the 

modification of the digestive system environment. These modifications influence the parasiteôs 

development. For example, differing pH levels may affect the rate of worm expulsion through 

the creation of an unsuitable environment for both mature and immature parasites (De Rosa et 

al., 2005). Additionally, increased nutrition provides the nutrients required to support an 

effective immune response. The nutritional impact on the immune response depends on the 

amount and quality of energy and protein provided in the diet (Ceï et al., 2018). 

1.3.4 Conclusions 

This evidence demonstrates that the damage caused by GIN can negatively affect growth 

and reproductive productivity. When available nutrients are limited, the following physiological 

functions for ewes are prioritized in descending order: survival and maintenance of body protein, 

reproduction, immune responses, and fat deposition. For a growing lamb, these physiological 

functions are prioritized in descending order: maintenance, immune responses, gain, and fat 
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deposition (Coop and Kyriazakis, 1999; Hoste et al., 2005). Gastrointestinal nematodes can 

disturb the nutritional status of an individual by reducing feed intake, nutrient digestibility, and 

absorption and nutrient metabolism through the increased loss of endogenous protein into the 

gastrointestinal tract (Houdijk, 2012; Kyriazakis et al., 1998). Incorporating bypass protein into a 

diet has proven beneficial by increasing the supply of digestible protein to the intestines 

(Crawford, 2020; Steel, 2003). While much is known about how nutritional supplementation 

interacts with immunological responses and parasite infections, research regarding how to 

optimize nutrient supplementation when combating parasite infections during various production 

stages and with variation in FEC genotypes is still needed. 

1.4 Summary 

Throughout recent years, small ruminant production in the southeast has experienced 

substantial growth despite parasitological challenges due to the introduction of hair sheep and 

their genetic resistance to parasitism. The non-traditional market is rewarding moderate mature 

sizes and associated lighter finishing weights commonly found with Katahdin sheep. This 

market, the Katahdinôs ability to adapt to forage-based production systems with high levels of 

parasite exposure, and their acceptable maternal performance is driving producers in the 

southeast to raise hair sheep. Due to the increase in anthelmintic resistance, producers must 

implement alternative parasite management strategies like genetic selection to minimize GIN 

infections. Large variation exists between and within breeds for parasite resistance. The Katahdin 

breed tends to develop resistance to GIN quicker than wool breeds like the Dorset or Suffolk. 

The use of NSIP to evaluate genetic resistance to parasitism through the FEC EBV is helping 

producers select for parasite resistance. Controlling GIN populations proves to be difficult since 

resistance in the host is influenced by age, breed, genetics, immunological, and nutritional status. 
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Improved nutrition has proven to decrease GIN infection within the host. Adequate bypass 

protein allows the host to overcome damaged intestinal tissue, replenish endogenous losses, 

compensate for reduced feed intake, launch an immunological response, and prevent or slow 

down parasite establishment. Nutritional supplementation combined with genetic resistance may 

provide the best chance for sheep to improve growth and reproductive traits in a southeast, 

forage-based system. 
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CHAPTER 2: Evaluation of supplemental feeding behavior in Katahdin lambs divergently 

selected for fecal egg count estimated breeding value 

 

2.1 Introduction  

Parasite burden from gastrointestinal nematodes (GIN) poses a significant threat to the 

health of small ruminants. From 2014 to 2019, the percentage of non-predator lamb death losses 

caused by internal parasites rose from 9.1% to 15.5% (USDA-APHIS-VS-NAHMS, 2021). As 

anthelmintic resistance increases, sheep producers will no longer be able to rely on these 

traditional methods of GIN control and must explore new parasite management strategies 

(Kaplan, 2004).  

One strategy involves genetic evaluation of parasite resistance utilizing fecal egg count 

(FEC) estimated breeding values (EBV). These FEC EBVs are expressed as a percent change in 

FEC which reflects an individualôs genetic merit for FEC at weaning (WFEC) or post-weaning 

(PFEC) time points (Notter and Lewis, 2018). Lower FEC EBVs indicate greater parasite 

resistance.  

Nutritional status of the lamb can also influence parasite resistance and resilience against 

an infection (Coop and Kyriazakis, 1999). Previous literature has indicated that lambs provided 

with a high plane of nutrition are often able to better withstand a GIN infection compared to 

undernourished lambs (Coop and Holmes, 1996; Coop and Kyriazakis, 1999; van Houtert and 

Sykes, 1996). However, genetic variability within-breed is high (Notter et al., 2022; NSIP, 2023) 

and susceptibility to parasites varies even when animals are maintained on similar nutritional 

planes (Coop and Holmes, 1996). Coop and Kyriazakis (1999) observed a higher priority for 

immunity in lambs compared to growth when presented with a GIN infection, demonstrating that 

lambs susceptible to infection may have depressed feed intake and growth performance.   
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Therefore, the objective of this study was to evaluate the effect of selection for FEC EBV 

on supplemental feeding behaviors and post-weaning growth. Resistant (Low FEC EBV) lambs 

are expected to have different feeding behaviors and increased feed intake compared to 

susceptible (High FEC EBV) lambs. 

2.2 Materials and methods 

2.2.1 Breeding scheme 

All animal procedures were approved by the Institutional Animal Care and Use 

Committee (No. 21-132) of Virginia Tech. Ewes and lambs were managed at the Southwest 

Virginia Agricultural Research and Extension Center (SWAREC; Glade Spring, VA). Breeding 

began mid-October each year [Year 1 (Y1): 2020-2021; Year 2 (Y2): 2021-2022]. Ewes were 

managed as one contemporary group on fescue-based pasture and harvested forages until 

lambing. Ewes in both years ranged from 2 ï 7 years of age.  

In Y1, low FEC EBV (LowFEC) Katahdin ewes (n = 52; Table 2.1) were randomly bred 

to LowFEC Katahdin rams (n = 3; Table 2.1) resulting in the birth of LowFEC Katahdin lambs 

(n = 95). Similarly, high FEC EBV (HighFEC) Katahdin ewes (n = 48; Table 2.1) were 

randomly bred to HighFEC Katahdin rams (n = 3; Table 2.1) resulting in the birth of HighFEC 

lambs (n = 91). At weaning (June 2, average 76 days of age), 91 LowFEC lambs and 84 

HighFEC lambs remained. 

In Y2, LowFEC Katahdin ewes (n = 40; Table 2.1) were randomly bred to LowFEC 

Katahdin rams (n = 3; Table 2.1) resulting in the birth of LowFEC lambs (n = 87). Similarly, 

HighFEC Katahdin ewes (n = 50; Table 2.1) were randomly bred to HighFEC Katahdin rams (n 

= 3; Table 2.1) resulting in the birth of HighFEC lambs (n = 97). For genetic connectedness 
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between years, one LowFEC sire and two HighFEC sires from Y1 were utilized in Y2. At 

weaning (June 22, average 92 days of age), 74 LowFEC lambs and 80 HighFEC lambs remained. 

2.2.2 Management 

In Y1, lambing began on March 6 and lasted 26 d. The average lambing date was March 

19. In Y2, lambing began on March 14 and lasted 21 d with an average lambing date of March 

23. Ewes lambed on pasture and pairs were jugged for 24-48 hours post-parturition. Upon 

removal from the jug, pairs returned to fescue-based pasture until weaning. At weaning in Y1, all 

lambs were treated with levamisole (8 mg/kg; Figure 2.1). At weaning in Y2, lambs with 

FAMACHA scores Ó 3 were selectively treated with levamisole (8 mg/kg; Figure 2.1). Starting 

at weaning and then biweekly for the remainder of the trial, body weight, average daily gain 

(ADG), FEC, packed cell volume (PCV) and FAMACHA score were recorded. Fecal egg counts 

were performed utilizing the Modified McMasters method (Whitlock, 1948). Samples were 

utilized between 0.6 and 2 g. Any sample below 2 g was adjusted for weight differences. Each 

egg counted within a sample was equivalent to 50 eggs per gram. Corid® treatments for 

coccidiosis were administered as necessary on a flock-wide basis in both years. 

2.2.3 Acclimation of lambs to feeding system on pasture 

At weaning in Y1, all lambs were moved to ungrazed fescue-based pasture and managed 

as one contemporary group for 36 days to assess training behavior with the C-Lock, Inc. Super 

SmartFeeder (SSFeeder). Forage analysis was not completed during the SSFeeder validation 

trial. The SSFeeder can be calibrated for limit feeding or ad libitum supplementation utilizing 

electronic identification (EID) technology to measure individual daily feed intake and frequency 

of SSFeeder visits. Lambs averaged 45 lb at weaning requiring 16-18% CP and 76% TDN on a 

DM basis to maintain an ADG of 0.5 lb or greater (NRC, 2007). For 12 days post-weaning, 
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lambs were supplemented a corn and soyhull based concentrate pellet (16% CP, 76% TDN; 

Table 2.2) at 0.45 kg/hd/d in standard trough feeders. On June 14, lambs were introduced to the 

SSFeeder and supplemented 0.23 kg/hd/d with the same concentrate pellet using the SSFeeder. 

Lambs were supplemented at different rates in the standard trough feeders and the SSFeeder to 

ensure all lambs were provided equal opportunity to feed while also creating a true limit feeding 

scenario with the SSFeeder. To aid in the transition of lambs to the SSFeeder system, additional 

feed was provided in standard trough feeders. This started at 0.45 kg/hd/d and decreased to 0.15 

kg/hd/d until standard trough feeders were removed on June 24 and lambs were supplemented 

solely from the SSFeeder system. In addition to bi-weekly sampling, an intermediate 

FAMACHA score was taken June 29 as lambs had signs of haemonchosis. Lambs with 

FAMACHA Ó 3 were treated with moxidectin (0.2 mg/kg). On July 7, all lambs were treated 

with levamisole (8 mg/kg; Figure 2.1). Seventy-three lambs were removed one month into the 

study due to low feeding activity or health concerns. The number of lambs per genotype assigned 

to the SSFeeder remained equal. The remaining lambs were moved to a dry-lot with the 

SSFeeder to reduce parasite burden. The SSFeeder was recalibrated to ad libitum 

supplementation and lambs were provided with harvested forage ad libitum. An analysis of the 

harvested forage was not conducted.  

2.2.4 Evaluation of supplemental feeding behavior in a dry-lot environment 

On August 4 (day 1), the acclimation period concluded. At this time, a subset of LowFEC 

and HighFEC lambs were randomly assigned to the dry-lot feeding trial (LowFEC: n = 27; 

HighFEC: n = 24). These dry-lot housed lambs continued to receive ad libitum supplementation 

via the SSFeeder until trial conclusion on October 5 (day 63). Hay was also provided ad libitum.  
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At weaning in Y2, a subset of LowFEC and HighFEC lambs were randomly assigned to 

the dry-lot feeding trial (LowFEC: n = 37; HighFEC: n = 40). All lambs were supplemented at 

2% body weight with the same concentrate pellet as Y1 in standard trough feeders. On July 11, 

the SSFeeder was introduced and supplemented ad libitum. To transition lambs to the SSFeeder, 

lambs continued to receive 2% body weight in standard trough feeders until July 25 (day 1; 

Figure 2.1). The group was provided harvested forage ad libitum. Lambs remained on the dry-lot 

feeding trial until August 31 (day 37). At this point, ewe and ram lambs were separated and were 

combined within their respective sexes. Lambs remained in these groups until October 4 (day 

71). Post-weaning, traits (body weight, ADG, FEC, PCV, and FAMACHA) were recorded 

biweekly until August 31 and then on October 4 at the conclusion of the trial. 

2.2.5 Statistical analysis 

Statistical analyses were performed utilizing SAS (SAS Institute, Cary, NC). All 

statistical analyses were performed within-year due to time differences in sampling points 

between years. All feeding data were analyzed utilizing Proc GENMOD. Significance was 

determined at P < 0.05. A repeated-measures analysis using Proc MIXED was utilized to analyze 

effects of genotype, sex, and time (the repeated factor) and their interactions on feeding behavior 

(feed intake and frequency of SSFeeder visits), ADG, and supplemental feed:gain (S:G). 

Supplemental feed:gain was calculated by dividing total supplemental feed intake over a specific 

time period by weight gained over that same period. Since there was severe weight loss in Y1 at 

the end of the trial due to parasitism, S:G was not calculated for the time period of September 29 

- October 4 and was omitted from overall S:G calculations. A similar analysis using Proc 

MIXED was utilized to analyze effects of genotype, sex, and time (the repeated factor) and their 

interactions on ADG, FEC and FAMACHA data during the Y1 SSFeeder acclimation period. In 
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both years, a first-degree autoregressive covariance structure was utilized. FEC were transformed 

as lnFEC = ln(FEC+25) to improve the normality of the FEC distribution. Correlations between 

starting FEC on the first day of the trial (StFEC), ending FEC on the last day of the trial 

(EndFEC), average FEC (AvgFEC), and change in FEC from start to end (DiffFEC) and feeding 

behavior, ADG, and S:G were analyzed using Proc CORR. 

2.3 Results and discussion 

2.3.1 Evaluation of C-Lock, Inc Super SmartFeeder (SSFeeder) for lamb supplementation 

on pasture 

 

During the first week after the SSFeeder was introduced (June 14-21), the greatest 

percentage of lambs visited the SSFeeder between 6 AM and 12 PM compared to other time 

periods (47%; P < 0.05). During the last two sampling periods (June 22-29 and June 30-July 7), 

the greatest percentage of lambs visited the SSFeeder between 12 AM and 6 AM (65% and 63%, 

respectively; P < 0.05; Figure 2.2). There was a greater proportion of lambs that visited the 

SSFeeder at least once on 17 or more days compared to 16 or less days out of 24 total days 

during the acclimation trial (59 vs. 41%; P < 0.05; Figure 2.3). The percentage of lambs visiting 

the SSFeeder daily varied between 30-80% from June 14-19. After being exposed to the 

SSFeeder for six days, the percentage of lambs visiting the SSFeeder daily only varied between 

64-78% (Figure 2.4). 

During the Y1 SSFeeder acclimation period, There was an interaction between genotype 

and time (P < 0.05) on ADG. Time (P < 0.01) influenced ADG, however no differences existed 

for genotype (Figure 2.5C) or sex (Figure 2.6C). There tended to be an interaction between 

genotype and sex (P = 0.069) on FEC. Time influenced FEC (P < 0.01), however no differences 

existed for genotype (Figure 2.5A; Figure 2.5B) and sex (Figure 2.6A; Figure 2.6B). There 



 

48 

 

tended to be an interaction between genotype and time (P = 0.093) on FAMACHA scores. Time 

influenced FAMACHA scores (P < 0.01), however no differences existed for genotype and sex. 

Small ruminants tend to graze in the cooler early morning and late evening hours. This 

supports the observation that most lambs in this study preferred to visit the SSFeeder in the early 

morning hours (between 12 AM and 6 AM) before temperatures climbed. When the lambs were 

first introduced to the SSFeeder, the greatest number of visits were made between 6 AM to 12 

PM until they acclimated to ad libitum feed access. This may be attributed to lambs knowing that 

feed was usually hand delivered at this time. In previous beef cattle studies utilizing the 

GrowSafeÊ system for various supplementation trials, the reported acclimation period to the 

feeder is 7 to 10 days (Cockwill et al., 2000; Garossino et al., 2003). Sheep supplementation 

studies have shown that the acclimation period varies from less than 7 days (Burritt and 

Provenza, 1989; Thorhallsdottir et al., 1987) to approximately 13 days (Chapple and Lynch, 

1986; Chapple et al., 1987). These findings are consistent with the 6-day acclimation period to 

the SSFeeder observed in this trial. Lambs were considered acclimated when at least 65-70% of 

lambs were consistently eating from the SSFeeder daily. Therefore, maximum capacity of the 

SSFeeder should not exceed 120-125 lambs. Some studies may attribute this need for an 

acclimation period to neophobia of new feed and mechanism of feed delivery (Launchbaugh, 

1995; Squibb et al., 1990). Results indicate not all lambs consumed the provided 0.23 kg/hd/d 

which may be attributed to neophobia. The cautious visitation upon introduction to the SSFeeder 

mirrors previous feedlot studies showing the innate behavior displayed when new feedlot diets or 

troughs are introduced (Cole et al., 1982; Hicks et al., 1990; Zinn et al., 1988). 

During the acclimation period, there were not many differences between genotype and 

sex due to the short time period. Previous literature indicates that ram lambs should have 
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increased weight gain compared to ewe lambs (Hanrahan, 1999; Latif and Owen, 1979). Due to 

variation within genotype, there were no differences between genotypes. 

2.3.2 Daily feeding behavior in a dry-lot setting 

Following the acclimation period, lambs were fed for 60 days using the SSFeeder in a 

dry-lot environment. In Y1, there were interactions of genotype and time (P < 0.01; Figure 

2.7B), sex and time (P < 0.01; Figure 2.8B), and genotype and sex (P < 0.01; Table 2.3) on the 

number of daily visits to the SSFeeder. Time (P < 0.01) and sex (P < 0.01; Figure 2.8B; Figure 

2.8D) affected the number of daily visits to the SSFeeder. Ewe lambs visited the SSFeeder more 

frequently throughout the sampling period compared to ram lambs (P < 0.01). There were no 

differences that existed for genotype (Figure 2.7B; Figure 2.7D). LowFEC ram lambs visited the 

SSFeeder more frequently than HighFEC rams (P < 0.01) and LowFEC ewe lambs (P < 0.01). 

HighFEC ram lambs visited less frequently compared to HighFEC ewe lambs (P < 0.01) and 

LowFEC ewe lambs (P < 0.01). No correlations existed between daily SSFeeder visits and FEC 

for either genotype. 

In Y2, time influenced the number of daily visits to the SSFeeder (P < 0.01). 

Additionally, sex had an effect on number of daily SSFeeder visits (P < 0.01; Figure 2.10B; 

Figure 2.10D). Ram lambs visited the SSFeeder more frequently than ewe lambs throughout the 

study period (P < 0.01). No differences existed for genotype (Figure 2.9B; Figure 2.9D). There 

were correlations of -0.599, -0.481 and -0.449 for LowFEC lambs between daily SSFeeder visits 

and StFEC (P < 0.01), DiffFEC (P = 0.01) and AvgFEC (P < 0.01), respectively. There was a 

correlation of -0.533 for HighFEC lambs between daily SSFeeder visits and StFEC (P < 0.01; 

Table 2.4).  
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In Y1, there tended to be an interaction between genotype and time (P = 0.09) on daily 

feed intake. Time (P < 0.01) affected and genotype (P = 0.06; Figure 2.7A; Figure 2.7C) tended 

to affect daily feed intake. As FECs increased, intake typically decreased (Figure 2.7A). There 

were interactions of time and sex (Figure 2.8A) and genotype and sex (P < 0.01; Table 2.3). 

However, there were no differences that existed for sex (Figure 2.8A; Figure 2.8C). LowFEC 

ram lambs had greater intake compared to HighFEC ewe lambs (P < 0.05), HighFEC rams (P < 

0.01), and LowFEC ewe lambs (P < 0.01). HighFEC ewe lambs had greater intake than 

HighFEC ram lambs (P < 0.01). LowFEC ewe lambs had greater feed intake than HighFEC ram 

lambs (P < 0.01). For LowFEC lambs, there were significant correlations of -0.508 and -0.560 

between daily feed intake and StFEC (P < 0.01) and AvgFEC (P < 0.01), respectively. There 

tended to be a correlation of -0.512 for LowFEC lambs between daily feed intake and DiffFEC 

(P = 0.061; Table 2.4). No correlations existed between feed intake and FEC for HighFEC 

lambs. 

In Y2, time (P < 0.01) and sex (P < 0.01; Figure 2.10A; Figure 2.10C) influenced daily 

feed intake. Ram lambs had greater intake throughout the trial compared to ewe lambs (P < 

0.01). No differences existed for genotype (Figure 2.9A; Figure 2.9C). As FECs increased, 

intake typically decreased (Figure 2.9A). There were correlations of ï0.557, -0.397 and -0.439 

for LowFEC lambs between daily feed intake and StFEC (P < 0.01), DiffFEC (P < 0.05) and 

AvgFEC (P < 0.05), respectively. There was a correlation of -0.701 for HighFEC lambs between 

daily feed intake and StFEC (P < 0.01; Table 2.4).  

During subclinical parasite infections, sheep tend to have a reduced feed intake (up to 

50% reduction) due to damage incurred within the gut (Sykes and Coop, 1976; Sykes and Greer, 

2003). In this study, HighFEC lambs had increased FECs compared to LowFEC lambs even 
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when all lambs were dewormed at weaning and were housed on a dry-lot post-weaning. 

Anthelmintic resistance may have attributed to persisting FECs after deworming. Current data 

aligns with previous data in which increased parasitism leads to decreased feed intake. 

Throughout both years, LowFEC lambs had numerically higher daily feed intakes compared to 

HighFEC lambs during the study period. Actual FEC throughout the trial may have impacted 

daily feed intake. As FECs rose, feed intake typically decreased. As expected, the number of 

daily SSFeeder visits in both years follow a similar trend to daily feed intake. HighFEC lambs 

visited the SSFeeder less frequently per day than LowFEC lambs which ultimately led to 

decreased feed intakes. The observed correlations over both years in LowFEC lambs between 

daily feed intake and StFEC, AvgFEC, DiffFEC (Y2 only) demonstrates that increased FECs 

may be associated with decreased feed intake. In Y2, there is a stronger correlation between 

StFEC and daily feed intake in HighFEC lambs. Results indicate lambs who had increased FEC, 

whether that was StFEC, AvgFEC or DiffFEC, had decreased feed intakes. It is noteworthy that 

Y2 HighFEC lambs had depressed feed intake when they began the trial with an increased FEC. 

HighFEC lambs with StFEC > 1000 epg had an average daily intake of 2.37 kg while lambs with 

StFEC < 300 epg had an average daily intake of 3.19 kg. This decrease in intake may be 

attributed to the HighFEC lambs never being able to overcome their persistent infection 

established while housed on pasture pre-weaning. Selection for High FEC EBV may compound 

parasite burdens resulting in decreased feed intake. 

In Y2, ram lambs had greater feed intake compared to ewe lambs as expected (Lewis and 

Emmans, 2013). In Y1, ewes frequented the SSFeeder more often on a daily basis than ram 

lambs. However, it would be expected that males would have increased intakes and more 

frequent SSFeeder visits due to increased growth rates and greater nutrient requirements. In Y2, 



 

52 

 

rams visited the SSFeeder more often than ewe lambs which would be expected since they 

typically have increased feed intakes. Maierle et al. (2023) stated that ram lambs visited a 

GrowSafeÊ feeding system for a longer duration each visit, leading to less frequent visits to the 

feeder overall. These results may explain why ewe lambs frequented the SSFeeder more often in 

Y1. Previous research measuring feeding behavior in group-housed ram lambs observed an 

average of 16.6 daily feeder visits (Cammack et al., 2005) which differs from the higher 

visitation numbers observed in the current study. However, the group-housed trial only allowed 

one lamb to feed at a time compared to the current trial that allowed up to four lambs to feed at 

once (one in each of the four SSFeeder bunks). This limited feeder access may have decreased 

the amount of voluntary feeder visits in the previous study. Correlations in Y2 between daily 

SSFeeder visits and various FEC metrics follow the same pattern as Y2 daily feed intake. 

2.3.3 ADG and S:G ratio 

In Y1, there was an interaction of sex and time (P < 0.05) on ADG. Time (P < 0.01) and 

sex affected ADG (P < 0.05; Figure 2.8E). Ram lambs had increased ADG compared to ewe 

lambs (P < 0.05). No differences in genotype (Figure 2.7E) existed. There was an interaction of 

sex and time (P < 0.01) on S:G and time tended to affect S:G (P = 0.07). Ewe lambs had 

significantly lower S:G until August 18 (P < 0.01), but from September 3 to September 14, their 

S:G tended to be higher (P = 0.09). Ewe lambs tended to have increased S:G compared to ram 

lambs (P = 0.069; Figure 2.8F). No differences in genotype (Figure 2.7F) existed. There tended 

to be a correlation of 0.388 for HighFEC lambs between AvgFEC and S:G (P = 0.061; Table 

2.4). No correlations existed between growth metrics and FEC for LowFEC lambs. 

In Y2, time affected the ADG of lambs over each sampling period (P = 0.01) and S:G (P 

= 0.01). There were no existing differences in ADG for genotype (Figure 2.9E) or sex (Figure 
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2.10E). No differences in S:G existed for genotype (Figure 2.9F) or sex (Figure 2.10F). There 

was a correlation of -0.540 for LowFEC lambs between StFEC and ADG (P < 0.01). There were 

correlations of -0.703, -0.326, and -0.443 for HighFEC lambs between ADG and StFEC (P < 

0.01), EndFEC (P = 0.056), and AvgFEC (P < 0.01), respectively. Additionally, there were 

correlations of -0.553 for LowFEC lambs between StFEC and S:G (P < 0.01) and 0.326 and 

0.371 for HighFEC lambs between S:G and EndFEC (P = 0.056) and AvgFEC (P < 0.05), 

respectively (Table 2.4).  

Previous work indicates that lambs supplemented post-weaning, gain increases and FECs 

decrease (Datta et al., 1999). In studies completed by Wallace et al. (1995; 1996), results indicate 

that protein supplementation during a continuous low-level exposure to H. contortus can reduce 

haemonchosis impacts in both genetically susceptible and resistant lambs. This may partially 

explain why ADG between genotype groups remained similar across both years. With increased 

supplementation, HighFEC lambs were provided the ability to maintain growth like their 

LowFEC counterparts while overcoming a genetic disadvantage in parasite susceptibility. On 

average, the total quantity of protein consumed from the concentrate was 0.48 lb CP compared to 

CP requirements of 0.40 lb CP for an average lamb weight of 64 lb with an ADG of at least 0.5 

lb. Ram lambs usually grow faster than ewe lambs for the first 2-3 months post-weaning 

(Hanrahan, 1999; Latif and Owen, 1979). Results from Y1 support the claim that ram lambs have 

increased ADG compared to ewe lambs. However, ADG between sexes did not differ in Y2. 

Negative correlations for Y2 HighFEC lambs between ADG and FEC metrics existed, alluding 

to a possible relationship between increased parasite burden and suppressed weight gain. There 

are negative correlations observed in Y2 LowFEC lambs between StFEC, feeding behaviors, and 

growth performance. This creates the appearance that as FECs increase, feed efficiency also 
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increases. However, parasite infection decreased over time which may have attributed to this 

correlation. During this minimal infection, intake decreased, but gain remained similar which 

leads to the appearance of increased efficiency. StFEC seems to be the best metric compared to 

EndFEC, DiffFEC, and AvgFEC to detect any feeding behavior or growth relationships in future 

studies. However, greater levels of parasite infection are required to accurately detect any 

relationships between StFEC and feed efficiency. 

Feed efficiency values for young (prior to 120 days of age), spring-born lambs may 

convert Ò 2 pounds of feed per pound of gain while older, winter-born lambs approaching market 

weight may convert Ó 3.5-4 pounds of feed per pound of gain (Umberger, 2009). These are 

estimations for total feed intake while the present study is measuring supplemental feed intake. 

In Y2, both LowFEC and HighFEC lambs converted 3.5-4 pounds of supplement per pound of 

gain. Overall S:G was much higher in Y1. While lambs were consuming similar intakes, Y1 

lambs had decreased growth which likely attributed to increased S:G. Maierle et al. (2022) 

observed greater feed to gain ratios in HighFEC lambs compared to LowFEC lambs when 

provided a complete pellet (16% CP) ad libitum via GrowSafeÊ feeders. Despite increased S:G 

in Y1 LowFEC lambs, S:G was similar in Y2 between genotype groups. Ewe lambs also tended 

to have increased S:G in Y1 and were numerically higher in Y2. Intake of harvested forage, 

which was provided ad libitum to all lambs, was not collected in the present study. The amount 

of harvested forage consumed may have impacted the amount of supplemental feed intake via 

the SSFeeder, total nutrient consumption, and consequently impacted S:G. Positive correlations 

across both years in HighFEC lambs between S:G and AvgFEC and EndFEC (Y2 only) suggest 

that an increased parasite burden leads to increased supplemental feed required per pound of gain 
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in lambs susceptible to parasitism. This is likely attributed to nutrients being utilized for survival 

prior to weight gain, replenishing blood loss, and launching an immune response. 

2.4 Conclusions and Implications 

When acclimating to a new SSFeeder, lambs typically visit the SSFeeder in the morning 

when the temperature is still cool, and their feeding behavior becomes more consistent after 6 

days of SSFeeder exposure. However, 100% of the lambs never visited the SSFeeder suggesting 

that the maximum capacity is 120-125 lambs. LowFEC lambs have increased feed intake and 

visited the SSFeeder more frequently than their HighFEC counterparts when housed on a dry-lot 

60 days post-weaning. Average daily gain did not differ between genotype groups indicating that 

ad libitum supplemental nutrition allowed HighFEC lambs with greater FEC to overcome greater 

infection level and have similar weight gains to the LowFEC group. Even after deworming and 

housing lambs on a dry-lot, FECs persisted in both genotypes. Results from Y1 indicate 

LowFEC lambs had an increased S:G. However, genotype groups had similar S:G in Y2.  

If feed efficiency is independent of FEC genotype, potential exists to improve feed 

efficiency for both LowFEC and HighFEC lambs by selecting for reduced residual feed intake 

(RFI). Residual feed intake is the difference between an individualôs actual intake and their 

expected intake for their body weight and stage of production (Koch et al., 1963). Individuals 

with lower RFI are more efficient. Residual feed intake is not typically correlated with live 

weight gain. Therefore, selecting for low RFI values provides the opportunity to improve 

efficiency in animals that consume less while not compromising growth performance (Arthur et 

al., 2001; Herd et al., 2004).  

While growth remained unaffected by genotype, feed intake as it relates to parasite 

resistance could become more critical to weight gain in forage-based systems. Decreased intake 
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during parasite infection may compound effects of parasitism. Therefore, actual infection level 

may have a significant impact on feed intake in addition to genotype. Within-breed variability in 

feed efficiency, growth, and parasite resistance magnifies the importance of individual sire 

selection when predicting lamb performance.  
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Tables and Figures 

Table 2.1 Dam and sire summary for Year 1 and Year 2 matingôs with estimated breeding values (EBV). 

 Year 1 Year 2 

 WWT 

(kg)4 

PWWT 

(kg)4 

WFEC 

(%) 

PFEC 

(%) 

MWWT 

(kg)4 

NLB 

(%)4 

NLW 

(%)4 

WWT 

(kg)4 

PWWT 

(kg)4 

WFEC 

(%) 

PFEC 

(%) 

MWWT 

(kg)4 

NLB 

(%)4 

NLW 

(%)4 

Dam GT1               

LowFEC2 

Average 

0.83 0.61 -32.1 -49.6 0.36 0.04 0.05 1.26 1.57 -38.9 -59.6 0.27 0.06 0.07 

HighFEC3 

Average 

1.08 0.60 21.0 32.2 0.46 0.08 0.08 1.16 1.79 19.0 41.6 0.50 0.09 0.09 

Sire GT1               

LowFEC2 

Average 

1.70 1.83 -48.8 -74.0 -0.02 0.01 0.07 2.36 3.35 -58.0 -66.9 0.57 0.09 0.07 

HighFEC3 

Average 

1.20 2.15 89.9 223.6 0.84 0.14 0.15 1.49 2.42 81.2 236.3 0.88 0.11 0.13 

1Dam and sire genotype (GT) was selected based on low or high fecal egg count (FEC) EBV.  
2LowFEC dams and sires had extremely low FEC EBV (parasite resistant). 
3HighFEC dams and sires had extremely high FEC EBV (parasite susceptible). 
4Growth (WWT and PWWT) and maternal (MWWT, NLB, and NLW) traits were selected to be similar between FEC genotypes.  
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Table 2.2 Nutritive value of the concentrate pellet. 

Nutrient Name Dry Matter (%) 

Dry Matter 89.43 

Protein 16.48 

Fat 3.95 

Fiber 17.05 

TDN 76.27 

Starch 26.45 

Calcium 1.03 

Phosphorus 0.56 

 

 

 

 

 

 

Table 2.3 Least-squares means of genotype*sex for intake1 and frequency of visits2. 

 Year 13 Year 23 

 Intake (kg) Visits (per day) Intake (kg) Visits (per day) 

LowFEC     

Rams 1.689b 44.757b 1.483a 29.05c 

Ewes 1.499a 41.683a 1.401c 25.529a,b 

Average 1.594*  43.220 1.442 27.290 

SEM4 0.059 2.643 0.139 3.203 

HighFEC     

Rams 1.259c 31.441c 1.133a,c 21.223a,c 

Ewes 1.526a 42.237a,b 1.038b,c 17.429b 

Average 1.393*  36.839 1.085 19.326 

SEM4 0.059 2.655 0.138 3.195 

P-Value5     

Genotype 0.065 0.158 0.139 0.151 

Sex 0.129 < 0.0001 0.002 < 0.0001 

Genotype*Sex < 0.0001 < 0.0001 0.830 0.811 

a,b,cMeans within a column with different superscripts differ (P < 0.05). 
*Means within a column with an asterisk tend to differ (P < 0.10).  
1Effects of genotype*sex across daily feed intake. 
2Effects of genotype*sex across frequency of daily SSFeeder visits. 
3Year represents lambôs date of birth, Year 1 (2021) or Year 2 (2022). 
4Average standard error of least square means. 
5Test of genotype*sex effects on feed intake and frequency of visits within year.
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Table 2.4 Correlations between StFEC1, EndFEC2, DiffFEC3, and AvgFEC4 and feeding behavior5 and growth6. 

  Year 17 Year 27 

  

StFEC 

(eggs/g) 

EndFEC 

(eggs/g) 

DiffFEC 

(eggs/g) 

AvgFEC 

(eggs/g) 

StFEC 

(eggs/g) 

EndFEC 

(eggs/g) 

DiffFEC 

(eggs/g) 

AvgFEC 

(eggs/g) 

LowFEC          

Intake (kg) -0.508 -0.151 -0.512 -0.560 -0.557 -0.090 -0.397 -0.439 

Visits (per day) -0.272 0.004 -0.366 -0.292 -0.599 -0.058 -0.481 -0.449 

ADG (kg) -0.219 -0.059 -0.047 -0.309 -0.540 0.154 -0.124 0.026 

S:G (kg feed:kg gain) 0.038 -0.005 0.043 -0.065 -0.553 -0.087 -0.139 -0.239 

HighFEC          

Intake (kg) -0.259 0.288 0.035 0.051 -0.701 -0.216 0.168 -0.058 

Visits (per day) -0.115 0.236 0.197 -0.137 -0.533 -0.185 0.258 0.038 

ADG (kg) 0.144 -0.135 -0.358 -0.343 -0.703 -0.326 -0.091 -0.443 

S:G (kg feed:kg gain) -0.188 0.229 0.442 0.388 -0.278 0.326 0.255 0.371 

 
         

P-Value LowFEC          

Intake (kg) 0.007 0.472 0.061 0.002 0.001 0.643 0.036 0.012 

Visits (per day) 0.170 0.985 0.198 0.139 0.0004 0.765 0.010 0.009 

ADG (kg) 0.272 0.778 0.874 0.117 0.002 0.427 0.528 0.886 

S:G (kg feed:kg gain) 0.850 0.980 0.885 0.747 0.0013 0.652 0.480 0.181 

P-Value HighFEC           

Intake (kg) 0.244 0.182 0.909 0.813 < 0.0001 0.213 0.351 0.729 

Visits (per day) 0.611 0.279 0.519 0.524 0.001 0.288 0.147 0.822 

ADG (kg) 0.523 0.540 0.230 0.101 < 0.0001 0.056 0.615 0.005 

S:G (kg feed:kg gain) 0.401 0.293 0.131 0.061 0.106 0.056 0.152 0.022 
1Starting fecal egg count (StFEC) was collected on the first day of each trial.    
2Ending FEC (EndFEC) was collected on the last day of each trial.     
3DiffFEC is the difference of StFEC and EndFEC.       
4Average FEC (AvgFEC) is the average of all FECs across the trial.     
5Feeding behavior traits included daily feed intake and frequency of daily feeder visits.   
6Growth traits included average daily gain (ADG) and supplemental feed:gain (S:G).    
7Year represents lambôs date of birth, Year 1 (2021) or Year 2 (2022).     
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Figure 2.1 Timeline.  

In Year 1, lambs were weaned on June 2 and were provided standard trough feeders (STF). Lambs were introduced to the Super 

SmartFeeder (SSFeeder) on June 14. Lambs received supplementation via STF in addition to the SSFeeder until June 24. 

Supplementation provided via STF was reduced gradually from June 2 to June 24.  All lambs were dewormed with levamisole (8 

mg/kg) at weaning and again on July 7 due to health concerns. Ad libitum supplementation via the SSFeeder began on July 7 when all 

lambs were moved to a dry-lot with the SSFeeder. Lambs with FAMACHA Ó 3 were selectively dewormed with moxidectin (0.2 

mg/kg) on June 29 and with levamisole on August 4. The feeding trial began on August 4 and concluded on October 5. Ram lambs 

were marketed on October 5. In Year 2, lambs were weaned on June 22 and were selectively dewormed (FAMACHA > 3) with 

levamisole (8 mg/kg) from weaning through August 4. Lambs were fed 2% body weight via STF beginning at weaning. The SSFeeder 

was introduced on July 11 with ad libitum supplementation. STF remained available until July 25 to ensure adequate transition. The 

feeding trial began on July 25 and concluded on August 31. On August 31, ewe and ram lambs were separated and groups were 

combined within their respective sexes. Ram lambs were marketed on October 4. *Weights, fecal egg counts (FEC), blood for packed 

cell volume (PCV), and FAMACHA scores were collected every 2 weeks. 

 



 

61 

 

 
 

Figure 2.2 Proportion of lamb SSFeeder visits over a 24-hour period1 during the 24-day trial 2. 
1Each 24-hour period was split into 6-hour periods. Percentage of SSFeeder visits during each 6-hour time frame was  

determined (P < 0.05). 
2The 24-day trial was split into three 8-day sampling periods to compare when the majority of SSFeeder visits were 

occurring over time (P < 0.05). 
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Figure 2.3 Proportion of lambs visiting the SSFeeder at least once daily1 for 0-82, 9-16, 17-23 days during 

the 24-day acclimation period. 
 1Percentage of lambs visiting the SSFeeder at least once daily for a specific number of days out of the total 24 days. 
2Approximately 13% of lambs visited the SSFeeder at least once daily for 5 or less days and only 1% of lambs never 

visited the SSFeeder. 
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Figure 2.4 Percentage of lambs visiting the SSFeeder daily during the Y1 acclimation period.  

The percentage of lambs visiting the Super SmartFeeder (SSFeeder) per day is variable from June 14th ï 19th. However, after being 

exposed to the SSFeeder for 6 days, the percentage of lambs visiting the SSFeeder daily became more consistent indicating sufficient 

acclimation for those lambs that learned how to use the SSFeeder. 
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Figure 2.5 Parasite resistance and growth performance by FEC genotype in Year 1  

SSFeeder acclimation period. 

Lambs divergently selected for fecal egg count estimated breeding value (FEC EBV) were 

weighed and fecals collected every two weeks during the SSFeeder acclimation period to  

compare between Low FEC selected lambs (LowFEC) and High FEC selected lambs (HighFEC). 

(A; B) Fecal egg count (FEC) by genotype (GT). *All lambs were dewormed on July 7. (C) 

Average daily gain (ADG) by genotype.  
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Figure 2.6 Parasite resistance and growth performance by sex in Year 1 SSFeeder  

acclimation period. 

Ewe and ram lambs were weighed and fecals collected every two weeks during the SSFeeder 

acclimation period to compare between sexes. (A; B) Fecal egg count (FEC) by sex (S). *All  

lambs were dewormed on July 7. (C) Average daily gain (ADG) by sex.  
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Figure 2.7 Feeding behavior and growth performance by FEC genotype in Year 1. 

Feed intake was measured daily and fecal egg count (FEC) measure biweekly in lambs divergently selected for fecal egg count 

estimated breeding value (FEC EBV) to compare between genotypes (LowFEC and HighFEC lambs; A). (B) Frequency of SSFeeder 

visits per day by genotype. (C) Average daily feed intake by genotype. (D) Average daily SSFeeder visits by genotype. (E) Average 

daily gain (ADG) by genotype. (F) Average supplemental feed:gain (S:G) by genotype was calculated by measuring feed intake from 

the SSFeeder divided by gain over the selected period. 
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Figure 2.8 Feeding behavior and growth performance by sex in Year 1. 

Feed intake was measured daily, and fecal egg count (FEC) were measured biweekly in ewe and ram lambs (A). (B) Frequency of 

SSFeeder visits per day by sex (S). (C) Average daily feed intake by sex. (D) Average daily SSFeeder visits by sex. (E) Average daily 

gain (ADG) by sex. (F) Average supplemental feed:gain (S:G) by sex was calculated by measuring feed intake from the SSFeeder 

divided by gain over the selected period.  
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Figure 2.9 Feeding behavior and growth performance by FEC genotype in Year 2. 

Feed intake was measured daily, and fecal egg count (FEC) measured biweekly in lambs divergently selected for fecal egg count 

estimated breeding value (FEC EBV) to compare between genotypes (LowFEC and HighFEC lambs; A). (B) Frequency of SSFeeder 

visits per day by genotype (GT). (C) Average daily feed intake by genotype. (D) Average daily SSFeeder visits by genotype. (E) 

Average daily gain (ADG) by genotype. (F) Average supplemental feed:gain (S:G) by genotype was calculated by measuring feed 

intake from the SSFeeder divided by gain over the selected period. 
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Figure 2.10 Feeding behavior and growth performance by sex in Year 2. 

Feed intake was measured daily, and fecal egg count (FEC) were measured biweekly in ewe and ram lambs (A). (B) Frequency of 

SSFeeder visits per day by sex (S). (C) Average daily feed intake by sex. (D) Average daily SSFeeder visits by sex. (E) Average daily 

gain (ADG) by sex. (F) Average supplemental feed:gain (S:G) by sex was calculated by measuring feed intake from the SSFeeder 

divided by gain over the selected period.  

  



 

70 

REFERENCES 

Arthur, P.F., J.A. Archer, D.J. Johnston, R.M. Herd, E.C. Richardson, and P.F. Parnell. 2001.  

Genetic and phenotypic variance and covariance components for feed intake, feed  

efficiency, and other postweaning traits in Angus cattle. J. Anim. Sci. 79:2805-2811. 

Burritt, E.A., and F.D. Provenza. 1989. Food aversion learning: Ability of lambs to distinguish  

safe from harmful foods. J. Anim. Sci. 67:1732. 

Cammack, K.M., K.A. Leymaster, T.G. Jenkins, and M.K. Nielsen. 2005. Estimates of genetic 

parameters for feed intake, feeding behavior, and daily gain in composite ram lambs. J.  

Anim. Sci. 83(4):777-785. 

Chapple, R.S., and J.J. Lynch. 1986. Behavioural factors modifying acceptance of  

supplementary foods by sheep. Res. & Dev. in Agric. 3(3):113. 

Chapple, R.S., M. Wadzicka-Tomanszewska, and J.J. Lynch. 1987. The learning behavior of  

sheep when introduced to wheat. I. Wheat acceptance by sheep and the effect of trough  

familiarity. Appl. Anim. Behav. Sci. 18:157. 

Cockwill, C.L., T.A. McAllister, M.E. Olson, D.N. Milligan, B.J. Ralston, C. Huisma, and R.K.  

Hand. 2000. Individual intake of mineral and molasses supplements by cows, heifers,  

and calves. Can. J. Anim. Sci. 80:681-690.  

Cole, N.A., J.B. McLaren, and D.P. Hutcheson. 1982. Influence of preweaning and B-vitamin  

supplementation of the feedlot receiving diet on calves subjected to marketing and transit  

stress. J. Anim. Sci. 54:911. 

Coop, R.L., and P.H. Holmes. 1996. Nutrition and parasite interaction. Int. J. Parasitol.  

26:951-962. 

Coop, R.L., and I. Kyriazakis. 1999. Nutrition-parasite interaction. Vet. Parasitol. 84:187-204. 



 

71 

Datta, F.U., J.V. Nolan, J.B. Rowe, G.D. Gray, and B.J. Crook. 1999. Long-term effects of  

short-term provision of protein-enriched diets on resistance to nematode infection, and  

live-weight gain and wool growth in sheep. Int. J. Parasitol. 29(3):479-488. 

Ellison, M.J., R.R. Cockrum, W.J. Means, A.M. Meyer, J. Ritten, K.J. Austin, and K.M.  

Cammack. 2022. Effects of feed efficiency and diet on performance and carcass  

characteristics in growing wether lambs. Sm. Rum. Res. 207:106611. 

Garossino, K.C., B.J. Ralston, T.A. McAllister, and M.E. Olson. 2003. Measuring individual  

free-choice protein supplement consumption by wintering beef cattle. Can. J. Anim. Sci.  

83:21-27.  

Hanrahan, J.P. 1999 Genetic and non-genetic factors affecting lamb growth and carcass quality.  

AGRIP End of Project Reports, Teagasc. 

Herd, R.M., V.H. Oddy, and E.C. Richardson. 2004. Biological basis for variation in residual  

feed intake in beef cattle. I. Review of potential mechanisms. Aust. J. Exp. Agric.  

44:423-430. 

Hicks, R.B., F.N. Owens, D.R. Gill, J.W. Oltjen, and R.P. Lake. 1990. Dry matter intake by  

feedlot beef steers: Influence of initial weight, time on feed and season of year received  

in yard. J. Anim. Sci. 68:254. 

Kaplan, R.M. 2004. Drug resistance in nematodes of veterinary importance: a status report.  

Trends Parasitol. 20:477-481. 

Koch, R.M., L.A. Swiger, D. Chambers, and K.E. Gregory. 1963. Efficiency of feed use in beef  

cattle. J. Anim. Sci. 22(2):486-494.  

Latif, M.G.A., and E. Owen. 1979. Comparison of Texel- and Suffolk-sired lambs out of  



 

72 

Finnish Landrace X Dorset Horn ewes under grazing conditions. J. Agric. Sci. 93:235-

239. 

Launchbaugh, K.L. 1995. Effects of neophobia and aversions on feed intake: Why feedlot cattle  

sometimes refuse to eat nutritious feeds. Research report P. Symposium: Intake by  

Feedlot Cattle. 36-48. 

Lewis, R.M., and G.C. Emmans. 2013. Feed intake of sheep as affected by body weight, breed,  

sex, and feed composition. J. Anim. Sci. 88(2):467-480. 

Maierle, C.L., A.R. Weaver, E. Maierle, and S.P. Greiner. 2022. Evaluation of sire FEC EBV  

type and Haemonchus contortus infection on feed efficiency in Katahdin sheep. J. Anim.  

Sci. 100(1):44-45. 

Maierle, C.L., A.R. Weaver, S.P. Greiner, E. Felton, and S.A. Bowdridge. 2023. Evaluation of  

feeding behavior of Katahdin lambs during Haemonchus contortus infection. Abstract  

161. Southern Section ASAS Meetings. Raleigh, NC. 

Muir, S.K., N. Linden, M. Knight, R. Behrendt, and G. Kearney. 2018. Sheep residual feed  

intake and feeding behavior: are ónibblersô or óbinge eatersô more efficient? Anim. Prod. 

 Sci. 58:1459-1464.  

Notter, D.R., and R.M. Lewis. 2018. NSIP EBV Notebook 

Notter, D.R., M. Heidaritabar, J.M. Burke, M. Shirali, B.M. Murdoch, J.L.M. Morgan, G.  

Morota, T.S. Sonstegard, G.M. Becker, G.L. Spangler, M.D. MacNeil, and J.E. Miller.  

2022. Single nucleotide polymorphism effects on lamb fecal egg count estimated 

breeding values in progeny-tested Katahdin sires. Front. Genet. 13:866176. 

NSIP Searchable Database. 2023. Natl. Sheep Improv. Program.  

Squibb, R.C., F.D. Provenza, and D.F. Balph. 1990. Effects of age of exposure on consumption  



 

73 

of a shrub by sheep. J. Anim. Sci. 68:987-997. 

Sykes, A.R., and R.L. Coop. 1976. Intake and utilization of food by growing lambs with  

parasitic damage to the small intestine caused by daily dosing with Trichostrongylus  

colubriformis larvae. J. Agric. Sci. 86:507-515. 

Sykes, A.R., and A.W. Greer. 2003. Effects of parasitism on the nutrient economy of sheep.  

Aust. J. Exp. Agric. 43:1393-1398. 

Thorhallsdottir, A.G., F.D. Provenza, and D.F. Balph. 1987. Food aversion learning in lambs  

with or without a mother: Discrimination, novelty and persistence. Appl. Anim. Behav.  

Sci. 18:327. 

Umberger, S.H. 2009. Feeding Sheep. Virginia Cooperative Extension. Publication 410-853. 

USDA-Animal and Plant Health Inspection Service-Veterinary Services-National Animal  

Health Monitoring System (USDA-APHIS-VS-NAHMS). 2021. Sheep death loss in the 

United States, 2020. United States Department of Agriculture Animal and Plant 

Health Inspection Service National Animal Health Monitoring System, Fort Collins, CO. 

van Houtert, M.F.J., and A.R. Sykes. 1996. Implications of nutrition for the ability of ruminants  

to withstand gastrointestinal nematode infections. Int. J. Parasitol. 26(11):1151-1168. 

Wallace, D.S., K. Bairden, J.L. Duncan, G. Fishwick, E.M. Gill, P.H. Holmes, Q.A. McKellar,  

M. Murray, J.J. Parkins, and M.J. Stear. 1995. The influence of dietary soyabean meal  

supplementation on resistance to Haemonchosis in Hampshire Down lambs. Res. Vet. 

Sci. 58(3):232-237. 

Wallace, D.S., K. Bairden, J.L. Duncan, G. Fishwick, E.M. Gill, P.H. Holmes, Q.A. McKellar,  



 

74 

M. Murray, J.J. Parkins, and M.J. Stear. 1996. Influence of soyabean meal 

supplementation on the resistance of Scottish blackface lambs to haemonchosis. Res. 

Vet. Sci. 60(2):138-143. 

Zinn, R.A., J.R. Dunbar, and B.B. Norman. 1988. Influence of pelleting on the comparative  

feeding value of cottonseed meal in receiving diets for feedlot calves. J. Anim. Sci.  

66:1335. 

  



 

75 

CHAPTER 3: Impact of genetic X environment interactions in Katahdin lambs divergently 

selected for fecal egg count estimated breeding value 

 

3.1 Introduction 

Parasite burden decreases the overall health, production level, and economic value of 

sheep. When comparing uninfected and infected animals, weight gain may be reduced as much 

as 23% (Mavrot et al. 2015). A significant decrease in performance leads to negative impacts on 

sheep productivity and producer profitability. The gastrointestinal nematode (GIN) of greatest 

importance to Southeastern sheep production systems is Haemonchus contortus. Sackett et al. 

(2006) estimates H. contortus costs the Australian sheep industry $23 million per year.  

As anthelmintic resistance increases, producers must use alternative management 

strategies for parasite control in an integrated fashion. These may include genetic selection to 

improve animal resistance to infection and confinement or dry-lot housing to minimize exposure 

during periods of high vulnerability (Kaplan, 2004). The National Sheep Improvement Program 

(NSIP) allows producers to utilize genetic evaluation information by converting performance 

records into selection tools (i.e., estimated breeding values (EBV)). Estimated breeding values 

are predictions of an individual animalôs genetic merit for a given trait (Burke et al., 2022). 

Progress utilizing fecal egg count (FEC) EBVs to identify parasite resistant individuals has been 

successful (Ngere et al. 2018; Notter, 1998; Sheep Genetics, 2020).  

Weaver (2020) utilized a divergent mating scheme based on FEC EBV to compare post-

weaning survival of progeny from sires with extreme negative FEC EBV (Low FEC Sires) and 

sires with extreme positive FEC EBV (High FEC Sires). When selecting for parasite resistance 

utilizing Low FEC Sires (average WFEC EBV: -51.8%; average PFEC EBV: -85.3%), lamb 

survival is environment-dependent, and FEC EBV genotype does not predict lamb loss. 

However, when High FEC Sires (average WFEC EBV: 139.7%; average PFEC EBV: 288.4%) 
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are utilized, resulting in higher FEC EBVs in progeny, death loss is greater indicating greater 

susceptibility to disease and lack of environmental fitness. Possible implications of combining 

selection for FEC EBV and confinement housing into an integrated parasite management 

program could be improved parasite resistance, minimal exposure to parasites, and consequently 

increased lamb survival during the post-weaning time period. 

Therefore, the objective of this study was to evaluate the impact of genetic and 

environmental interactions on parasite resistance and growth in Katahdin lambs post-weaning. 

Previous work at the Southwest Agricultural Research and Extension Center (SWAREC; Glade 

Spring, VA) has illustrated the impact of divergent selection on parasite resistance or 

susceptibility. Lambs with extreme negative FEC EBV (LowFEC) are expected to have 

increased parasite resistance compared to lambs with extreme positive FEC EBV (HighFEC) due 

to their natural ability to overcome a parasite challenge. Similarly, lambs housed on a dry-lot 

post-weaning are expected to have a lower parasite infection and increased growth due to less 

parasite exposure compared to pasture raised lambs. When genotype and environment 

interactions are considered, LowFEC dry-lot lambs are expected to have lower FECs and 

increased growth performance while HighFEC pasture lambs are expected to have greater FECs, 

decreased growth performance, and decreased health status. However, the question remains if 

genotype alone can alleviate the need for confinement housing to minimize the impact of 

parasitism. 

3.2 Materials and methods 

3.2.1 Breeding scheme 

All animal procedures were approved by the Institutional Animal Care and Use 

Committee (No. 21-132) of Virginia Tech. Ewes and lambs were managed at the SWAREC. 
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Breeding began mid-October each year [Year 1 (Y1): 2020-2021; Year 2 (Y2): 2021-2022]. 

Post-breeding, ewes were managed as one contemporary group on fescue-based pasture and 

harvested forages until lambing. Details regarding the breeding scheme used to produce lambs 

for this study were outlined in Chapter II. Briefly, LowFEC (Table 2.1) Katahdin ewes (Y1: n = 

52; Y2: n = 40) were randomly bred to LowFEC (Table 2.1) Katahdin rams (Y1: n = 3; Y2: n = 

3) resulting in the birth of LowFEC Katahdin lambs (Y1: n = 95; Y2: n = 87). Similarly, 

HighFEC (Table 2.1) Katahdin ewes (Y1: n = 48; Y2: n = 50) were randomly bred to HighFEC 

(Table 2.1) Katahdin rams (Y1: n = 3; Y2: n = 3) resulting in the birth of HighFEC lambs (Y1: n 

= 91; Y2: n = 97). For genetic connectedness between years, one LowFEC sire and two 

HighFEC sires from Y1 were utilized in Y2. 

3.2.2 Management 

Details regarding the management of dry-lot lambs during the trial were outlined in 

Chapter II. Briefly, lambing began early to mid-March (Y1: March 6; Y2: March 14) and 

weaning occurred early to late June (Y1: June 2; Y2: June 22). Traits recorded included body 

weight (BW), fecal egg count (FEC), packed cell volume (PCV) and FAMACHA score at 

weaning and then biweekly for the remainder of the trial. Following the C-Lock, Inc Super 

SmartFeeder (SSFeeder) acclimation period outlined in Chapter II, lambs were randomly divided 

into pasture and dry-lot groups with equal representation of genotype and sex. On August 4 in 

Y1, a subset of the lamb crop were randomly assigned to a dry-lot (LowFEC: n = 27; HighFEC: 

n = 24) or pasture (LowFEC: n = 26; HighFEC: n = 25) group. The dry-lot group received a 

concentrate pellet (Table 3.1) supplement ad libitum via the SSFeeder while the pasture group 

was supplemented 2% body weight via standard trough feeders. The trial for Y1 concluded on 

October 5. In Y2, LowFEC and HighFEC were randomly assigned to a dry-lot (LowFEC: n = 
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37; HighFEC: n = 40) or pasture (LowFEC: n = 37; HighFEC: n = 40) group at weaning (June 

22). All pasture lambs were supplemented 2% body weight with the same concentrate pellet as 

Y1 in standard trough feeders (Table 3.1). The SSFeeder was introduced to the dry-lot group and 

the feeding trial began on July 25 (supplemented ad libitum). On August 17, pasture lambs were 

moved to a dry-lot, separate from the original dry-lot group, due to health concerns likely related 

to parasitism. On August 31, ewe and ram lambs were separated and housing groups were 

combined within their respective sexes and managed together. The trial concluded on October 4. 

The total length of the feeding period was 63 days in Y1 and 52 days in Y2 (including a 15-day 

acclimation period).  

At the conclusion of the trial in both years, all lambs were ultrasounded for eye muscle 

depth (EMD) between the 12th and 13th rib following industry standards (Emenheiser et al., 

2010). Fat depth could not be measured accurately in the majority of lambs due to poor image 

clarity on ultrasound in hair phenotypes. Therefore, fat data was not collected. All ewe lambs 

were retained as replacements, returned to pasture with supplementation, and managed as one 

contemporary group (Y1: n = 49; Y2: n = 55). Ram lambs were marketed at the Union County 

Livestock Graded Sheep and Goat Auction (Monroe, NC; Y1: October 6; Y2: October 5). Ram 

lambs remained in their respective management groups (dry-lot Y1: n = 27; Y2: n = 41 and 

pasture Y1: n = 26; Y2: n = 43). Ram lambs were marketed within their housing groups to 

determine value differences between pasture and dry-lot groups relative to cost of 

supplementation. Lambs were graded prior to sale by NC Department of Agriculture graders. 

Market date was determined when lambs reached an average weight of 34 kg. In Y1, market date 

was October 6 and market date in Y2 was October 5. 
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In Y1, replacement ewe lambs were exposed for breeding on November 10. In Y2, 

replacement ewe lambs were exposed on November 9. Ewe lambs remained in breeding groups 

for approximately 20 days. Body weights, FECs, and abdominal ultrasounds were conducted on 

January 28 in Y1 and January 27 in Y2 for pregnancy diagnosis. 

Fecal egg counts were performed utilizing the Modified McMasters method (Whitlock, 

1948). Samples were utilized between 0.6 and 2 g. Any sample below 2 g was adjusted for 

weight differences. Each egg counted within a sample was equivalent to 50 eggs per gram. Blood 

was collected via the jugular vein and PCV was determined using a microhematocrit centrifuge 

spun at 16,000 RPM for two minutes. 

Forage samples from the fescue-based pasture that the pasture group was assigned to 

were used to monitor nutrient supply at each sampling point. In Y1, lambs remained on the same 

pasture for the entire trial (51 lambs per 0.81 hectare). In Y2, lambs were moved to a new 

pasture on July 20 (day 29) which was halfway through the trial period (77 lambs per 0.81 

hectare). During each sampling date, 15 random, equal-sized forage samples were collected from 

the pasture which lambs were currently assigned. Samples were thoroughly composited and 

subsampled for nutritive value analysis. Representative samples were frozen in one gallon plastic 

bags until they could be analyzed. In Y1, samples were analyzed by Cumberland Valley 

Analytical Services for dry matter (DM), neutral detergent fiber (NDF), crude protein (CP), total 

digestible nutrients (TDN), and minerals. Y2 samples were analyzed by North Carolina 

Department of Agriculture and Consumer Services Forage Testing Services for the same 

nutritive testing. Dry matter content in Y1 samples was not reported due to delayed analysis 

causing potential inaccuracies. 
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3.2.3 Statistical analysis 

Statistical analyses were performed utilizing SAS (SAS Institute, Cary, NC). All 

statistical analyses were performed within-year due to time differences in sampling points 

between years. A repeated-measures analysis using Proc MIXED was utilized to analyze fixed 

effects of genotype (LowFEC vs HighFEC), housing, sex, and time (the repeated factor) and 

their interactions on post-weaning growth (starting weight, average daily gain (ADG) and market 

weight), carcass metrics (eye muscle depth (EMD)), and indicators of parasite resistance (FEC, 

FAMACHA, and PCV). Significance was determined at P < 0.05. Eye muscle depths were 

adjusted (ADJEMD) to 80 lb market weight for analysis. Fecal egg counts were transformed 

using lnFEC = ln(FEC+25) to improve the normality of the FEC distribution. Due to severe 

weight loss and health concerns in Y2, pasture lambs were not sampled on August 31. In both 

years, a first-degree autoregressive covariance structure was utilized. Proc GENMOD was 

utilized for binomial analysis of breeding success data with effects of genotype and housing. Eye 

muscle depth (EMD) was analyzed using Proc MIXED with fixed effects of genotype, housing 

and sex and their interactions. 

3.3 Results and discussion 

3.3.1 Post-weaning Performance: Parasitological Measures 

In Y1, there were interactions between genotype and sex (P < 0.01), genotype and 

housing (P < 0.01; Figure 3.5A; Figure 3.5B), sex and housing (P < 0.01), and time and housing 

(P < 0.01) on FEC. Time (P < 0.01), genotype (P < 0.05; Figure 3.5A; Figure 3.5B), housing (P 

< 0.01; Figure 3.5A; Figure 3.5B), and sex (P < 0.05; Figure 3.6A; Figure 3.6B) all influenced 

FEC. LowFEC ewe lambs had lower FECs than LowFEC ram lambs (P < 0.01), HighFEC ewes 

(P < 0.01), and HighFEC rams (P < 0.01). LowFEC rams had lower FECs than HighFEC ewes 
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(P < 0.01) and HighFEC rams (P < 0.01). HighFEC ewe and ram lambs had similar FECs (P > 

0.1). HighFEC dry-lot lambs had lower FECs than HighFEC pasture lambs (P < 0.01). However, 

HighFEC dry-lot lambs had higher FECs than LowFEC dry-lot (P < 0.05) and tended to have 

higher FECs compared to LowFEC pasture lambs (P = 0.085). HighFEC pasture lambs had 

higher FECs than LowFEC dry-lot lambs (P < 0.01) and LowFEC pasture lambs (P < 0.01). 

LowFEC dry-lot lambs tended to have lower FECs than LowFEC pasture lambs (P = 0.061). 

Dry-lot ewe lambs had lower FECs than pasture ram lambs (P < 0.01). Pasture ewe lambs had 

lower FECs than pasture ram lambs (P < 0.01). Dry-lot ram lambs had lower FECs compared to 

pasture ram lambs (P < 0.01). LowFEC lambs had lower FECs compared to HighFEC lambs (P 

< 0.05). Dry-lot raised lambs had lower FECs compared to pasture lambs (P < 0.01). Ewe lambs 

had lower FECs compared to ram lambs (P < 0.05). 

In Y2, there was an interaction between time and housing (P < 0.01) on FEC. Time (P < 

0.01), genotype (P < 0.05; Figure 3.7A; Figure 3.7B), and housing (P < 0.01; Figure 3.7A; 

Figure 3.7B) had effects on FEC. LowFEC lambs had lower FECs compared to HighFEC lambs 

(P < 0.05). Dry-lot raised lambs had lower FECs compared to pasture lambs (P < 0.01). No 

differences in sex existed (Figure 3.8A; Figure 3.8B). 

In Y1, there were interactions of genotype and housing (P < 0.05; Figure 3.5C; Figure 

3.5D), sex and housing (P < 0.01), time and housing (P < 0.01), and sex, time, and housing (P < 

0.05) on PCV. There tended to be an interaction between genotype and time (P = 0.081). Time 

(P < 0.01), housing (P < 0.01; Figure 3.5C; Figure 3.5D), and sex (P < 0.01; Figure 3.6C; Figure 

3.6D) influenced PCV. HighFEC dry-lot lambs had increased PCVs compared to HighFEC 

pasture lambs (P < 0.01) and LowFEC pasture lambs (P < 0.05). LowFEC dry-lot lambs had 

higher PCVs compared to LowFEC pasture lambs (P < 0.01). Dry-lot ewes had increased PCVs 
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compared to pasture ewe lambs (P < 0.05) and pasture ram lambs (P < 0.01). Pasture ewe lambs 

had decreased PCVs compared to dry-lot ram lambs (P < 0.05), but greater PCVs than pasture 

ram lambs (P < 0.01). Dry-lot ram lambs had greater PCVs than pasture ram lambs (P < 

0.01). Ewe lambs had increased PCVs compared to ram lambs (P < 0.01). Lambs on dry-lot had 

higher PCVs than pasture raised lambs (P < 0.01). No differences in genotype existed (Figure 

3.5C; Figure 3.5D). 

In Y2, there were interactions between housing and time (P < 0.01) and genotype, sex, 

and housing (P < 0.05) on PCV. There also tended to be interactions between genotype and time 

(P = 0.063) and genotype and housing (P = 0.057; Figure 3.7C; Figure 3.7D). Time (P < 0.01), 

housing (P < 0.05; Figure 3.7C; Figure 3.7D), and sex (P < 0.01; Figure 3.8C; Figure 3.8D) 

influenced PCV. HighFEC dry-lot lambs had greater PCVs than HighFEC pasture lambs (P < 

0.01). HighFEC pasture lambs had lower PCVs compared to LowFEC dry-lot lambs (P < 0.05) 

and LowFEC pasture lambs (P < 0.05). HighFEC and LowFEC dry-lot lambs had similar PCVs 

(P > 0.1) and HighFEC dry-lot and LowFEC pasture lambs were similar (P > 0.1). LowFEC dry-

lot and pasture lambs had similar PCVs (P > 0.1). Dry-lot lambs had higher PCVs than pasture 

lambs (P < 0.05). Ewe lambs had increased PCVs compared to ram lambs (P < 0.01). No 

differences in genotype existed (Figure 3.7C; Figure 3.7D). 

In Y1, there was an interaction between housing and time (P < 0.01) on FAMACHA 

scores. Time (P < 0.01) and housing (P < 0.01; Table 3.3) influenced FAMACHA scores. 

Pasture raised lambs had increased FAMACHA scores compared to dry-lot lambs (P < 0.01). No 

differences in genotype and sex existed (Table 3.3). 

In Y2, there was an interaction between housing and time (P < 0.01) on FAMACHA 

scores. Time (P < 0.01), housing (P < 0.01; Table 3.3), and sex (P < 0.01; Table 3.3) influenced 
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FAMACHA scores. Pasture lambs had higher FAMACHA scores than dry-lot lambs (P < 0.01). 

Ram lambs had higher FAMACHA scores than ewe lambs (P < 0.01). There was a tendency for 

genotype to effect FAMACHA scores (P = 0.065; Table 3.3). HighFEC lambs tended to have 

increased FAMACHA scores compared to LowFEC lambs (P = 0.065).  

In both years, lambs were dewormed at FAMACHA score Ó 3. In Y1, no differences 

existed for housing or genotype regarding the percentage of lambs dewormed. In Y2, genotype 

(P < 0.05) and housing (P < 0.01) influenced number of lambs dewormed. There were more 

HighFEC lambs that required deworming than LowFEC lambs (P < 0.05) and dry-lot housed 

lambs required less deworming than pasture lambs (P < 0.01). Approximately 24% more lambs 

were dewormed in the LowFEC pasture group compared to the LowFEC dry-lot group (P < 0.05; 

Table 3.4). Similarly, 48% more lambs required deworming in the HighFEC pasture group 

compared to the HighFEC dry-lot group (P < 0.05; Table 3.4). 

Due to the rise in anthelmintic resistance, sheep producers must rely on alternative 

parasite management strategies such as genetic selection and housing systems. While maintained 

under similar conditions, hair sheep tend to have an accelerated immune response and increased 

resistance to GIN compared to wool sheep (Bowdridge et al., 2013; Bowdridge et al., 2015; 

Gamble and Zajac, 1992; Garza et al., 2018; Jacobs et al., 2015; Jacobs et al., 2016; Vanimisetti 

et al., 2004). However, there is significant genetic variation within-breeds (Baker et al., 1999; 

Courtney et al., 1985; Notter et al., 2022). In this study, LowFEC lambs had decreased FECs in 

both years aligning with the divergent selection model. Data indicating that genetic selection 

based on FEC EBV allows for improved parasite resistance were supported here. Throughout 

both years, dry-lot housed lambs had lower FECs than pasture raised lambs during the post-

weaning feeding period. Lindahl et al. (1963) demonstrated that levels of parasitism acquired by 
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lambs decreased when housed on dry-lot confinement compared to grazing. Grazing lambs had 

heavy parasite infections by mid-June which only rose as time continued. In Y2 of this study, 

similar trends were observed with pasture housed lambs. Lambs who had the lowest infection 

rates were the LowFEC lambs housed on a dry-lot post-weaning. The impact of housing on 

parasitism post-weaning is further supported by increased PCV values, decreased FAMACHA 

scores, and decreased deworming requirements of dry-lot lambs across both years. In Y2, the 

interaction of genotype and housing was demonstrated by the percentage of lambs dewormed. 

LowFEC dry-lot lambs required the least amount of deworming and HighFEC pasture lambs 

required the most. However, HighFEC dry-lot lambs required less deworming than LowFEC 

pasture lambs. By minimizing exposure with dry-lot housing post-weaning, HighFEC lambs had 

improved FEC and PCV despite their genetic susceptibility to parasitism. 

3.3.2 Post-weaning growth performance 

In Y1, sex had an effect on lamb starting weight (P < 0.01; Figure 3.2A). Ram lambs had 

greater starting weights than ewe lambs. No differences in genotype or housing existed (Figure 

3.1A). In Y2, housing (P < 0.01; Figure 3.3A) and sex (P < 0.05; Figure 3.4A) had an effect on 

starting weight. Ram lambs had greater starting weights than ewe lambs. Dry-lot lambs had 

greater starting weights than pasture lambs. No differences in genotype existed.  

In Y1, there were interactions of sex and time (P < 0.05) and housing and time (P < 0.01) 

on ADG. Time (P < 0.01) and sex (P < 0.01; Figure 3.2B) influenced ADG. Ram lambs had 

greater ADG compared to ewe lambs (P < 0.01). No differences in genotype or housing existed 

(Figure 3.1B). 

In Y2, there tended to be interactions between genotype and sex (P = 0.057) and housing 

and sex (P = 0.081) on ADG. Additionally, there was an interaction of housing and time (P < 
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0.01). Time (P < 0.01), genotype (P < 0.01; Figure 3.3B), and housing (P < 0.01; Figure 3.3B) 

influenced ADG. LowFEC ram lambs had greater ADG compared to HighFEC ewe lambs (P < 

0.01) and HighFEC ram lambs (P < 0.01). LowFEC ewe lambs had greater ADG than HighFEC 

ram lambs (P < 0.05) and tended to have greater ADG than HighFEC ewe lambs (P < 0.1). 

LowFEC lambs had greater ADG than HighFEC lambs (P < 0.01) and dry-lot housed lambs had 

greater ADG than pasture raised lambs (P < 0.01). No differences in sex (Figure 3.4B) existed. 

In Y1, housing influenced EMD (P < 0.01; Figure 3.1D) and lamb market weight (P < 

0.01; Figure 3.1C). At similar ages, dry-lot lambs had greater EMD and market weights than 

pasture-raised lambs. No differences in genotype (Figure 3.1C; Figure 3.1D) or sex (Figure 3.2C; 

Figure 3.2D) existed. In Y2, housing also influenced EMD (P < 0.01; Figure 3.3D) and lamb 

market weight (P < 0.01; Figure 3.3C). Similar to Y1, dry-lot lambs had greater EMD and 

market weights than pasture lambs. No differences in genotype (Figure 3.3C; Figure 3.3D) or sex 

(Figure 3.4C; Figure 3.4D) existed. 

To evaluate muscle depth at a constant weight, eye muscle depths were adjusted 

(ADJEMD) to an 80 lb market weight. In Y1, housing influenced ADJEMD (P < 0.01; Figure 

3.1E). Dry-lot lambs had greater ADJEMD than pasture raised lambs. No differences in 

genotype (Figure 3.1E) or sex (Figure 3.2E) existed. In Y2, housing tended to impact ADJEMD 

(P = 0.077; Figure 3.3E). Dry-lot lambs tended to have greater ADJEMD than pasture lambs. No 

differences in genotype (Figure 3.3E) or sex (Figure 3.4E) existed. 

An analysis was completed on impact of housing system on ram lamb profitability. Dry-

lot (Y1: n = 27; Y2: n = 39) and pasture (Y1: n = 26; Y2: n = 30) ram lambs were sold at the 

Graded Sheep and Goat Auction in Union County, NC (Y1: October 6; Y2: October 5). Upon 

arrival at the graded sale, ram lambs were weighed and sorted into weight classes that ranged 
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from 6-10 lbs. Each weight class was sold as a group. A weighted average was calculated to 

determine pounds of lamb marketed relative to price within the two housing groups. Cost of 

supplementation over the trial period was calculated within their respective groups. Dry-lot 

lambs received ad libitum supplementation throughout the study and pasture lambs received 2% 

body weight.  Cost of feed supplementation and revenues received from the sale were 

determined for ram lambs. In Y1, revenues between the two housing groups were similar. In Y2, 

despite increased expenses, revenue per dry-lot ram lamb was greater than the pasture lambs due 

to better sale performance and increased numbers sold (Table 3.2). Improved health and growth 

performance during the study period resulted in a greater number of dry-lot lambs to market at a 

greater weight. 

In spring lambing systems, weaning often coincides with significant parasite pressure 

leading to primary GIN infections (Jacobs et al., 2015). Weaning is one of the most stressful time 

periods in a lambôs life. Exposing lambs to a parasite challenge during this critical period may 

lead to a significant decrease in growth performance and health status. Mavrot et al. (2015) 

reported up to a 23% reduction in growth between infected and non-infected lambs. One way to 

mitigate growth impairments due to parasitism is to house lambs on a dry-lot post-weaning to 

minimize helminth parasite exposure. In both years of this study, lambs that were housed on a 

dry-lot for 60 days post-weaning had increased EMD compared to lambs housed on pasture, 

regardless of FEC genotype. When adjusted to a constant market weight (80 lb), EMD was 

greater in Y1 dry-lot lambs and tended to be greater in Y2 dry-lot lambs. Additionally, Y2 dry-

lot lambs had positive ADG while pasture lambs had negative ADG. Lambs were assigned their 

respective housing groups at weaning in Y2 which did not allow for any growth to occur before 

the pasture lambs were exposed to heavy parasite pressure post-weaning. In studies completed by 
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Crawford et al. (2020) and Wallace et al. (1995; 1996), results indicate that protein 

supplementation, including increasing rumen undegradable protein, during a parasite infection is 

able to reduce impacts of haemonchosis in both genetically susceptible and resistant lambs. This 

may partially explain why differences in ADG and EMD did not exist between genotypes. 

Housing and plane of nutrition had the biggest impact on growth performance. If HighFEC were 

housed on a dry-lot post-weaning, they were able to overcome their genetic susceptibility to 

parasitism and surpass the growth of both LowFEC and HighFEC pasture lambs. Growth 

differences between years indicate that lambs should be confinement housed directly at weaning 

for 60-days instead of waiting a few weeks post-weaning to increase growth. However, there was 

no selection pressure placed on growth EBVs. Therefore, based on the selection program, 

differences in growth were not expected between genotypes.  

Ram lambs typically grow faster than ewe lambs for the first 2-3 months post-weaning 

(Hanrahan, 1999; Latif and Owen, 1979) which explains why ram lambs had increased market 

weights across both years. Results from Y1 support the claim that ram lambs have increased 

ADG compared to ewe lambs. However, ADG between sexes in Y2 did not differ.  

Housing ram lambs on a dry-lot post-weaning increases feed cost. However, rams who 

are provided ad libitum supplemental feed are able to reach increased market weights with 

improved survivability compared to pasture housed lambs offsetting input costs. Feed costs 

incurred prior to lamb death accounted for decreasing profitability of the pasture group. In Y1, 

housing groups were valued similarly at market. Compared to pasture lambs in Y2, dry-lot rams 

returned more than double the revenue per ram due to increased market weights and 

survivability. Housing ram lambs on a dry-lot post-weaning improved health and growth which 

allowed for increased revenues that offset increased costs. 
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3.3.3 Replacement ewes 

Pregnancy rate was determined by ultrasonography 60 days after ram removal. In Y1, 

replacement ewe lambs that were housed in a dry-lot tended to have greater pregnancy rates 

compared to pasture lambs regardless of FEC EBV genotype (79% and 56%, respectively; P = 

0.077; Figure 3.10A). Similar to Y1, Y2 replacement ewe lambs that were housed in a dry-lot 

had greater pregnancy rates compared to pasture lambs (79% and 38%, respectively; P < 0.01; 

Figure 3.10B). In Y2, any ewe lamb under 29 kg was considered unfit for breeding and was not 

exposed (n = 6 pasture lambs). If all pasture lambs had been exposed, assuming lightweight 

lambs would not conceive, breeding success in the pasture group would drop to 27%.  

Fecal egg counts were collected from replacement ewes at pregnancy evaluation. In Y1, 

HighFEC (Average FEC: 387 epg) ewe lambs had increased FECs compared to LowFEC 

(Average FEC: 129 epg) lambs (P < 0.05; Figure 3.10C). While HighFEC lambs did have 

greater FECs, infection levels were minimal. No effects on FEC existed for housing. In Y2, no 

differences existed for genotype or housing (Figure 3.10D). 

An economic analysis on projected replacement ewe profitability within the first year of 

life was conducted based on housing system. In both years, there were more dry-lot lambs 

pregnant compared to pasture lambs (Y1: 23% more ewes pregnant, P = 0.077; Y2: 41% more 

ewes pregnant, P < 0.01). Cost of dry-lot feed versus pasture feed, projected cost of 

supplementation during late gestation, lactation, and creep intake were calculated in addition to 

lamb labor costs assuming 100% lamb crop (Table 3.5). Projected revenues assuming the sale of 

the entire lamb crop were reported based on October 2022 Union County, NC, Graded Sheep and 

Goat Auction prices. In Y1, profitability was similar on a per ewe basis between housing groups. 

Projected profitability of the ewe lambs raised on a dry-lot post-weaning in Y2 was 
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approximately $15.92 more per ewe exposed than the pasture lambs due to increased breeding 

success (Table 3.5).  

 Lindahl et al. (1963) indicated that removing lambs from grazing environments allowed 

for control of parasite exposure. There were no indications that lambs housed on a dry-lot early 

in life were more susceptible to parasitism when returned to pasture. Controlling parasitism 

through dry-lot housing during the post-weaning period may have attributed to the increase in 

pregnancy rates due to increased weight, maturity, and health status at completion of the trial. In 

Y1 FEC collection at pregnancy diagnosis, genotype had more of an impact on lasting parasite 

resistance than housing. Indicating that housing mitigated parasitism during the growth stage and 

genetic selection is required to create permanent flock changes. 

Selection for maternal (Conington et al., 2004; Kosgey et al., 2003) and carcass quality 

traits (Byrne et al., 2012; Conington et al., 2004) are successful ways to increase profitability. 

However, this study indicated that environment plays a key role in reproductive success and 

growth. Dry-lot ewe lambs incurred more input costs than pasture lambs due to ad libitum 

nutritional supplementation. However, revenue from dry-lot ewe lambs was increased in both 

years due to increased pregnancy success. Profitability in Y1 was similar in both housing groups. 

Number of lambs born and weaned is a critical trait to profitable sheep production. Bohan et al. 

(2019) found that the second greatest economic value for a sheep production system was number 

of lambs born, preceded only by lamb survival. Increased number born and greater survival 

result in greater number of lambs available to market. These traits directly contribute to pounds 

of lamb per ewe exposed and are key to profitability. Markets may fluctuate resulting in variable 

revenues, but improved productivity should cover increased costs. 
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3.3.4 Forage Analysis 

Lambs were housed on vegetative fescue-based pasture. In Y1, pasture lambs remained in 

the same pasture for the duration of the trial. Nutritive values were determined biweekly and are 

reported on a DM basis (Table 3.1). Crude protein on the first sampling date was 12.4% which 

rose to 17.1% halfway through the study. At completion of the trial, CP had decreased to 14.4% 

(Figure 3.9A). Neutral detergent fiber on the first sampling date was 59.3% and stayed consistent 

until the second to last sampling date where it dropped to 49.9%. At completion of the trial, NDF 

had risen back to 55.4% (Figure 3.9A). Total digestible nutrients on the first sampling date was 

61.5% and remained relatively consistent throughout the study period (Figure 3.9A). Lambs 

averaged 45 lb at weaning requiring 16-18% CP and 76% TDN on a DM basis to maintain an 

ADG of 0.5 lb or greater (NRC, 2007). At the end of the study, lambs averaged 75 lb requiring 

14-18% CP and 65-75% TDN. Therefore, requirements for growing lambs were not met by 

pasture alone. Crude protein percentages were sufficient towards the end of the study as lambs 

grew but did not meet the requirements of lightweight lambs. Total digestible nutrients were 

lower throughout the study than what is considered sufficient for growing lambs of this weight 

range and level of performance. 

In Y2, two pastures (1 and 2) were utilized, and lambs were moved on the third sampling 

date. Nutritive values were determined biweekly and are reported on a DM basis (Table 3.1). Dry 

matter for Pasture 1 started at 34% and had decreased to 24.4% when lambs were removed 

(Figure 3.9C). Dry matter for Pasture 2 started at 26.9% and decreased to 20.6% by the end of 

the trial (Figure 3.9C). Crude protein in Pasture 1 started at 12.6% and rose to 17.9% by July 20 

which was halfway through the study (Figure 3.9B). Crude protein in Pasture 2 started at 9.5% 

and rose to 12.8% at completion of the study period (Figure 3.9B). Neutral detergent fiber in 
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Pasture 1 started at 61.4% and rose to 68.8% before falling to 58.5% by the time lambs were 

moved (Figure 3.9B). Neutral detergent fiber in Pasture 2 started at 64% and remained relatively 

constant until completion of the trial (Figure 3.9B). Total digestible nutrients for Pasture 1 

started at 66.3% and remained relatively constant until lambs were moved (Figure 3.9B). Total 

digestible nutrients for Pasture 2 started at 64.2% and remained constant until the end of the 

study period (Figure 3.9B). Lambs in Y2 were similar weights at weaning and at the end of the 

study as Y1. Pasture 1 rose to an adequate CP level roughly halfway through the study period. 

However, Pasture 2 never met lamb CP requirements. TDN for both pastures were on the lower 

end of the required range for lambs of these weights. Therefore, forage alone did not meet the 

requirements for growing lambs in Y2. 

Sheep producers across the Southeastern U.S. depend on forages like fescue to maintain 

their sheep through the spring and summer months. As forages mature, CP decreases as fiber 

content increases (Van Saun, 2013). When pastures are grazed, more than 80% of consumed 

nitrogen by livestock is returned to the pasture through urine and feces. This will increase total 

nitrogen, potentially increasing CP in forages over time. Since nitrogen is not evenly distributed 

by livestock, it is best to graze pastures for shorter periods with more pounds of animal per acre 

(Cuomo, 2023). This supports Y1 results where CP decreased towards the end of the study since 

lambs grazed the same pasture all summer. Continuous grazing in Y1 did not allow for forage 

regrowth. In Y2, CP concentrations increase in both pastures likely due to shorter grazing 

periods which allowed for regrowth. Young forage has the greatest nutritional value when there 

is an abundance of actively growing plant material. Across both years, CP requirements for 

growing lambs greater than 50 lb were not met by forage alone (NRC, 2007; Sheep Production 

Handbook, 2015). The NDF portion is comprised of primarily cell wall tissue including 
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hemicellulose, cellulose, and lignin. Neutral detergent fiber should vary based on the forage 

species and maturity. Typically, forages with lower NDF values are of higher quality due to 

increased digestibility. Grass forages with NDF below 50% are considered high quality and NDF 

greater than 60% is considered lower quality (Van Saun, 2013). Neutral detergent fiber can be 

utilized to estimate voluntary feed intake with high NDF limiting dry matter intake as passage 

rate slows. As cell wall production increases with advancing plant maturity, NDF content 

increases. In this study, NDF remained between 50% and 60% in Y1 while NDF was higher in 

both pastures in Y2 (60-70%). This indicates that Y2 forage was more mature and of lower 

quality than Y1 potentially limiting forage intake for pasture lambs. Most forages contain 10-

25% DM (Sheep Production Handbook, 2015; Van Saun, 2013). In Y2, Pasture 1 maintained 

slightly increased DM at 34% towards the beginning of the trial, but decreased to expected levels 

before lambs were moved to Pasture 2. However, DM of Pasture 2 decreased as the forage 

matured. This is opposite of what is expected, as DM typically increases with maturity. Total 

digestible nutrients tend to vary with forage species and concentrations typically reduce as the 

forage matures (Lemus, 2020). In this study, concentrations remained relatively constant across 

both years. Cool-season forages such as fescue, tend to have increased forage quality compared 

to warm-season forages. However, energy and protein requirements of the growing animal are 

not typically met without supplementing a concentrate (Lemus, 2020; Sheep Production 

Handbook, 2015). The concentrate pellet supplemented included 16% CP and 76% TDN and 

was supplemented at 2% body weight. Pasture lambs were expected to consume 2% body weight 

of forage (approximately 0.21 lb TDN). On average, the total quantity of energy consumed from 

the concentrate was 0.91 lb TDN. Therefore, pasture lambs were only consuming 1.12 lb TDN 

daily compared to TDN requirements of 2.2 lb TDN for an average lamb weight of 54 lb gaining 
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1 lb/hd/d. On average, dry-lot lambs consumed 2.17 lb TDN per day. This further supports the 

improved performance of dry-lot lambs in this study. 

3.4 Conclusions and Implications 

Lambs housed on a dry-lot post-weaning have improved growth and carcass 

characteristics (ADG, market weight, EMD, and ADJEMD), regardless of FEC genotype. 

However, when interactions between genotype and housing are considered, LowFEC lambs 

housed on a dry-lot attain the highest growth rates with minimal parasite burden. An increased 

plane of nutrition and reduced parasite exposure allowed dry-lot HighFEC lambs to overcome 

their genetic susceptibility to parasitism and have increased growth compared to their pasture 

housed counterparts. LowFEC lambs had decreased FECs across both years of the study 

indicating that genetic selection for FEC EBV within breed improved parasite resistance. Dry-lot 

housed lambs had lower FECs than their pasture raised counterparts which indicates a reduction 

in parasitism when dry-lot confined. This is further supported by increased PCV and decreased 

FAMACHA scores in the dry-lot group. HighFEC dry-lot lambs required less deworming than 

LowFEC pasture lambs indicating that dry-lot housing can minimize parasite exposure and 

infection levels, even in susceptible sheep. As forage matures, DM and NDF increase, while CP 

and TDN decrease. Mature forage and decreased pasture quality increases the need for 

concentrate supplementation to meet growing lamb nutritional requirements. However, 

supplementing concentrate at 2% body weight may not have been enough to make up for the 

lower pasture quality and increased parasite exposure. This may have attributed to the pasture 

lambs slower growth and inability to fight off a parasite infection. While supplementation at 2% 

body weight may not have been enough for pasture lambs, this demonstrates the post-weaning 

diet typically provided in the Southeast. Lambs are turned back out to pasture at weaning with a 
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small amount of supplementation and expected to survive and grow. Increased pregnancy 

success in ewes from the dry-lot group could be attributed to increased weight and health 

throughout the trial allowing them to reach maturity prior to the start of the breeding season. 

Dry-lot lambs required more inputs due to the additional nutritional supplementation. However, 

the increase in profitability from pregnancy success surpassed the input expenses. Therefore, 

increased input costs for replacement ewes will likely be recovered (assuming 100% lamb crop) 

in their first lambing season. Year 2 results indicate ram lambs raised on a dry-lot post-weaning 

were able to reach increased weights in the same time frame as pasture raised lambs. Potential 

exists to improve production efficiency by minimizing days on feed to a constant market weight. 

Genotype and housing interactions can have significant impacts on parasitism and growth. 

Within-breed variability of parasite resistance and growth metrics must also be considered in 

selection and management programs. 
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Tables and Figures 

 

Table 3.1 Nutritive value of the dry-lot1 and pasture2 diets. 

 Year 1 and 

Year 23 

Year 13 Year 23 

 Concentrate 

Pellet4 

Forage5 

Nutrient 

Name 

Dry Matter 

(%) 

Dry Matter 

(%) 

Dry Matter 

(%) 

Dry Matter 89.43 - 27.50 

Protein 16.48 15.02 12.90 

Fat 3.95 - 2.73 

Fiber 17.05 55.43 63.70 

TDN 76.27 62.60 65.00 

Starch 26.45 - - 

Calcium 1.03 0.48 0.36 

Phosphorus 0.56 0.37 0.37 
1The dry-lot group was provided ad libitum supplementation of the  

concentrate pellet and hay (nutritive values not reported). 
2The pasture group was supplemented 2% body weight of the concentrate 

 pellet and was provided fresh forage. 
3Year represents lambôs date of birth, Year 1 (2021) or Year 2 (2022). 
4The same concentrate pellet was provided to both housing groups in both years. 
5Dry matter content in Year 1 samples was removed due to delayed analysis 

causing potential inaccuracies. Fat (Year 1) and starch (Year 1 and Year 2) were 

not reported. 
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Table 3.2 Impact of housing system1 on ram lamb profitability at market.    

  Year 12 Year 22  

 
       

  Dry lot Pasture Dry lot Pasture  

Number of rams sold 27 26 39 30  
Death loss while on feeding trial (# of lambs) 0 0 1 10  

Expenses      
 

Average feed intake during the acclimation period (kg/hd/d)3 0.68 0.68 1.69 0.39  

Average feed intake (kg/hd/d)4 1.36 0.60 1.27 0.39  

Total feed intake (kg)5 2378.18 978.84 1758.03 436.99  
Feed cost ($/kg) 0.46 0.46 0.46 0.46  

Cost per ram lamb ($/hd) 40.52 17.32 20.74 6.70  
Revenues      

 
Average market weight (kg/hd) 37.42 33.92 40.43 28.25  

Market price ($/kg)6 5.78 5.97 5.29 3.09  
Average revenue per ram lamb ($/hd) 216.29 202.50 213.87 87.29  

Projected Profits7 
     

 
Average profit per ram lamb sold ($/hd) 175.77 185.18 192.60 78.36  

1Lambs were assigned to a dry lot or pasture group post-weaning. 
   

 
2Year represents ram lamb's date of birth, Year 1 (2021) or Year 2 (2022).     
3The acclimation period lasted 10 days in Y1 (housing groups fed together) and 15 days in Y2 (housing groups  

fed separate). 
4Dry lot rams received ad libitum supplementation and pasture lambs received 2% body weight.   
5Rams were fed for 63 days in Y1 and 52 days in Y2.      
6Union County, NC Livestock Graded Sheep and Goat Auction prices (October 2021 and 2022).   
7Only includes feed costs of ram lambs while on trial (no yardage or dam upkeep costs included).   
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Table 3.3 Least-squares means of FAMACHA8 scores for genotype1,  

sex2, and housing3.    

  Year 14 Year 24 
  

  FAMACHA FAMACHA   

Genotype1 
     

LowFEC 1.3 1.7   
HighFEC 1.2 1.9   

SEM5 0.064 0.072   

P-Value6 0.609 0.065   

Sex2 
     

Ewes 1.2 1.7   
Rams 1.2 1.9   

SEM5 0.048 0.058   

P-Value6 0.480 0.001   

Housing3,7 
     

Dry lot 1.1 1.5   
Pasture 1.3 2.0   

SEM5 0.048 0.058   

P-Value6 < 0.0001 < 0.0001   
1Effects of treatment on FAMACHA scores.   
2Effects of sex on FAMACHA scores.   
3Effects of housing on FAMACHA scores.   
4Year represents lamb's date of birth, Year 1 (2021) or Year 2 (2022). 

5Average standard error of least square means.   
6Test of treatment, sex, and housing effects on FAMACHA scores. 

72-way interactions of housing and time existed across both years 

(Y1: P = 0.0012; Y2: P < 0.0001). 
8FAMACHA scores were removed after lambs were treated with 

anthelmintics.   
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Table 3.4 Impact of genotype1 and housing system2 on % dewormed3.  

  Year 14 Year 24    

       

  % dewormed % dewormed    

LowFEC       
Dry lot 3.7 0.0    
Pasture 3.8 24.3    

SEM5 0.037 0.036    

P-Value6 0.317 0.016    
HighFEC       

Dry lot 0.0 0.0    
Pasture 4.0 47.5    

SEM5 0.021 0.040    

P-Value6 0.316 0.037    
1Genotype represents lamb's FEC EBV; LowFEC or HighFEC.  
2Housing system represents lambs raised on dry lot or pasture post-weaning. 

3Lambs with FAMACHA scores Ó 3 were dewormed.   
4Year represents lamb's date of birth, Year 1 (2021) or Year 2 (2022).  
5Average standard error of least square means.    
6Test of genotype and housing effects on % lambs dewormed.   
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Table 3.5 Projected impact of housing system1 on replacement ewe profitability in the first year of life.   

  Year 12 Year 22    

 
         

  Dry lot Pasture Dry lot Pasture    

Number of ewes exposed8 24 25 29 16    
Number of ewes bred 19 14 23 6    

% pregnant 79% 56% 79% 38%    
Death loss while on feeding trial (# of lambs) 0 0 0 6    

Known expenses for first lamb crop      
   

Average feeding trial intake (kg/hd/d) 1.49 0.57 1.16 0.43    

Total feeding trial intake (kg)3 2145.60 855.00 2018.40 412.80    
Projected expenses for first lamb crop      

   
Late gestation feed intake (kg/hd/d) 0.45 0.45 0.45 0.45    

Total late gestation feed intake (kg)4 359.10 264.60 434.70 113.40    
Creep intake (kg/hd/d) 0.45 0.45 0.45 0.45    

Total creep intake (kg)5,6 684.00 504.00 828.00 216.00    
Lactating feed intake (kg/hd/d) 0.91 0.91 0.91 0.91    

Total lactating feed intake (kg)6 1383.20 1019.20 1674.40 436.80    
Feed cost ($/kg) 0.46 0.46 0.46 0.46    

Total feed costs per ewe bred ($/hd) 99.87 74.47 90.76 70.61    
Lamb labor cost ($/lamb) 10.00 10.00 10.00 10.00    

Total cost per ewe bred ($/hd) 109.87 84.47 100.76 80.61    
Projected Revenues      

   

Lamb market revenue ($/hd)7 155.00 155.00 155.00 155.00    
Number of lambs marketed 19 14 23 6    

Total revenue ($) 2945.00 2170.00 3565.00 930.00    

Projected Profits9 
     

   
Profit per ewe exposed ($/hd) 27.16 32.57 36.40 20.48    

1Lambs were assigned to a dry lot or pasture group post-weaning. 
   

   
2Year represents ewe lamb's date of birth, Year 1 (2021) or Year 2 (2022).      
3Feeding trial lasted approximately 60 days (dry lot ewes received ad libitum supplementation and pasture    
ewes received 2% body weight).        
4Late gestation will last 42 days.        
5Assuming 100% lamb crop.        
6Average weaning age is 80 days.         
7Assuming October 2022 Union County, NC Livestock Graded Sheep and Goat Auction prices for 27 kg lambs  

($5.74/kg).  
8Any ewe lamb below 29 kg was considered unfit for breeding and was not exposed (n = 6).    
9Only includes feed costs of ewe lambs while on trial, projected feed costs (late gestation and lactation), and    
labor costs (no yardage or dam upkeep costs included).       
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Figure 3.1 Growth performance and carcass characteristics by genotype and housing in Year 1. 

Starting weight (A) was collected on the first day of the trial and average daily gain (ADG; B) was measured biweekly in lambs 

divergently selected for fecal egg count estimated breeding value (FEC EBV) to compare between genotypes (GT), housing (H) and 

their interaction (GT*H). Average market weight (C) and average eye muscle depth (EMD; D) were collected on the last day of the 

trial to compare between genotypes, housing, and their interaction. Fat depth data was not reported due to difficulty in measurement in 

most lambs. (E) Eye muscle depth was adjusted to 80 lb market weight. a,bMeans with different superscripts differ (P < 0.05). *Means 

with an asterisk tend to differ (P < 0.10). 
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Figure 3.2 Growth performance and carcass characteristics by sex in Year 1. 

Starting weight (A) was collected on the first day of the trial and average daily gain (ADG; B) was measured biweekly in lambs 

divergently selected for fecal egg count estimated breeding value (FEC EBV) to compare between sexes (S). Average market weight 

(C) and average eye muscle depth (EMD; D) was collected on the last day of the trial to compare between sexes. Fat depth data was 

not reported due to difficulty in measurement in most lambs. (E) Eye muscle depth was adjusted to 80 lb market weight. Significance 

was determined at P < 0.05.  
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Figure 3.3 Growth performance and carcass characteristics by genotype and housing in Year 2. 

Starting weight (A) was collected on the first day of the trial and average daily gain (ADG; B) was measured biweekly in lambs 

divergently selected for fecal egg count estimated breeding value (FEC EBV) to compare between genotypes (GT), housing (H) and 

their interaction (GT*H). Average market weight (C) and average eye muscle depth (EMD; D) was collected on the last day of the 

trial to compare between genotypes, housing, and their interaction. Fat depth data was not reported due to difficulty in measurement in 

most lambs. (E) Eye muscle depth was adjusted to 80 lb market weight. a,bMeans with different superscripts differ (P < 0.05). *Means 

with an asterisk tend to differ (P < 0.10). 
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Figure 3.4 Growth performance and carcass characteristics by sex in Year 2. 

Starting weight (A) was collected on the first day of the trial and average daily gain (ADG; B) was measured biweekly in lambs 

divergently selected for fecal egg count estimated breeding value (FEC EBV) to compare between sexes (S). Average market weight 

(C) and average eye muscle depth (EMD; D) was collected on the last day of the trial to compare between sexes. Fat depth data was 

not reported due to difficulty in measurement in most lambs. (E) Eye muscle depth was adjusted to 80 lb carcass weight. Significance 

was determined at P < 0.05.  
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Figure 3.5 Parasite infection data by genotype and housing in Year 1. 

Fecal egg count (FEC; A) was measured biweekly in lambs divergently selected for fecal egg count estimated breeding value (FEC 

EBV) to compare between genotypes (GT), housing (H) and their interaction (GT*H). (B) Average FEC by genotype and housing. (C) 

Packed cell volume (PCV) was measured biweekly by genotype and housing. (D) Average PCV by genotype and housing. a,b,c,dMeans 

with different superscripts differ (P < 0.05). *Means with an asterisk tend to differ (P < 0.10). 
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Figure 3.6 Parasite infection data by sex in Year 1. 

Fecal egg count (FEC; A) was measured biweekly in lambs divergently selected for fecal egg count estimated breeding value (FEC 

EBV) to compare between sexes (S). (B) Average FEC by sex. (C) Packed cell volume (PCV) was measured biweekly by sex. (D) 

Average PCV by sex. Significance was determined at P < 0.05. 
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Figure 3.7 Parasite infection data by genotype and housing in Year 2. 

Fecal egg count (FEC; A) was measured biweekly in lambs divergently selected for fecal egg count estimated breeding value (FEC 

EBV) to compare between genotypes (GT), housing (H) and their interaction (GT*H). (B) Average FEC by genotype and housing. (C) 

Packed cell volume (PCV) was measured biweekly by genotype and housing. (D) Average PCV by genotype and housing. a,b,cMeans 

with different superscripts differ (P < 0.05). *Means with an asterisk tend to differ (P < 0.10). 
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Figure 3.8 Parasite infection data by sex in Year 2. 

Fecal egg count (FEC; A) was measured biweekly in lambs divergently selected for fecal egg count estimated breeding value (FEC 

EBV) to compare between sexes (S). (B) Average FEC by sex. (C) Packed cell volume (PCV) was measured biweekly by sex. (D) 

Average PCV by sex. Significance was determined at P < 0.05. 
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Figure 3.9 Forage analysis for pasture lambs Year 1 and Year 2. 

Crude protein (CP) on a dry matter (DM) basis was measured for Year 1 (A) and Year 2 (B). Neutral detergent fiber (NDF) on a DM 

basis was measured for Year 1 (A) and Year 2 (B). Total digestible nutrients (TDN) on a DM basis was measured for Year 1 (A) and 

Year 2 (B). The average requirements for growing lambs averaging 45-75 lb is 14-18% CP and 65-76% TDN on a DM basis to 

maintain an ADG of 0.5 lb or greater (A; B). Requirements were not consistently met in either year as shown by the solid dark (TDN) 

and light (CP) grey lines. (C) Dry matter (DM) was measured for Year 2. Dry matter content in Year 1 samples was removed due to 

delayed analysis causing potential inaccuracies.  
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Figure 3.10 Replacement ewe pregnancy success and FEC at pregnancy ultrasound in Year 1 and Year 2. 

Sixty days after ram removal, pregnancy rate of replacement ewes divergently selected for fecal egg count estimated breeding value 

(FEC EBV) was determined by ultrasonography to compare between genotypes (GT), housing (H), and their interaction (GT*H). (A) 

Year 1 pregnancy rate and (B) Year 2 pregnancy rate. Fecal egg count (FEC) at pregnancy ultrasound was collected to compare 

between genotypes, housing, and their interaction. (C) Year 1 FEC and (D) Year 2 FEC. a,bMeans with different superscripts differ (P 

< 0.05). *Means with an asterisk tend to differ (P < 0.10). 
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CHAPTER 4: Potential areas of future research 

 

4.1 Implications 

The impact of GIN in the sheep industry across the southeastern U.S. is significant. Work 

here has demonstrated the importance of understanding genetic and environmental interactions 

for parasite susceptible and resistant lambs. Parasite resistant (Low FEC EBV) lambs remained 

superior in resistance traits. However, lambs housed on a dry-lot and supplemented post-weaning 

were less infected than pasture raised lambs. Results indicate that parasite susceptible (High FEC 

EBV) lambs were able to overcome their genetic disadvantage when housed on a dry-lot. This 

resulted in similar FECs as the Low FEC EBV lambs housed on pasture post-weaning. These 

housing groups were provided different planes of nutrition. Further evaluation of post-weaning 

performance if both pasture and dry-lot lambs were provided with ad libitum supplementation is 

required. Since the incorporation of FEC EBVs in the National Sheep Improvement Program, 

Katahdin FEC averages have decreased due to the adoption of this technology by breeders. 

Nutritional status may also influence resistance and resilience against an infection. Literature 

indicated that lambs provided a protein-dense plane of nutrition can better withstand a parasite 

infection and replenish proteinaceous cells lost during infection (Coop and Holmes, 1996; Coop 

and Kyriazakis, 1999; Poppi et al., 1986; Sykes and Coop, 2001; van Houtert and Sykes, 1996). 

However, due to high genetic variability within-breed (Notter et al., 2022; NSIP, 2023), 

resistance to parasites varies even when provided similar nutritional supplementation (Coop and 

Holmes, 1996). Furthermore, what happens when lambs who have depressed feed intakes during 

infection are provided with increased levels of CP and TDN? 

Potential exists to improve feed efficiency in both genotypes by selecting for lower 

residual feed intake (RFI). Previous studies have hypothesized that number of daily feeder visits 
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is correlated with RFI. Muir et al. (2018) concluded that sheep who visited a feeder less often, 

but consumed larger meals at each visit, had a low RFI, meaning the individual is eating less 

than expected. Lambs with lower RFI are considered more efficient, and therefore may improve 

profitability. Ellison et al. (2022) reported that wethers with high RFI on a concentrate-based diet 

also tended to be less efficient on a forage-based diet, suggesting that RFI remains relatively 

constant across diets. Additional investigation of how RFI is impacted by genetic resistance or 

susceptibility to parasites would be valuable for selection decisions. Maierle et al. (2022) found 

that sire FEC EBV type and infection level did not have an impact on feed efficiency. However, 

variation in feed efficiency between sires within FEC genotypes indicates potential individual 

sire impact on progeny feed efficiency. 

As our understanding of feed efficiency in lambs is further investigated, applications to 

mature ewes must be considered. Selection based on RFI tends to focus on lowering 

consumption rates and animal maintenance requirements without compromising mature weight 

or weight gain in young animals (Rocha Bezerra et al., 2013). Redden et al. (2014) found that 

low RFI ewe lambs had a reduced dry matter intake of 22% compared to high RFI ewe lambs. 

However, body weight, average daily gain, and feed conversion did not differ between low and 

high RFI ewes. Many studies have explored the effects of RFI on lamb productivity (Cammack 

et al., 2005; Lima Montelli et al., 2019; Redden et al., 2013; Snowder and Van Vleck, 2003). 

Additional exploration of RFI variation in mature ewe populations throughout the production 

cycle is needed. Additionally, evaluation of feed efficiency when fed a concentrate ration post-

weaning compared to a forage-based diet as a mature ewe is required. 
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APPENDIX 

 

Figure A.1 Life cycle of Haemonchus contortus. 

The life cycle of H. contortus begins with adult worms found in the abomasum. Eggs are 

deposited in the feces and the first-stage larvae (L1) hatch from the eggs in the fecal matter. 

Larvae feed on bacteria and undergo two molting stages. After the second molt, they become 

third-stage infective larvae (L3). The L3 will reside in water droplets on the forage until they are 

ingested. Once inside the host, larvae go through two more molts (L4 and L5 stage) and then 

develop into mature adults. Haemonchus contortus consumes blood in the abomasum of the 

sheep during the L4, L5, and adult stages. Photo courtesy of Dr. Javier J. Garza. 
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Figure A.2 Within -breed genetic variation for weaning fecal egg count (WFEC) and post-

weaning fecal egg count (PFEC) estimated breeding value (EBV) in Katahdin  sheep. 

A significant amount of variation exists within breed for WFEC and PFEC EBVs in Katahdins. 

Individuals with lower FEC EBVs are more resistant and individuals with higher FEC EBVs are 

more susceptible. Katahdins are considered a more parasite resistant breed, so the breed average 

for FEC EBV is lower than more susceptible breeds.  
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Figure A.3 Average temperature for each 6-hour period throughout the SSFeeder 

acclimation trial . 

Temperature remained fairly constant over time during the SSFeeder acclimation 24-day trial. 

Each 24-hour period was split into 6-hour time frames. The coolest time of day was 12 AM ï 6 

AM while the hottest time of day was 12 PM ï 6 PM. 

 

 

 


