ABSTRACT
VALLIERE, NICOLE KAITLYN . Impact ofGenetic XEnvironmentinteractionn
Performance oKatahdinLambsDivergentlySelected foiFecalEgg CountEstimatedBreeding
Value.(Under the directioof Dr. Andrew Weaver.

Genetic selection and nutritional supplementation are potential methods to mitigate the
impact of parasitism in shedpnderstading feeding behavior of growing lambs divergently
selected for parasite resistarftewFEC) or susceptibilityHighFEC)using the fecal egg count
(FEC) estimated breeding value (EBMay help quantify the impact of genetic selection and
supplemerdl feedng on parasitismOver two yeargYear 1 (Y1) and Year 2 (Y2)LowFEC
Katahdin ewegY1: n = 52; Y2: n = 40) were randomly bred to LowFEC Katahdin ramsr{¥L:

3; Y2: n = 3)at the Virginia Tech Southwest Agricultural Research and Extension Center.
HighFEC Katahdin ewes (Y1: n48; Y2: n = 50) were randomly bred to HighFEC Katahdin
rams (Y1: n =3; Y2: n 3).Prior toweaning ¥1: 76 d; Y2: 92 d), pairs were managed on
fescuebased pasturén Y1, lambs(n = 175 were moved to ungrazed feseb@sed pasturat
weaningand managed as one contemporary group for 36 days to assess training behavior with
the GLock, Inc Super SmartFeed&3Feedgr During this time, lambs were supplementgth

a concentrate pellet (6 CP, 76% TDN)n standard trough feedeia 23 daysLambs were

also provided 0.23 kg/hd/d of the same pellet viefiEeedes A MA C H Awa® utilized as

the basis for anthelmintic treatmeAt.the conclusion oftteacclimation periogdthefeeding tral
began(day 1) At this time, LowFEC and HighFEC lambs were randomly assigned tclatdry
(LowFEC: n = 27; HiIghFEC: n = 24) or pasture (LowFEC: n = 26; HighFEC: n = 25) group. The
dry-lot group receive ad libitum supplementation via ti8SFeedewhile the pasture group was
supplemented 2%ody weightvia standard trough feedeis 63days In Y2, LowFEC and

HighFEC lambs were randomly assigned to aldtyfLowFEC: n = 37; HighFEC: n = 40) or



pasture (LowFEC: n = 37; HighFEC: n = 40) graipveaningTo transition lambs to the
SSFeederdry-lot lambs continued to recei@% body weightn standard trough feedeiie 15
daysafter SSFeedeintroduction Pasture lambs received 286dy weightin standard trough
feeders until they were moveal & drylot (day36) due to health concerasmd began receiving
ad libitum supplementatiort the conclusion of the studiambeye muscle depttEMD) was
determined via ultrasound@hroughout the feeding trial in both yedis&age sampledfody
weights, FEC, packed cell volume (PCV), and FAMACHA scores were collected every 14 d.
Frequency of SSFeeder visitgilg supplemental intak@ndaverage daily gain (ADGyere
collected viadhe SSFeedeand supplemental feed:gain (S:G) was calculdethe drylot

group Statistical analyses were conducted using SAS (SAS Institute Inc., Cary, N®raath
MIXED for repeated measures and Proc GENMOD for feeding bha¥l, LowFEC lambs
tended tohave greater daily feed intak@3= 0.06) while no differences existed between
genotypes in Y2No differencesxistedbetween genotypdsr S:G in either yeain Y2,

LowFEC lambs had greater ADG than HighFEC laifibs 0.05 and drylot housed lambs had
greater ADG than pasture raised lamPBs(0.0J). Dry-lot lambs had greater EMD than pasture
raised lambsn bothyears(P < 0.0)). In both yearsLowFECIlambs had lower FECs compared
to HighFEC lambsK = 0.(), and drylot lambs had loweFECs compared to pasture lamBs (
< 0.0). These results indicate the potent&housing and supplemental nutrition systéms
helpmitigategenetic ssceptibility to parasitisrallowing improved health status anttreased

growth during thgostweaning 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 withloreedfor parasite resistanctheir adaptability to forage
based management systeamslimpact ofnutritionalsupplementatioon lamb performance.
Further discussion will focus on the interactions between nutritional supplementation and
parasitism.
1.1.1 Origin and breedstandards

The Katahdin breed was developed in Maine, (U.S.) during the late 1950s. Itis a
composite betweelnreeds 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 waatd a polled phenotype. The hair coat catary
range between white, tan, dark brqwna combination. Mature ewe body weights span from
5573 kg and 680 kg in rams (Wildeus, 1997). This low maintenance and hardy sheep breed
has gained popularity amopgoducers in the southeastern U.S. dudééar enhanced parasite
resistance and moderate frame size making them more adaptédegebased production
systemsVanimisetti et al., 2004Vildeus, 1997. Katahdins do not require shearing which has
also contributed significantly to their poputstriln theNational Sheep Improvement Program
(NSIP), the Katahdin is one of the most active bréedsrms of annual enrolimefiigere et al.,
2017). Previous studies indicate greater nagaatrointestinal nematod&IN) resistance and
resilience in Katahdins compared to wool breeds. However, they have less resistance compared
to the Caribbean hair breeds (Vanimisetti et al., 200dmal egg count (FEC) estimated

breeding values (EBVs) have been available to Katahdin breeders who participate sindSIP



2007, which has provided a selection tool for parasite resistance (Ngere et al., 2018).
Consequently, the Katahdin breed has become prevalent in4osagd systems found in the hot
and humid southeastern U.S. climategam 2000 to 201%air sheemumbergosefrom 1%to
26%0f t h e nkaDue to thedirgrodfictiom of hair sheep, the number of sbpemtions
in the Southeast has grown by 167% (Newton, 2019).
1.1.2 SoutheasterrUnited Statesenvironment

Due to variation in climate across the U.S., producers utilize numerous management
tools. Breed selection is one of those tools. Sihaiesheepvere developed in a tropical climate,
theytend tobe moreadapableto thehot and humid production environntsin 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. Averagenaal temperatures for this region over the same time
period range from 8 to 26° With increasing annual temperatueesoss the deep soURRISM
Climate Group, 2021a,b). Hot and humid climates found in the southeastern U.S. are ideal
conditions for strogylid nematodes, includingaemonchus contortugncreased humidity on
the east coast heightens concerns of parasitic gastroenteritis{Ri@& 2006). To mitigate
parasite burden and environmental stressors, sheep producers in the southeast must utiliz
managemerdndselectiontools
1.1.3 Non-traditional sheepmarkets

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 youngr, lighterweight lambs compared tambs marketed through traditional channels



These areftenhair sheep (Shiflett et al., 2010; Shiflett, 2020)eT.S. Department of
Agriculture (USDA) National Agricultural StatiseService (NASS) has sectioned lamb
slaughter into three categories: federally inspected (Fl}federally inspected (NFI), and on
farm. Federally inspectedlaughter requires a fedé meat inspector to be eite during
livestock slaughter under the Federal Meat Inspection Act. Contrastingly, NFI slaughter includes
all state inspected slaughter (livestock slaughtered, inspected, proeessedld within state
lines) and custorexempt slaughter (facilities are not inspected regularly by federal inspectors,
so meat is | abeled fAnot for saleodo and must be
Commercial slaughter is the combination of FI and NFI. Between-2009, FI slaughter
aveaged 92% of commercidmbslaughter while the remaining are slaughtered in state
inspected facilities. Gfarm slaughter is calculated in annual surveys from producer reports and
may not be accurately captured by federal reporting (Shiflett, 2020).

Hair sheep, including the Katahdifit, thedemands of thethnic marketvell and
sometimes even receive the highest prices. The two largest livestock auctions in the U.S. that
market sheep and goat into the ficaditional trade are located in San Angelo, dxd 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
approximately600-700 hairlambs sold per week (USDAMS, 2022). Therdnas been a steady
decline in the number of sheep being slaughtered under federal inspelcticever the non
traditional market has been growing. The number of lambs that were slaughtered on farms from
20002004 made up 1.6% of the total annual lamb evbpe this percentage rose to 2.5% from
20102019 (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



being sent to ethnic markets anb 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 millon 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 indudtiizing U.S. lamb
crop projections and sale numbers from federal inspection sites, direat/spd@pproximated
(Shiflett et al., 2010). Producers in the eastern U.S. are shifting towards raising hair sheep like
the Katahdin since they aneore adapted to the production environméfdir sheep tend to be
moredesirablébecause they are of moderaiee and produce finished carcasses at an
appropriate weight for the naraditional 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 parasitism on production 83% of trials The production
measures included weight gain, wool productanmd milk yield. When comparing naive and
infected animals, weight gain, wool growth and milk yetaisreduced by 23%10% and 22%
respectively in parasite infected animals (Mavrot et al., 2015). This decrease in performance
directly impactp r o d upcofitabifityd Internal parasites are considered the most costly disease
for Austr al i a@unsngfer milionsof dolidre in lesses eaah year. In
Australiads summer rainfaldl z o nHaemaritleus e t he pr
contortus the national economic cost totals approximately idBon per year (Sackett et al.,
2006).

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

percentage of lambs lost to internal parasites was higher in the eastern region of the U.S.



compared to the western and central regions (14.2% v. 3.7 and 4.2%, respectively). In the same
report, inernal parasites were a leading cause ofpredlator losses in both feneemhge and

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

the percentage of nonpredator lamb death losses caused by internal parasite®wads!®.ih

2019, this percentage rose to 15.526,239 an®6,140 lambsrespectivelyUSDA-APHIS-VS-
NAHMS, 2021).

The GIN of greatest importance to small ruminants include the order Strongylida and the
superfamily Trichostrongyloidea (Levine, 1980) witie torimary specieseingHaemonchus
contortus, Teladorsagia (Ostertagia) circumcinaagd theTrichostrongyluspeciesT.
colubriformis, T. vitrinus, T. axg{(Gossner et al., 2013; Good et al., 2006; Fox, 2014; Zajac,
2006).

Teladorsagia circumcinctprefers more temperate climates with winter rainf@lbgsner
et al., 2013Zajac, 2008 Similar toH. contortus this GIN has a prepatent peri@iane between
host consumption of infective larvae to parasite sexual matofigpproximately three weeks
(Soulshy, 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). circumcinctamore commonly causes diarehand
occasionally anemia and death (Zajac, 2006).

TheTrichostrongyluspecies often contribute to PGE in small ruminahtsxeiis an
abomasal parasite while colubriformisandT. vitrinusare found in the small intestine (Zajac,
2006). Heavy infections dfrichostrongylux an cause weight | oss, diar
occasionally death (Bowman, 199%)ichostrongylusalso survives longer as adults than ddth

contortusandT. circuncincta(Courtney et al.1983).



Haemonchus contortus the most important of the strongylid nematotted thrives in
tropical and subtropical regioasound the worldlue toits productivity in hot and humid
climates Concerns are associated with itelfiicacy and blood consumption that causes anemia
in the hostFAMACHA scoring has been utilized to specifically address infection Mith
contortussince infection commonly causes anerilawever, FAMACHA scoring is na
beneficial test for other stroplid parasites since they are not blood feed&ngmia 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
metabdism 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 df arontortis infection (Fox, 2014;
Soulsby, 1965) producers may not recognize the extent of infection until death occurs (Zajac,
2006).Haemonchusontortusis commonly known as thgarberPole Worm due tahedistinct
appearancef theadultfemale The femaleadult worms have a red and white striped appearance
duetot h e whiloodfilied intestinesnvrapping around they o r mepreductive tract. The
prepatent period dfl. contortusextends 17 to 21 days (Levine, 1980). Haemonchosis and PGE
are often seen inopng lambs or adults whose immunity has been compromised due to previous
illnessor stresgZajac, 2006).

The life cycle ofH. contortusbegins with adult females found in the abomasum. Adult
female worms have the capacity to produ@®86 to 15,000 eggser 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 fitage larvae (L1) hatch from the eggs in

the fecal matter. Larvae feed on baiet@nd undergo two molting stages. After the second molt,



they become thirgtage infective larvae (L3). The L3 witside in water droplets on tf@rage
until they ara@ngestedOnce inside the host, larvae go throigb moremolts (L4 and L5 stage)
ard then develop into mature adulidaemonchus contortunsumes blood in the abomasum of
the sheep durinthe L4, L5, and adulitages. Each individual worm in the abomasum can
consume up to 30 €l of Dbl ood per,pedouyslydlausi ng
animals, or chronically infected animals (Emery et al., 2016; Zajac, 2006).

Temperature will cause variation in the length of time for developframtthe eggo
the L3 stageThe minimum length of time is-8 days (Levine, 198030during 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; Krecekaét 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., 9B). First (L1) and secorstage (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 12 cuticle as a sheath resulting in two layers. The sheath will protect the larva from
harshenvironmentatonditions but it restricts feedingbility. Therefore, th&3 larva must be
ingested by a host animal to continue the life cycle. Once metabolic reserves are drained while
outside of the host, tHeB larva will die (Barger, 1999).

Sheep producers located in the southeastern U.S. frequently deal with the ohpacts
parasite infections. Anthelmintics have bdesquentlyused to control GIN since the 1960s

(Zajac, 2006). Due to intensive usage, there is now widespread resistance tmthahyintics



(Fleming et al., 2006; Howell et al., 2008). There are three appemtbdimintic classes:
benzimidazoles, cholinergic agonists, and macrocyclic lactones each with unique modes of
action. Benzimidazol es i +iubdlirf) develogmerd, cholmargics i t e 6 s
agonists are considered paralyti@sd macrocycti 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 cataged as the single greatest threat to small ruminant production
(Waller, 1997)Haemonchus contortugas thegreatestesistance to anthelmintics and it is the
most abundant GIN in tropical and subtropical regions (Fleming et al., 2006). Previous solution
to parasite burden included regularly dosing flocks with an anthelmintic throughout the grazing
season (Terrill, 2012). Due to increasing anthelmintic resistartegrated parasite management
such agjrazing management and genetic selection shoulagiered to combat parasit
burdens.

In a 2008 analysis completed by Howell e(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 prevalenéanthelmintic resistance. Results indicated that
contortuswas the most abundant parasite on 96% of faHaemonchusontortuswas resistant
to benzimidazole, levamisole, ivermectin and moxidectin on 98%, 54%, 76%, and 24% of farms,
respectively. On 8% of farmsH. contortuswvas 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) def i nlgydorquace parsditd e r e s

numbers through establishment prevention. This is measured through the collection of FECs



which is a method of determining how many strongylid parasite eggs are preseatgram of
fecalmaterial Fewer eggsdicatethe individm | 6 s abi l ity to expel a pa
own or prevent its establishmer@ontrastingly, tolerance is described as maintaining health in
spite ofincreasingparasite number&urther, resilience s t he host 6s abil ity t
damages incurred during infectidfraditionally, FAMACHA scoring has been utilized to
specifically address infection with. contortussince infection commonly causes anerhlaing
the FAMACHA method, the ocular mucous membranes of small ruminants ssdiethon 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 tolerand¢. ttontortussince anemia
is a primarypathologiceffect of infection (Kagn et al., 2004). FAMACHA scoring does not
predict an individual ds ability to expel an i
impacted greater by the infectidreritability estimates for FAMACHA scores range from 0.2 to
0.46 (Alvarez et al., 28; Ngere et al., 2018). Fecal egg count is known to have a heritability of
0.2 to 0.3 and increan) resistance through selection for lower FEC has been successful (Notter,
2013).

Gastrointestinal nematodds, contortusspecifically, have major health deconomic
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 bsré#demwing who the resistant
individuals are allows for selection within the flock. Identifying tolerant animals only allows us
to determine whds capable ofvithstandng, but not preventingyarasitanfection Tolerant
animalsmay not suffer as severdipm a parasite infection, but they are still shedding eggs on

pasturegor moresusceptible animal® ingest



1.2.1 Hypobioss

Hypobiosis is a period of time where larvae can undergo arrested development. Post
infection, larvae between the L3 and &tage 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 Therefoe, H. contortusmay enter hypobiosis during the winter months to extend or
delayits life cycle (Levine, 1980)Environmental signalshat are not fully understood at this
time, indicatevhen hypobiosis should begiDuring this time, producers see a d&ge 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 comditexist once again. These cues are
hypothesized to be related to host immunity suppression that ocourglparturition Increased
progesterone levels withthe ewe may play a role in increasing larval motgibd inhibitingthe
larval molting procss(GutiérrezAmeézquita et al., 2017).

In the spring months, there is typically an increase in fecal egg counts as parasites leave
dormancyand continue development to sexual matuitye rise in adult worm burdemd
increased egg producti@an exacerdte parasitism in periparturient eweamunity relaxation
in periparturient ewesauses a rise in FEReak PPR usually occurs approximately 30 days
postparturition (Notter et al., 2017).arger numbers of larvae reach maturity due to the lack of
expulsion in lactating ewes and greater adult worm populations lead to a greaberof 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 (P&)rswhen new larvae
or larvae reemerging from hypobiosis establish in the gastreimal tract and there is failure of
expulsion due to a suppression of the immune system during late gestation and early lactation
(Connan, 1968)Thisresults in an increase in pasture larval contamination if producers are
grazing ewes close to lambingr(Bisdon, 1970Connan, 1976 loyd, 198306 Sul | i van and
Donald,197) . Thi s i mpacts both the ewesbdé (Procter
since young, growing lambs are more susceptible to parasitism (Kahn et al., 2003). Factors that
are liable ¢ 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 mdgzeriparturient ewes
may be aided bgcquired 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 responsivereasincreasan worm establishmenBfshop and
Stear, 2001Courtney et al., 198@otter et al., 2018

Previous research indicated the optimum treatment for periparturient ewes-\waoonae
shortly before or at lambing (Notter et al., 2018). Sincegief 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 ILeathwick et al., 2006van Wyk and Bath, 2Q0). Fortunately, FEC is moderately

heritable and direct selection for low FECambs correlates to low FE@speriparturient ewes
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(Notter et al., 2018Periparturient risenay be suppressed with supplemental feeding during
thesetimes ofheightened nutrient demas(Notter et al., 2017).
1.2.3 Immuneresponse

The speed and type of immune (cellular and humoral) response after consuming infective
| arvae determines that individual 6s msé&am st anc
delayedresponsivenesand reduced presence of the various immune signals (Bowdridge et al.,
2013; Rowe et al., 2009). This delayed immune responsarasite susceptible breeabows
the parasite time to establish in the abomasum (Bowdridde 2045; 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 G €t al., 2000; Huntley et al.,
2001, Lacroux et al., 2006; Lee et al., 2QPkttit et al., 2005Pernthaner et al., 2003afeffer et
al., 1996; Prichard et al., 1997; Shaw et al., JOR (Henderson and Stear, 20Q&e et al.,
2011 MartinezValladares et al., 200®ernthaner et al., 20086tear et al., 199%ard IgG (Gill
et al., 2000; Pernthaner et al., 2006). Granulociyeghocytesand monocytes are involved in
cellular responses to infection (Bowdridge et al., 2@i8;et al., 2000Henderson and Stear,
2006 MacKinnon et al., 2013feffer et al., 19965tear €al., 2002. During a Fhelper type 2
(Th2) response (Lacroux et al., 2006), cytokine expression inclugégHinkelman et al., 2004;
Gossner et al., 2018acroux et al., 2008_uttmann et al., 19991L-5 (Gill et al., 2000Gossner
et al., 2013; Pernthaner et al., 2003h-13 (Finkelman et al., 2004; Gossner et al., 2013;
Pernthaner et al., 2005b, 2006) and tumor necrosis fa¢Rernthaner et al., 2005b)-HElper
type2 (Th2) responses are associated with parasite and allergic rea@tihis the gut lumen,
these Th2 responsagreasemucus productiofrom goblet cells and smooth muscle

contractlity , creating an unfavorable environment for parasite establishment in the

12



gadrointestinal tractilorsnell et al., 201;17Zhao etal., 2008 Thi s fAweep and swee

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 etal. (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
ingeston, there are increasedncentrationsf 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. Whbeided 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 hdtle 10 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 infectomce 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-infexdion (Balic et al., 2002). Past
researchesultsindicatethat 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 againsH. contortus(Gill et al., 1993 Jacobs et al., 2033efna et al., 2006
1.2.4 Geneticselection

Genetic selection for parasite resistanceitmasense potentidbr combating parast

burdensresulting indecreasedeed 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 parasit 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 SuBake( et al., 1999Gamble

and Zajac, 1992]acols et al., 2015Notter et al., 2003; Vanimisetti et al., 2004%/hile

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 documeatedence of variation withibreeds Baker et al., 1999;
Courtney et al., 19853 otter et al., 2022)._ush (1943) initially described thecreasecdmount

of geneticvariability within breed compared to variation between breBtckburn et al. (2011)

has reported similar findings.

Genetic evaluation of parasite resistance utilizing FEC is available through NSIP and the
Australian LAMBPLAN programileat & Livestock Australia (MLA), 2004Notter, 2013.
Produceramayrecord FEC at weaning (between 45 afdifys of age) and againagpost
weaningtime point(between 90 an804days 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 calcul&EC 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 individual s genetic meri-t
Database (2023hdicated=EC EBVs for weaning FEC (WFEC, 4® days of age) and pest
weaning FEC (PFEC, 9240 days of age) currently range fre@9.7 to 201.4% and-101.18 to
239.24%%, respectivelylndividuals with lower FEC EBVs are more parasite resistant. Estimated

breeding values combine individual performance, pedigree informatiogeny dataand
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correlated traitso measure individual genetic merit which make FEC EBWM best selection
tool for parasite resistance. Even with this selection tool, the mechandariying withinbreed
variation is not fully understoo@eaver 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 associatedoaiisite 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 signaliogossbred
flock with a significant proportion of M@ro 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 Heritability

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 greateopgionof t hat tr ai t 6 s pfihe degréeeytopwdich 1 t i
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 resestaheggF
countand packed cell volume (R are generally used as indicators to measure resishzdce
anemia, respectivelHeritability 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 semesentthe
geneticvariationof an observable trait.

As expected, PCV is generally lower during paedasfections and is correlated with

higher FEC since it iameasure of anemia. The heritability of PCV for mature ewes is
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approximately 0.15 (Vanimisetti et a2004a), 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 pagasfection. Therefore, lower body
weightsmay result in higher FEGHowever, higher FEC may also reduce growth which will
result in lower overall body weighEertility 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 parasihfection as adults. These ewes tend to produce lambs with higher
growth potential which is more nutrientrdanding 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 tolset 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. (201i8gicatedlambs with greater potential for growth had lower
WFEC. Results indiated that a positive phenotypic association between BW and parasite
resistance may existhis further suppogthe hypothesis thamaller lambs are more susceptible
to parasitism and #tincreased infection levels inhibit subsequent growth. Theredelegtion
to reduce FEC can be made without compromising positive effects on BW gain.

1.2.6 Conclusiors

Gastrointestinal nematode infectiongl continue to burden sheeppulationsand

impacts will only be lessened with continued researachimplementation dlternative

management strategies. Anthelmintic resistance continues to rise, so one solution may be
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focusing on the genetic mechanisms controlling parasite resistaasteoiBtestinal nematode
resistance stems from the speed of immune resmoressandexpression of genes within the
i ndi vi dual 6 s Mdremapidimneunesrgsgonsesrpreventlionit parasite
establishmeniGastrointestinal nematodase not distributedgually across a flock. In general,
20-30% of the flock is depositing 780% ofthe 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 téind and eliminate the small portion of the flock that carries most dbthie
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 caretblefate
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 lossesentasisitlered on a floet-
flock basisIntegrated parasite managememwblvesreducingthe use of anthelmintics by
incorpoiating multiple alternative strategie¢s lessen parasite burddtrogramsuch afNSIP
thatprovideFEC EBVsoffer sheep producemnalternative option to prevent GIN infections.
Genetic selection can be utilizedat®ol within integrated parasite management to prevent
further increases in anthelmintic resistamce/orm populations by minimizing treatment
requirenents 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 circumstance#ccording to Coop and Holmes (1996), these interactions can be
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explained by studying the influence of parasi
affects parasite populations within the host, and how the sheep withstands infection through an
immunre response. Henceforth, nutritional status can influence panesgtance and resilience
(Coop and Kyriazakis, 1999). Controlling GIN populations is difficult since resistartte
infection levelsareinfluenced by age, breed, genetics, immunological, rautritional 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 ahhjidane 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, 199®is protein surplusepais the damaged
epithelial lining of the aboasumin addition tohelpinglaund 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 iane w epdoductioncycle. Therefore, it is not uncommon to provide
supplemental nutrition during these timeripdsto maintain overall ewe hehland productity .
Similarto howane we 6 s par asite susceptibility increase
requirements also increase. In a study completed by Godfrey and Dodson (2003), results
indicated milk production was higher in ewes prexdd 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 (AB) compared to the pasture only group. Gunn et al. (lif@atedewe
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 stressThis would explain why these nutrient demanding periods tend to have the
greatest benefits from nutritional supplementation whanajing parasiism (Coop and
Kyriazakis, 1999).
Nutritional supplementation increases hasilience however its impact may vary
based on the animal 6s devel opmental stage. Th
lower priority than supporting a pregnanaylactation 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 bjKidex et al., 2003). Contrastingly, immunity in
lambs has aigher 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 persbdsr i ng a | a mbPérasitesl ev el o
take advantage dliisse st abl i shing in the | ambéds gut when
vulnerable. Mavrot et al. (2015) reported up to a 15% reduction in growth between infected and
nortinfected lambs. There are benefits to be gained when lambs are provided with a high prote
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 pa@stining while being housed @asture and these
animals hadgjreatergain, wool production, and antibody responsed.toontortusandT.
colubriformisand lower fecal egg counts. Improving resistance and resilience to infection in
newly weaned lambs hbycreasingsupplemental feed fake is ongotentialcomponent of an
integrated parasite management program (Coop and Kyriazakis, 1999). Oddy and Sainz (2002)

indicatedthat if lambs have reached 4@%ftheirmatue body weighbefore growth impairment
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occurs, then there is little effieon their ability to undergo compensatory gain. Compensatory
gain is knowhh @sowvWittlatamd is the accelerated
development, usually due to an attack on the immune system or undernutrition. This is evidence
that tre immune system is prioritizexvergrowthin 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 propedynishedor uninfected counterparts. Loigrm
improvement in parasite resistance may be influenced by stratbgitterm, early-life
nutritional supplementation (Datta et al., 1998; Datta et al., 1999).

In a study completed by Wallace et al. (199%E-monthold Hampshire lambs were
given artificial infections oH. contortudarvae for 10 weeks. Initially, the lambs received a dose
of 100 L3perkg bodyweight andhen a trickle infection of 200 L3 three times a week for the
entire study. In parallel, Wallacet al. (1996) utilizeB0-weekold Scottish Blackface lambs to
compare breed resistance and resilience during a contitavedsvel exposure tdd. contortus
The Scottish Blackface lambs maintained lower worm burdens and deia@sared to
Hampshire lamhdHowever, diet did nonhfluenceFEC in Scottish Blackface lambs while a
reduction in FEC was noticed between diets in Hampshire labhle$dampshiregroup on a
basal diet (93 g CPerkg DM) showed increasdeECscompared tahe Hampshiregroup on
the spplemental diet (172 g Gberkg DM). However wide variation between individual lambs
existed.Resultandicatedthat protein supplementation during pamsifection can reduce
pathophysiological changes associated with haemonchosis in genetically sustaapbbleligh
protein dies can help overcome the genetic disadvantages that susceptible lambs face during

infection.
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1.3.3 Increased dietary requirements dung infection

Improved nutrition during parasiexposuranaydecreas&IN 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 ligstfextding (AFRC,

1993). Gastrointestinal nematodiefections typically increase MP requirements to overcome
damaged host intestinal tissue (Coop and Kyriazakis, 1999). Liu et al. (g@@3Yedthat an
additional 17 g/day of MP may be required to congage for protein loss during infection.

Bypass protein has shown benefits for young sh€egpnford, 2020Steel, 2003and

periparturient ewes (Kahn, 2003) by increasing the supply of digestible protein to the intestines.
Evidence regarding a positive pact 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; WalkderBrown and Kahn, 2002Maintaining immunity during a parasite challenge in

late gestation and lactating ewes may requimretabolizable 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) dut 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 Feetost.
intake reductions seem to be the gredntest dur
10 weeksof infection; Sykes and Greer, 2003). During infection, there is plasma and
extracellular fluid leakage along with the sloughing of epithelidllagérs. 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 decreasedntary 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., 19B®udijk, 2012 Kyriazakis et al., 1998 Improving
dietay protein supply allows for the compensation of these endogenous losses and reduced feed
intake (Abbott et al., 1986; Datta et al., 1988px and Steel, 199%an Houtert et al., 1996
Increased dietary protein also enables the infected sheep to Eumomunological response
and reduce parasite establishment (Coop et al., 1995; van Houtert et al., 1996). Maierle et al.
(2023) found that moderately infected lambs {208 eggs/g) did not differ in feeding behavior
compared to their uninfected countars when fed ad libitum utilizing a GrowSEfefor five to
six weeks. Results indicate that greater levels of parasite infection are required tordetiedta
of parasitsm on feeding behavior. Nutrition may have a direct impact on GIN due to the
modific at i on of the digestive system environment.
development. For example, differing pH levels may affect the rate of worm expulsion through
the creation of an unsuitable environment for both mature and immatuseigm(®e 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 tee(Gei 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
functionsfor ewesare prioritized irdescendingrder: survival and maianance of body protein,
reproduction, immune responses, and fat dépasFor a growing lamb, these physiological

functions are prioritized idescendingrder: maintenance, immune responses, gain, and fat
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depo#ion (Coop and Kyriazakis, 1999; Hosteadt, 2005). @strointestinal nematodean
disturb the nutritional status of an individual by reducing feed intalkteientdigestibility, and
absorption and nutrient metabolism through the increased loss of endogenous protein into the
gastrointestinalract Houdijk, 2012 Kyriazakis et al., 1998Incorporating bypass protein into a
diet has proven beneficibl increasing the supply of digestible protein to the intestines
(Crawford, 2020 Steel, 2008 While much is known about how nutritional suppleragion
interacts with immunological responses and parasite infections, research regarding how to
optimize nutrient supplementation when combating paradictions during various production
stages and with variation in FEC genotypes isrstiéided
1.4 Summary

Throughoutrecentyears, small ruminant productiomthe southeastas experienced
substantial growtlklespiteparasitological challengekie tothe introduction ohair sheep and
their genetic resistance to parasitisSthe nontraditional market isewarding moderate mature
sizesand associated lighter finishing weiglstsmmonly found with Katahdisheep This
markett he Kat ahdi nés a ibasédiptoductioneystanas aviphthightlewelsfofo r a g e
parasite exposuy@and theiracceptable maternal performanselriving producers in the
southeast to raise hair sheep. Due to the increase in anthelmintic resistance, prodsicers
implementalternative parasite management strategies like genetic seleatmningze GIN
infections Largevariationexistsbetween and within breedisr parasite resistanc&he Katahdin
breed tends to develop resistance to GIN quicker than wool breeds like the Dorset or Suffolk.
The use of NSIP tevaluategenetic resistande parasitisnthrough thecEC EBV is helping
producerselect forparasite resistance. Controlling GIN populations proves to be difficult since

resistance in the host is influenced by age, breed, genetics, immunglagicaltritional status.
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Improved nutrition has proven toaeaseGIN infectionwithin the host. Adequateypass

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 establiment. Nutritional supplementation combined with genetic resistance may
provide the best chance for sheep to improve growth and reproductive trassutihaast

foragebased system.
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CHAPTER 2: Evaluation of supplemental feedingbehavior in Katahdin lambsdivergently
selected forfecalegg count estimated breeding value

2.1 Introduction

Parasite burden from gastrointestinal nematodes (GIN) poses a significant threat to the
health of small ruminant&rom 2014 t®2019, the percentage of nrpnedator lamb death losses
caused by internal parasites rose from 9.1% to 15.5% (USBPHKIS-VS-NAHMS, 2021). As
anthelmintic resistance increases, sheep producers will no longer be able totihelyeon
traditional methods of GlNontrol and must explore new parasite management strategies
(Kaplan, 2004).

One strategy involvesegetic evaluation of pariss resistance utilizing fecal egg count
(FEC) estimated breeding values (EBV). These FEC EBVs are expressed as a percent change in
FEC which refl ects afar FECatweanin@W&EC) 0d postwpanmge t i ¢ me
(PFEC)time points(Notter and Levis, 2018).Lower FEC EBVsndicate greateparasite
resistace

Nutritional status of the lamb can also influence parasite resistance and resilience against
an infection (Coop and Kyriazakis, 1999). Previous literature has indicated thatdeowioed
with a high plane of nutrition are often able to better withstand a GIN infection compared to
undernourishedaimbs(Coop and Holmes, 1996; Coop and Kyriazakis, 1999; van Houtert and
Sykes, 1996). However, genetic variability witireed is highNotter 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 growtthen presented with a GIN infection, demonstrating that

lambs susceptible to infectionayhave depressed feed intake and growth performance.
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Therefore, the objective of this study was to evaluate the effseiedtion for FEC EBV
onsupplemental feedinbehaviors angostweaninggrowth. Resistant (Low FEC EBV) lantb
are expected to havhfferent feeding behaviors amtreased feed intal@mpared to
susceptible (High FEC EBV) lambs
2.2 Materials and methods
2.2.1 Breeding scheme

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

Committee (No. 24132) of Virginia Tech. Ewes and lambs were managed at the Southwest

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

began midOctobereach yeafYearl (Y1): 20202021; Year 2 (Y2): 2022023. Ewes were
managed as one contemporary group on febased pasture and harvested forages until
lambing.Ewes inboth yearsanged from 2 7 years of age

In Y1, low FEC EBV (LowFEC) Katahdin ewes (n = 9ble 2.) were randomly bred
to LowFEC Katahdin rams (n = 3able 2.} resulting in the birth of LowFEC Katahdin lambs
(n = 95). Similarly, high FEC EBV (HighFEC) Katahdin ewes (n =HBshle 2.) were
randomly bred to HighFEC Katahdin rams (n 8ble 2.] resulting in the birth of HighFEC
lambs (n = 91). At weanin@une 2, average 76 days of a@d) LowFEC lambs and 84
HighFEC lambs remained.

In Y2, LowFEC Katahdin ewes (n = 40able 2.) were randmly bred to LowFEC
Katahdin rams (n = 3fable 2.} resulting in the birth of LowFEC lambs (n = 87). Similarly,
HighFEC Katahdin ewes (n = 50able 2.) were randomly bred to HighFEC Katahdin rams (n

= 3; Table 2.} resulting in the birth of HIghFEC larel{n = 97) For genetic connectedness
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between years, one LowFEC sire and two HighFEC sires from Y1 were utilized A&t Y2.
weaning(June 22, average 92 days of ag&) LowFEC lambs and 80 HighFEC lambs remained.
2.2.2 Management

In Y1, lambing began on Marchahd 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 {68 2¥urs posparturition. Upon
removal from the jug, pes returned to fescugased pasture until weanimgt weaningin Y1, dl
lambs were treated with levamisole (8 mg/kg; Figuig. At weaningin Y2, lambs with
FAMACHA scores O 3 were selective?2lyStatingated w
atweaning and then biweekly for the remainder of the toadly weightaverage daily gain
(ADG), FEC, packed cell vame (PCV) and FAMACHA scoreere ecordedFecal 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 53 @gr gramCorid® treatments for
coccidiosis were administered as necessary on aWuobd basisn both years.
2.2.3 Acclimation of lambs to feeding system on pasture

At weaning in Y1, all lambs were moved to ungrazed fedased pasture and managed
as onecontemporary group for 36 days to assess training behavior withltbekZ Inc. Super
SmartFeederSSFeedgr Forage analysis was nodmpletedduring theSSFeeder validation
trial. The SSFeeder can be calibrated for limit feeding or ad libitum supplestientutilizing
electronic identification (EID) technology to measure individual daily feed intake and frequency
of SSFeeder visitsLambs averaged 45 Ib at weanmgjuiring16-18% CP and 76% TDN on a

DM basisto maintain an ADG of 0.5 Ib or greaf®RC, 2007)For 12 days posteaning,
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lambs were supplementead¢arn and soyhull basembncentrate pellet (16% CP, 76% TDN
Table 2.2 at 0.45 kg/hd/d in standard trough feeders. On June 14, lambs were intradtieed t
SSFeeder and supplemented 0.23 kg/halitth the same concentrate pellsing theSSFeeder
Lambs were supplemented at different rates in the standard trough feeders and the SSFeeder to
ensure all lambs wepgrovided equalopportunityto feedwhile also creating a true limit feeding
scenario with the SSFeed@&b aid in thetransitionof lambs to the&sSFeedesystem additional
feed was provided istandard trough feederEhis startedit 0.45 kg/hd/d and decreado 0.15
kg/hd/d untilstandard trough feeders weesmmoved on June 2ahd lambs were supplemented
solely from theSSFeedesystem In addition to biweekly sampling, mintermediate
FAMACHA score was taken June 29 as lambs had signs of haemonchosis.viigmbs
FAMACHA O 3 were treated with moxidectin (0.
with levamisole (8 mg/kg; Figur2l). Seventythree lambs were removed one month into the
study due to low feeding activity or health concefiitee rumber of lanbs per genotypassigned
to the SSFeeder remained eqddle remaining lambs were moved to a-tiiywith the
SSFeedeto reduce parasite burderhe SSFeedewas recalibrated to ad libitum
supplementation and lambs were provided with harvested fachf@tum. An analysis of the
harvested forage was not conducted.
2.2.4 Evaluation of supplemental feeding behavior in a digt environment

On August 4 (day 1), the acclimation period concluded. At this ansepsebf LowFEC
and HighFEC lambs were randomly igs®d tothe dry-lot feeding trial(LowFEC: n = 27,
HighFEC: n = 24)Thesedry-lot housed lambsontinued to receive ad libitum supplementation

via theSSFeedeuntil trial conclusion on October 5 (day 68lay was als@rovidedad libitum
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At weaning in Y2 a subset okowFEC and HighFEC lambs were randomly assigned to
thedry-lot feeding trial(LowFEC: n = 37; HighFEC: n = 40All lambs were supplemented at
2% body weightwith the same concentrate pellet as Y1 in standard trough feeaedslyOL1,
the SSFeedewas introdeedand supplemented ad libitum. To transition lambs t&StBEeeder
lambs continued to receive 286dy weightin standard trough feeders until July 25 (day 1;
Figure2.1). The group was provided harvested forage atlifibi Lambs remainedn the drylot
feeding trialuntil 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).Postweaning, taits (body weight, ADG, FEC, PCV, and FAMACHAyere 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 analyss were performed withipear due to time differences in sampling points
between years. All feeding data were analyzed utilizing Proc GENMOD. Significance was
determined aP < 0.05 A repeatedneasures 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 86Feedevisits), ADG, and supplemental feed:gain (S:G).
Supplemental feed:gain was calculated by dividing total supplementaihte&e 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 oak S:G calculations. A simitaanalysis 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 ¥3Feedeacclimation period. In
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both years, a fitsdegree autoregressive covariance structure was utilized. FEC were transformed
as InFEC = In(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 dag wiat

(EndFEC), averageEC (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 anddiscussion

2.3.1 Evaluationof C-Lock, Inc Super SmartFeedergSFeederfor lamb supplementation
on pasture

During the firstweekafter theSSFeedewas introduced (June 4211), the greatest
percentage of lambs visited t8&Feedebetween 6 AM and 12 PM compared to other time
periods (47%P < 0.05). During the last two sampling periods (Jun222and June 30uly 7),
the greatest percentage of lambs visited38Eeedebetween 12 AM and 6 AM (65% and 63%,
respectivelyP < 0.05;Figure2.2). There was a greater proportion of lambs that visited the
SSFeedeat least once on 17 or more days compared to 16 or less days out of 24 total days
during theacclimationtrial (59 vs. 41%P < 0.05; Figure2.3). The percentage of lambs viisg
the SSFeededaily varied between 380% from June 149. After being exposed to the
SSFeedefor six days, the percentage of lambs visiting$is#-eededaily only varied between
64-78% (Figure2.4).

Duringthe Y1SSFeedeacclimation periodThere wa an interaction between genotype
and time P < 0.05 on ADG. Time (P < 0.0)) influenced ADG, however no differences existed
for genotypgFigure2.5C) or sex(Figure2.6C). There tended to be an interaction between
genotypeand sex® = 0.069)on FEC Time influenced=EC < 0.01), however no differences

existed for genotypérigure2 5A; Figure2.5B) and seXFigure2.6A; Figure2.6B). There
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tended to be an interaction betwn genotype and timP € 0.093)on FAMACHA scoresTime
influenced FAMACHA scoresR < 0.0]), 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 viSEHedein the early
morning hours (between 12 AM and 6 AM) before temperatures climbleen\e lambs were
first introduced to th&SFeederthe greatest number of visits were made between 6 AM to 12
PM until they acclimated to ad libitum feed access. Taybe attributed to lambs knowing that
feed was usually hand delivered at this tinmepievious beef cattle studies utilizing the
GrowSaf& 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 thduet acclimation period varies from less than 7 d&8ysri{tt and
Provenza, 1989 horhallsdottir et al., 199 %o approximately 13 days (Chapple and Lynch,
1986; Chapple et al., 1987). These findings are consistent wi6hdagacclimation period to
the SSFeedepbserved in this triaLambs were considered acclimated wheteast5-70% of
lambs were consistently eating from th8Feededaily. Therefore, maximum capacity of the
SSFeeder should not exceed 125 lambsSome studies may attribute thisedegor 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 visitapon introduction to th&SFeeder
mirrors previous feedlot studies showing the innate behavior displayed when new feedlot diets or
troughs are introduced (Cole et al., 198i&ks et al., 1990Zinn et al., 1988

During the acclimation period, there wer@ many differences between genotype and

sex due to the short time peridtevious literature indicatésat ram lambshouldhave
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increased weight gain compared to ewe lambs (Hanrahan, 1999; Latif and Owen, 1979). Due to
variation within genotype, thekgere no differences between genotypes.
2.3.2 Daily feeding behavioin a dry-lot setting

Following the acclimation period, lambs were fed for 60 days using§$fteedein a
dry-lot environmentin Y1, there wereinteractiors of genotype and timeP(< 0.01;Figure
2.7B), sex and timeR < 0.0%, Figure 28B), and genotype and seR € 0.01; Table &) on the
number of daily visits to the SSFeedBime (P < 0.0]) and sex P < 0.0%, Figure 28B; Figure
2.8D) affected thenumber of daily visits to th8 SFeedelEwe lambs visited th&SFeedemore
frequently throughout the sampling period compared to ram lamb®(01). There were no
differences that existed for genotype (FigureB2 Figure 2.D). LowFEC ram lambs visitethe
SSFeedemore frequently than HighFEC ran® € 0.01) and LowFEC ewe lamb®& & 0.01).
HighFEC ram lambs visited less frequently compared to HighFEC ewe |&v8.0J) and
LowFEC ewe lambsH < 0.01). No correlations existed betwekaly SSFeedevisitsand FEC
for either genotype.

In Y2, time influenced the number of daily visits to 8®FeedefP < 0.0J).
Additionally, sex had an effect on number of d&gFeedevisits (P < 0.01, Figure2.10B,;
Figure 2.1@). Ram lambs visited theSFeedemore frequently than ewe lambs throughout the
study period P < 0.0]). No differences existed for genotype (Figurél2.Figure 29D). There
were correlations 00.599,-0.481 and0.449 for LowFEC lamb between dailpSFeedevisits
and StFECR < 0.0]), DiffFEC (P = 0.01) and AvgFECR < 0.0)), respectively. There was a
correlation 0f0.533 for HighFEC lambs between da$Feedevisits and StFECR < 0.01

Table 24).
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In Y1, there tended to be an interaction between genotype andRim6.09) on daily
feed intakeTime (P < 0.0]) affectad and g@notype P = 0.06; Figure2.7A; Figure2.7C) tended
to affect daily feed intakeéAs FECs increasedhtake typically decreasd@Figure2.7A). There
were interactions of timand sex (Figur@.8A) and genotype and seR € 0.01 Table2.3).
However, there were no differences that existed for sex (Figdie Rigure 28C). LowFEC
ram lambs had greater intake compared to HighFEC ewe l&hh8.05), HighFEC ramd(<
0.01), and LowFEC ewe lamb®(< 0.0]1). HighFEC ewe lambs had greaitetake than
HighFEC ram lambsR < 0.0]). LowFEC ewe lambs hagteaterfeed intake than HighFEC ram
lambs P < 0.01). For LowFEC lambs, there were significant correlation8.608 and0.560
between daily feed intake and StFEZ<0.01) and AvgFEC P < 0.01), respectively. There
tended to ba correlation 0f0.512 for LowFEC lambs between daily feed intake and DiffFEC
(P=0.061; Table.4). No correlations existed between feed intake and FEC for HighFEC
lambs.

In Y2, time P < 0.0]) and sexP < 0.0% Figure2.10A; Figure2.10C) influenced daily
feed intake. Ram lambs had greater intake throughout the trial compared to ewePlambs (
0.01). No differences existed for genotype (FigQr@A; Figure2.9C). As FECs increased,
intake typically decreased (Figuz®A). There were correlations ©0.557,-0.397 and0.439
for LoWFEC lambs between daily feed intake and StHE€ (.0]), DIffFEC (P < 0.05 and
AvgFEC P < 0.05, respectively. There was a corredatiof-0.701 for HIghFEC lambs between
daily feed intake and StFE® K 0.01, Table2.4).

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, ¥R&86;a88d 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 housedrgda postweaning.
Anthelmintic resistancmay haveattributed to persisting FECs after dewming Current dita
aligns with previous datia whichincreased parasitism leads to decreased feed intake.
Throughout both years, LowFEC lambs had numerically higher daily feed intakes compared to
HighFEC lambs during the study peridkttual FEC throughout the trial may have impacted
daily feed intakeAs FECs rose, feed intake typically decreas&siexpected, the number of
daily SSFeedevisits in both years follow a similar trend to daily feed intake. HighFEC lambs
visited theSSFeedeless frequently per day than LowFEC lambs which ultimately led to
deceased 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 corbelatieen
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 begémal with an increased FEC.
HighFEC lambs with StFEC > 10@pghad an average daily intake of 2.37 kg while lambs with
StFEC < 30@pghad an average daily intake of 3.19 kg. This decrease in intake may be
attributed to the HighFEC lambs never beibtedo overcome their persistent infection
established whilboused on pasture preeaning.Selection for High FEC EBV magompound
parasite burden®sulting in decreased feed intake.

In Y2, ram lambs hadreaterfeed intake compared to ewe lambs as expected (Lewis and
Emmans, 2013). In Y1, ewes frequented3is#-eedemore often on a daily basis than ram
lambs. However, it would be expected that males would have increased intakes and more

frequentSSFeedevisits due to increased growth rat@sd greater nutrient requirements Y2,
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rams visited th&SFeedemore often than ewe lambs which would be expesiieck they
typically have increased feed intak&4aierle et al. (2023) stated that ram lambs visited a
GrowSafé& feeding system for a longer duration each visit, leading to less frequent visits to the
feeder overall. These results may explain why ewe lambs frequent88Heedemore often in
Y1. Prevous research measuring feeding behavior in gtoaysed 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 dpauged trial only llowed
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 foB6Feedebunks). This limited feeder access may have decreased
the amount of voluntary feeder visits in the previousystGdrrelationsin Y2 between daily
SSFeedevisits and various FE@etricsfollow 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 tirRe<(0.05) on ADG.Time (P < 0.0]) and
sexaffected ADG P < 0.05 Figure2.8E). Ram lambs had increased ADG compared to ewe
lambs P < 0.09. No differences in genotype (Fig2&E) existed.There was an interaction of
sex and timeR < 0.01)on S:Gand time tended to affect S:8 € 0.07) Ewe lambs had
significantly lower S:G until August 18(< 0.01), but from September 3 to September 14, their
S:G tended to be highe® € 0.09). Ewe lambs tended to have increased S:G compared to ram
lambs P = 0.069; Figure.8F). No differencesn genotype (Figur@.7F) existed. There tended
to be a correlation of 0.388 for HighFEC lambs between AvgFEC and”S:®.061; Table
24). No correlations existed between growth metrics and FEC for LowFEC lambs.

In Y2, time affected the ADG of lambs over eaampling period® = 0.01) and S:GR

= 0.01). There were no existing differences in ADG for genotype (FR)BEQ or sex (Figure
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2.10E). No differences in S:G existed for genotype (Figue&) or sex (Figur&.10F). There
was a correlation 0900.540 forLowFEC lambs between StFEC and ADB<0.0]). There were
correlations 0f0.703,-0.326, and0.443 for HighFEC lambs between ADG and StFEG (
0.01), EndFEC P = 0.056), and AvgFECH < 0.01), respectively. Additionally, there were
correlations 0f0.553 for LowFEC lambs between StFEC and & (0.01) and 0.326 and
0.371 for HighFEC lambs between S:G and EndHEE (.056) and AvgFECR < 0.05,
respectively(Table 24).

Previous work indicates that lambs supplementedweahing, 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 continulouslevel exposured H. contortuscan 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 providealdbility to maintain growth like their
LowFEC counterparts while overcoming a genetic disadvamtaggrasite susceptibilityOn
average, the total quantity of protein consumed from the concentrate was 0.48dimg@#red to
CP requirements of 0.40 IbRGor an average lamb weight of 64 Ib with an ADG of at least 0.5
Ib. Ram lambs usually grow faster than ewe lambs for the figstrdnths postveaning
(Hanrahan, 1999; Latif and Owen, 1979). Results from Y1 support the claim that ram lambs have
increasedADG compared to ewe lambs. However, ADG between sexes did not differ in Y2.
Negative correlations for Y2 HighFEC lambs between ADG and FEC metrics exiitielihg
to a possible relationship between increased parasite burden and suppressed weiglgrgain. Th
arenegative correlations observed in Y2 LowFEC lambs betv@€EC feeding behaviorsand

growth performanceThis creates the appearartbat ag-ECsincreasefeed efficiency also
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increasesHowever, parasite infection decreased over twhih mayhave attributed tthis
correlation During this minimal infection, intake decreased, but gain remained similar which
leads to the appearance of increased efficieBtiyEC seems to be the best metric compared to
EndFEC, DIffFEC, and AvgFE® detect any feeding behavior growthrelationships in future
studiesHowever, 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 daf/age), springborn lambs may
convert O 2 pounds of f ee d-barelambgpappuoactingontirkey a i n
wei ght may -4pounds ef feed p€ padind Bf gain (Umberger, 2009se are
estimations for total feed intake whileet present study is measuring supplemental feed intake.

In Y2, both LowFEC and HighFEC lambs converted&ounds of supplement per pound of

gain Overall S:G was much higher in Y1. While lambs were consuming similar intakes, Y1
lambs had decreased grawthich 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 GrowSafeeders. Despite increased S:G

in Y1 LowFEC bmbs, 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. dinetam

of harvested forage consumed may have impacted the amount of supplemental feed intake via
the SSFeedertotal nutrient consumption, and consequently impa$t&d Positive correlations
across both years in HighFEC lambs between S:G and AvgFEC an8EWME 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 gainreplenishinglood loss, and launching an immune response
2.4 Conclusions and mplications

When acclimating to a ne@SFeederdambs typically visit th&SFeedein the morning
when the temperature is stibol, and their feeding behavior becomes more consistent after 6
days ofSSFeedeexposureHowever, 100% of the lambs never visited the SSFemdgesting
that the maximum capacity 120-125lambs.LowFEC lambs have increased feed intake and
visited theSSFeedemore frequently than their HighFEC counterparts when housedipnlat
60 days postveaning.Average daily gaimlid not differ between genotype groups indicating that
ad libitum supplemental nutrition allowed HighFEC lanabth greater FEGo overcomegreater
infection leveland have similar weight gains to the LowFEC grdinen after deworming and
housing lambs on a diipt, FECs persisteth both genotypedResults from Y1 indicate
LowFEC lambs had an increased S:G. However, genotype groups had Si@iiarY2.

If feed efficiency is independent of FEC genotypateptial exists tamprove feed
efficiencyfor both LowFEC and HighFEC lambs by selecting for reduced residual feed intake
(RFI). Residual feed intake is the difference betweein and i vsactual enteké 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 loRFI 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 febaged systems. Decreased intake
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during parasite infection may compound effects of parasifi$racefore, actual infection level
may have a significant impach feed intake in addition to getype. 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 andFigures

Table 2.1Damand siresumnary for Year 1 and Yeari®a t i with éstimated breeding values (EBV).

Year 1 Year 2

WWT PWWT WFEC PFEC MWWT NLB NLW | WWT PWWT WFEC PFEC MWWT NLB NLW

(kg)*  (kg)* (%) (%) (kg)* (%) (%) | (kg)* (ko) (%) (%) kg (%) (%)
Dam GI'*
LowFEC 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
Average
HighFEC 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
Average
Sire GI't
LowFECG 1.7 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
Average
HighFEC 1.20 2.15 89.9 223.6 0.84 014 0.15 1.49 2.42 81.2 236.3 0.88 0.11 0.13

Average

Damand siregenotype (GTyas selectetased oriow or highfecal egg count (FEGBV.

’LowFEC dams and sires had extremely BRRC EBV (parasite resistant).
SHighFEC dams and sires had extremely high FEC EBV (parasite susceptible).
4Growth (WWT and PWWTand maternal (MWWT, NLB, and NLW) traitvere salcted to be similar between FEC genotypes
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Table 2.2Nutritive value ofthe 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 2.3Leastsquares means of genotype*sex for intaked frequency of visits
Year P Year 2

Intake (kg) Visits (per day) Intake (kg) Visits (per day)
LowFEC
Rams 1.689 44,757 1.483 29.05
Ewes 1.49¢ 41.683 1.40F 25.529:0
Average 1.594 43.220 1.442 27.290
SEM* 0.059 2.643 0.139 3.203
HighFEC
Rams 1.259 31.44F 1.133¢ 21.223°¢
Ewes 1.52¢ 42.237b 1.03&¢ 17.429
Average 1.393 36.839 1.085 19.326
SEM* 0.059 2.655 0.138 3.195
P-Value®
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

ab.gvieans within a column with different superscripts diffe(0.05).

"Means within a column with amsterisk tend to diffef(< 0.10).

Effects of genotype*sex across daily feed intake.

2Effects of genotype*sex across frequency of daily SSFeeder visits.

%Year represents | ambés date of birth, Year
4Average standard error ofdst square means.

STest of genotype*sex effects on feed intake and frequency of visits within yea
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Table 2.4Correlations between StFEEndFEC, DiffFEC?, and AvgFEC and feeding behavidand growth.

Year T Year 2
StFEC EndFEC DiffFEC AvgFEC StFEC EndFEC DiffFEC AvgFEC
(eggs/g) (eggs/g) (eggs/g) (eggs/g) (eggs/9) (eggs/g) (eggs/g) (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-ValueLowFEC
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 (kgfeed:kg gain)  0.401 0.293 0.131 0.061 0.106 0.056 0.152 0.022

IStarting 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

SDIffFEC is the difference o8tFEC and EndFEC.

“Average FEC (AvgFEC) is the average of all FECs across the trial.
SFeeding behavior traits included daily feed intake and frequency of daily feeder visits.
5Growth traits included average daily gain (ADG) angplemental feed:gain (S:G).

of birth,

Year represents | ambos date
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(all lambs) (Feeder “June June June 24t moxidectin levamisole *July levamisole *Aug. *Sept. *Sept. *Sept. *Oct.
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Year 1
Year 2
*June 22" *July 6t July 1112 *July 201 July 25%  wAug. 4% ®Aug, 170 *Aug. *Qct.
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(FAMACHA = 3) (FAMACHA >3)  Introduced)  (FAMACHA >3) "eMoved) (pypACHA > 3) (pasture group)
(Weaning)

0.42 kg/hd/d
(STF) |

Figure 2.1 Timeline.

|

ad libitum
(feeder)

In Year 1,lambs were weaned on Junar were provided standard trough feeders (SI&mbs were introduced to the Super
SmartFeederSSFeedgron June 14Lambs received supplementation via STF in addition t&8ieeedeuntil June 24.
Supplementation provided via STas reduced gradualfyom June 2 to June 24l lambs were dewormed with levamisole (8

mg/kg) at weaningndagain onJuly 7due to health concern&d libitum supplementation via trf&SFeedebegan on July When all

lambs were moved todry-lot with theSSFeedel. a mbs  wi t h

FAMACHA O 3

wer e

s el

ecti

mg/kg) onJune 2%nd with levamisole oAugust 4 Thefeeding trial began on August 4 acohcluded on October Ram lambs
were marketed on Octoberls Year 2, lambs were weaned amé 22andwere selectively dewormed (FAMACHA > 3) with
levamisole(8 mg/kg)from weaning throughugust 4 Lambs werded 2% body weightvia STFbeginning atveaning TheSSFeeder
was introduced on July 11 with ad libitum supplementat&diF remained aviable until July 25 to ensure adequate transitidre
feeding trial began on July 25 and concluded on AugusDBJAugust 31, ewe and ram lambs were separated and groups were
combined within their respective sex&am lambs were marketed on Octobeteights, fecal egg counts (FEC), blofmt packed

cell volume (PCV)and FAMACHA scores were collectegiery 2 weeks.
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Figure 2.2 Proportion of lamb SSFeedewisits over a 24hour period?* during the 24-day trial .

'Each 24hour period was split into-Bour periods Percentage @d8SFeedevisits during each-®our time frame was
determined < 0.05).

°The 24day trial was split into three-8ay sampling periods to compare when the majoritySfeedevisits were
occurring over timelP < 0.05).
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Figure 2.3 Proportion of lambs visiting the SSFeedeiat least once daily for 0-8?%, 9-16, 1723 days during

the 24-day acclimation period.

!Percentage of lambs visiting tB&Feedeat least once daily for 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 th&SFeededaily during the Y1 acclimation period.

The percentage of lambs visiting the Super SmartFe&&#tgedgrper day is variable from June1#% 19". However, after being
exposed to th8SFeedefor 6 days, the grcentage of lambs visiting ti&SFeededaily became more consistanticating sufficient
acclimation for those lambs that learned how to us&8teeeder
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Figure 2.5 Parasite resistanceand growth performanceby FEC genotype in Year 1
SSFeedeiacclimation period.

Lambs divergently selected for fecal egg count estimated breeding value (FEQVERV)
weighedand fecals collecteevery two weeks during t&SFeedeacclimation period to
comparebetween Low FECeaectedambs (LowFEC) and High FE@kectedambs (HighFEC)
(A; B) Fecal egg count (FEC) by genotype (GBIl lambs were dewormed on Jufy (C)
Average daily gain (ADG) by genotype.
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Figure 2.6 Parasite resistanceand growth performanceby sexin Y ear 1 SSFeeder
acclimation period.

Ewe and ram lambs were weighaad fecals collecteevery two weeks during tr&SFeeder
acclimation period to compare between sex&sB( Fecal egg count (FE®y sex (S)-All
lambs were dewormed on July(T) Average daily gain (ADG) by sex.
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Figure 2.7 Feeding behavior and gowth performance by FEC genotype in }ear 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) Fre§$frendef

visits perday by genotype. (C) Average daily feed intake by genotypeAyBlage dailySSFeedevisits by genotype(E) Average

daily gain (ADG) by genotypeF| Average supplemental feed:gain (S:G) by genotype was calculated by measuring feed intake from
the SSFederdivided by gain over the selected period.
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Figure 2.8 Feeding behavior and gpwth performance by sexin Year 1

Feed intake was measured daily, and fecal egg count (FEC) were measured biweekly in ewe and ram lambs (A). (B) Frequency of
SSFeedevisits per day by sex (S). (C) Average daily feed intake by sex. (D) Averages&itlyedevisits by sex. (E) Average daily

gain (ADG) by sex. (F) Average supplemental feed:gain (S:G) by sex was calculated by measuring feed intak € 8beether

divided by gain over the selected period.
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Figure 2.9 Feeding behavior and gowth performance by FEC genotype in \ear 2.

Feed intake was measurédally, and fecal egg count (FEC) measured biweekhkambs divergently selected for fecal egg count
estimate breeding value (FEC EBV) to compare between genotypes (LowFEC and HighFECAan{B3 Frequency o5SFeeder
visits per day by genotyd&T). (C) Averagedaily feed intake by genotypeD) Average dailySSFeedevisits by genotype. (E)
Average daily gain (ADG) by genotypé:)(Average supplemental feed:gain (S:G) by genotype was calculated by measuring feed
intake from theSSFeededivided by gain over the selected period.
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Figure 2.10 Feedingbehavior and gowth performance by sexin Year 2

131

Rams

Feeder Visits (per day)

25

0

Rams

=
[ B R "]
o © o o

Feeder Visits (per day)
)
o

ADG (kg)

Time: P< 0.01
5:P<0.01

0.30
0.25
0.20
0.15
0.10
0.05
0.00

%
oz

RN

Rams

Ewes

S:G
(kg feed:kg gain)

S N B~ O O

2 %
% % %
4.55
2.88
AN
Rams Ewes
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gain (ADG) by sex(F) Average supplemental feed:gain (S:G) by sex was calculated by measuring feed intake 88fetider
divided by gain over the selected period.
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CHAPTER 3: Impact of genetic Xenvironment interactionsin Katahdin lambsdivergently
selected forfecalegg count estimated breeding value

3.1 Introduction

Parasite burden decreases the overall health, prodileteinand economic value of
sheep. When comparing uninfected and infected animals, weighthggibereducedas much
as23% (Mavrot et al. 2015). A sigisant decrease in performance leads to negative impacts on
sheep productivity and producer profitability. The gastrointestinal nematode (GIN) of greatest
importanceio Southeastern sheep production systerhigemonchus contortuSackett et al.

(2006) eimatesH. contortuscoststhe Australian sheep industr$23 million per year.

As anthelmintic resistance increases, producers must use alternative management
strategies for parasitontrol in an integrated fashiomhese may include genetic selection to
improve animal resistance to infection and confineroewlry-lot housing to minimize exposure
during periods of high vulnerability (Kaplan, 2004). The National Sheep Improvement Program
(NSIP) allows producers to utilize genetic evaluation informatioodmyerting performance
records into selection tools (i.e., estimated breeding values (EBV)). Estimated breeding values
are predictions of an individual animalds gen
Progress utilizindgecal egg countHEC) EBVs to identify parasite resistant individuals has been
successfulfgere et al. 20L8Notter, 1998 Sheep Genetics, 2020

Weaver (2020) utilized a divergent mating schérased oi-rEC EBVto compargost
weaning survival of progeny from sires with extreme negative FEC EBV BE@Sires) and
sires with extreme positive FEC EBV (HI§EC Sires). When selecting for parasite resistance
utilizing Low FEC Sires(averagaVFEC EBV:-51.8%; average PFEC EBW85.3%) lamb
survival is environmentlependentandFEC EBVgenotype does not predict lamb loss.

However, when HiglrEC Sires(average WFEC EBV: 139.7%; average PFEC EBV: 288.4%)
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are utilized, resulting in higher FEC EBVs in progeny, deathitogeeateindicating greater
susceptibility to disease and lack of environmental fitneessible implications of combining
selection for FEC EBV and confinement housimig an integrate parasite management
programcould be improved parasite resistance, minirgpbsureto parasitesandconsequently
increasedamb survivalduring the postveaning time period

Therefore, the objective of this study was to evaluate the impact of genetic and
environmental interactions on parasite resistamcegrowthn Katahdin lanbs postweaning.
Previous work at the Southwest Agricultural Research and Extension C®"WAREC 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 resistamoenpared to lambs with extreme positive FEC EBV (HighFi®)
to theirnaturalability to overcome a parasite challenge. Similarly, lambs housedlignrlat
pog-weaning are expected to have a lower parasite infection and increased growth due to less
parasite exposure compared to pastarged lambs. When genotype and environment
interactions are considered, LowFB-lot lambs are expected to have lower FEGd a
increased growth performance while HIghFEC pasture lambs are expected to have greater FECs
decreased growth performaneaddecreased health statlifowever, the question remains if
genotype alone can alleviate the need for confinement housing tmigerthe impact of
parasitism.
3.2 Materials andmethods
3.2.1 Breeding scheme

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

Committee (No. 24132) of Virginia Tech. Ewes and lambs were managed at the SWAREC.
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Breeding began mi@ctober each yedivear 1 (Y1): 202€2021; Year 2 (Y2): 2022023.
Postbreeding, ewes were managed as one contemporary group onliasedepasture and
harvested forages until lambing. Details regarding the breeding scheme used to produce lambs
for this stidy were outlined in Chapter Il. BriefligowFEC (Table 2.1)Katahdin ewes (Y1: n =
52; Y2: n = 40) were randomly bred to LowFEable 2.} Katahdin rams (Y1: n=3;Y2: n=
3) resulting in the birth of LowFEC Katahdin lambs (Y1: n = 95; Y2: n = 87).|&ilyj
HighFEC (able 2.1)Katahdin ewes (Y1: n = 48; Y2: n = 50) were randomly bred to HighFEC
(Table 2.) Katahdn rams (Y1: n = 3; Y2: n = 3) resulting in the birth of HighFEC lambs (Y1: n
=91; Y2: n = 97. For genetic connectedness betwgears, one LowFEC sire and two
HighFEC sires from Y1 were utilized in Y2.
3.2.2 Management

Details regarding the managementof-lot lambs duringhetrial were outlined in
Chapter Il. Briefly, lambing began earlynad-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. Followingtheck, Inc Super
SmartFeeder§SFeedgracclimation period outlined in Chapter II, lambs were randomly divided
into pasture andry-lot groups with equal representation of genotgpd sexOn August 4n
Y1, a subset of the lamb crop were randomly assignedity-lat (LowFEC: n = 27; HighFEC.:
n = 24) or pasture (LowFEC: n = 26; HighFEC: n = 25) grdine drylot group receive@
concentrate pellgTable 3.1)supplemenad libitum via theSSFeedewhile the pasture group
was supplemented 2% body weight via standard trough fedderdrial for Y1 concluded on

October 5. In Y2, LowFEC and HighFEC were randomly assigneditg-lat (LowFEC: n =
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37; HighFEC: n = 40) or pasture (LowFEC: n = 37; HighFB = 40) group at weaning (June
22).All pasturdambs were supplement@8o body weight with the same concentrate pellet as

Y1 in standard trough feedgfBable 3.1) The SSFeedewas introduced to the dipt groupand

the feeding trial began on July g&upplemented ad libitumPn August 17, pasture lambs were
moved to ary-lot, separate from the origindty-lot group, due to health concerlilely related

to parasitismOn August 31, ewe and ram lambs were separatedarsihggroups were
combinedwithin their respective sexes and managed together. The trial concluded on October 4.
The total length of the feeding period was 63 days in Y15&whys in Y2(including al5-day
acclimation period)

At the conclusion of the trial in both years, all laswere 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 majoldtylo$due b poor image
clarity on ultrasounah hair phenotyped hereforeg fat data was not collected. All ewe lambs
were retained as replacements, returned to pasttirsupplementatiorand 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 gralupsat Y1: n = 27; Y2: n =41 and
pasture Y1: n = 26; Y2: n = 43). Ram lasnkere marketeavithin their housing grupsto
determinevalue differences between pasture andldtygroups relative tgost of
supplementation. Lambs were graded prior to sale by NC Department of Agriculture graders.
Market date was determined when lambs reached an average weight ofi8¥ kgmmarket 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 2@ays. Body weights, FECs, and abdominal ultrasounds were conducted on
January28 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&n@ 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
spunat 16,000 RPMdr two minutes.

Forage samples from the fesehgsed pasture that the pasture group was assigned to
were used tononitor nutrent supplyat each sampling point. In Y1, lambs remained on the same
pasture for the entire trial (51 lambs per 0.81 hectar&)2)hambs 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 randmualsized forage samples were collected from
the pasture which lambs were currentlgigsed. Samples were thoroughly composited and
subsampled for nutritive value analy$fepresentativeasnples were frozeim one gallon plastic
bagsuntil they could be analyzeth Y1, samples were analyzed by Cumberland Valley
Analytical Services for grmatter (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 tesing. Dry matter content in Y1 samples waxd reportediue to delayed analysis

causing potential inaccuracies.
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3.2.3 Statisticalanalysis

Statistical analyses were performed utilizing SAS (SAS Institute, Cary, NC). All
statistical analyses weperformed withiryear due to time differences in sampling points
between years. A repeatattasures analysis using Proc MIXED was utilized to analyze fixed
effects of genotype (LowFEC vs HighFEC), housing, sex, and time (the repeated factor) and
their inteactions on postveaning growthgtarting weightaverage daily gain (ADGandmarket
weighi), carcass metrics (eye muscle depth (EMB0))Y indicators of parasite resistance (FEC,
FAMACHA, and PCV). Significance was determinedPat 0.05 Eye muscle depswere
adjusted (ADJEMDJo 80 Ib market weighor analysis Fecal egg counts were transformed
using INFEC = In(FEC+25) to improve the normality of the FEC distribution. Due to severe
weight loss and health concerns in Y2, pasture lambs were not saanpdedjust 31. In both
years, a firstdegree 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 MIXkiih fixed effects of genotype, housing
and sex and their interactions.
3.3 Results anddiscussim
3.3.1 Postweaning Performance: Parasitological Measures

In Y1, there were interactions between genotype andPex)(01), genotype and
housing P < 0.01; Figure 3.5A; Figure 3.5B), sex and houskg 0.01), and time and housing
(P<0.0)) on FEC Time (P < 0.0, genotype P < 0.05; Figure 3.5A; Figure 3.5B), housirg (
< 0.0% Figure 3.5A; Figure 3.5B), and seéX € 0.05; Figure 3.6A; Figure 3.6B) all influenced
FEC. LowFEC ewe lambs had lower FECs than LowFEC ram lafw9(01), HighFEC ewes

(P < 0.0, and HighFEC ramd$(< 0.0)). LowFEC rams had lower FECs than HighFEC ewes

80



(P <0.01) and HighFEC ram® & 0.01). HighFEC ewe and ram lambs had similar FBZCs (
0.1).HighFEC drylot lambs had lower FECs than HighFEC pasture laies{.01). However,
HighFEC drylot lambs had higher FECs than LowFEC-tby/(P < 0.05) and tended to have
higher FECs compared tmwFEC pasture lamb#(= 0.08). HighFEC pasture lambs had
higher FECs than LowFEC digt lambs P < 0.01) and LowFEC pasture lambB € 0.01).
LowFEC drylot lambs tended to have lower FECs than LowFEC pasture ldmb8.06L).
Dry-lot ewe lambs hatbwer FECs than pasture ram lamBs<(0.0J). Pasture ewe lambs had
lower FECs than pasture ram lamBs<(0.0J). Dry-lot ram lambs had lower FECs compared to
pasture ram lamb#(< 0.0]). LowFEC lambs had lower FECs compared to HighFEC lafbs (
< 0.05). Dy-lot raised lambs had lower FECs compared to pasture ldmb9.01).Ewe lambs
had lower FECs compared to ram lamBs<(0.05).

In Y2, there was an interaction between time and hou$trg@.01) on FEC. Tme (P <
0.0)), genotype P < 0.05 Figure 3.7A Figure 3.7B), and housing & 0.0% 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 ldmb9.01). No
differences in sex existe#&igure 3.8A; Figure 3.8B).

In Y1, there were interactions of genotype and houdihg Q.05; Figure 3.5C; Figure
3.5D), sex and housing & 0.01), time and housing « 0.0J), and sex, time, and housing <€
0.05)on PCV.There tended to be ameraction between genotype and tirfe=(0.081).Time
(P < 0.0)), housing P < 0.0%, Figure 3.5C; Figure 3.5D), and sdéx< 0.0%, Figure 3.6C; Figure
3.6D) influenced PCV. HighFEC dipt lambs had increased PCVs compared to HighFEC
pasture lambsR< 0.01) and LowFEC pasture lambB € 0.05). LowFEC dnjot lambs had

higher PCVs compared to LowFEC pasture lanfbs 0.01). Dry-lot ewes had increased PCVs
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compared to pasture ewe lamBs(0.05) and pasture ram lamifs< 0.0]). Pasture ewe lambs
had deceased PCVs compared to dog ram lambs P < 0.05), but greater PCVs than pasture
ram lambs P < 0.0]). Dry-lot ram lambs had greater PCVs than pasture ram laPnbs (

0.01). Ewe lambs had increased PCVs compared to ram laPb®(01). Lambs on drot had
higher PCVs than pasture raised lan®s (0.01).No differences in genotype existed (Figure
3.5C; Figure 3.5D).

In Y2, therewere interactions between housing and ti& 0.01) and genotype, sex,
and housingR < 0.05) onPCV. There alstended to be interactions between genotype and time
(P =0.063) and genotype and housifg=0.057; Figure 3.7C; Figure 3.7D)infe (P < 0.0)),
housing P < 0.05 Figure 3.7C; Figure 3.7D), and séx< 0.01 Figure 3.8C; Figure 3.8D)
influenced PCV. HighFEC digt lambs had greater PCVs than HighFEC pasture lambs (
0.01). HighFEC pasture lambs had lower PCVs compared to LowFEGtdaynbs P < 0.05)
and LowFEC pasture lambB € 0.05). HighFEC and LowFEC digt lambs had similar PCY/
(P> 0.1) and HighFEC drot and LowFEC pasture lambs were similar0.1). LowFEC dry
lot and pasture lambs had similar PC¥s>(0.1).Dry-lot lambs had higher PCVs than pasture
lambs P < 0.05). Ewe lambs had increased PCVs compared to ram 1&%wi3.01). No
differences in genotype existed (Figure 3.7C; Figure 3.7D).

In Y1, there was an interaction between housing and tise@.01) on FAMACHA
scores. Tme (P < 0.0) and housingKR < 0.01; Table 33) influenced FAMACHA scores.
Pasture raised lambs had increased FAMACHA scores comparedltd Bmybs P < 0.01). No
differences in genotype and sex existed (Tal8g 3.

In Y2, there was an interaction between housing and tilse@.01) on FAMACHA

scores. Tme (P < 0.01), housing P < 0.0%; Table 33), and sexP < 0.0 Table 33) influenced
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FAMACHA scores. Pasture lambs had higher FAMACHA scores thatotltgmbs P < 0.01).
Ram lambs had higher FAMACHA scores than ewe larRbs Q.01). There was a tendency for
genotype to effect FAMACHA scorePB € 0.065; Table 33). HighFEC lambs tended to have
increased FAMACHA scores compared to LowFEC lankbs (.06).

Il n both years, | ambs were dewor mmaks at FAMA
existed for housing or genotype regarding the percentage of lambs dewormed. In Y2, genotype
(P < 0.05) and housingP(< 0.0]) influenced number of lambs dewormed. There were more
HighFEC lambs that required deworming than LowFEC larRbs @.05) anddry-lot housed
lambs required less deworming than pasture lafksQ.01). Approximately 24% more lambs
were dewormed in the LowFEC pasture group compared to the LowFHGt dinpup P < 0.05;
Table 34). Similarly, 48% more lambs required deworminghe HighFEC pasture group
compared to the HighFEC digt group P < 0.05; Table 3).

Due to the rise in anthelmintic resistance, sheep producers must rely on alternative
parasite management strategies such as genetic selection and housing systemsiltniedn
under similar conditions, hair sheep tend to have an accelerated immune response and increased
resistance to GIN compared to wool shegpwdridge et al., 201Bowdridge et al., 2015;

Gamble and Zajac, 199&arza et aJ 2018;Jacobs et al., 2015; Jacobs et al., 20HEhimisetti

et al., 2004 However, there is significant genetic variation withineeds Baker et al., 1999
Courtney et al., 1985otter et al., 202 In this study, LowFEC lambs had decreased FECs in
both years aligning withe divergent selection model. Data indicating that genetic selection
based on FEC EBV allows for improved parasite resistance were supported here. Throughout
both years, dnjot housed lambs had lower FECs than pasture raised lambs during the post

weaningfeeding period. Lindahl et al. (1963) demonstrated that levels of parasitism acquired by
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lambs decreased when housed onldtgonfinement compared to grazing. Grazing lambs had
heavy parasite infections by midine which only rose as time continued. B of this study,

similar trends were observed with pasture housed lambs. Lambs who had the lowest infection
rates were the LowFEC lambs housed on aatrpostweaning. The impact of housing on
parasitism postveaning is further supported by increased R@Wes, decreased FAMACHA
scores, and decreased deworming requirements dbdiambs across both years. In Y2, the
interaction of genotype and housing was demonstrated by the percentage of lambs dewormed.
LowFEC drylot lambs required the least amowhideworming and HighFEC pasture lambs
required the most. However, HighFEC doy lambs required less deworming than LowFEC
pasture lambs. By minimizing exposure with-ttsy housing postveaning, HighFEC lambs had
improved FEC and PCV despite their gemstisceptibility to parasitism.

3.3.2 Postweaning growth performance

In Y1, sex had an effect on lamb starting weidgh&(0.01, Figure 3.2A) Ram lambs had
greater starting weights than ewe lambs. No differences in genotype or housing(Exgste
3.1A). In Y2, housing P < 0.0, Figure 3.3A and sexP < 0.05;Figure 3.4A had an effect on
starting weightRam lambs had greater starting weights than ewe lambdoDiambs had
greater starting weights than pasture lanNmsdifferences in genotype axed.

In Y1, there were interactions of sex and tirRe<(0.05) and housing and time € 0.01)
on ADG. Time (P < 0.0]) and sexP < 0.0% Figure3.2B) influenced ADG. Ram lambs had
greater ADG compared to ewe lan{Bs< 0.0]). No differences in genotype or housing existed
(Figure3.1B).

In Y2, there tended to be interactions between genotype an® se@.057) and housing

and sexP = 0.081) on ADGAdditionally, there was an interaction of housing and time (
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0.01). Time (P < 0.0, genotypel < 0.0%, Figure3.3B), and housingK < 0.0Z, Figure3.3B)
influenced ADG. LowFEC ram lambs had greater ADG compared to HighFEC ewe Brabs (
0.01) and HighFEC ram lamb® (< 0.0]). LowFEC ewe lambs hagteatetrADG than HighFEC
ram lambs P < 0.05) and tended to have greater ADG than HighFEC ewe |&mb6.0).
LowFEC lambs had greater ADG than HighFEC lanibs 0.01) and dryjot housed lambs had
greater ADG than pasture raised lamBs(0.0]). No differencesn sex (Figure 3.B) existed.

In Y1, housing influenced EMDP(< 0.01;, Figure3.1D) and lamb market weighP(<
0.0%; Figure3.1C). At similar ages, d/-lot lambs had greater EMBnd market weighthan
pastureraised lambs. No differencesgenotype Figure3.1C; Figure3.1D) or sex Figure3.2C;
Figure3.2D) existed. In Y2, housing also influenced EMB®< 0.0%, Figure3.3D) and lamb
market weight® < 0.0% Figure3.3C). Similar to Y1,dry-lot lambs had greater EMBnd
market weightshan pasture lambs. No differences in genotyguie3.3C; Figure3.3D) or sex
(Figure3.4C; Figure3.4D) existed.

To evaluate muscle depth at a constant weigletpeuscle depthsere adjusted
(ADJEMD) to an80 Ib market weightn Y1, housingnfluencedADJEMD (P < 0.01, Figure
3.1E). Dry-lot lambs had greater ADJEMD than pasttaised lambsiNo differences in
genotype (Figur8.1E) or sex (Figure.2E) existed. In Y2housing tended tompact ADJEMD
(P =0.077; Figure3.3E). Dry-lot lambs tended to have greater ADJEMD than pasture lambs. No
differences in genotype (FiguBe3E) or sex (Figur&.4E) existed.

An analysisvas completed on impaot housing system on ram lamb profitabiliBry-
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: Octohgyds).

arrival at the graded saleam lambs were weighed and sorted into weight classes that ranged
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from 6-10 Ibs. 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 g@ngiof
supplenentation over the trial period was calculated within their respective giop#ot
lambs received ad libitum supplementation throughout the study and pasture lambs received 2%
body weight. Cost of feed supplementation and revenues received fromlthe/age
determinedor ram lambsin Y1, revenuedetween the two housing groupsmesimilar. In Y2,
despite increased expensesjenueperdry-lot ram lambwasgreaterthan the pasture lambs due
to better sale performance and increased numbers solig @2b Improved health and growth
performance during the study perias$ulted in a greater numberdy-lot lambs tomarket at a
greater weight

In spring lambing systems, weaning often coincides with significant parasite pressure
leading to primary G\ infections (Jacobs et al., 2015). Weaning is one of the most stressful time
periods in a | amboés | ichadengedbringtoisscritinagperiodmalp s t o
lead to asignificantdecrease in growth performance and health status. Maabt(2015)
reported up to a 23% reduction in growth between infected anthfemrted lambs. One way to
mitigate growth impairments due to parasitism is to house lambsligrlat postweaning to
minimize helminth parasite exposure. In both years ofstiidy, lambs that were housed on a
dry-lot for 60 daygpostweaning had increased EMD compared to lambs housed on pasture,
regardless of FEC genotyp&hen adjusted to a constant market weight (80 Ib), EMD was
greater in Y1dry-lot lambsandtended to be greater in YRy-lot lambs.Additionally, Y2 dry-
lot lambs had positive ADG while pasture lambs had negative ADG. Lambs were assigned their
respectivehousing groups at weaning in Y2 which did not allow for any growth to occur before

the pasture lambs were exposed to heavy pagasssurgpostweaning. In studies completed by
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Crawford et al. (2020andWallace et al. (1995; 199&)esults indicate thairotein

supplementation, includingcreasingumen undegradable protein, during a parasite infection is
able to reducempacts othaemonchosis in both geneticadlysceptiblend resistant lambs. This
may partially explain why differences in ADG and EMdd not exist between genotypes.
Housing and plane of nutrition had the biggest impact on growth performance. If HighFEC were
housed on dry-lot postweaning, they were able to overcome their genetic susceptibility to
parasitism and surpass the growtlbofth LowFEC and HighFEC pasture lam@sowth

differences between yearxlicate that lambs should be confinement housed directly at weaning
for 60-daysinstead of waiting a few weeks pagéaningto increase growtiHowever, there was

no selection presseiplaced 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 fi&h#nths postveaning
(Hanrahan, 1999; Latif and Owen, 1979) whexplains why ram lambs had increasearket
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 ondry-lot postweaning increases feedst However, rams who
are provided ad libitum supplemental feed are able to reach increased marketwighghts
improved survivabilitycompared to pasture housed lamffsetting input costd-eed costs
incurred prior to lamhleathaccounted for decreasing profitability of thasturegroup.In Y1,
housing groups were valued similarly at market. Compared to pasture lambgdiy-¥,rams
returned more than double trevenueper ram due to increased market weights and
survivability. Housing ram lambs onday-lot postweaning improved health and growth which

allowed forincreasedevenues thatffsetincreasedoss.
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3.3.3 Replacemenewes

Pregnancy rate was determined by ultrasonography 60 days after ram removal. In Y1,
replacemat ewe lambs that were housed idrg-lot tended to have greatpregnancy rates
compared to pasture lambs regardless of FEC EBV genotype (79% and 56%, respEctively;
0.077; Figue 3.10A). Similar to Y1,Y2 replacement ewe lambs that were houseddiry-dot
had greatepregnancy ratesompared to pasture lambs (79% and 38%, respectiedy).01;
Figure3.10B).In Y2, any ewe lamb under 29 kg was considered unfit for breeding astot
exposed (n = 6 pasture lambs). If all pasture lambs had bpesesk assuming lightweight
lambs would not conceive, breeding success in the pasture group would drop to 27%.

Fecal egg counts were collectiedm replacement ewes pitegnancyevaluationIn Y1,
HighFEC (Average FEC: 387 epg) ewe lambs had increased €&fpared to LowFEC
(Average FEC: 129 epg) lamig € 0.05 Figure3.10C). While HighFEC lambs did have
greateFECs, infectiorlevels weraninimal. No effectoon FECexisted for housing. In Y2, no
differences existed for genotype or houdiRgyure3.10D).

An economicanalysis on projected replacement ewe profitability within the first year of
life was conductetdased on housing systen both years, there were matgy-lot lambs
pregnant compared to pasture lambs (Y1: 288teewespregnantP = 0.077 Y2: 41%more
ewespregnantP < 0.0]). Cost ofdry-lot feed versus pasture feed, projected cost of
supplementation during late gestation, lactation, and creep intake warkatl in addition to
lamb labor costs assuming 100% lamb crop (Tale Projected revenues assuming the sale of
the entire lamb crop were reported base@®otober 2022 Union County, NC, Graded Sheep and
Goat Auction pricedn Y1, profitability was smilar on a per ewe basis between housing groups.

Projected profability of the ewe lambs raised ordgy-lot postweaning in Y2 was
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approximately $15.92 more per eegposedhan the pasture lambs due to increased breeding
success (Tabla.5).

Lindahlet al. (1963) indicated that removing lambs from grazing environments allowed
for controlof parasie exposureThere were no indications that lambs housed dny-déot early
in life were more susceptible to parasitism when returned to pasture. Controlling parasitism
throughdry-lot housing during the posteaning period may have attributed to the increase in
pregnancy rates due to increased weigtaturity,and healttstatusat completion of the trialln
Y1 FEC collectiorat pregnancy diagnosigenotype had more of an impact on lasting parasite
resistance than housing. Indicating that housing mitigated parasitism during the growth stage and
genetic selection is regeil to create permanent flock changes.

Selecton for maternal Conington et al., 2004 o0sgey et al., 2003and carcass quality
traits (Byrne et al., 2012; Conington et al., 2004) are successful ways to increase profitability.
However, this study indicatatat 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. Howeveeyvenudrom dry-lot ewe lambs was imeased in both
yearsdue to ncreased pregnancy success. Rabiiity in Y1 was similarin bothhousing groups.
Number of lambs borand weaneds a critical trait to profitable sheep production. Bohan et al.
(2019) found that the second greatest economic value for a sheep prosgystison was number
of lambs born, preceded only by lamb surviiatreased number born and greater survival
result in greater number of lambs available to mafldetse taits directly contribute to pounds
of lamb per ewe exposeahdare keyto profitability. Markets may fluctuateesulting in variable

revenuesbut improved productivity should cover increased costs
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3.3.4 Forage Analysis

Lambs were housed aregetativefescuebased pasturén Y1, pasture lambs remained in
the same pasture for theration of the trial. Nutritive values were determined biweekly and are
reported on a DM bas{3able 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, Cldmeasetb 14.4%
(Figure3.9A). 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% (Figuse9A). Total digestiblewutrients on the first sampling date was
61.5% and remained relatively consistent throughout the study period (Bi§&jeLambs
averaged 45 |b at weanimgquiring16-18% CP and 76% TDN on a DM bagsismaintain an
ADG of 0.5 |b or greatefNRC, 2007) At the end of the study, lambs averaged 7&etiuiring
14-18% CP and 655% 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
grewbutdid not met the requirements of lightweight lambs. Total digestible nutrients were
lower throughout the study than what is considered sufficiergriwinglambs of this weight
rangeand 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(lbabie 3.1)Dry
matter for Pasture 1 started at 34% and had decreased to 24.4% whew&mbemoved
(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 3.9Bjude 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). Nex&l 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 8taB). T
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 roudfingyhthrough 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 tharc&@@86roéd
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 foorger 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, CRoncentrations 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 fo
growing lambs greater than 50 Ib were not met by forage aMiR€ (2007 Sheep Production

Handbook, 201p The NDF portion is comprised of primarily cell wall tissue including
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hemicellulose, cellulose, and lignin. Neutral detergent fiber should vaey loasthe 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 (VamSaQ013). Neutral detergent fiber can be
utilized to estimate voluntary feed intake with high NDF limiting dry matter indskeassage

rate slowsAs cell wall production increases with advancing plant maturity, NDF content
increases. In this study, NDEmained between 50% and 60% in Y1 while NDF was higher in
both pastures in Y2 (600%). 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, 20¥&an Sam, 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 m3toiaty .
digestible nutrients tend to vary with forage species and concentrations typically reduce as the
forage matures (Lemus, 2020). In this study, concentrationsmedeglatively constant across

both years. Coedeason forages such as fescue, tend to have increased forage quality compared
to warmseason forages. However, energy and protein requirements of the growing animal are
not typically met without supplementirggconcentrate (Lemus, 2020; Sheep Production
Handbook, 2015). The concentrate pellet supplemented included 16% CP and 76% TDN and
was supplemented at 2% body weidgPdsturedmbs were expected to consume 2% body weight

of forage(approximately 0.21 Ib TH). On average, the total quantity of energy consumed from
the concentrate was 0.91 |b TDRNherefore, pasture lambs were only consuming 1.12 Ib TDN

daily compared to TDN requirements of 2.2 Ib TDN for an average lamb weight oiga4hing

92



1 Ib/hd/d Onaverage, drjot lambs consumed 2.17 Ib TDN per day. This further supports the
improved performance of diipt lambs in this study.
3.4 Conclusions and mplications

Lambs housed ondry-lot postweaning have improved growth and carcass
characteristicéADG, market weightEMD, and ADJEMD), regardless of FEC genotype.
However, when interactions between genotype and housing are considered, LowFEC lambs
housed on dry-lot attain the highest guwth rateswith minimal parasite burden. An increased
plane of nutrition and reduced parasite exposure allametbt HighFEC lambs to overcome
their genetic susceptibility to parasitism and have increased growth compared to their pasture
housed counterpis. LowFEC lambs had decreased FECs across both years of the study
indicating that genetic selection for FEC EBV within breed improved parasite resisdaydet
housed lambs had lower FECs than their pasture raised counterparts which indicatesa reduct
in parasitism whedry-lot confined. This is furthesupportedy increased PCV and decreased
FAMACHA scores in thary-lot group. HighFEQry-lot lambs required less deworming than
LowFEC pasture lambs indicating thtat-lot housingcanminimize paraite exposure and
infection levels, even iausceptiblesheep. 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 nutrltregairements. However,
supplementing concentrate at 2dy weightmay not have been enough to make up for the
lower pasture qualitgnd increased parasite exposureis may have attributed to the pasture
lambsslower growth and inability to fight off parasite infectionWhile supplementation at 2%
body weight may not have been enough for pasture lambslaimenstrates the pestaning

diet typically provided in the Southeast. Lambs are turned back out to pasture at weaning with a
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small amount of sypgementatiorand expected to survive and grdncreased pregnancy

success in ewes from they-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 profibility from pregnancy success surpassed the input expenses. Therefore,
increased input costs for replacement ewes will likely be recoyassdming 100% lamb crdp

in their first lambing season. Year 2 results indicate ram lambs raisedrgiicd postweaning

were able to reach increased weights in the same time frame as pasture raised lambs. Potential
exists tamprove production efficienclgy 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 andFigures

Table 3.1 Nutritive value ofthedry-lot* and pasturediets

Year 1 and Year P Year 2
Year 2
Concentrate Foragé
Pellet
Nutrient Dry Matter Dry Matter Dry Matter
Name (%) (%) (%)
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

The drylot group was provided ad libitum supplementation of the

concentratgellet and hay (nutritive values not reported).

°The pasture grougassupplemented 2% body weighitthe concentrate

pellet and was providedesh forage.

Yearr epresents | ambos date of birth, Year
4The same concentrate pellet was provided to both housing grobpth years

5Dry matter content in Year 1 samples was removed due to delayed analysis

causing potential inaccuracidsat (Year 1) and starch (Year 1 and Year 2) were

not reported.
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Table 3.2Impact of housing systénon ram lamb profitability at market

Year P Year 2

Dry lot Pasture| Dry lot Pasture

Number of rams solc 27 26 39 30
Death lossvhile on feeding trial (# of lambs 0 0 1 10
Expenses
Average feed intake during the acclimation period (kg/id 0.68  0.68 1.69 0.39
Average feed intake (kg/hdfd  1.36 0.60 1.27 0.39
Total feed intake (k§) 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/hc  37.42  33.92 40.43 28.25

Market price ($/kg)  5.78 5.97 5.29 3.09
Average revenue per ram lamb ($/f 216.29 202.50| 213.87 87.29

Projected Profits

Average profit per ram lamb sold ($/h 175.77 185.18| 192.60 78.36

Lambs were assigned to a dry lot or pasture groupvpeahing.
2Year represents ram lamb's date of birth, Year 1 (202¢¢ar 2 (2022).

3The acclimation period lasted 10 days in Y1 (housing groups fed together) and 15 days in Y2 (housing groups
fed separate).

“Dry lot rams received ad libitum supplementation and pasture lambs received 2% body weigh
SRams werded for 63 days in Y1 and 52 days in Y2.

8Union County, NC Livestock Graded Sheep and Goat Auction prices (October 2021 and 2022
"Only includes feed costs of ram lambs while on trial (no yardage or dam upkeep costs include
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Table 33 Leastsquares means of FAMACH/cores for genotype
seX, and housing

Year ¥ Year 2
FAMACHA FAMACHA
Genotypé
LowFEC 1.3 1.7
HighFEC 1.2 1.9
SEM 0.064 0.072
P-Value 0.609 0.065
Sex
Ewes 1.2 1.7
Rams 1.2 1.9
SEM 0.048 0.058
P-Value 0.480 0.001
Housing"’
Dry lot 1.1 15
Pasture 1.3 2.0
SEM 0.048 0.058
P-Value® <0.0001 <0.0001

Effects of treatment on FAMACHA scores.

2Effects of sex on FAMACH/Ascores.

3Effects of housing on FAMACHA scores.

“Year represents lamb's date of birth, Year 1 (2021) or Year 2 (2022,
SAverage standard error of least square means.

5Test of treatment, seand 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 34 Impact ofgenotypé and housing systehon % dewormetl

Year ¥ Year 2
% dewormed % dewormed
LowFEC
Dry lot 3.7 0.0
Pasture 3.8 24.3
SEM® 0.037 0.036
P-Valué® 0.317 0.016
HighFEC
Dry lot 0.0 0.0
Pasture 4.0 47.5
SEM® 0.021 0.040
P-Valué® 0.316 0.037

1Genotype represents lamb's FEC EBV; LowFEC or HighFEC.
°Housing system represents lambs raised on dry lot or pastureeamsing.

3Lambs with FAMACHA scores O 3
4Yearrepresents lamb's date of birth, Year 1 (2021) or Year 2 (2022).
SAverage standard error of least square means.

6Test of genotype and housing effects on % lambs dewormed.



Table 3.5Projected impact of housing systeom replacement ewe profitability in the first year of life

Year P Year 2

Dry lot Pasture | Drylot  Pasture

Number of ewes expostc 24 25 29 16
Number of ewes bre« 19 14 23 6
% pregnant  79% 56% 79% 38%
Death loss while on feeding trial (# of lamb 0 0 0 6
Known expenses for first lamb crop
Average feeding trial intake (kg/hd/c  1.49 0.57 1.16 0.43

Total feeding trial intake (k§) 2145.60 855.00 | 2018.40 412.80
Projecedexpenses for first lamb crop

Late gestation feed intake (kg/hd/  0.45 0.45 0.45 0.45
Total late gestation feed intake (k¢ 359.10  264.60 | 434.70  113.40
Creep intake (kg/hd/d  0.45 0.45 0.45 0.45
Total creep intake (k§f 684.00  504.00 | 828.00 216.00
Lactating feed intake (kg/hd/c  0.91 0.91 0.91 0.91
Total lactating feed intake () 1383.20 1019.20 | 1674.40 436.80
Feed cost ($/kg,  0.46 0.46 0.46 0.46

Total feed costs per evieed ($/hd)  99.87 74.47 90.76 70.61
Lamb labor cost ($/lamb  10.00 10.00 10.00 10.00
Total cost per ewe bred ($/h¢  109.87 84.47 100.76 80.61
Projected Revenues
Lamb market revenue ($/Hd 155.00 155.00 155.00 155.00
Number of lambs markete 19 14 23 6
Total revenue ($) 2945.00 2170.00 | 3565.00 930.00

Projected Profits

Profit per ewe exposed ($/h¢  27.16 32.57 36.40 20.48

Lambs were assigned to a dry lot or pasture gpmgbweaning.

2Year represents ewe lamb's date of birth, Year 1 (2021) or Year 2 (2022).

SFeeding trial lasted approximately 60 days (dry lot ewes received ad libitum supplementation and pasturt
ewes received 2% body weight).

“Late gestation will last 42 days.

SAssuming 100% lamb crop.

SAverage weaning age is 80 days.

"Assuming October 2022 Union County, NC Livestock Graded Sheep and Goat Auction prices for 27 kg lambs
($5.74/kQ).

8Any ewe lamb below 29 kg was considered unfit for breeding and was not exposed (n = 6).

°Onlyincludes feed costs of ewe lambs while on tpabjected feedosts(late gestation and lactatiq@nd
labor costs (no yardage or dam upkeep costs included).
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Figure 3.1 Growth performance and carcassharacteristicsby genotype and housing in Year 1.

Starting weight (Awas collected on the first day of the trial anveér@age daily gain (ADGB) was neasurediweekly in lambs
divergently selected for fecal egg countmstied breeding value (FEC EBY¥) compare betweeagenotyps (GT), housing (H) and
their interaction (GT*H)Average market weightQ) and average eye muscle depth (ENID werecollected on the last day of the
trial to compare betweagenotyps, housing,and their interactionFat deptidata was not reported due to difficulty in measurenrent
mostlambs (E) Eye muscle depth was adjusted to 80 Ib market weigiieans with different superscripts diffé? € 0.05)."Means
with anasterisktend to differ(P < 0.10).
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Figure 3.2 Growth performance and carcassharacteristicsby sexin Year 1.

Starting weight (A) was collected on the first day of the trial arelaage daily gain (ADGB) was measured biweekly in lambs
divergently selected for fecal egg count estimated breeding value (FEC EBV) to compare bekgg@&). Average market weight
(C) and aerage eye muscle depth (EMD) was collected on the last day of the trial to compare betseasFat depth data was
not reported due to difficulty in measurement in most larifi)sEye muscle depth was adjusted to 80 Ib market wesyipificance
was determined & < 0.05.
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Figure 3.3 Growth performance and carcasscharacteristicsby genotype and housing in Yea®g.

Starting weight (A) was collected on the first day of the trial aredlagge daily gain (ADGB) was measured biweekly in lambs
divergently selected for fecal eggunt estimated breeding value (FEC EBV) to compare between genotypes (GT), housing (H) and
their interaction (GT*H)Average market weightQ) and aerage eye muscle depth (EMD) was collected on the last day of the

trial to compare between genotypesy$iag, and their interactiofrat depth data was not reported due to difficulty in measurement in
most lambs(E) Eye muscle depth was adjusted to 80 Ib market weiieans with different superscripts diffé? € 0.05)."Means

with an asterisk tentb differ (P < 0.10).
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Figure 3.4 Growth performance and carcasscharacteristicsby sexin Year 2.

Starting weight (A) was collected on the first day of the trial aredlagge daily gain (ADGB) was measured biweekly in lambs
divergently selected fdecal egg count estimated breeding value (FEC EBV) to compare betwee(SeResrage market weight
(C) and aerage eye muscle depth (EMD) was collected on the last day of the trial to compare between saxeepth data was
not reported due to di€ulty in measurement in most lamig) Eye muscle depth was adjusted to 80 Ib carcass wé&igmificance
was determined & < 0.05.
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Figure 3.5 Parasite infection data by genotype and housing in Year. 1
Fecal egg coun(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) AF&r@dpy genotype and housin@C)
Packed cell volume (P@Q was measured biweekby genotype and housingD) Average PCV by genotype and housittf:"Means
with different superscripts diffeP(< 0.05)."Means with an asterisk tend to diffé <€ 0.10).
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Figure 3.6 Parasite infection data bysexin Year 1.

Fecal egg count (FEC; A) was measured biweekly in lambs divergently selected for fecal egg count estimated breeding value (FE
EBV) to compare betweesexeqS). (B) Average FEC bgex (C) Packed cell volume (PCWas measured biweekby sex (D)

Average PCV byex Significance was determinedRk 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 selectecdif@gigcount 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) Avevage ghotype and housiny>Means

with different superscripts diffeP(< 0.05)."Means with an asterisk tend to diffé& <€ 0.10).
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Figure 3.8 Parasite infection data bysexin Year 2.

Fecal egg count (FEC; A) was measured biweekly in ladnesgently selected for fecal egg count estimated breeding value (FEC
EBV) to compare between sexX&). (B) Average FEC by sex. (C) Packed cell volume (PCV) was measured biweekly by sex. (D)

Average PCV by sex. Significance was determind®l<a0.05.
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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 YeamahdAjear 2 (B)Neutral detergent fiber (NDF) on a DM
basis was measured for Year 1 (A) and Year 2TBbal digestible nutrients (TDN) on a DM basis was measured for Year 1 (A) and
Year 2 (B).The average requirements for growing laralseragng 45-751b is 14-18% CP an®5-76% TDN on a DM basit

maintain an ADG of 0.5 Ib or greatgk; B). Requirementsvere not consistently met in either yaarshown by the solid da(kDN)

and light(CP)grey lines (C) Dry matter (DM) was measured for YeaCRy 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 aRBEC at pregnancy ultrasoundin Year 1 and Year 2

Sixty days after ram removal, pregnancy rate of replacementdivezgently selected for fecal egg count estimated breeding value
(FEC EBV)was determined by ultrasogiaphyto compare between genotypes (GT), housing (H), and their interaction (GA&)H)
Year 1 pregnancy rate and (B) Year 2 pregnancy Faieal egg count (FEC) at pregnancy ultrasouasd collected to compare
between genotypes, housing, and their interaction. (C) Year 1 FEC and (D) Year@&#hs with different superscripts diffe? (

< 0.05)."Means with an asterisk tend to diff& € 0.10).
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CHAPTER 4: Potential areas offuture research

4.1 Implications

The impact of GIN in the sheep industry across the southeastern U.S. is significant. Work
here has demonstrated the importancenoferstanding genetic and environmental interactions
for parasite susceptible and resistant lambs. Parasite resistant (Low FEC EBV) lambs remained
superior in resistance traitdowever, lambs housed on a dot and supplemented pastaning
were less irgctedthan pasture raised lamii®esults indicate that parasite susceptible (High FEC
EBV) lambs were able to overcome their genetic disadvantage when housed dot aTdg
resulted in similar FECs as the Low FEC EBV lambs housed on pastuegqarsty. These
housing groups were provided different planes of nutrittanther galuation of postveaning
performancef both pasture and drpt lambs were provided with ad libitum supplementatson
required Since the incorporation of FEC EBVs in the daal Sheep Improvement Program,
KatahdinFEC averages hawecreasedue tothe adoption of this technologyy breeders
Nutritional status may also influence resistance and resilience against an infection. Literature
indicated that lambs provided a proteiense plane of nutrition can better withstand a parasite
infection and replenish proteinaceous cells lost during infection (Coop and Holmes, 1996; Coop
and Kyriazakis, 199%®oppi et al., 1986; Sykes and Coop, 20&ih Houtert and Sykes, 1996
However,due to high genetic variability withibreed (Notter et al., 2022; NSIP, 2023),
resistance to parasites varies even when provided similar nutritional supplementation (Coop and
Holmes, 1996)Furthemore, what happenghenlambs who have depressed feshkes during
infectionare provided withncreased levels of CP and TBN

Potential exists to improve feed efficienayboth genotypes by selecting for lower

residual feed intake (RFI). Previous studies have hypothesized that number of daily feeder visit
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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 effiaiedthereforemayimprove
profitability. Ellison et al. (2022) reported that wethers with high RFI on a concebaasal diet
also tended to be less efficient on a foragseed diet, suggesting that RFI remains relatively
constant across diets. Additial 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 efficiencyvétowe
variationin feed efficiencybetween sires withifREC 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 considd. 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 lambéad 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 produciarn{ack
et al., 2005Lima Montelli et al., 2019Redden tal., 2013;Snowder and Van Vleck, 2003).
Additional exploration of RFVariationin mature ewgopulationghroughout the producn
cycleis needed. Additionally, evaluation fefed efficiencywhen fed aoncentrate ratiopost

weaningcompared t@ foragebased dieas a matureweis required.
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APPENDIX

e e

7-14 days

Figure A.1 Life cycle of Haemonchus contortus

The life cycle ofH. contortusbegins with adult worms found in the abomasum. Eggs are
deposited in the feces and the fistage 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 mfective 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 adultslaemonchus contortunsumes blood in the abosuen of the

sheep during the L4, L5, and adult stadgdsoto ourtesy ofDr. 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)stimated breeding valug(EBV) in Katahdin sheep

A significant amount of variation exists within breed WFEC and PFEC EBY¥in Katahdins.
Individuals with lower FEC EBVs are more resistant and individuals with higher FEC EBVs are
more susceptibl&atahdins are considered a magarasite resistant breed, so the breed average
for FEC EBV is lowethan more susceptible breeds.
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Figure A.3 Average temperaturefor each6-hour period throughout the SSFeeder
acclimation trial .

Temperature remained fairly constant over time dutilgSSFeeder acclimation iy trial.
Each 24hour period was split into-Bour time framesThe coolest time of day was 12 AM6
AM while the hottest time of day was 12 RM PM.
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