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Abstract

Gastro-intestinal nematode (GIN) parasitism is a major DQLPD K HD GRKRO OHRMKHHS
Parasitized animals typically display a number of clinical signs, including a reduction in

Y RO XQMWDBIBY WIINHNVHUH G BHBDLYQ R XQHIMXK®He Aim of this thesis was to

use remote sensing technologie s to advance the development of a methodology where early
changes in animal behaviour can be used to help identify sheep suffering ill effects of GIN
parasitism, especially in a pre -FOLQVER/XDWEZRE\SRW KHWIBMEP 2V WHKY H Q
modest worm burdens will be less active, graze for less time and spend more time resting than
WKRVH KHUG PDWHVY WKDW ZHUH OHVV KHDYLO\ SDUDVLWL]HG

The movement and behavioural activity of young and mature, infected and uninfected sheep

were monitored in a series of studies using global positioning system (GPS) and tri  -axial
DFFHOHURPIQWRM\VEHKDY LRNUMG HQWXVILID FKLQHD U WHRHKQLTXHV
$OVR DVVHVVHG zZDV WKH LQIOXHQFH RI KRVW JHQRW\SH RQ PRYHPF

Accelerometry data accurately identil LHG JUD]LQJ UHVWLQJ DQG ZDONLQJ DFWLYL
sensors were able to identify the effects of GIN parasitism on movement and behaviour in

VKHHS &OHDU HYLGHQFH1I1ZAHUHRRPGRFKDWEXCFHOGVKRYHPHQW DQG RY
activity in growing lambs, with reductions in time spent ‘grazing’ and ‘walking’ occurring

concomitantly with increases in ‘resting’ activity, and before effects were recorded on growth

UDWHV +RVW JHQRW\SH DOVR KDG DQ HIIHFW RQ PRYHRH®QtW DFWLYL
QRW LQ WUHDWHG LQGLYLGXDOV $GXOW VKHHS KRZHYHU VKRZHG
DQG EHKDYLRXU DVVRFLDWHG ZLWK SDUDVLWLVP DV PHDVXUHG E\

Overall, the findings in this thesis have demonstrated the potential value in remote

monitoring of sheep as a diagnostic marker to detect the generally subtle behavio ural

changes associated ZLWK FKDQJLQJ *,1 LQIHFWLRQ VWDWXV 6XAK PHRQLWR
XVHG DV W K Hdédinwhetfetianimals need to be treated with anthelmintic on the

basis of individual need, DQG VXFK QWMFHARXBG EHDWD\WHMHEHIRUH DQLPDOV
IDLOHG WR JURQ@)\ DRRakET XoDnafest more overt signs of clinical illness  such as

weight loss
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CHAPTERASUSTAINABLE CONTROL OF GASTHESY INAL
NEMATODES IN SMALL RUMINANTS: A REVIEW OF THE LITERATURE

Introduction

+HOPLQWK PDQDJHPHQW LV D SUHUHTXLVLWH IRU HIILFLHQW OLY
contributeto VXVWDLQDEOH JRDOV IRU JOREDO IRRG VHF>bsei¢mabDUJLVRQ
ruminant production, gastrointestinal nematode (GIN) infections are the foremost helminth
FRQVWUDLQW LPSDFWLQJ HIILFLHQW IRRG SURGXFWLBQ V\VWHPV
parasitism is a major animal health and welfare impediment for grazing sheep of all ages, as

well as being an important source of economic loss to livestock producers (Nieuwhof and

%LVKRS 7R GDWH FRQWURO RI WKHVH i&bdu g us&/di btokdDV EHHQ K
spectrum anthelmintics, but there is a global increase in resistance to these chemicals as well

as increasing consumer demand for a reduced environmental footprint from the use of
DQWKHOPLQWLFV 9HUFUX\VVH tateriid is being gigert tDintpiaving Ge

utility and efficiency of available control resources, especially anthelmintics (Barger, 1999;

&KDUOLHU HWAO@example D :HE RI 6FLHQFH OLWHUDWXUH VHDUFK YHU
conducted as part of this review using the terms “gastrointestinal nematodes” AND

“sustainable control” AND “ruminants” identified 49 journal papers published between 1990

DQG 7KH QXPEHU RI UHVHDUFK SXEOLFDWLRQV RQ WKH VXEMHFV
numberre SRUWHG RYHU WKH SUHFHGLQJ WZR GHFDGHV FRPELQHG 7KH
that the research focus on sustainable control of GIN was largely skewed (34 of 49) towards

using anthelmintics sustainably due to drug resistance rather than adopting some alternative
VWUDWHJI\ WR FRQWURO LQIHFWLRQ 7KLV LV QRW D VLJQLILFDQW Sl
have a pivotal role in management of GIN for some time (Pomroy, 2006) and deserves the

UHVHDUFK DWWHQWLRQ ,W GRHV KLskEd @hghfementViK oth€) éhG IRU LQF
DOQWKHOPLQWLF PHWKRGV HPSOR\HG IRU VXKEWANeQIEHDH FRQWU!
complementary strategies to anthelminticuse  against GIN , such as vaccine development, have

progressed in recent years with Barbervax® :RUPYD[ $XWDOLD 3W\ /WG %HVLHU HW |
%URRPILHOG HW DO ® (Av@t®usinedd M@mpgement Pty Ltd)  licenced for use

in sheep against H contortus in Australia and South Africa respectively These vaccines

require administration onamonthlyb  asis Overall, vaccines are not currently at levels capable

of impactfully managing GIN ORUJDQ HW DO &ODHUHERXW DQG *HOGKRI



As such, reduced use of anthelmintics integrated with a combination of non-  chemical control
strategies such as sel ective breeding, use of bioactive forages and grazing management will
XQGHUSLQ VXVWDLQDEOH FRQWURO 9DQGH 9HOGH HW DO $ FO
anthelmintics is targeted selective treatment (TST), which is treatment given to individual
animals at times driven by indicator targets rather than as part of traditional parasite control
SURJUDPPHV &KDUOLHU HW DO JRU D SURJUDPPH VXFK DV 767 V
of farm -side diagnostics needs to occur that can effectively monit or the impact imposed by
SDUDVLWH EXUGHQ RQ DQLPDOV 7KXV ILQGLQJ DQG GHYHORSLQ
infection that can be easily monitored has been of research interest for a number of groups

9DQ :\N DQG %DWK *UHHU HW DG -DFNVRQ\RQ D€®JOXQG HW DO
%HUN HW DO

An important effect of GIN infection on sheep is a reduction in voluntary feed intake, which

LPSDFWV WKHLU JUD]JLQJ EHKDYLRXU DQG SHUIRUPDQFH (DUO\ SHC(

$EERWW HW DR[ HW DO GHPRQVWU D WnhdlGedVahdraxia FIAY DV LWH

significantly impacted young ruminants, especially during the phase of acquisition of

LPPXQLW\ RI LQIHFWLRQ LQ SDUDVLWL]HG ODPEV 6\NHV 6RPH R

pair -fed animals demonstrated that PIA was the single largest cause of reduced performance

in parasitized lambs, being responsible for 40 — Rl WKH RYHUDOO FRVW RI LQIHFWL
6\NHV HW DO $OWKRXJIK SRWHQWLD Cobdisedds RolbdteDb QW DV L

changes in behaviour in grazing lambs have received relatively little attention from a research
SHUVSHFWLYH ,Q SDUW WKLV KDV EHHQ G Xdffettiv® tdahiwbdgytb RI DY DL O
objectively measure and monitor animal beh DYLRXU ZKLOH RQ SDVWXUH- 7KH DGY
effective remote sensing technology has provided the opportunity to objectively measure feed

intake at pasture using indirect proxies (Fo rbes, 200 7KH SUHVHQW UHTXLUHPHQW L
development of suitable met hodologies which use data from these technologies to provide a

means for assessing changes in feed intake— VHH 6 HFWLRQ GR.V Fuher LR Q

7KH IROORZLQJ UHYLHZ ZLOO GLVFXVV * 1 LQ 1HZ =HDODQG WKH
pathophysiology and th e immune response that drives the diagnostic markers that are
DYDLODEOH RU DUH EHLQJ FRQVLGHUHG WR VXSSRUW VXVWDLQDEOF}
role of anorexia in limiting ruminant productivity, this review focuses on the known

mechanisms that underpin PIA, as these are a pre -requisite for the development of support

PHWKRGV WR PLWLJDWH LWV LPSDFW 6SHFLILFDOO\ DGYDQFHV LQ

measure animal behaviour and movement on pasture will be reviewed considering their



applicat LRQ WR DVVHVV WZR XQGHUO\LQJ PHFKDQLVPV RI VXEFOLQLE
RFFXUUHQFH RI DSSHWLWH VXSSUHVVLRQ ZLWK DVVRFLDWHG DOWEF
FRVW RI DFTXLULQJ DQG H[SUHVVLQJ DQ LPPXQH UHVSRQVH WR LQFI

*DVWURLQWHVWLQDO QHPDWRGHV LQ 1HZ =HDODQ(

$ WRWDO RI VSHFLHV RI *,1V KDYH EHHQ UHSRUWHG LQ VKHHS LQ
Of these gastrointestinal parasitism results primarily due to infections with Haemonchus

contortus, Teladorsagia cir cumcincta and Trichostrongylus axei in the abomasum (Vlassoff et

DO ,Q WKH VPDOO LQWHVWLQH LQIHFW LRastragitds FRPPRQ O\
colubriformis , Trichostrongylus vitrinus, Nematodirus spathiger, Nematodirus filicolis and

Cooperia curticei 7KH VSHFLHV IRXQG LQ WKH ODUJH LQWHVWLQH DUH
considered to be important as they usually occur only in smaller numbers (Sutherland and

6FRWW DQG KHQFH QRW XVXDOO\ RI DQ\ SDWKRJH@UWthVLIQLILFD
several species at the same time and this co -infection may result in a synergistic/ additive effect

WR FDXVH SDUDVLWLF JDVWURHQWHULWLYV 5RHEHU HW DO. 21V
curticei is arguably the least pathogenic (McKenna, 7TKHVH QHPDWRGHV W\A\SLFDOO\ R
DOO DUHDV RI 1HZ =HDODQG Zn\pagiculia,P HHaerhBridlfgVredRizy higher

temperatures for their larval development and is more problematic in the warmer climate

areas of the North Islandandthend XULQJ WKH ZDUPHU PRQWKY 90DVVRII HW DC

8QGHUVWDQGLQJ WKH OLIH KLVWRU\ RI *;1 LV HVVHQWLDO WR WDL
DFFRXQW RI WKH OLIH F\FOH LV IURP 6RXOVE\ $GXOWV ORF
(predilection sites) shed HJJV WKDW SDVV RXW LQ WKH IDHFHV RI LQIHFWH
Development of free -living stages occurs within the temperature range of about 10°C through

XQWLO f& DQG DOVR UHTXLUHV WKH SUHVHQFH RI PRLVWXUH DQG
devHORSVY DQG KDWFKHV LQVLGH WKH IDHFDO SDW 7KLV RFFXUV ZLW
(22-26°& DQG KXPLGLW\ FRQGLWLRQV SUHYDLO EXW LV VORZHU L
down to a minimum of about 10°C and less successfully if highertemp HUDWXUHV RFFXU ORXOV
to second stage larvae (L 2) occurs after L 1 have had a feed on bacteria and protozoa within the

IDHFHV 7KHVH WZR VW DI QU NWXH YURIH*, Q HPduMdRIRkYd 7KH /

stage larvae (L 3, which is the infective stage) is incomplete leaving the L3 covered by a
SURWHFWLYH LPSHU RHBIeledsed/ idir Di§\fadeces following rain and dew when

temperatures enable activity and they migrate onto pasture where they can be ingested by

JUD]LQJ VKHHS 3HKorm &UREHWDNHY D PLQLRDORVRDQ® weeks in



suboptimal conditions, completing the free  -living phase of their life history to start the parasitic

SKDVH LQ VKHHS KRVW RQFH LQJHVWHG 2QFH WKH / VWDJH KD
DFWLYLW\ DV WKLV VWDJH LV XQDEOH WR IHHG DQG KDV OLWWOH}
conditions the L3 is active and will rapidly deplete its stored metabolic reserves but at cooler

WHPSHUDW XU H-1RIC d ik Meddbme inactive and can surviv e for long periods if not
GHVLFFDWHG

IngestedLs UHPRYH WKHLU SURWHFWLYH VKHDWK DW GLITHUHQW VLWHYV
Sites for exsheathment are always proximal to the predilection site and the process may occur

within 30 minutes ofarrivn. DO DW WKH DS S URG&mENAta [ahad/exsheath within

the rumen whereas C. curticei H{TVKHDWK ZLWKLQ WKH DERPDVXP RI WKH KRVW
relocate withn 2 — GD\V WR WKHLU SUHGLOHFWLRQ VLWHV LQ RUGHU W
becaneLs ZKLFK DJDLQ PRXOW LQWR WKH LPPDWXUH DGXOW 7KLV VW
VH[XDOO\ PDWXUH DGXOW IURP GD\V SRVW LQIHFWLRQ +RZHYHU
species, Ls /Ls ODUYDH FRXOG XQGHUJR DUUHVWHG GHYHORSPHQW 7
SKHQRPHQRQ LV WKH SUHYDOHQFH RI LQIHFWLRQ PLJKW EH XQGHL
patent period — time from when a sheep ingests a L 3 to when nematode eggs appear in faecal

samples— UDQJHV IURP WR GD\V 6RXOVE\ vd@Esdny: ) PIRERUWDQW |
FRPPRQO\ UHFRPPHQGHG LQWHUYDO RI GD\V EHWZHHQ DQWKHOPI
1HZ =HDODQG LV DLPHG DW PLQLPLVLQJ SDVWXUH FRQWDPLQDWLR
provide, at best, a ‘picture’ of the levels of larval challenge  on pasture, three weeks prior to their
PHDVXUHPHQW VLQFH WKH SUHSDWHQW SHULRG LV DSSUR[LPDWHO\
exist then grazing animals could be ingesting substantial burdens of L 3 even though they

appear free from GIN infectonduet R JHUR IDHFDO HJJ FRXQWYV

3 Epidemiology of gastrointestinal nematodes

Infection with GINs occurs as ruminants graze, where infective larval stages are ingested on

SDVWXUH 2Q FRQWLQXRXVO\ JUDJHG SDVWXUH UXPLQDQWY SRWH!
infective larvae when they graze, so long as conditions favourable for lar  val survival and
GHYHORSPHQW SUHYDLO ,Q JUD]LQJ DQLPDOV FOLPDWH VSHFLILFD(
farm management play a significant role in the timing of presentation of GIN infection

SUHVVXUH 6XWKHUODQG DQG 6FRWW y a major kol2\M Kéhatdde efgRUYV SOD
KDWFKLQJ ODUYDO GHYHORSPHQW DQG VXUYLYDO DV ZHOO DV VX

Farm management practices around pasture management, cross grazing with other



ruminants, use of anthelmintics, can also modulate the survivability and concentration of

QHPDWRGH ODUYDH RQ SDVWXUH 2:-&RQQRU HW DO $V VXFK
challenging aspect of standardised GIN intervention in that 1) timing of required anthelmintic

treatment will vary from location to lo  cation and 2) in specific locations with defined parasite

epidemiology, the execution of control too early or too late mean little production benefits will

EH FRQIHUUHG DQG GHULYHG UHVSHFWLYHO\ Adiipdidlcohpleid YW
variation of larval populations that has challenged predictive tools for seasonal pasture larval
FRQWDPLQDWLRQ /LWKHUODQG DQG 'HLIKWRQ ORUJDQ HW DO

7KHUH LV D VHDVRQDO YDULDWLRQ LQ WKH SUHYDOHQFH Hel *,;1 JHQH
general seasonal pattern of GIN in sheep reflects the levels of infective larvae on pasture Faecal
QHPDWRGH HJJ FRXQW QXPEHUV LQ 1HZ =HDODQG W\SLFDOO\ SHDN L
6HYHULW\ Rl LQIHFWLRQ LV KLJKHU il QderRiXiQeldthat baygd PDOV WKL
developed an immune response to GIN, consequently harbouring fewer parasites and
VKHGGLQJ IHZHU QHPDWRGH HJJV RQWR SDVWXUH 6\NHV 7KH
GHYHORSV JUDGXDOO\ %\ DERXW PRQW KbleRddOciibh MastdtlishrhentD PHDV XU
UDWH RI LQFRPLQJ ODUYDH EXW LW WDNHV D IXUWKHU St
immune response to fully mature ( Burke and Miller, 2002 $V D UHVXOW \RXQJ VKHHS DF
for a greater number of the nematodes eggs shed onto pasture, which bears a relationship to
the number of L 3 RQ SDVWXUH 6XWKHUOD Q G ADsQrBicaht kv Wriod of
parasitism for grazing ewes is the periparturient period, characterised by lowered immunity
inthe perio d around parturiion (9ODVVRI HW D®KLV )V D SK\VLR @R@wde® WUDGH
UHSURGXFWLYH DQG LPPXQRORJLFDO UHTXLUHPHQWY +RZHYHU E
of the ewe has recovered (% HDVOH\ HW DTKLV Wil B Gste evident in the greater
intensity of parasitism seen in multiparous ewes, as well as in yearling ewes (Sutherland and
Scott,2010) $ FDUGLQDO IHDWXUH RI WKLV R faecdluematQdeldgy dUtpuQ LQFUHD\
by ewes, especially around mid -lactation and associ ated with the phenomenon of the
SHULSDUWXP ULVH LQ HBEgh éoRritsQisk abold 3 Sveeks (Pre -patent period) after
WKH GURS LQ IARBENhisvirhe, the most prevalent nematodes in ewes in New
=HDOD QTzldddwddgia  7KH LP S OLFhi%phéh@néRod is that when weaned lambs
start grazing, they potentially encounter a new generation of infective larvae on pasture ready
to infect them if weather conditions have allowed development of these eggs from the ewes to
RFFXU (ZHV P D [dhsitiahkbEicktdshedding low nematode eggs around weaning in early
VXPPHU 90DVVRI HW DO



4  Pathophysiology of strongylid nematodes in ruminants

Gastrointestinal nematodes are widely regarded as the most important parasites of ruminants

duetot KH SURGXFWLRQ LPSDLUPHQWY WKH\ HOLFLW &RRS HW DO
diverse, presenting sometimes as clinical disease that result in animal morbidity and

PRUWDOLW\ 2WKHU WLPHV DQG SHUKDSV PRUH VLIJQVWwEDQW SDI
clinical disease while suffering adverse (sub -clinical) effects on production outputs  (Morgan et

DO OXFK RI WKH XVH RI DQWKHOPLQWL Fdlinital/ovpiedustiotl Y HQW WK
limiting losses rather than to treat incidences of clinical disease 6WURPEHUJ HW DO
underscoring its role in affecting key physiological responses associated with a protein losing

enteropathy and reduced growth rates (C RRS DQG +R O P HDépending on the parasite

species and the portion of the gastrointestinal (Gl) tract they inhabit, the pathological changes

are relatively constant for both the abomasum and small intestine in that mucosal hyperplasia

and metaplasLD DUH QRWHG ,Q WKH DERPDVXP ZOWkcu@¢ieR VR GHYV VXFK
conseqguences are the appearance of thickened mucosa and a change in cell type with a
FRQVHTXHQW ULVH L@oRE®PDVQONEH VPDOO LQWHVWLQHTZLWK VSH
colubriformis  the consequences are also of a mucosal hyperplasia but with villous atrophy (Fox,

,Q ERWK ORFDWLRQV WKHUH LV D ORVV RI HQGRJHQRXV SURWH
increased cell turnover, increased mucus protein s ecretion and gut tissue damage due to
SDUDVLWH DFWLYLW\ || WKH ORVV RI SURWHLQ H[FHHGVY DEVRUSW
UDWH )R[ HW DO 6\NHV 7R D OHVVHU GHJUHH ORZHUHG
phosphorus for skeletal tissue b uild-XS UHVXOW LQ UHGXFHG ERQH JURZWK ,QIHF
been shown to utilis H PRUH SURWHLQ WKDQ WKHLU XQLQIHFWHG FRXQWtE
this nutrient requirement IURP PXVFOH ERQH DQG ZRRO JURZWK 6\NHV
assume that ruminants evolved compensatory responses, including to increase feed (nutrient)
intake, to mitigate these effects on productivity but the mechanisms involved are not -
straightorward YDQ+RXWHUW DQG 6\NHV



1.4.1 Impact of gastrointestinal strongylid nematodes on appetite and feed intake

by ruminants

There are a number of observational studies which generally suggest that one response widely

associated with GIN parasite infection in ruminants, housed and pasture -based, is a reduction

in voluntary feed intake & RRS HW DO %HOO HW DO &RRS DQG +ROPH)

DO This reduction in feed intake is associated with depressed appetite )R[ HW DO

&RRS HW DO$ QXPEHU RI HDUO\ VWXGLHV LQYHVWLIJDWHG WKH HIIHF\

with T. circumcincta and T. colubriformis compared to a pair -fed control group and found that

chronic subclinical infections depress appetite IURP - &RRS HW DO 6\NHV HW L
,Q WKLV VHFWLRQ WKH PHFKDQ L \“Rduced ihBppeteheddndtein)SDUD VLW F

and consequently reduced feed intake in ruminantsare  GLVFXVVHG

1.4.2 Mechanisms of parasite- induced inappetence

Production losses in ruminants have commonly been attributed to depressed appetite owing
to parasitic gastroenteritis /R\DFDQR HW DO 6 \ N H 001D QierkiseRrdHwn as
PIA. 7KH H[DFW PHFKDQ L VIRAXX@&lelréyardedlas paradoxical, if not unclear

*UHHU HW DOKH UHDVRQ EHLQJ ZKHQ FRQVLGH Wlofpdomiuriiocs HWULPHQ
on host resistance to GIN, it is unclear why infected individuals will voluntarily reduce feed

QXWULHQW LQWDNH DW D WLPH ZKHQ LW ZRXOG EH PRVW EHQHIL
paradox exists, although, it might be that infect  ed individuals make the choice for, to use the
MDUJRQ H[SUHVVLRQ "WKH OHVVHU RI WZR HYLOVp 6\NHV DQG *

phenomenon of PIA has benefited from explanations from two basic perspectives( 7DEOH



Table 1.1 Summary of the suggestions for the mechanisms and functions of parasite
LQGXFHG DQRUH[LD

Mechanism Reference Function Reference

Disruption in the JRUEHYV Disease-coping Kyriazakise W DO
EDODQFH RI SHSWLGHV H J strategy: to allow

cholecystokinin, leptin, infected individuals to

gastrin, ghrelin reduce intake of

parasite larvae

Linked with $OL DQG +HQQHVV\
increased 1993
anthelmintic efficacy

due to reduced rate of
passage of ingesta
leading to prolonged

exposure of GIN to

anthelmintics
Associated with pro - Meeusen, 1999, Disease-coping AULD]DNLV HW
inflammatory cytokines, *UHHU HW D Ostrategy: to allow +XWFKLQJV HW DO
HJ LQWHUOHXNLQD,/E infected individuals to
IL -6 and tumour have incre ased diet
necrosis factor (TNF) - D selectivity and to

promote an effective

immune response

To provide a reliable 6\NHV
supply of endogenous

glutamine used for

immune development

to meet the increased

demands for

splanchnic tissue

metabolism in

infected individuals




First, it has traditionally been described as a pathological response to parasites (causal
SHUVSHFWLYH DVVRFLDWHG ZLWK YDULRXV DSSHWLWH PRGXODWRL
JDVWULQ )R[ HW DO F&&R O HR\WW RMNL Q DQ Y& ghrelin

JRUEHV HW DO 7KHVH PRGXODWRUV DUH WKRXJKW WR EH UHJ
and feedback mechanisms acting on the ventromedi al hypothalamus associated with feed

LQWDNH )RU H[DPSOH WKH JDVWURLQWHVWLQDO KRUPRQH &&. LQI:
DOWHUHG IHHG LQWDNH ZLWK LQRUVHBGEGHWKRHS ""\QHWYWGIVR DU
Some further evidence for the role of the ventromedial hypothalamus in regulating
inappetence associated with T colubriformis and T circumcincta was shown in immune -
VXSSUHVVHG ODPEV GRVHG ZHHNO\ ZLWK FRUWLFRVWHURLGV *UHH
were found to ingest feed in excesV R1  over their non -immuno-VXSSUHVVHG ODPEV 7K
evidence for leptin’s involvement is less consistent; first speculated to increase alongside an
increase in plasma gastrin to reduce feed intake in response to infection with T circumcincta
by downregu lating neuropeptide -< VIQWKHVLV ZKLFK VWLPXODWHY IHHG LQWDN
Other investigators did not find significant associations between leptin and immune -mediated
UHGXFHG IHHG LQWDNH *UHHU HW DO ,Q DQRWHHWAsYOWE G\ D VHUX
to be associated with reduced feed intake in the Scottish  Blackface sheep breed infected with
T circumcincta , but not Suffolk x Greyfacesheep =DUDOLV HW) DERQYHUVHO\ JKUHOLC
peptide associated with upregulating neuropeptide -V, is known to increase transiently in the

EORRG SULRU WR D PHDO 6XJLQR HW DO DQG LW ZDV K\SRWKH\
associated with infecton -LQGXFHG DQRUH[LD EXW QR FOHDU DVVRFLDWLRQ

/HSWLQ uvkskeRhE inore involved in explaining parasite  -induced inappetence than

ghrelin, but this is likely due to the latter having just one study investigating it in calves and

IXUWKHU VWXGLHV DUH ZDUUDQWHG

A second, functional, perspective of anorexia is that it is hypothesised to be an adaptation in

parasitized animals to enable animals to selectively avoid pasture which has high numbers of

LQIHFWLYH ODUYDH 7KLV K\SRWKHVLV VXSSRUWV WKH UHDVRQLQ
disease-coping strategy with a d HILQLWH SXUSRVH HJ WR UHGXFH LQWDNH
Furthermore, it is hypothesised that such animals can select diets high in certain nutrients to

facilitate them to mount a more effective immune response .\ULD]DNLV HW DOS$OEHLW

the inability of these hypotheses to predict the extent of anorexia, and discriminate the effects

of nematode species and predilection sites on anorexia suggests PIA might be a standard

protocol for disease expression /DXUHQVRQ HW DO



$ IXUWKHU H[SODQDWLRQ FRXOG EH ZKHWKHU 3,$ LV MXVW D PDQLIF

drawing parallels between what characterizes sickness behaviour, including an analysis of

pro-inflammatory cytokines necessary for such behaviour, Sutherland and Scott (2010)

suggested that anorexia might be a by -product of an animal’s attempt to mount an effective

LPPXQH UHVSRQVH DJDLQVW SDUDVLWHYV 7KLV DSSHDUV FRQJUXHQ
WKDW KDYH VXJIJHVWHG 3, $matkitdel redpdpsé elittEdbicytokin  es such

as interleukin (IL) -1,IL- DQG WXPRXU QHFURVLV IDFWRU ,I WKLV LV WUXH |

of PIA, in that animals would reduce nutrient (feed) intake at a time when such nutrients

ZRXOG EH PRVW DGYDQWDJHRXV ,W [afc¥ Bf being Itk td IElisivekK H VLIQLI|

attribute depressed feed intake as a direct impact of GIN  and what purpose a reduction in

YROXQWDU\ IHHG LQWDNH VHUYHYV

The classic ‘sickness behaviour’ favours survival in viral and bacterial diseases since the

immuneres SRQVH FDQ UHPRYH WKHVH SDWKRJHQV TXLFNO\ :LWK KHOP
response is largely ineffective, at least at first, and hence the stimulus to reduce appetite is

RQJRLQJ 2YHUDOO WKHVH PHFKDQLVPV UHPDLQ LQVXIILFLHQWO\ U!
WKH SDUDVLWH RUIt B®oRib®tokaBsUMé that the disease state “serves’ the
SDUDVLWH:-V LQWHUHVWY +RZHYHU SDUDVLWLF GLVHDVH LV DQ XQ
husbandry, and the parasites almost certainly evolved to live LQ "KHDOWK\p KRVWV

The above discussion illustrates that considerable confusion still persists in attempts to explain

WKH PHFKDQLVP EHKLQG DQRUH|[I2 éviddddte@elicd/Bdtibs\idwards\tie

hypothesis that changes driven by the host'si mmune response occur in the normal functioning

Rl WKH KRVW WKHVH DUH PHGLDWHG LQ GLIIHUHQW ERG\ V\VWHPV E

1.4.3 Estimating Anorexia and Feed Intake

Anorexia in ruminants has been assessed either directly by measurementsof ~ feed intake or by
some more indirect measurement such as time spent grazing JRUEHV HW DO
Measurements of feed intake between anthelmintic  -treated and untreated control groups of
animals has been used by studies in domestic )RUEHYV H@00DaDd wild ruminants

:RUVabhks and Ezenwa , on the premise that removing nematode parasites with
DQWKHOPLQWLFV ZLOO DOWHU 3,$ LQ UXPLQDQWYV UHIOHFWLQJ WKt
Feed intake reductions of upto 30 - LQ VXEFOLQLFDO *,1 LQIHFWLRQV LQ VKHHS
beenreported )RUEHV HW DO 6\NHV BRGARRWE D 0 termsofg razing

period, dairy cattle treated with eprinomectin, which persists for up to 14+ days, grazed almost
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DQ KRXU ORQJHU WKDQ XQWUHDWHG FRQWUROV GXULQJ WKLV SHL
reindeer calves in a semi -domesticated system treated with i vermectin during the study
SHULRG FRQVXPHG P Ribtrdattd HCHWEGKYHU $UQHEHUJ HW DO

$QRWKHU SUR[\ IRU IHHG LQWDNH LV WR PHDVXUH OLYH ZHLJKW HV
studies in cattle have shown a positive correlation  between reduced feed intake and reduced
OLYHZHLJKW JDLQ %MHOLEHWHW DO 6 XDUH] HW Ddemonstrated,
albeit with some bias in their fe  ed intake estimation technigue, that daily weight loss rate of

NJ LQ $QJXV FDOYHV FRUUHVSRQGHG WR D UHGXFWLRQ LQ
DW D WLPH RI KLIJIKHVW SDVWXUH ODUYDO FRQWDPLQDWLRQ 7KLV O
ofbody ZHLJKWV DV D SUR[\ IRU DSSHWLWH $UQHEHUJ HW DO DO
WKHLU VWXG\ ZLWK UHLQGHHU $UQHEHUJ HW DO VKRZHG W
individuals showed a correlated decline in liveweight gains consistent with t KH GHFOLQH LQ
IHHG LQWDNH WKDW zZDV GHPRQVWUDWHG +RZHYHU LQ JUD]JLQJ VK
EHHQ OHVV FRQVLVWHQWO\ DFFRPSDQLHG E\ VLJQLILFDQW FKDQJH

'KHQ 7KDPVERUJ DQG $JHUJDDUG IRXQG Dn association between

herbage intake and reduced live weight in lambs, the effect of parasitism on intake was
HOLPLQDWHG LI FRUUHFWHG IRU OLYHZHLJKW :KDW LV QRW FOHDU
liveweight gain is associated with the inte nsity (precisely known parasite burden) and
GXUDWLRQ RI LQIHFWLRQ

1.4.4 Regulation of parasite induced inappetence

3DUDVLWHVY VHOGRP HOLFLW LQDSSHWHQFH LQ UXPLQDQW KRVWV H
host populations, young naive animals, rams at mating and pregnant or lactating ewes benefit

most from removal of parasites via anthelmintic treatment, which signifi cantly reverses
REVHUYHG UHGXFWLRQV LQ IHHG LQWDNH 7KLV LV GLUHFWO\ UHOD\
GIN, which is discussed briefly below and in detail in Section 15 ,Q0 \RXQJ VKHHS XS WR
reductions in feed intake have been observed (Sykes and Coop, 1976, 6\NHV HW DO
FRPSDUHG-WR UHGXFWLRQV LQ IHHG LQWDNH LQ SUHJQDQW DQG OI
exposure to modest levels of parasite infection; both groups presenting as clini FDOO\ QRUPDO
Similarly, dry matter intake in ewes treated with anthelmintic s prior to lambing was shown

to be higher than for untreated controls ( =KRQJ HWR01DO 7KHVH D XaAtkreponéd
VXSHULRU JURZWK UDWH LQ WKH ODPEV RI WKH WUHDWHG HZHV +R

these same authors compared the responses in two sheep breeds, and showed that Ujumgin
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DQG 6PDOO 7DLOHG +DQ EUHHGV UHFRUGHOG @GANKMOPLQDNL FJ MAOHDMP
Similarly, -RQHV HW D @iled to demonstrate an y significant effect of moderate GIN
infection on feed intake of Soay sheep, attributing their finding to the resilience of this breed of
V K H H#8ther, the number and species of GIN actually present in the animals can determine
WKH OHYHO RIaficebinfediidn of ypuhilambs with H. contortus  has been shown to
cause feed intake reductions beginning 2 weeks post infection and for up to six weeks duration
UHYLHZHG LQ .\ULD]DNLV HW D @ooperia ¢RWSHHIHIE WRUWLFXODUO\ SD
This shows how other factors SOD\ D UROH LQ WKH UHJXODWLRQ RI DSSHWLWH

Some studies suchas /D XU H Q V R QaiMhd&y€rlso shown that the effect of GIN on appetite

is not only associated with the number of adult parasites present butis  also influenced by the

extent of larval challenge and how that relates to the maturity of the immune response

mounted by animals  Young ruminants progressively develop their immune response to GIN

RYHU WKH ILUVW  PRQWKYV RI OLIH 7KLV LV IL thontisQfRys BREOH IURP D!
ZKLFK LW FRQWLQXHVY WR VORZO\ GHYHORS 'HYHORSPHQW RI LPPX(
is dependent on parasite species as well as age of the animals, also plays an important role in

the observation of parasite -LQGXFHG DQRUH[LD DQG IHHG Lc@s\MdD MelhdsH GXFWLRC
of this emerging immune response has been explored in studies that found that corticosteroid -

induced immune suppression ameliorated feed intake and performance in sheep infected with

T circumcincta *UHHU HW DO T colulifg@is *UHHU HW D @ the latter, it

ZDV IRXQG WKDW XS W Bsed fedd intkdddsasiddesl With Trichostrongylus VS S
LQIHFWLRQ LQ ODPEV FRXOG EH DOOHYLDW Heserdubhord/ ptapdseéd PXQRP D C
that the principle here is that by suppressing the developing immune response, suspected to

play arole in PIA, one reduced production of the mediators that induce anorexi DDespite these

findings, steroids can be considered a ‘blunt’ tool to manipulate the immune response and

PLIJKW KDYH EHHQ VLPSOLVWLFDOIDS possHISthaty ditpatingh Mibexad L H V
DGPLQLVWHUHG FRUWLFRVWHURLGY PD\ KDYH HQDEOHG PRUH GLUH

1.4.5 Nutrition and feed intake

The role of nutrition on feed intake has been explored by providing different planes (quality

DQG TXDQWLW\ RI QXWULWLRQ )RUEHV HW DO SURWHLQ LV D
effective immune response and growth at the same time & R QV H T XiddpasdDduality

nutrient intake affects host resistance and resilience to GIN infection 'RQDOGVRQ HW DO

The premise for this approach is that higher quality (particularly protein content) diets
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available to parasitized ruminants compensate for th e protein loss associated with infection
(+RXGLMN HW ByRes & Coop, 2001), especially that which is required to mount an
LPPXQH UHVSRQVH WR *,1 ,QGtddted abdQdnnitdt Oty Qeffet Ealves
provided with high quality nutrition of white clover and rye grass did not differ significantly in
their live weight characteristics despite the continued presence of a low-  level larval challenge
RQ WKLV SDVWXUH )RUEHV HW DO ,W IROORZV WKHQ WKL
pot HQWLDOO\ EH PRGLILHG E\ QXWULWLRQ $ GLHW ZLWK D KLJK OHYF
in a reduction in egg counts and worm burden suggestive of an increased immune response
&RRS DQG +ROPHV

+XWFKLQJV HWatie@pted to demonstrate host preference for nutrient poor/low larvae

contaminated pasture over nutrient rich/heavy larvae contaminated taller grass, showing

greater faecal avoidance behaviour in parasitised sheep in comparison to uninfected controls

Others )RUEHV +XWFKLQJV hHaw sbon reduced feed intake reflected by

reduced bite sizeasmeasuredby FRPSDULQJ VZDUGYV KH lgiEZal byhrfreQde dnd HW F
uninfected individuals 7KHVH VWXGLHV VXJJHVW WKDW LQ UHVSRQVH WR
ruminant hosts trade -off high nutrient , taller but heavily contaminated pastures  for low

nutrient pasture , and that more complex foraging strategies and behaviours may be involved

This issue is discussed more fully in Section 1.8)

1.4.6 Conclusion

Gastrointestinal nematodes induce anorectic responses in ruminant animals, but it does not

appearthatasing OH PHFKDQLVP LV UHVSRQVLEOH IRU 3,$ 7KH JHQHUDO K
an interaction between an animal host's level of nutrition and inflammatory and immune

regulators, which elicits a response to parasitic infection in a manner that does suppress

appette )RUEHV =DUDOLV HWKLY GHSHYyHVVHV IHHG LQWDNH YD
SDUWLFXODUO\ LQ WHUPV RI JUD]JLQJ WLPH 7KH HYLGHQFH WLOW
parasitized ruminants will exhibit depressed or lowered feeding behaviour, compared to

groups of animals that have been eith er treated with anthelmintics or have been immuno -

manipulated variously to minimise the impact of parasite  -LQGXFHG DQRUH[LD :KHUHDV
explanations for parasite -induced anorexia offer no unequivocal answers, what is clear from

the literature is that GI  Ns trigger behavioural responses or effects in ruminants, one of such

EHLQJ UHGXFHG IHHG LQWDNH D FRQVHTXHQFH RI GHSUHVVHG DS

techniques and strategies that detect change in behaviour can be exploited to measure the
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impact of parasites on their hosts The next section will review the immune response of

individuals to infection as a prelude to discussing the ways in which the adverse effects of PIA

FDQ EH PLWLIJDWHG 7KLV ZLOO EH IROORZHG E\ recttheggurésof R1 WKH G
3,$ DV GLDJQRVWLF PDUNHUV RI *,1

Immune response to gastrointestinal nematodes

The introduction of lambs new to pasture presents a high risk for GIN infection and pasture

ODUYDO FRQWAS irtcaguiedtl infSextion 1.4.4, the immu ne response in sheep is absent

at birth and proceeds to develop slowly over many months until reaching a stable mature level

atabout12- PRQWKV RI DJH 6WDIIRUG HW DO OF5DH HW DO *HC
response is characterised by anacquis LWLRQ SKDVH DQG DQ H[SUHVVLRQ SKDVH +R
with which this immune response develops varies between breeds, between individuals within

a breed (Baker et al 1999; Stear et al 2007), between nematode species and the intensity of

L QIHFWLR GtangR, éxjr€sion of an immune response to continuous infection with  T.

colubriformis 'REVRQ HW DaadH contortus %DUJHU HW DO KDYH EHHQ UH
occur in as early as seven weeks in contrast to other species, such as T. circumcincta , which

DUH PXFK VORZHU WR GHYHORS 6WHDU HW DO

7KH ILQDO HIWHQW RI WKH LPPXQH UHVSRQVH L H KRZ ZHOO VKHHS
between breeds and individuals within breeds (*DPEOH DQG =DMDF %XUNH DQG
2002; Amarantee W DO 7KHVH ODWWHU WZR DVSHFWV KDYH EHHQ XVHG
VKHHS WKDW DUH PRUH UHVLVWDQW WR QHPDWRGHY DQG GHYHORS
The epidemiological consequences are that young lambs without a well  -developed immunity

to the Gl nematodes are an important epidemiological risk for contaminating pasture with

eggs and consequenty Lz ,Q DGGLWLRQ VKHHS WKLV DJH DUH LQ WKHLU Jl
large amounts of energy and protein for growth in competition with the devel oping immune
UHVSRQVH ,W LV WKLV GHPDQG IURP PRXQWLQJ DQ LPPXQH UHVSRQ
the subclinical production loss seen in young animals as they start to develop a level of age -

VSHFLILF LPPXQLW\ WR *,1 *UHHU

Generally, gastrointestinal nematodes induce a T -helper 2 -type immune response, but the

HITHFWRU PHFKDQLVPV DUH VWLOO QRW IXO0\ XQGHUVWRRG 7R L
associated with clinical signs such as diarrhoea, but without the immune response, the result

ZLOO EH "UHVLOLHQW VKHHSu WKDW LJQRUH WKH ZRUPV DQG FRQVI

has been recognised as a vital missing link in current understanding of the immune regulated

14



UHVSRQVHV WR *,1 &KDUOLHU HW DO continudl RXySUWrS\OKNOSED GLQJ WK
Ls3LV FRQVLGHUHG LPSRUWDQW IRU WKH GHYHORSPHQW RI JRRG LPP

Acquiring a good immune response against GINs obviously offers long -WHUP DGYDQWDJHYV
+RZHYHU WKH FRVW RI LWV DR&fEKX tondiittis ReYiobdly@ffedt esHitiency

of production particularly in intensive production (Sykes, 2010  ; see also Section1.4.4 These

studies lend evidence to the hypothesis that the pathological effects associated with GIN are

not as much a direct consequence of the parasites eliciting tissue damage as they are a

consequence of a ‘switched- RQ- LPPXQH UHVSRQVH 7KLV DVSHFW KDV EHHQ X’
breed sheep that are more resilient to nematodes, demonstrating delayed immune recognition

This issue is discussed more fully in Section 1.6.1.3
6 Control of strongylid nematodes in small ruminants

Management of GINs is undergirded by the objective to reduce host exposure to infective

stages, especially for young sheep to a level that will  allow for the development of protective

LPPXQLW\ ZKLOH HQDEOLQJ SDUDVLWLF VWDJH EXUGHQV WR EH PDC
has typically been achieved by use of strategic anthelmintic administration, in combination

with grazing and stock manageme QW DQG LPPXQH PDQLSXODWLRQ LQ LWV YDUL

The goal of sustainable parasite control is not to eliminate parasites (Sutherland and Scott,

6DUJLVRQ WKH\ DUH KHUH WR VWD\ 7KH NH\ DLP Rl FRQWUF
parasite induced LQDSSHWHQFH E\ UHGXFLQJ FKDOOHQJH WR VXVFHSWLE
2012), and itcan also be a matter of mitigating death inthe caseof H contortus ,Q WKLV UHJDUG
the options for GIN management usually integrate evasive host management (Pomroy, 2006)
with drug treatments to interrupt the parasites’ life histories, and hence suppress infective
VWDJHV -DFNVRQ HMWHOUXSSRUW WRROV WR DFKLHYH WKHVH SULQ
instance, climate prediction tools could support understanding of episodes of GIN infection
SUHVVXUH RQ SDVWXUH ORUJDQ HW DO *HQRPLF WRROV DUH
YDFFLQHVY DQG DQWKHOPLQWLFVY WKDW ZLOO EH HIIHFWLYH DW UHP]
third class of tools include those that have the potential to support monitoring and diagnosis
of infection farm -VLGH 7KLV LQFOXGHV WRROV WKDW LQIRUP RSWLPLVF
LQGLYLGXDO DQLPDOV EDVHG RQ PRQLWRULQJ WKHLU SHUIRUPDQFt
will proceed to di scuss the latter category and subsequently focus on the diagnostic markers
WKDW VXSSRUW WKH DFKLHBHEP féntien Rfl eVssi/e \host Rriav@gement



strategies and non -anthelmintic options available will follow but the focus of discussion is on
OSWLPLVHG XVH RI DQWKHOPLQWLFV

1.6.1 Evasive host management/ non- anthelmintic options

This section touches on management practices, use of vaccines, tannins and nematophagous
fungi for GIN control but these are mentioned primarily as a lead-in to breedin g for genetic
UHVLVWDQFH DQG UHVLOLHQFH WR *,1

1.6.1.1 Farm and grazing management

This is a combination of pasture and stocking management principles that exploit the biology

and epidemiology of GINs (Pomroy, 2017) 3DVWXUH PDQDJHPHQW VWUDWHJL
rotational/co -grazing (exploiting the host specificity of several GINs by using alternative

animal hosts to ‘clean’ pastures) and rapid pasture rotation (speed grazing animals on pasture

DQG PRYLQJ RQWR cixlpRryed/idHa&pid pasture rotation is the longevity of L 3 on

pasture which is often much longer than the grazing interval required to maintain pasture

quality and avoid excessive overgrowth (Brunsdon ) 6R XQOHVV FRPELQHG ZLWK
grazing with other ruminants or some procedure such as pasture removal for hay or silage it

PD\ PHDQ WKDW ODUYDH DUH VWLOO DYDLODEOH ZKHQ WKRVH SDU
+RZHY Hhas been noted that the adopti on of new grazing systems to mitigate the effects of

GINs has been slow, even when measurable gains are observed (Ruiz-+XLGREUR HW DO

These authors showed that intensive cellgrazing was associated with a reduction in the species

composition harbo ured by ewes and their lambs over FRQYHQWLRQDO URWDWLRQDH
(OVHZKHUH :BORB® (H\(20I30demonstrated that intensive rotational grazing

provided significantly lower faecal egg counts and reduced frequency for anthelmintic

treatments compared with typical management

1.6.1.2 Non-chemical control and vaccines

Two non-chemical DSSURDFKHV KDYH EHHQ WKH VXEMHFW RI FRQVLGHUDE
The use of bioactive forages containing tannins either as a direct alternative to synthetic
DOQWKHOPLQWLF XVH RU IRU XVH LQ FRPELQDWLRQ ZLW#HdQWKHOPL
anthelmintic use *DXGLQ HW DO 7KHVH DXWKRUYV teRMQcntAvikKd W

nutraceuticals alter the biology of multi -resistant and susceptible nematodes, thus
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UHSUHVHQWLQJ DQ RSWLRQ IRU &vénithbligh\iheywoAuion QD thd-safeiy Q WU R O
of interactions between condensed tannin- rich plantsandcKHPLFDO DFWLYHV

$ VHFRQG DSSURDFK KDV EHHQ WR H[SORUH WKH SUDFWLFDO XVH
organisms consume nematodes as their source of nutrients (:DOOHU DQG /DUVHQ %UD
and de Arajo, 2014) $GGLWLRQ RI FKODP\GR\gE paditulryr | DadHirgioria | X Q

flagrans , into the diet of ruminants provide the opportunity to massively increase the activity

of these fungi in the faeces of ruminants and reduce the population of developing larvae

(/DUVHQ HW DThe success of this approach is based on the ability of these spores to

remain unchanged while passing through the digestive tract and then concentrating in high

numbers the in faeces (Pe fia HW DO

Besides the foregoing, progress has been made with development and li cencing of the H

contortus (Barber's Pole ) vaccine available commercially in Australia (Barbervax © :RUPYD]

Australia Pty Ltd DQG 6RXWK $1ULE DBfrivdt Bu$ivedg Management Pty Ltd ) $V

mention ed in Section 1.1, these vaccines require a monthly administration frequency to confer

SURWHFWLRQ &KDUOELKWHWD®Y WR UHGXFHG XVH RI DQWKHOPLQ)
.HEHWD HW DO DQG SUHVXPDEO\ VKHHS FDQ EH YDFFLQDWH

routine handling processe s, hence no additional handling burden on the animals nor added

ODERXU WR VWRFN PH @ogreBshbkbeedrefiorted in the development of vaccines

IRU RWKHU WULFKRVWURQJ\OLG QHPDWRGHYV

1.6.1.3 Breeding for Genetic resistance and resilience to GI N

Exploiting the immunological response of resistance or resilience to GIN as a sustainable

approach for parasitic infections has been widely investigated  (see Section 1.5) ,W KDV EHHQ
recognised that there are variations in the timing and effectiveness o f the immune response

that can develop in different breeds of sheep ( 6WHDU HW DO JROORZLQJ WKHYV
further research established that variation within breeds exists and this led to breeding lines

of sheep being established in various locato QV SULQFLSDOO\ 1WEZ\V=_HDNW BIQ/GD O

and Australia .DKQ HW DO ‘RRODVWR®@/'KH ILUVW LQVWDQFH WKHVH
SULQFLSDOO\ XVHG WR VWXG\ WKH LPPXQH UHVSRQVH LQ VKHHS +
applying these principles in the commercial sphere and encouraging sheep breeders to select

and establish lines of sheep that are able to establish more effective immune responses more

quicky ORUULV HW DO
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In the early stages of this research there was debate abouttheu  sefulness of breeding sheep for
HOQKDQFHG UHVLVWDQFH YHUVXV UHVLOLHQFH WR *;1 5HVHDUFK KD\
for their ability to mount an enhanced response to GIN and limit its establishment (resistance)

or the ability to maintain performa nce in the face of high faecal worm egg counts (resilience),
including in the Romney breed of sheep %LVVHW HW D®UULV HW Derendale
VKHHS ORUULYV Hamd b @e Scottish Blackface lambs and the lle de France and Santa
Ines breeds of sheep SOEXTXHUTXH HWhd3€have been predominantly selected b ased
on high and low faecal worm egg counts , although other diagnostic indicators have been
investigated in terms of their variation in resistant and resilient animals H thucous pallor
(BUUNH DQG O0LOOBDth approaches present benefits based on the unique needs of
producers but no consensus view on which approach is undisputedly preferable has been
UHDFKHG DV RI \HW ORUJDQ HW DO

1.6.2 Optimised use of anthelmintics

Control of GINs is still predominantly reliant on anthelmintic use and it appears they will be

WKH IURQWOLQH PHDQV RI FRQWURO XQWLO RWKHU LQWHUYHQWL
FRPPHQVXUDWH ZLWK SURGXFWLRQ LQG ISEHVKHO@UQWHRY MWUH FRPI
used strategically to reduce the shedding of eggs such that this will give rise to areduced L 3

challenge that is still enough to induce protective immunity, while not reaching a level at which

consequential production loss RFFXUV &KDUOLHU HW DO 7KH WLPLQJ RI W
governed by the annual production cycle of the host, giving rise to the seasonal presence of

QDwYH RU OHVV LPPXQRORJLFDOO\ FDSDEOH DQLPDOV OF5DH HW D
favouring larval developmentand L 3 VXUYLYDO ORUJDQ HW DO +RZHYHU
diagnostics and the wish to avoid risk, the use of anthelmintics in these types of programmes

FDQ EH KLJK

Up untl about 10 years ago, there were three established classe s of broad-spectrum
DQWKHOPLQWLFVY QDPHO\ EHQ]JLPLGD]ROHV PDFURF\OLF ODFWRQHV
two additional classes (amino -acetontrile derivative and spiroindoles) were introduced to the

1HZ =HDODQG PDUNHW 8QIRUW X QDwilddgipaad Ankeimihitesistah@eRdd R

DOO WKH WKUHH RULJLQDO HVWDEOLVKHG FODVVHV .DSODQ :D
2006; Torres- $FRVWD HW DO DV ZHOO DV PRUH UHFHQW UHSRUWYV IR
DO %DUWOH\ HW DO SUHVWRQ HW DO KDV OHG WR WKI

use of anthelmintics to achieve acceptable production targets is unsustainable in most



circumstances, with utility of  combination anthelmintics possibly  not being as selective
(/HDWKZLFN +RZHY Higonly unsustainable given the current low rate of release of
QHZ DFWLYHV apkriduhglduithelrhintic usage in terms of the timing and frequency of
treatment with the dual goals of achieving reductions in pasture cont ~ amination/ challenge and
PDLQWDLQLQJ SHUIRUPDQFH GXULQJ SHULRGV RI KLJK ULVN RI 3,%
for optimised (reduced and efficacious) use of anthelmintics are largely three  -fold: combination
of actives (Leathwick, 2013); targeted t reatment (TT) and targeted selective treatment (TST)
&KDUOLHU HW DO &RPELQDWLRQ WKHUDS\ LV ZKHUH WZR or more
of action are administered simultaneously to target the same parasite, on the premise that the
likelihood of s urviving is reduced when more than one activeisgiven (/LWWOH HW Th&3e )
authors also demonstrated that there may be synergism of actives in some cases where the
combination has better efficacy than the single actives  as demonstrated with the combined oral
formulation of derquantel -DEDPHFWLQ DJDLQVW QHPDWR Gisfedits IKHHS $JD
UHGXFHG RSSRUWXQLW\ IRU DQ LQGLYLGXDO UHVLVWDQW ZRUP WR
anthelmintics is only given to the whole flock at strategic intervals informed by infection
pressure, whist TST proposes the treatment of individuals in the fi ock based on observed
diagnostic indicators (further discussion in Section 1.8.2 7KH DLP RI WKHVH RSWLPLV
strategies is to delay anthelmintic resistance and maintain a population of nematodes w ith
minimal exposure to anthelmintics and remain suscept ible to treatment, a strategy termed
“refugia” (9D Q :\N2001) @ explain it simplistically, the rationale is that the refugia
population is available to enable animals recently treated to get infected with small numbers
of larvae that would cross breed w  ith these survivors and produce heterozygous progeny rather
WKDQ DOORZ D VXUYLYRU WR EUHHG ZLWK D VXUYLYRU DQG SURGX
on the ability of anthelmintics to generally kill heterozygotes but not homozygotes (Pomroy,
+ R Z K¢l the number of genes involved in resistance is poorly understood  and will vary
IURP DQWKHOPLQWLF WVihR rdliépaleKsH geRdrgiywbhélieved to be independent on
ZKHWKHU KHWHURJN\JRWHV DUH VXVFHSWLEOH RU Qénsreth WKDW VF
resistance alleles stay at a low frequency (in heterozygote form) and thus any heterozygote
ZRUPV EUHHG ZLWK VXVFHSWLEOH ZRUPV DQG JHQH IUHTXHQF\ C
heterozygote resistant worms breed with others like them, gene frequen F\ L Q F U H D \Sdrve of
WKH HDUOLHVW UHSRUWV UHFRPPHQGLQJ WKH UHIXJLD VWUDWHJI\ Z
WKH\ FRQGXFWHG D FRQWUROOHG VWXG\ IROORZLQJ WKH ¢

resistance in H. contortus with and without a proporti  on of larvae exposed to the drug at each
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WUHDWPHQW 6HYHUDO VWXGLHV KDYH IROORZHG VLQFH DGYRFDW.L(
SRSXODWLRQ EH H[SRVHG WR WKH DQWKHOPLQWLF 7KH OLWHUDW
implementing refugia will not  necessarily lead to loss of productivity, while slowing the

development of resistance, with much of the benefit depending on the ratioof  infra - and supra-

parasitt SRSXODWLRQV 'REVRQ7HWVDIDSSOLHY WR DOO DQWKHOPLQWLF
far UHIDUGOHVV RI PRGH RI DFWLRQ +RZHYHU WKHVH ILWGLQJV DU
siico (/HDWKZLFN HW 'BEVRQ HW D Qeathwidk, 2012, %HUN HW DO ;
/IDXUHQVRQ HW andin the apsence of empirical evidence, the recommendations on

reducing anthelmintic resistance selection pressure by refugia management is predominantly

EDVHG RQ VRXQG EXW QHYHUWKHOHVV WKHRUHWLFDO PRGHOV

1.6.3 Targeted selective treatment

This involves identifying individual animals for treatment using pathophysiological,

parasitological or production -based indicators, rather than whole herd treatments (Greer et

DO 7KLV SUDFWLFH HPERGLHV DQ DOWHU Qtinyall afitnd R WKH XV XD
a group when parasitism occurs, even though most GIN occur in only a small percentage of

KRVWV ,W KDV EHHQ UH F R 3igdekiartof parasites ol iHe But td geod use if

those animals suffering from levels of parasitism sufficient to cause considerable production

ORVV RU KHDOWK HIIHFWV FDQ EH LGHQWLILHG DQG WUHDWHG LQGI
the potential for lowered costs associated with reduced anthelmintic use, while optimising GIN

management by increa sing the proportion of parasites in  refugia as untreated animals provide

a pool of susceptible parasites Labour costs may reduce if less anthelmintic treatments are

given but not if labour intensive techniques are used to monitor the level of parasitism i n the

animals (ORUJDQ HW DO ERUQHOLRXHYW WD O/DYLQJV RQ GUXJV DOR
systems are potentially substantial  and such savings could offset the investment in the cost of

inputs RYHU D SHULRG $ FKDOOHQUJH hKstblihtliapplbpriate phandiyhiy DSSUR D
markers for inappetence or sub -target performance that can be easily, and affordably,

monitored and these have been the subject of recent research 7TDEOH (TXDOO\ LW LV
paramount to develop methodologies formont RULQJ DQG GHWHFWLQJ D$B&WRSULDWH
refugia -based control as a concept is at present based on sound but still theoretical models,
UHTXLULQJ IXUWKHU XQGHUVWDQGLQJ RI WKH SDUDPHWHUV WKDW 1
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7  Diagnostic m arkers of strongylid nematodes

Diagnosis and diagnostic methods are a prerequisite of both targeted (TT) and targeted

selective (TST) chemical control approaches and are at the heart of sustainable control of GIN

LQIHFWLRQ )LUVW WKH\ L QsiBrid,Pendblingd B eduetiorNin Gridue use of
DOWKHOPLQWLFVY &KDUOLHU HW DO 6HFRQG WKH\ HQGHDYR
UHVLVWDQFH WR *,1 LQIHFWLRQ 6WHDU DQG OXUUD\ segoalsfR EH HIIF
diagnostic indicators nece ssarily need to be 1) easy to use; 2) accurate and repeatable; 3) readily

deployable farm -side; and 4) cost-effective (Pomroy , 3UHVWRQ HW DO FODVVLILI
diagnostic indicators into three major areas: infecion -UHODWHG H J )(&UHICAPXKQE H J
(RVLQRSKLOLD DQG LQKHUHQW LQGLFDWRUV HJ DPRQH FHOC
alternative classification of the types of markers considers a parasitological group — such as

FEC, pathophysiological — as in body condition score, and perfo rmance-based, as in liveweight

JDLQ .HQ\RQ DQG -D FBagdR Qnthese latter classification, a number of studies have

expORLWHG WKHVH LQGLFDWRU V\VWHPV LAQsuimmaly @Gmarkeirs DSSURDFK
investigated for TT and TST approaches are shown LQ 7 D E Qwith some discussion on the

most commonly available diagnostic tool , FEC

1.7.1 Faecal nematode egg counts

Counting the number of nematode eggs in faeces is an important and useful part of farm
DQLPDO YHWHULQDU\ SUDFWLFH DQG FXUUHQWO\ WKH PDLQVWD\ IR
DV D SUR[\ WR HVWLPDWH WKH ZRUP EXUGH®Qirelofpaige DQLPDO
FROQWDPLOHRXHR@U PDQ\ VWXGLHV KDYH VKRZQ WKDW WKH UHODWI
worm burden may be unreliable (Bishop and Stear, 2000), especially as animals get older and
the immune response limits egg production by individual worms (McKenna and Simpson,

In addition, the FEC data frequently shows aggregative, negative skewed distribution,
DQG D KLJK FRHIILFLHQW RI YDULDWLRQ OFODQXV HW DO 7KLV
the main role of faecal egg counts is in under standing the changing epidemiology of helminth
SDUDVLWHYV 6D UNeVeRI@less, it is the main measurement used to evaluate GIN
load in most research trials, even though the protocols and analytical methods are not
standardised and variation can affect the results OFODQXV HW DO+RZHYHU WKH LVVXH
is likely not so much the relationship between FEC and worm burden but the relationship
EHWZHHQ )(& DQG SHUIRUPDQFH VXUYLYDO ,W LV LQ WKH ODWWH

exists, as previ ous sections (1.4.4 and 1.5 ) have already indicated a substantial component of
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ORVW SURGXFWLRQ DSSH D UNontReldss] dedpite Wie Biiei@arbing of EECs, it
is a useful method (though not very precise) to get an indication of the pasture co  ntamination

and for evaluating the efficacy of anthelmintics (  Eysker and Ploeger, 2000
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Table 1.2 Some diagnostic markers evaluated for targeted selective treatment of
gastrointestinal nematode parasitism in

small ruminants

Marker Type Individual Reference
treatment protocol
Faecal egg count  Parasitological ! HJJV J /[HDWKZLFN HW
2006a
> 300 eggs/g *DOOLGLV HW |
> Group mean eggs/g &ULQJROL HW
Body condition Pathophysiological Individuals with BCS ~ *DOOLGLV HW |
<
score 2 were treated %HVLHU HW DO
&RUQHOLXV HW DO
Anaemia index Pathophysiological The individual Malanet DO X
F$0$&+%) decision for treatment O9DWWD HW DO :
is usually based on a YDQ :\N DQG %DWK
score of 3 2002; .DSODQ HW DO
2004; 2X]LU HW DO
2011; Bentounsi et
DO
Live weight Performance -based WR RI WKF /HDWKZLFN HW
heaviest individuals 2006ab
left untreated
Liveweight gain Performance -based Lambs treated if they 6WDIIRUG HW [
were in the bottom
RI WKHLU SHHU
group in weight gain
and were also deemed
to be in poor condition
LH HYLGHQFH RI EUHHFK
VRLOLQJ
Production Performance -based Individuals with < *UHHU HW DO
efficiency HIILFLHQF\ RPoXVLQ HW DO :
+DSS\)DM™M)yRU nutrient utilisation .HQ\RQ HW DO
were treated

Milk production

Diarrhea score

Performance -based

Pathophysiological

Ewes producing more +RVWHOHW D

than 2 litres of milk
daily were treated "DOOLGLV HW DO
*DED HW DO

Individuals with a 2X]LU HW DO
DISCO score of 3

(semi-liquid faeces)

were treated

DISCO: diarrheoa score
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Grazing behaviour and feed intake of parasitised sheep as a marker

of GIN infection

A number of studies have shown that GIN will induce a degree of anorexia (see  Section 1.3

+HQFH PHDVXULQJ DQRUH[LD PD\ EH D XVHIXO PDUNHU IRU *,1 SDUL
difficult to measure anorex ia directly and other measurements are chosen as proxies for this

P HDV XU H =@ of parasite induced anorexia (PIA), an  ideal behaviour to measure is

grazing behaviour )YRUEHV ORVW UHVHDUFK FRQGXFWHG RQ WKLV WRSLI
two appr oaches, either: 1) investigating strategies used by parasitised individuals to reduce

FRQWDFW ZLWK LQIHFWLYH ODUYDH GXULQJ JUD]LQJ L H DYRLGE
PHDVXUH 3,$ GLUHFWO\ XVLQJ SUR[LHV 7KHVH UHVHDUFK RXWSXWYV
DSSURDFK RU WKH RWKHU VLQFH WKH SULQFLSOHVY WKDW XQGHUSLC

The first approach involving faecal avoidance choices is based on the hypothesis that

parasitised individuals graze away from faecal contaminated pasture (L Hhigher L3

contaminated) , choosing to reject such pastures even if they are taller and of higher nutrient

TXDOLW\ +XWFKLQJGetlih DI® 7KH PHFKDQLVPV LQYROYHG LQ WKLYV
VWUDWHJI\ DUH YDULHG DQG PD\ EH LQKHUHQW WR WKH DQLPDO H .
VWDWXV )RU H[DPSOH &RRSHU HW DO IRXQG WKDW LQIHFWHG
that had been exper imentally contaminated with T. circumcincta  larvae by comparison with
XQLQIHFWHG VKHHS

On the other hand, external factors such as the age of faecal pats and pasture height are
K\SRWKHVL]HG WR DOWHU JUD]LQJ EHKDY IRiUumcjigtaV/, KiMWEF8DQ DW L W L
HW DO IRXQG WKDW D SDVWXUH ZLWK PRUH UHFHQWO\ GHSRVL
reduced proportion of bites taken from that sward together with a reduced bite depth and

PDVV ,W LV SODXVLEOH WKDW WK MWD QWD]D WYHAKRYLRHK DQIHE OMHG
instance, uninfected sheep which grazed on larvae contaminated pasture suffered significant

reductions in feed intake compared to their counterparts on clean pastures (Thamsborg and
$IJHHUJDDUG & R GecaHiRdMgsyindicate ¥at sheep respond to their external
HQYLURQPHQW GLIIHUHQWO\ ZKHQ WKH\ DUH LQIHFWHG ZLWK *,1 +R:
how these behavioral responses can be applied or adopted farm -side, in terms of being suitable

markers of infection; but conceptually they provide valuable information on the behavioural
VWUDWHJILHY VKHHS KDYH GHYHORSHG WR UHGXFH IXUWKHU LQIHFW
VKRZ WKDW *,1 DIIHFW JUD]LQJ EHKDYLRXU
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In addition, it has been hypothesiz ed that parasitised animals might compensate for reduced

IHHG LQWDNH E\ VHOHFWLQJ D GLHW RI KLJKHU QXWULHQW SURWHE
There is evidence that diet selection is subject to influence by parasitism with animals showing

ageaWHU SUHIHUHQFH IRU KLJK SURWHLQ GLHWYVY .\ULD]DNLV HW DO
GHJUHH RI IDHFDO DYRLGDQFH DV VKRZQ DERYH +RZHYHU WKLV K
variable results and it remains to be investigated whether either faecal avoi dance or diet
VHOHFWLRQ DUH D GLUHFW FRQVHTXHQFH RQ LQDSSHWHQFH )RU LQ
investigated whether sheep grazing at pasture would choose pasture of higher nutrient value

to compensate for the metabolic deficiency caused by paras ites but failed to observe an effect

as there was no apparent difference on feed intake or dietary selection in lambs ‘trigger- treated’

at 1000 eggs/g compared with lambs suppressively treated at 2- ZHHNO\ LQWHUYDOV ,Q FL
JRUEHV HW DO not Brd &\Rle@ce Gat parasitised dairy heifers showed greater
SUHIHUHQFH IRU D PRUH QXWULWLRXV GLHW WKDQ WUHDWHG LQGL"
additional evidence for parasite induced inappetence in cattle, manifest as reduced grazing

tme DQG VXEWOH FKDQJHV LQ IRUDJLQJ EHKDYLRXU

Consequently, whilst it has been shown that parasitised animals might employ faecal

avoidance/diet selective strategies, a more direct approach to measuring grazing behaviour

appears worthy; buteven so, resultsa UH VRPHWLPHYVY HTXLYRFDO +XWFKLQJV HW |
UHGXFWLRQ RI DQG PLQXWHV GD\ LQ IHHG LQWDNH DQG JUD]L
XQLQIHFWHG FRQWURO VKHHS DQG LQIHFWHG DQLPDOV ORUH UHF
(shown to have a delayed GIN recognition) were shown to increase feed intake over their
JHQHWLFDOO\ UHVLVWDQW FRXQWHUSDUWYVY *UHHU HW DO +R.
HW DO GLG QRW ILQG DQ HIIHFW RI SDUDVLWLVP RQuahdD]LQJ WL
parasitised control sheep and two groups of sheep dosed with T. circumcincta  (trickle infected

over three- and 14-ZHHNV GXUDWLRQ UHVSHFWLYHO\ 7KLV ZDV LQ VSLWH RI
EHWZHHQ JURXSV D GURS LQ WK HseslBdilyFor thkad webkScan@aretD OV G R
WR WKH XQLQIHFWHG FRQWURO JURXS &RQYHUVHO\ WKH JURXS GR
SULRU WR WKH VWXG\ FRPPHQFLQJ VKRZHG DQ LQFUHDVH LQ IHH
Collectively, these results highlig  ht vital points: firstly, measurements of grazing behaviour in

sheep grazing at pasture is likely subject to the influence of a wide  variety of factors, which

PLIKW PDNH GHPRQVWUDWLRQ RI WUHQGV GLIILFXOW +RZHYHU WKI
be further elucidated as it would seem to be the most appropriate way of determining the

LPSDFW WKDW *,1 SDUDVLWLVP KDV RQ YROXQWDU\ IHHG LQWDNH L



needs to be an understanding of how changes in grazing behaviour affect animal performance

LQ WHUPV RI JURZWK UDWHYV ,Wf théseStRateyest@yihavkeboNed/a R H
PHFKDQLVP RI UHVLOLHQFH L H WKH DELOLW\ WR PDLQWDLQ SHUIF
RI LQIHFWLRQ ,Q WKH DERYH FLWHG VWXQ@KHU H XSWDRKONIIW L M M/G DK
reduced feed intake and grazing time, these effects did not appear to affect the live weight gain

of parasitised individuals &RQYHUVHO\ LQ FDWWOH WKHUH KDV EHHQ GHP
consistency between reduced feed int ake and reduced liveweight gain, specifically observed in

a series of studies investigating the effects of parasitic gastroenteritis on feed intake and

JUD]LQJ EHKDYLRXU )RUEHV 7KLV ODWWHU UHVXOWViedV FRQVL)
housed sheep where reduced growth rates were apparent in the parasitised animals (Sykes

and Coop, 1976 and 1977; &RRS HW DO

1.8.1 Methods for assessing inappetence/ feed intake

Aspects of this section have been introduced in Sections 1.4.3 and 1.45 Te methods for

measuring inappetence in grazing ruminants are usually indirect proxies of feed intake, as it

PD\ EH LPSUDFWLFDEOH WR GLUHFWO\ PHDVXUH LQWDNH DW SDVWXI
include using synthetic or natural plant constituents ( HJ SODQW FXWLFXODU ZD[HV |
alkanes) as dietary markers to estimate feed intake by measuring both dietary digestibility

and faecal output (Lippke, 2002); estimating intake by inferring from animal performance

after direct weighing over shortperiod V ODFRRQ HW DO PHDVXULQJ VZDUG Fk
EHIRUH DQG DIWHU JUD]LQJ )RUEHV DQRG LQWDNH HVWLPDWH)
UHTXLUHPHQW &RRS HW DO 7KHUH DUH OLPLWDWLRQV DVVRFI

for instance, ca ution was advised in the early 1990s for the use of controlled release devices in

research to estimate feed intake via faecal output owing to inconsistent release rates (Parker

HW DO %XQWLQ[ HW DO 2WKHU ZRUNHUV KDY HoyPréat&®ll VHG WKL

sampling after dosing and using set -stocked lambs to avoid significant dietary changes
7KDPVERUJ DQG $JHUJDDUG

In cattle, an established methodology which used jaw movement recorders for studying grazing

EHKDYLRXU 5XWW HWwad tépby@d to observe time spent grazing as an estimate of

grazing behaviour in order to determine the magnitude of expression of PIA, while relating

observed changes to animal performance (Forbes |, In sheep, investigations using the

ODWWHU KDYH UHFHLYHG UHODWLYHO\ OLWWOH DWWHQWLRQ IURP

been due to a lack of available and cost -effective technology to objectively measure and monitor
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animal behaviour while on p DVWXUH +RZHYHU WK Feffec@®® Br@ Winiaturds R VW

remote sensing technology has provided the opportunity to objectively measure feed intake in

a practical manner and has started to allow some studies in the field although they are still

limtedi Q WKHLU QXPEHU VR IDU )RU H[DPSOH D VWXG\ XVLQJ JORED
sensors to monitor stud ewes demonstrated a relationship between faecal egg counts and the

GLVWDQFH WUDYHOOHG E\ VKHHS InC0ghe sthbw udn@ tri  -axial
accelerometers placed on a neck collar to record the temporal dynamics in activity patterns of

the animals,p DUDVLWL]HG VKHHS H[KLELWHG ORZHU FRPSOH[LW\ L H OH
patterns than non- parasitized sheep (Burgunder HW DO
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Table 1.3 Measurements for anorexia in (semi)pasture-

based small ruminants infected with gastrointestinal nematodes

Proxy Livestock model Study Nematode infection Main finding Reference
measurement system method
+HUEDJH  Suppressive treated n-alkane bolus  Natural infection with No effect of parasitism on choice Cosgrove
intake (g 9v 7ULJIJHU WUHDWHG Haemonchus, oramountof KHUEDJH L QW DavdH
DM/day) lambs Teladorsagia , Niezen,
Trichostrongylus, 2000
Nematodirus, and
Cooperia
+HUEDJH SDUDVLWLVHG ' n-alkanes; '‘DLO\ GRVH RI. Parasitized sheep spent less time +XWFKL{
intake (g parasitised lambs direct circumcincta grazing each day and had lower HW DO
DM/day); time observation daily herbage intakes compared
spent grazing and with non- parasitized sheep
vibracorders
Time spent SDUDVLWLVHG ' Activity Daily doses of L3 T. Compared with uninfected control +XWFKL{
grazing ,PPXQH 9V recorders and  circumcincta for three sheep, immune sheep had HW DO
(Min/day) Uninfected control video (parasitised) and 14 increased rates of herbage intake
lambs weeks (immune) and activity, and vice versa for
SDUDVLWL]HG VKHHS
+HUEDJH Lambs in low, medium Chrome-oxide  An infection dose of 10 No effect of infection on feed Thamsborg
intake; post - and high stocking rate bolus; Rising 000 L3/40 kg animal from intake observed after adjusting and
grazing sward groups grazed on plate meter donors naturally infected IRU ERG\ ZHLJKW Ageergard,
height (cm) contaminated pastures with predominantly 2002

9V ORZ PHGLXP DQG

high stocking rate
groups grazed on clean
pastures

Teladorsagia and
Trichostronglus VS S




Table 1.3 Con’'t Measurements for anorexia in (semi)pasture -based small ruminants infected with gastrointestinal nematodes

Proxy Livestock model Study Nematode infection Main finding Reference
measurement system method
Distance :RUP HJJ FRXQ\ GPS Natural infection; Ewes with high egg output Falzon et
travelled natural infected adult unspecified showed increased distance DO
(km/day) ewes travelled
Activity level 7TUHDWHG 9V & Accelerometry  H. contortus Decrease in mean activity level Babayani,
animals 2016
Forage intake Untreated, male and n-alkane Natural infection with  T. No detectable effect on intake Jones et
(g DM/day) female feral Soay circumcincta DO
VKHHS 9V 7UHDWHG
male and female feral
Soay sheep
Feed intake 7TUHDWHG 9V 8 Daily Natural infection during Significant increase in intake in =KRQJ F
(g DM/day) ewes in a semi-grazing measurements  daily pasture grazing, treated ewes DO

system

of feed refusals
during indoor
feeding

comprising H. contortus ,
T. colubriformis and T.
circumcincta
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More recently, the degree of anaemia in grazing small ruminants subject to natural H.

contortus infection was shown to be predicted by individual activity measured by
acCHOHURPHWHUV ZKLFK DOVR SUHGLFWHG LQGLYLGXDO UHVSRQVH
Clearly, these technologies can allow the development/validation of indirect proxies for
DVVHVVPHQWYV RI 3,3 7R GDWH QR PHWKRG H[LVW\behakiuked DVVHVVH
cost associated with GIN from these devices and then utilises such information to make

targeted treatment decisions for non- EORRG VXFNLQJ WULFKRVWURQJ\OLGV )RU
paramount that measurements derived from such sensors are show nto be good surrogates for

IHHG LQWDNH DQG JUD]LQJ EHKDYLRXU :KHQ XQGHUWDNLQJ EHKD
measuring grazing behaviour, it is also vital to understand the theoretical background of

PDNLQJ WKHVH PHDVXUHPHQWYV 7KHreVRr &spects @frebtrtinVanid Q ZL O
analysing measured behaviour and provide a commentary on technology -aided automated
EHKDYLRXU UHFRUGLQJ 6SHFRILBO@FHFHB®AHDRBHMHU VHQVRUV ZLOC

9 General considerations for measuring behaviour

$FFRUGLQJ WR ORQRQHQ DQ DQLPDO:V EHKDYLRXU LV GHILQHG
WLPH :LWKLQ D VSHFLILHG WLPH SHULRG WKH RFFXUUHQFH RI D
behavioural bout, which can either be arelativelysh RUW ERXW L H DQ HYHQW RU D UL
ERXW LH D VWDWH 7KH REMHFWLYH RI EHKDYLRXU REVHUYD\
representative sample of daily activity budgets and behavioural responses to external and
internal stimuli, whilst ensuring PLQLPDO GLVWXUEDQFH RQ WKH DQLPDO $OWPD
field of sheep health and production, behavioural observations have been employed in a wide

DUUD\ RI FRQWH[WV LQFOXGLQJ WR LQYHVWLJIDW Ho;|R\QDHIMQD EHKD'Y
2011;GalOL HW DO JDLW DQG SRVWXUH S4DGUZLRN BDIQWGR@ILHVEL
maternal behaviour (Dwyer and Lawrence, 2000 ; . HOOHU HW DO 'LWK UHJDUG WI
behaviour, studies have used various sampling methods, including focalani  mal sampling, scan
sampling and all -occurrence sampling to construct metrics like time -activity budgets

$OWPDQQ %LVKRS HW DO 5RELQVRQ HW DO :KLOVW G
behaviour has been useful for behavioural observations, there exist several limitations in the
DSSOLFDELOLW\ RI REVHUYDWLRQDO VWXGLHV UHYLHZHG LQ %URZQ
for the proliferation of remote monitoring of animal behaviour using animal -attached bio-
loggers (Ropert-&RXGHUW IV@® :LO ,W LV ZRUWK PHQWLR®e@BIofKRZHYHU

these bio-loggers for behavioural assessments are not without pitfalls, including . 1) target
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animals can behave unexpectedly, which an observer would duly note if it were during a
sampling period in observational studies; 2) measuring devices can be inaccurate; and 3)
sometimes the time sampling intervals used for behaviour measurement might be unsuited to
PHDVXUH D EHKDYLRXU RI LQWHUHVW NdtithstarQirtQerddrabing
signs exist in the few studies that have used accelerometers and GPS sensors for monitoring

the health and welfare of grazing sheep( 7DEOH

Martin and Bateson (200 7) present a concise guide for the considerations required to measure

behaviour andisaha ndygo-WR WH[W IRU VHYHUDO DVSHFWV RI EHKDYLRXUDO
too deeply, four broad areas of interest highlighted by their introductory guide are the need for

preliminary analysis on behavioural studies, validating recording tools, the reliab ility and

validity of measures, and analysis and interpretation R G DWWeDationale for these points

KDYH EHHQ XQGHUVFRUHG LQ WKH VXEVHTXHQW VHFWLRQV

10 Gilobal positioning systems (GPS) in animal behavioural research

1.10.1 GPS technology

GPS technology supportstime -VSDFH ORFDWLRQ RI REMHFWV RQ WKHKLIWUWK 5)
system is made possible by 24 satellites arranged in space with five to eight being visible from
DQ\ SRLQW RQ HDUWK DW DQ\ WLPH 7KH VD \kdrGikd fovdgenerRiogcE LW WKH H
and transmitting space -WLPH VWDPSHG UDGLR VLIQDOV WR UHFHLYHUV RQ V
Receivers collect these signals as latitude and longitude coordinates and record these as a
SRVLWLRQ RQ WKH HDUWK ORFDWLRQ HVWLPDWHYV  %btiween the satell
receivers there is a network of ground -based stations to monitor satellite information (health
status and time, and satellite location) to ensure correct operation of the system 7XUQHU HW DO
20000 %HVLGHV WKH FRVW DVVRFLDWHG ZLWK DFTpfoddétdpyJ D *36 Ul
software and equipment, there is no payment associated with using basic GPS signals

5RGJHUV HW DO
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Table 1.4 Use of GPS and accelerometer remote sensing technology for health and
welfarem RQLWRULQJ RI JUD]JLQJ VKHHS

Technology Study system Measurements/ Reference
health indicator
Accelerometer - Investigating posture and Stand, Graze, &URQLQ t
behavioural changes in : D O NRuminate, 2016
IceTag® Sensor _
lambs affected with Alert or Idle
Neuronal ceroid
lipofuscinoses (NCL)
A GPS Lassen iQ Investigating the effect of Distance travelled  Donovan et
module (Trimble peri-conceptual D 013
Navigation undernutrition in dam on
Limited, locomotor activity of lamb
Sunnyvale, CA, offspring
USA)
A GPS UNE Investigating the Distancetravelled )DO]JRQ H’
Tracker Il system relationship between 2013
(Fastrax ITO3- 02 faecal egg counts and
chipset) movement activity of ewes
Garmin Investigating the effect of Distance travelled .DXU HW
Forerunner 910XT  restricted placental 2016
GPS devices growth and function in
(Garmin Limited, ewes on movement
Lenexa, KS, USA) activity of lamb progeny at
30 and 43 weeks of age
Accelerometers — Investigating circadian Total activity ORUWRQ
Actiwatches behaviour in transgenic 2014
(Actiwatch Mini; +XQWLQJWRQ V GLVHDVH
Linton sheep
Instruments) worn
on collars
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1.10.2 Use of GPS for health monitoring in livestock

:KLOH PDULQH DQG ZLOGOLIH VWXGLHV KDYH KLVW3EPH afirtelD O\ GRPLQ
based telemety & DJQDFFL HW DO +HEEOHZKLWH DQG +D\GRQ /DV
7TRPNLHZLF] HW, &ast few years has seen the production of smaller, low- cost devices

capable of being deployed on several other species of animals in a wide range of applications

(Fogarty etal ,Q GRPHVWLF UXPLQDQWYV IRU LQVWDQFH *36 WUDFNL
WR VWXG\ DFWLYLW\ EXGJHWYV DQG KRXUO\ DEMKOH KRS BIWWHD QV R
grazing preferences of sheep 5XWWHU HW )Dad cattlta 7RPNLQV HW Dand

distance travelled by tame red deer 3pSLQ HW DO 7KH SRWHQWLDO H[LVWV WR
ground -based sensors to recad fine -scale movements of domestic animals to gain insight into

WKHLU EHKDYLRXU XQGHU QRUPDO DQG RU SDWKRORasdeDO FKDOC
animal monitoring can differentiate changes in movement behaviour of healthy and

challenged animalsub MHFWV LQ UHDO WLPH DQG XQGHU ILHOG FRQGLWLRQV
XVHG LQ D OLPLWHG QXPEHU RI VWXGLHV )RU H[DPSOH 'RQRYDQ HW
between periconceptual undernutrition of the dam and reduced movement of their offspring

PRQLWRUHG ZLWK *36 FROODUV DW PRQWKV RI DJH (OVHZKHUH
measurements to investigate the effect of placental restriction and function of ewes on the

distance travelled by their offspring at 30- DQG ZHHNYV R DdidHparaSitoldyk H 1L H
)DO]JRQ HW DO IRXQG D SRVLWLYH UHODWLRQVKLS EHWZHHQ IDH
WUDYHOOHG E\ HZHV PRQLWRUHG ZLWK *36 FROODUV RYHU D K SH

There have been few studies using lightweight commercially available GPS de  vices and they

have not yet been validated per se for monitoring small ruminants on pasture, especially when

PDQDJHG LQ DUHDV ZLWK D OLPLWHG VSDFH UHVRXUFH )RIJDUW\ HW
effective commercially available GPS tracking collars will likely see their use in sheep for

KHDOWK PRQLWRULQJ SXUSRVHV LQFUHDVH )RU H[DPSOH DOO IRXL
*36 WUDFNLQJ zZDV XVHG IRU KHDOWK DQG ZHOIDUH PRQLWRULQJ
measures such as distance travelled are used as proxy or surrogate for other measures, for

instance anorexia, it is important to validate both the surrogate measure against itself and

DOVR ZLWK UHVSHFW WR IHDWXUHV RI WKH WUXH PHDVXUH L H DQ
ZLOO DFW DV SURJ\
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1.10.3 Advantages and disadvantages of GPS technology

Video recordings and direct observations in the field have traditionally characterised animal
PRYHPHQW DQG EHKDYLRXUDO VWXGLHV 7KHVH PHWKRGV ZKLOVW
challenges, namely WKH ODERXU DQG WLPH FRQVXPHG LQ H[HFXWLQJ WKHP
human observers tend to be perceived as intrusive by animals thereby altering animals’
EHKDYLRXU 1LHOVHQ 2EVHUYHUV DUH DOVR IDFHG ZLWK WKH FR
OEVHUYDWLRQV LQ GLIILFXOW ZHDWKHU SRWHQWLDOO\ ORVLQJ G
volumes of data and can be time -FRQVXPLQJ WR SURFHVV 7RPNLHZLF] HW DO
GPS collars have the advantage of recording fine scale animal location d ata with a high
temporal frequency in a non- LQWUXVLYH PDQQHU +HEEOHZKLWH DQG +D\GR
datasets of space-time points can be collected over a relatively short period, under the same
conditions the animal is in without the constraint presented by RU WR KXPDQ REVHUYHL
+RZHYHU WKHUH HpH\b&twéerbbatdd/Oifé Bhd the frequency of data collection

6ZDLQ HW D @ndthe ability to easily download the stored data

The battery life of GPS units is a major challenge identified with GPS technology in animal

tracking and ecology studies %URZQ HW DO &DJQDFFB KIWIIOKWU UHFRUGLAQ.

frequency will provide better location estimates, but at a cost WR EDWWHU\ OLIH '"HZKLUVYV
7KH UHV X OWmnsfudieR I@ve opted for a lower recording frequency for location

GDWD 1HOVRQ HW DO )UDLU HW DO DOWKRXJK ORZHU UF
shown to underestimate certain GPS-EDVHG PHWULFV HJ GLVWDQFH WUDYHOC
(Marcus-5RZFOLIIH HW DO LWK DGYDQFLQJ WHFKQRORJ\ WKH G

trade-RI1l KDV JUDGXDOO\ GHFUHDVHG DV *36 PRQLWRUYV KDYH LPSURYF
complementary technologies that compensate for the potential inaccuracies in GPS -based
ORFDWLRQ GDWD ZKHQ LQWHUYDOV DUH VHW WR ORQJHU GXUDWLR
%URZQ HW DO SUHVHQWHG FRPSHOOLQJ -bffbeteemadciracnantt UHGXFHG
longevity by combining GPS -based location data with activity data generated from an

accelerometer sensor, since accelerometers consume less power and run for longer (the

accelerometer technology is discussed more fully in - Section1.11 ,Q VR G R Lynkre\atieH

to obtain fine -scale location data when the animal was moving, while minimising excessive

ORFDWLRQ GDWD UHFRUGLQJ ZKHQ WKH DQLPDO zZzDV DW UHVW 6XFK
research for small ruminant disease monitoring using senso U WHFKQRORJLHVY ORUH UHI
'"HZKLUVW HW DO XVHG D ORZ SRZtddefes S¢aR i2dkbnifgD QCHHG GULIV
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calculating current position of some moving object by using a previously determined position)
to overcome the limitation of recordi QJ *36 ORFDWLRQ GDWD LQIUHTXHQWO\

The defined data logging schedule in modern GPS receivers affects location estimates and on

occasions can produce location estimate error of several kilometres (  9LOOHSLTXH HW DO
Indeed, several authors (Cargnel XWWL HW DO $GDPV HW.DOW HW PRULQ

have assessed reliability and accuracy of GPS receivers for varying purposes, with recorded

ORFDWLRQ HUURUV UDQJLQJ IURP P WR P 7KH FRPPRQ PHWKR
studies was on the performance of receivers when providing location estimates when
VWDWLRQDU\ DQG ZKHQ LQ PRWLRQ 6XFK DVVHVVPHQWV DVVLVW
solutions to correct errors 6 FKOHFKW HW ODX&H VXJIJHVWLRQ WKHUHIRUH LV WK
receivers to monitor the fine -scale movement and location of animals could benefit from
SUHOLPLQDU\ DQDO\VLVY RQ WKH DFFXUDF\ DQG SHUIRUPDQFH RI VXF

The cost associated with GPS receivers represent a challenge for the use of GPS telemetry in

DQLPDO VWXGLHV :KLOH WKH WHFKQRORJ\ DIIRUGV WKH PLWLJDWL
risk associated with observers in the field, the GPS receiver can b e a substantial investment

initself 7RPNLHZLF] HW BOFORVHO\ UHODWHG GLVDGYDQWDJH WR KLJK
is that invariably, study sample sizes tend to be smaller, leading to the making of poor or non -

representative population -level inferences +HEEOHZKLWH DQG +D\GRIQV KDV OHG W
guestions of just how accurate inferences derived from fine -scale, low power studies can be?

The answer, suggests 7URWWHU HWwBuldl depend on the research question and the
PHWKRGRORJ\ LQYROYHG LQ PDNLQJ LQIHUHQFHV )RU WKH HYHQWX
this technology will need to be applied to all animals if some form of TST regime is to be
LPSOHPHQWHG

1.10.4 GPS-based location data errors

Aspects of the reliability of GPS receivers in terms of the accuracy that they log location

estimates hasbeenmentt RQHG LQ WKH SUHYLRXVAOHEHWIVRQ@QG )UH@FK

)UDLU HW Dd@scribe fix success rate error (FSR) and location error (LE) as two common

HUURUV DVVRFLDWHG ZLWK *36 UHFHLYHUV $ *36 IL[ LV WKH SURFH\
ORFDWLRQ '-HRQ HW DO DQG WKH IL[ VXFFHVV UDWH HUURU Gl
receiver's failed attempt to record a location or point which UHVXOWYV LQ PLVVLQJ GDWDSF
Location errors are characterised by inaccurate estimated location positions whereby the

UHFHLYHU HVWLPDWHY D ORFDWLRQ WKDW LV GLIIHUHQW IURP WKF



factors have been associated with produci ng these errors, namely environmental such as

canopy closure, buildings and atmospheric distorions 3DUUDJD $JXDGR HW abd

technological including the number of satellites available to send signals, frequency at which

SRVLWLRQV DUH UHFRUGHG L H WKH IL[ LQWCUsh"BO20100Q BWKH *36
these satellites are in fixed orbits, the satellites used by any ground station changes over time,

although t he spatial distribution of orbits should ensure that at least eight are visible at any

WLPH &DJQDFFL HW DO EXW LQ 1HZ =HDODQG BaaAvarHUWDLQ
HW DO 7KH IL[ DFTXLVLWLRQ LQWHUYDO ed BhaiviL i@ hevé&kad *36 PRQ!|
significant influence on the precision of data derived (Forin- ::LDUW HW DO ,W KDV ELI
widely reported that the shorter the interval, the more precise the estimates of location made

E\ UHFHLYHUV ZLOO EH +XOEH&AD ID® & WUBIQ FK 7KH UHYHUVH KRO
ORJ LQWHUYDOV VHW DW) OWRQHIHU G XD DW L RQNcohimahiteD Patiwy D O

disparity between the distance estimated from the GPS locations and the real distance moved
increasesasfix-UDWH GHFOLQHY L H ORQJHU SHULRG EHWZHHQ IL[HV

1.10.5 Processing and analysis of GPS data

It is commonly agreed that obtaining reliable GPS location estimates is contingent on some
IRUP RI FRUUHFWLRQ )UDLU HW DO GPS use iDnidifé reporiédsmedy RQ

ORFDWLRQ HUURUV RI XS WR NP ZLWK PD[LPXP HUURUV
1990 )DQF\ HW DO :KHUHDV FRQWHPSRUDU\ *36 UHFHLYHUV UHFRUG ¢
LQ WKH UDQJH W R P+DQYHQ HILJID\O RQ RFFDVLRQ HUUR
VHYHUDO NP KDYH EHHQ IRXQG 9LOOHSLTXH HW DO QHFHV:

FRUUHFWLRQ +RZHYHU WKH FKDOOHQJH LV KRZ GDWD VKRXOG EH

vital information while arr  iving at the right inferences ,URQVLGH HW DODKH OLWHUDWXUH R

this subject is extensive, and various methodologies have been reported on how to screen data

&XVKPDQ 'HZKLUVW HW DO J)UDLU HW DO 6FKOHFKW H\
:LOOLDPV HW DIHDWXUHV XVHG IRU GDWD VFUHHQLQJ LQFOXGH

number of satellites invovedina IL[ ORFDWLRQ HVWLPDWH "KHQ D IL[ L

satellites, the location datais referred toastwo  -dimensional (2 -D); when at least four satellites

are used to obtain a location, the fix is said to be three  -dimensional (3- * ,Q WHUPV RlaMyKH TX

Rl WKH VDWHOOLWH JHRPHWU\ L H WKH GLVWULEXWLRQ RI VDWHOO

DUH GHVFULEHG QDPHO\ KRULIRQWDO GLOXWLRQ HiIfigumIFLVLRQ +

positional dilution of precision (PDOP; associated with 3 -' IL[ *HQHUDOO\ ORZHU YDOX
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+'23 DQG 3'23 UHSUHVHQW EHWWHU TXDOLW\ ORFDWLRQ HVWLPDW
satellites used to obtain a GPS position and the quality of satellite geometry can be used as
processing tools to screen out poorlo FDWLRQ HVWLPDWHYVY ,URQVLGH HW DO

Beside the above methods, GPS location data can be differentially corrected using a procedure

FDOOHG GLIIHUHQWLDO *36 '*36 7XUQHU HW DO 7KH SXUSRVI
geographical accuracy of GPS positions by correcting or filtering out components of location

error in the data recorded by commercial GPS receivers (rovers) by using data from a

stationary GPS receiver (base station) with a known geographical position(  Rodgers et al, 1996;

Moen et al 7KH EDVH VWDWLRQ GDWD FDQ EH XVHG WR FDOFXODWF
DSSO\ WR WKH *36 UHFHLYHU ZKLFK WKHQ FDQ EH UHPR¥YH& IURP OF
HW DO improved the accuracy of the data collected by three recreational grade GPS
UHFHLYHUV E\ XS WR PHWHUV XVLQJ GLIIHUHQWLDOO\ FRUUHFWH(¢

Overall, the use of GPS -based technology for animal movement and location studies must be
preceded by an evaluation of the errors in spatial inaccuracy of the acquired location, and

PLVVLQJ GDWD LQ WKH IRUP RI IDLOHG ORFDWLRQ DWWHPSWYV 7KHYV
(Frair et al FDQ UHVXOW LQ PLVOHDGLQJ LQIHUHQFHV RQ DQLPDO
Following the foregoing, the data collected by GPS receivers can then be used to infer what an

DQLPDO LV GRLQJ )RU HI[DPSOH VSHHG PHDVXUHG GdnsEaiWw O\ XVLQJ
tracking locations, has been used to infer animals travelling and resting during migration

&DPS HW DO DQG GXULQJ IRUDJLQJ WULSV *LSVRQ HW DO

One question that arises from using GPS based location data is what degree of erro  r is

acceptable, or indeed whether the level of precision from an ‘accepted’ degree of error is
DGHTXDWH WR DQVZHU D UHVHDUFKHU:-V TXHVWLRQ A@th&f KH FRQW!I

consideration is whether a GIN infected sheep moves ‘differently’ tha n an uninfected sheep,

andifso KRZ ORQJ LW WDNHV IRU VXFK D FKDQJH LQ PRYHPHQW LI DQ\ WR I

from these animals is compared for an entire day or over several days, then perhaps larger

HUURUV PLJKW QRW D SUREOHP +RZHYHU LI WKe differences occur at short time
GHILQHG DV! P E\ WKH 86 *RYHUQPHQW KWWSV 2777 JSV JRY PD!
7TKHUHIRUH LW LV SDUDPRXQW WKDW HUURUV DVVRFLDWHG ZLWK X

currently know n if there will be a difference in movement behaviour between infected and
XQLQIHFWHG DQLPDOV QRU ZKDW RU KRZ VXFK D GLIIHUHQFH UHIC

inclination should initially be towards a higher performing receiver to err on the side of ca XWLRQ
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1 Accelerometers

1.11.1 Accelerometer Sensor Technology

$FFHOHURPHWHUY DUH HOHFWURPHFKDQLFDO GHYLFHV XVHG WR P}t
EH XQLD[LDO ELD[LD Oa&éleruidte® phdagdre mdvdement in three dimensions

VLPXOWDQHRXVO\ 6KHSDUG HW DO 7KH e fdiOnebsuing DGR SWLR

animal activity was in an investigation on porpoising behaviour of Adélie penguins (Yoda et

DO 3ULRU WR WKDW WKH\ KDG EHHQ ZLGHO\ XVHG WR PRQLWR
ODWKLH HW DO $FFHOHUR P H Wslgithe Hedy Danetratin &ceelekiidhl Q W

signals which can be used to determine the intensity of physical activity over time (Chen and

%DVVHWW 3LHIRHOHFWULF VHQVRUV LQ WKH DFFHOHURPH)\

proportional to the acceleratonitd HWHFWV 6KHSDUG HW DO '"HSHQGLQJ RQ

researcher, this data can be sampled multiple times per second (hertz, hz) and filtered to

remove signals unlikely to be caused by movement such as electrical interference, temperature

changes, \LEUDWLRQ &KHQ DQG %DVVHWW 7KH VLJIQDdefieEDQ EH VXI

period (epoch) and acceleration output can read in one to three dimensions, also called vectors,

namely anteroposterior (X -axis), vertical (Y -D[LV DQG PHGLBGPWWHBOH=HW DO

$FFHOHURPHWHUV KDYH WKH DSSHDO RI EHLQJ UHODWLYHO\ ORZ FRYV

:KLWQH\ HW DO *XR HW DO 7TKHUHIRUH WKH\ KDYH EHH(¢
animals with a varied size range from large blue whales ~ — Balaenoptera musculus , (Goldbogen
HW DO WiRrdistPdIpDeOchipmunks — Tamias alpinus, +DPPRQG HW DO

Further, acceleromete rs present an opportunity to monitor animal behaviour in a non-
intrusive manner, while overcoming the limitation of collecting behaviour data under difficult
ZHDWKHU %URZQ HW DO 6KHSDUG HW DO

Due these qualities, and the fact that acceler RPHWHUYV DUH IOH[LEOH LQ WKHLU GHSOR
2006), they have allowed automatic behavioural monitoring of pasture  -based livestock such as

cattle, goats and sheep ORUHDX HW DO 2XGVKRRUQ HW DO 2017;5DGHVNL
Rayas-$PRU HW DO 7KH\N KDYH DOVR EHHQ XVHG H[WHQVLYHO\ WR PRQL
in many other species, including Eurasian beavers ( Castor fiber *UDI HW DO JULIIRC
vultures ( Gyps fulvus ; Nathan, 2012), polar bears ( Ursus maritmus 3DJDQR HW DO DQG
whit e tip reef sharks (Triaenodon obesus :KLWQH\ HW DO



The adoption of accelerometers, for animal observation studies offers the opportunity to use

them to improve animal health, welfare and management (Radeski and llieski, 2017) 7TKHVH
technologies allow monitoring of animals with minimal influence on the animal (Biichel and

Sundrum, 2014) DQG LWV HQYLURQPHQW 7KHUHIRUH WKH WLPH DQG HC
animals allocate to different behaviours and activities, in response to their internal and

HIWHUQDO HQYLURQPHQW FDQ EH LQYHVWLJDWHG 6KHSDUG HW I
accelerometer-informed behavioural studies have sought to validate the ability of these units

WR SUHGLFW VSHFLILF EHKDYLRXU

1.11.2 Analysis of acceleration data

There are essentially two main types of variables that can be derived from tri -axial acceleration

GDWD WKDW DUH UHOHYDQW WR WKH LGHQWdadcéleafibhRQicikis EHKDY LR

GHSHQGHQW RQ JUDYLW\ DQG GHVFULEHV WKH SRVWXUH

G\QDPLF ERG\ DFFHOHUDWLRQ ZKLFK UHIOHFWV WKH ERG\ PRYHPH(
6WDWLF DFFHOHUDWLRQ L¥YH NRX%XWODE 8 HHFXWHW VRR WKH URWDWL

Both these variables can be measured in each of the three- dimensional axes with X for ‘surge’,

< IRU qVvzZD\:- DQG = IRU {fKHDYH- )HKOPDQQ HW DO 'DWD IURP

combinedtogveag HQHUDO LQGH[ RI ERG\ PRWLRQ

6WDWLF DFFHOHUDWLRQ ZDV ILUVW GH V)Rdd tRsM@sEaldbilkitedsdd G HW DO
D WZR VHFRQG SHULRG HSRFK (YHU\ VXEVHTXHQW VWXG\ WR
SDUDPHWHU RYHU D WZR VHFRQG SHULRG )URP WHKHse results, the angles
calculated, and can be convertedto a three -GLPHQVLRQDO RULHQWDWLRQ 3LWFK LV
arcsine of x and roll as the arcsineofy 6KHSDUG HW DOKLOVEV LW LV SRVVLEOH WR
variable independently the most used approach is to combine all 3 axes together to obtain a

meDVXUH RI DFFHOHUDWLRQ )RU WKLV WZR D-@&8UdymaricHodyK DYH EHH(
acceleration (DBA), which represents overall body movement ) HKOPDQQ HW DO 6KHSDU
HW DO D :LOYViRdlculated as the difference between raw and static acceleration

from each axis,asshowQ LQ (TXDWLRQ

DBA= | T+ | U+ |z (TXDWLRQ

where X, y and z are the derived dynamic accelerations at any point in time corresponding to
WKH WKUHH RUWKRJRQDO D[HV RI WKH DFFHOHURPHWHU 7KH VHFR!
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sum (VeDBA), which is computed using the dynamic components of the signal to assess the
‘activity level’ of the individual given by $OYDUHQJID HWadegpressed in Equation

VeDBA = ¥x2+y2+22 (TXDWLRQ

Measuring these acceleration metrics has permi tted an alternative way to infer energy
HI[SHQGLWXUH DVVRFLDWHG ZLWK PRYHPHQWY DQG EHKDYLRXUV )D

+DOVH\ HW DO D 4DVHP HW DO ,Q DGGLWLRQ 9H'%$ LV |
speed, having been foundtob H FRUUHODWHG WR WKH VSHHG RI DQLPDOV %LG
HW DO

1.11.3 Behaviour classification of activity using acceleration signals

It has been demonstrated that various sheep activiies on pasture can successfully be

categorised from tri -axial accelerometers using the individual axes or a combination of them

LQWR FODVVLILHU PRGHOV $0OYDUHQJD HW DE® LQW RHDRHGEDNWHVVING
required to translate raw data from accelerometers into specific acWLYLWLHV 7KLV LQYROY
automated classification of tri -axial data in combination with ‘true’ observations of the

EHKDYLRXU RI DQLPDOV :DW [Ecsbridily, diMaBl @ree covariates (X, Y and

= DUH XVHG DV IHDWXUHV WRFPOLIRMLIN QERHRQYMHRIEWKH VDPSOH DF
The benefit of having a classification method is it can provide information about the

uncertainty of the classification result ( Shamoun- % DUDQHV HW DO any KHUHIRU/|
inferences made on animal behav iour should be considered in the context of the uncertainty in

WKH FODVVLILHU PRGHOV

6HYHUDO DFFHOHURPHWHU EUDQGY RQ WKH PDUNHW KDYH IXOILOO|
most common examples referenced in published material are the IceTag @ (IceRobotics Ltd,
(GLQEXUJK 8. 1LHOVRQ ODWWDFKLQL HW DO +RIEHUJ HW
,FHSRERWLFV /WG (GLQEXUJK 8. 'H ORO HW DO -axXiAtROHFKHFN
DFFHOHURPHWHUYV 7KH\ RITHU WKH D G YduRQd4vdplidfoRautSrobRcedly GLQJ DQ H
UHFRUGHG SRVWXUHV HJ VWDQGLQJ O\LQJ DQG QXPEHU RI VWHS
YDOLGDWH WKH EHKDYLRXUDO FODVVLILFDWLRQ FODLPV IRU ERWK V

DQG FDWWOH )LQQH\KIMDWW HDV\ WR XVH DQGreg Herbae YHO\ KDV
some drawbacks, namely the limited control over what data to record and when to record it,

and limited access to the raw data, with a ‘black  -box’ industry algorithm making behavioural
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predictions ( 1IDWKDQ HW Dthese drawbacks translate into restricted computational
DSSOLFDWLRQ RQ VXFK EHKDYLRXU GDWD LQYDULDEO\ OLPLWLQJ L«

An alternative is to seek out sensors that provide raw data and offer the advantage of full

control over what and when to record, flexibility with logging intervals, and no ‘black -box’
DOJRULWKPV ,Q WKH OLWHUDWXUH E\ IDU WKH PRVW PHQWLRQHG
+2% 2 Pendant G Acceleration Data Logger (Onset Computer Co US % RXUQH 0$ 86%
/IHGJHUZRRG HW DO %RQN HW DO $SPRIHOIVWHQO 5D\DK:- V
sensor offers the advantage that it has been validated for multiple behaviours in multiple

species besides cattle, including goats (Moreau eta O SLJV 5LQJIJHQEHUJ HW DO
WXUNH\V 'DOWRQ HW DO $V Rl ZULWLQJ WKLV UHYLHZ WKH P
WKH +2%2 LV % ZKLFK PHDQV LW UHTXLUHV UHJXODU UHPRY
KWWS ZZZ RQVHWFRPS FR B cofdgét Wit thisl appréadhis that it requires

GDWD DQG FRPSXWDWLRQDO ZRUN IRU RXWSXW VXFK DV DFWLYLW\ E
2YHUDOO LW ZLOO GHSHQG RQ WKH UHVHDUFKHUV:- TXHVWLRQ DQG

2 Models and m ethodology for studies that provide data on feed intake

in relation to GIN

The standard model for studies investigating the impact of PIA on feed intake and performance

compare uninfected or anthelminic -WUHDWHG JURXSV RI DQLPDOV ZTIWWK XQWUH
anthelmintic protocols used in different studies to assess feed intake of GINS in ruminants

have ranged across the spectrum from injectable, shot -DFWLQJ RUDO HJ PRQHSDQWHO
acting injectable and topically applied anthelmintics, to sustained release and long acting,

intra -UXPLQDO LYHUPHFWLQ EROXVHMRFZRYBEHVVHHOBPWLYHO\ EUHG DQL
is for resistance or resilience to parasites) have also been used to investigate the effects of PIA

on intake and performance (Greere W DO DQG DUH JHQHUDOO\ DXJPHQWHG ZI
WUHDWPHQW DV D IDFWRU 7\SLFDOO\ WKH QXPEHU RI DQLPDOV XV
IURP VL[ WR $ PLQLPXP QXPEHU RI VL[ DQLPDOV ZDV SUHVFULEHG
difference of LQ RUIJDQLF PDWWHU LQWDNH XVLQJ D FRQWLQXRXV UHOHD\
EHWZHHQ LQIHFWHG DQG XQLQIHFWHG D Q& P-BHIQFHS kXy RMVKDQN HW
DQLPDO QXPEHUV LQ WKH UDQJH Rl  WR  SHU JURMX® mMpaRIXOG VXIIL]

on lambs’ feeding behaviour from *,1

Most of the field studies that have investigated PIA and feed intake in sheep have had to

contend with interpreting multiple interacting variables , such as grazing behaviour with feed
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intake and other grow th and parasitological parameters +XWFKLQJV HW DO &RVJURY
1LH]HQ 7KDPVERUJ DQG $JHU 3&&4& &f these instances, statistically

significant interaction effects have been found :KLOVW Lnteractions are not uncommon in

complex systems, they can SUHVHQW GLIILFXOWLHV LQWHUSUHWLQJ WKH ELRC
In the social sciences, psychologists use a suite of tools to assist with making meaningful
LQIHUHQFHV IURP LQWHUDFWLRQ HIIHFWV LQFOXGLQJ FRQVLGHUD
example, % RGQHU DQG %DXHU DQG &XUUDQ the Joh@stnANRym@anW KH XVH |
technique, which is a focused comparison test of interactions that highlights the range of values

RQ WKH FRYDULDWH VFDOH EHWZHHQ ZKLFK WKH WUHDWPHQW OLQ
these techniques have notbeen commonly used in parasitology studies, they could be employed

to help explain potential interaction effects when investigating the behaviour of sheep in

UHVSRQVH WR *,;1 SDUDVLWLVP

The likely design of the proposed studies in the present thesis inevitably lend themselve s to
UHFRUGLQJ DQG FROOHFWLRQ RI GDWD ZLWK VSHFLILF FKDUDFWHUL
Parasite data will be collected as ‘Count’ data Due to the skewness of count data, FEC has

been analysed parametrically by transforming the data vari  ously, including inverse
WUDQVIRUPDWLRQ %LVKRS DQG 6WHDU ORJDULWKP WR EDVH
XVXDOO\ DFFRPSDQLHG E\ DGGLWLRQ RI D FRQVWDQW H J KDOI Wk
simply adding ‘1) since for zero countsthelog DULWKP RI JHUR LV QRW D ILQLWH QXPEF}
opposed the use of transformations for count data (Alexandar, 2012), considering the addition

RI D YDOXH XVXDOO\ WR WKH ZKROH GDWD ZKHQ D VLQJOH JHUR HJI
when the dispe rsion in the count data is small er and the mean counts are large r,

transformation of count data is satisfactory to model FEC 2WKHU DSSURDFKHV KDYH LQ
the use of non-parametric tests ( ' HQZRRG HW DO ) and the use of tebhs@les

skewed distributions such as the Poisson, or negative binomial when there is evidence of

overdispersion in the data ( ORUJDQ HW D@URRNYV HW DO 2IWHQ JHRPHWL
are used to describe parasite count data since the use of arithmetic means  are precluded due

WR WKH HIWUHPHO\ KLJK YDOXHV WKDW LQIOXHQFH WKH GDWD UHY

Proportional data such as activity budgets, are peculiar because the components sum to 1;

attempts to apply statistical methods designed for unconstrained data m  ay therefore lead to

inappropriate inference ( 5SHIXODU HW D®OR DFFRXQW IRU WKLV QXPHULFDO |
'LULFKOHW PL[HG PRGHO KDV EHHQ SURSRVHG 'RXPD DQG :HHGRQ

generalization of the beta distribution, the Dirichlet dis tribution is useful for analysing
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FRPSRVLWLRQDO GDWD 5HJXODU HW DO $SSO\LQJ WKLV C
simultaneous assessment of the effects of covariates on the relative contribution of multiple

activiiess *XHRUJXLHYD HW [3®GAyLdata have also been subject to several
WUDQVIRUPDWLRQV LQFOXGLQJ WKH -RKQVRQ WUDQVIRUPDWLRQ
transformations include the scaling and centering of data, especially when multiple continuous

covariates existinthedataon GLIIHUHQW VFDOHV %UR DQG 6PLOGH

3 Conclusion

Sustainable control of GI nematodes has become a topical issue due to the increasing

prevalence of anthelmintic resistance (Section 1.6.2) $FKLHYLQJ VXVWDLQDEOH FRQW!
with context -specific challenges including farm management and climate, all of which

LQIOXHQFH SDUDVLWH HSLGHPLRORJ\ 7KH NH\ DLP WR VXVWDLQDEO
parasite induced ill health by reducing exposure to infective larvae, but with reduced use of

anthelmintics (Besier,2012) $FKLHYLQJ D EDODQFH LV LQFUHGLEO\ FKDOOHQJ
VLIH ILWV DOO VWUDWHJI\ LV QRW DSSURSULDWH IRU HIIHFWLYH FI
LPSRUWDQW YDULDWLRQV WR WKH G\Q Bried, Endngiig\dlilkdie pateins WLRQV )R
will likely increase the length of the parasite season and may equally affect grazing patterns

WKURXJK HIITHFWV RQ VHDVRQDO JUDVV JURZWK 7KH FRQVHTXHQFH
appreciated but will inevitably r  equire changes from the ‘tried and tested’ and the adoption of

QRYHO DSSURDFKHYV has/ HiscMssediHogtintis#d use of anthelmintics and non -
pharmaceutical options, such as selective breeding that have been charted to sustainably

PDQJH *,1V 6 SlddukditrHnclude d the use of tools with the potential to measure and

monitor PIA in pasture -based systems and which can inform the use of anthelmintics  that

VHUYHV SULPDULO\ WR HQKDQFH IHHG L QW D idtiredkidiacDieMd BisW R YDOLG
has been highlighted and benefits from promising results in other areas of animal behaviour

UHVHDUFK ,Q VR GRLQJ LW LV RI SLYRWDO LPSRUWDQFH WR FRQGXFW
close as possible to the normal conditions of pastoral livestock IDUPLQJ ,Q DGGLWLRQ YDOL
metrics should be tested for their accuracy in measuring the variables for which they are proxy

WR HJ YDOLGDWLQJ WKH SUHFLVLRQ RI GLVWDQFH PRYH
highlights that there isaneed for these tools to answer a broad range of questions with regards

to their use to assess the impact of GINs; answers which can distil the complexity of optimizing

*1 PDQDJHPHQW LQWR VXSSRUW V\VWHPV WR DLG YHWHULQDUI

Consequently , support tools will need to be robust, adaptable and flexible enough to compare
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WUHDWPHQW JURXSVY EXW XOWLPDWHO\ EH DEOH WR FRPSDUH DQ LQGLY!|
in an individual's own metrics over time) and how that compares to the rest Rl WKH VWRFEN
Eventually these research findings need to be adapted for use in real -life farming
HQYLURQPHQWY 7KLV WKHVLV ZLOO QRW OLNHO\ DGGUHVYV DOO \
ZKLFK LQYHVWLJDWLRQV ZLOO HQVXH

4 Aims of the Research

Overall, this PhD seeks to expand the understanding of the impact of gastrointestinal

nematodes on young and adult sheep and to interpret their behavioural response when they

KDYH VXEFOLQLFDO EXUGHQV RI *,1V 7KH RYHUDOO REMHFWLYH .
changes are measurable and make suggestions on the utility of these as an indicator for

WDUJHWHG VHOHFWLYH WUHDWPHQW RI *,1 SDUDVLWLVP

This thesis was directed towards the following specific aims:

To conduct a preliminary investigation of the impacto  f gastrointestinal nematodes on

young sheep using a simple measure of overall activity (  Chapter 2 )

To ascertain the accuracy of the devices and methods intended to be used for measuring

behaviour of sheep (Chapter 3 and 4

To undertake studies on growing lambs (Chapter 5 ), and adult sheep ( Chapter 6 )
that demonstrate the behavioural changes associated with gastrointestinal nematode
SDUDVLWLVP

To investigate the impact of host phenotype (resilience verses resistance to GIN

parasitism) on movement and beha viour of sheep ( Chapter 7).

In the general discussion, the main objectives were two -fold: to summarize how GIN
parasitism affects movement and behaviour in sheep; and to propose a roadmap for
deploying changes in sheep behaviour farm side as a marker of pa rasitism that could

lead to optimal performance through targeted control of GIN infection ( Chapter 8
Declaration

Each research chapter was written as a manuscript intended for publication in a refereed
journal, hence some repetitions of background LQIRUPDWLRQ RFFXU WKURXJKRXW
Chapter2 KDV EHHQ SXEOLVKHG LQ 9HWEhdnted ® LAnBDdrelriehiiddRia R J \

44



VXEPLVVLRQ WR $QLPDOV 0'3, DQG &RPSXWHUV DQG (OHFWURQLF

Chapter 5 was written as two manuscripts intended for submission to Veterinary

Parasitology and Applied Animal Behaviour Science  Chapter 6 and 7 are intended for

submission in Veterinary Parasitology



CHAPTER2GASTROINTESTINAL NEMATODE INFECTION AFFECTS
OVERALL ACTIVITY IN YOUNG SHEEP MONITOREAXAIH TRI
ACCELEROMETERS

Abstract

Animals suffering from parasitism typically display altered grazing behavi our and a voluntary
UHGXFWLRQ LQ IHHG LQWDNH 7KHVH FKDQJHV DUH SRWHQWLDOO\
Recent advances in sensor technologies provide the opportunity to objectively measure animal

DFWLYLW\ ZKLOH R<@xich Bodalérdrodters 7riddasure body movement in terms of
DFFHOHUDWLRQ ZKLFK FDQ WKHQ EH XVHG WR HVWLPDWH SK\VLF
investigated if tri- axial measures of overall activity can be used to assess the impact of

gastrointestinal nematode (GIN) infection LQ \RXQJ VKHHS 7R DGGUHVV WKLV WKH RY
faecal nematode egg count (FEC) and body weight of two treatment groups of Romney X

6XIIRON UDP ODPEV ZHUH FRPSDUHG 3$QLPDOV ZHUH RK&LWRUHG
accelerometer sensors mounted on a ram mating harness after 42 -days grazing on
FRQWDPLQDWHG SDVWXUH 2Q 'D\ DOO ODPEV ZHUH JLYHQ DQ\

6XSSUHVVLYH 7TUHDWPHQW *URXS Q ZDV WUHDWHG ZLWK DQWK
Untreated Group (n =12) did notr HFHLYH IXUWKHU DQWKHOPLQWLFVY 2YHUDOC
monitored from Day 42 — $FWLYLW\ OHYHO zZDV FDOFXODWHG DV YHFW

DFFHOHUDWLRQ 9H'%$%$ $QWKHOPLQWLF WUHDWPHQW KDG D VLJQLI
no evidence found for a treatment effect on body weight growth over the 42 -GD\ SHULRG $Q
effect of treatment and lamb starting weight on overall activity was found (beta=  —

Cl - WR p , identifying a negative impact of parasitism on activity in heav ier
DQLPDOV 7KHVH UHVXOWYV KLIJIKOLJKW WKH XVHIXOQHVV RI WKLV D:¢
SDUDVLWLVP RQ VKHHS PRQLWRUHG UHPRWHO\ ,| D WKUHVKROG YD
it could provide a useful tool for farmers and managers that  serves as an early indicator of
SDUDVLWLVP LQ VKHHS

Keywords: Activity level, sheep; gastrointestinal nematodes; accelerometers; remote

monitoring
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2 Introduction

Gastrointestinal nematode (GIN) infections are costly, both from a biological and from a
PDQDJHPHQW SRLQW RI YLHZ 9DQGH 9HOGH HW DO 7KHVH S
animals, including ruminant hosts, eliciting a myriad of pathologies, which vary in intensity

DQG GXUDWLRQ 'LDJQRVLQJ WUHDWLQJ DQG FRQWUROOLQJ WKHV!
RXWFRPHV LPSRVH ODERXU DQG ILQDQFLDO FRVWV RQ IDUPHUV DQG
This is further complicated by widespread increases in anthelmintic resistance, an

unavoidable consequence of heavy reliance on the use o f broad-spectrum anthelmintics for
KHOPLQWK FRQWURO 9HUFUX\VVH HW DO 5XPLOQDQWYV VXIIHULQ
display a number of clinical signs, including a reduction in voluntary feed intake and altered

JUD]LQJ EHKDYLRXU JBde clinical signs and altered behaviours are usually

associated with changes in protein and energy allocation to functions such as mounting an

LPPXQH UHVSRQVH WR LQIHFWL@GURZQYDDQ @& HYKQDONGHQ

Changes in grazing behaviourandactivit \ LQ *,1 LQIHFWHG UXPLQDQWYV KDV EHHQ Z
Investigating reindeer calves inasemi -GRPHVWLFDWHG V\VWHP $UQHEHUJ HW DO
WKDW XQWUHDWHG FRQWUROV FRQVXPHG OHVV IHHG WKDQ WKRYV
VWXG\ SHUIKRHHS Q+XWFKLQJV HW DO REVHUYHG SDUDVLWH LQIHF
reduction in feed intake, which was associated with ~ ~40 minutes less grazing time per day
FRPSDUHG ZLWK WKHLU XQ L Qviéotirg/dairGheifets@atéwits Bpdndhvecti n

KDG PRUH GDLO\ JUD]LQJ WLPH WKDQ FRQWURO DQLPDOV LQIHFWH
In female Grant's gazelle ( Nanger granti :RUV-0oAks and Ezenwa IRXQG WKDW
nematode infected animals allocated energy to behaviours differently from uninfected animals,

UHVXOWLQJ LQ LQFUHDVHG IRUDJLQJ WLPH LQ WKH ODWWHU ORUH
infected with GIN have been shown to have a significant increase in time spent laying down

FRPSDUHG ZLWK WUHDYEH®E DRWPDOV +

To date, no method exists that utilises energy use and behaviour change to alert managers to

an early GIN infection that they can act on, especially withshee S RQ SDVWXUH 7KH HQHU.
cost for moving land animals has been assessed traditionally by ~ measuring rates of respiratory

JDV H[FKDQJH LQ WKH ODERUDWRU\ *OHLVV HW DO ,Q WKH ILH
video recordings have beenthecon YHQWLRQDO DSSURDFK XVHG WR VWXG\ DQLPIL
7KLV DSSURDFK KDV WKH OLPLWDWLRQ RI EHLQJ WLPH DQG ODEF
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hindrance of observer bias and inability to continue observation in difficult weather conditions
%URZQ HW DO

Recent advances in tri -axial accelerometers offer a non -invasive method to measure all small -

VFDOH ERG\ PRYHPHQWYV RI DQ LQGLYLGXDO LQ WKH ILHOG 7KLV WH
dataset, recording small movements of the body 24 hours D GD\ VHYHQ GD\V D ZHHN $0OVR
movements that might not lead to actual displacement of the body are recorded, which are
LPSRUWDQW DV WKH\ DOVR FRVW HQHUJ\ 7KH DLP RI WHlia/ VWXG\ Z|
accelerometers can be used to assess the impact of GIN infection in sheep on measures of

overall activity 7KH REMHFWLYH zZzDV WR H[SORUH WKH VLPSOHVW PHDYV
applicability by the end user without complex machine learning to characterise the different

EHKDY LR X Wswidyhipothesises that young sheep developing even modest GIN burdens

will graze for shorter periods, idle more and move less and that this will translate into reduced

RYHUDOO DFWLYLW\

3 Material and methods

The study was conducted at the Massey University sheep unit, Palmerston North, New

=HDODQG Y - wu6 Y - pu( PHOHYDWLRQ EHWZHHQ -XQH DQG
LV GXULQJ ZLQWHU LQ WKLY ORFDWLRQ (WKLFDO DSSURYDO ZDV
Animal Ethics Committee (Protocol QXPEHU

2.3.1 Animals and experimental design

The trial included 24 ram  -lambs commercially sourced from the same farm and was conducted

when the animals were 9 — PRQWKYV RI DJH $0O0O DQLPDOV ZHUH FURVVHYV
Suffolk breeds thath DG EHHQ UHDUHG RQ SDVWXUH 7KH VKHHS KDG D PHD
VWDQGDUG GHYLDWLRQ 6°' NJ DQG ZHUH JUD]JHG RQ SDVWXUH D!

\RXQJ VKHHS KDG SUHYLRXVO\ JUD]JHG IRU DW OHDVW WKH SUHYLRXYV
the study animals were offered good quality meadow hay and barley, but over the course of the

VWXG\ ZLWK RQH RU WZR H[FHSWLRQV QRQH VKRZHG DQ\ JUHDW L
The study was a completely randomised trial and involved two trea  tment groups of sheep

JUD]LQJ WRJIJHWKHU Q JURXS WRWDO Q

7KH H[SHULPHQWDO GHVLJQ LQYROYHG D VHWXS SHULRG DQG D PR
was for six weeks at the start of which all animals were treated per os ZLWK PRQHSDQWHO
mg/kg ERG\ ZHLJKW 1RRYOWUIWLV 1HZ =HD O D Q G4/ sMitals wa€g rdbked by



faecal nematode egg count (FEC), grouped in pairs and within each pair were randomly
DOORFDWHG WR RQH RI WZR WUHDWPHQW JURXSV $ 6X8®UHVVLYH
WUHDWHG ZLWK PRQHSDQWHO HYHU\ IRUWQLJKW IRU VL[ ZHHNV $ VF
QR WUHDWPHQW DIWHU 'D\ ,Q Wkaki4P 18 46l \shedp acivitySwasrede@ed

continuously for a total of four days (4 x 24 hours) usingt ri-D[LDO DFFHOHURPHWHU VHQVF
$XIXVW 'D\ WKH VHQVRUV ZHUH UHWULHYHG WR GRZQORDG U

2.3.2 Accelerometer and mounting system

An ActiGraph wGT3X -BT® acceleration sensor (ActiGraph, LLC, Pensacola, FL, USA) that
measures acceleration during movement across the vertical, horizontal, and perpendicular
axes was attached on the top side of a ram mating harness (MatingMark  ©) and was positioned
on the withers of the sheep (Fig ure 2 7KLV XQLW HPSOR\V D UHIIHditet€3FH V\VWHI
longitudinal (front -to-back or surge, Y), horizontal (side -to-side or sway, X) and vertical (up and
GRZQ RU KHDYH = ERG\ D[HV UHVSHFWLYHO\ )LJ $FWL*UDSK 0D
%HIRUH DWWDFKLQJ WKH KDUQ I3ard/\vkve preRschiddidad $o callecH VHQ
DFFHOHUDWLRQ GDWD DW D VDPSOLQJ UDWH Rl +] ZKLFK LV HTXLY
RQH VHFRQG 7TKH DFFHOHURPHWHUYV ZHUH o) o}
orientation of the sensorswas the sameona OO VKHHS 7KH SRVLWLRQ RI WKH VHQVRU
(at the withers) was suitable to not record activity associated with extraneous activity of the
KHDG DQG QHFN IRU H[DPSOH KHDG VKDNLQJ $FFHOHURPHWHUV SF
have been report ed to provide an intermediate amplitude of data in each axis, compared with
PRXQWLQJ DFFHOHURPHWHUV RQ D FROODU QHFN RU FKHVW EH
Intermediate amplitude acceleration data better suit the purposes of total activity level

esstLPDWHV 6KHSDUG HW DO

49



Figure 2.1 Position and axis orientation of an ActiGraph wGT3X  -BT® tri -axial
DFFHOHURPHWHU DWWDFKHG WR D UDP PDWLQJ KDUQHVYV RQ D \

2.3.3 Parasitological examinations and weighing

Each fortnight rectal faecal samples were collected to determine nematode egg counts using a

modified McMaster method, where eacheg J FRXQWHG UHSUHVHQWHG HJJV SHU J
IDHFHV 6WDIIRUG HW DO 2Q 'D\ D ODUYDO FXOWXUH ZDV XQ¢
—10 g of faeces pooled from each experimental group, mixed with Vermiculite ® and then
cultured for 10 daysat20 f& $W WKH HQG Rl WKH LQFXEDWLRQ SHULRG %Dl
LQIHFWLYH ODUYDH ZKLFK ZHUH LGHQWLILHG WR JHQXV OHYHO $V
weights were recorded for each sheep, beginning on Day -14 (initial weight) through to Day 42

DW WKH VWDUW RI WKH PRQLWRULQJ SHULRG 7KH
UHVROXWLRQ RI NJ

2.3.4 Activity levels

Raw acceleration data were summarised into five second epochs (time durations); Alvarenga

HW DO L GHQW LI h&maskstitable bUSAR fhree durations compared in their

VWXG\ WKDW FODVVLILHG VKHHS DFWLYLW\ DW SDVWXUH )ROORZLQ.
of each sheep was calculated at each epoch by deriving vectorial dynamic body acceleration

(VeDBA) from its accelerometer using E  quation

VeDBA= ¥x2+y2+Z72 (Equation 2 1)



where X is the acceleration along the x -axis, y the acceleration along the y -axis, and z is the
acceleration along the z-D[LV 4DVHP 'DWD ZHUH VXEVHTXHQWO\ VXPP
GXUDWLRQ RI PRQLWRULQJ WR SURYLGH D YDOXH RI RYHUDOO DFWL

2.3.5 Statistical analysis

To verify thatram -lambs were randomly assigned to treatment groups prior totreat ~ ment, the
GLITHUHQFH LQ )(& ZDV WHVWHG XVLQJ $129% 7KHUHDIWHU VWDWL
RQ GDWD FROOHFWHG IURP DQLPDOV 7ZR DQLPDOV ZHUH H[FOX
animal in the untreated group being treated with monepantel when its FEC exceeded
VXEFOLQLFDO SDUDVLWLVP OHYHOV 7KH PRQLWRU IURP D VHFRQG D
last four hours of monitoring was excluded due to extraneous disturbance 1 of the flock during

WKLV WLPH )DHFDO HJJ FRXQW G &kewbd Zrd Wetre \og/ tthRsdrh@@d forl JKW
analyses using logio FRXQW '"HVFULSWLYH VWDWLVWLFV ZHUH XVHG WR
VeDBA, FEC (egg/gram) and body weight (kg); correlations were evaluated between

logio(FEC+1) and body weight, and VeDBAandbod \ ZHLJKW :KHQ X{FEQkL) Gl

in correlation and group difference analyses, both parametric and appropriate non- parametric

tests were evaluated and the results were qualitatively similar; thus the results of parametric

tests have been selected and UHSRUWHG $IWHU D QD OMFAEC+1LPWEREQECkRI ORJ
WUDQVIRUPHG WR WKH RULJLQDO VFDOH IRU UHSRUWLQJ DV JHRPHYV

Multivariate analysis was performed by fiting three separate models, with model

assumptions verified u sing the Shapiro -:LON V WHVW ,Q ORGHO WKH HIIHFW RI WL
weight change over time (difference in most recent and earliest body weight recorded divided

E\ QXPEHU RI GD\V EHWZHHQ ZHLJKWV ZDV DQDO\VHG 5HSHDWHG Pl
fitting a linear mixed -effects model (LMM) with lamb ID as a random effect using the  Ime()

functioninthe nime 5 SDFNDJH 3LQKHIOBR WRWAXQ@HLJIJKW FKDQJH ZDV WKH GF
variable with fixed effects of treatment (two levels; S and U), day of w  eighing (modelled as a
FRQWLQXRXV YDULDEOH DQG WUHDWPHQW [ GD\ LQWHUDFWLRQ W
structure was used to account for the independence between repeated samples on the same

ODPE ,Q ORGHO RYHUDOO DFW L Yclidv 6f ZrineimRc@eéhmentsingV D 1XQ

D *DXVVLDQ JHQHUDO OLQHDU PRGHO */0 7KH GHSHQGHQW YDUL

(categorical with two levels, Suppressive and Untreated) was a fixed effect, initial body weight

1Sheep HUURQHRXVO\ PRYHG ZKHQ QRW UHTXLUHG



included as a continuous covariate,anG WUHDWPHQW [ LQLWLDO ZHLJKW LQWHUDFW
ZHLJKW Rl DQLPDOV- UDQJH ZDV LQFOXGHG LQ WKH PRGHO W
VWDUWLQJ ZHLIJKW RQ RYHUDOO DFWLY Ehab\akalydie gfithel iQtekdidd WUHDWPH
term was performed using the Johnson- Neyman regions of significance analysis (Bauer and

&XUUDQ +D\HV DQG ODWWKHV -NeymarK tdchnigifeQd/ & @cused

comparison test of interactions that highlights the range of values on the covariate scale

between which the treatment lines are significantly separated, since regression lines cross at

VRPH SRLQW L H WKH DVVXPSWLRQV RI KRPRJHQHLW\ RI UHJUHVVLR
hoc analysis, the johnson_neyman function in the * interactions * R package (Long, 2019) was

XVHG DQG WKH WUHDWPHQW JURXSV ZHUH GXPP\ FRGHG 6 8 7R
of initial body weight moderated treatment effect on activity, an effect size metric was
FDOFXODWHG IROORZLQJ %RGQHU:-V s formuRUBesCeD rangeUdfHIO\ WKL
XQVWDQGDUGL]HG JURXS PHDQ GLIIHUHQFHV HJ IURP RQH 6' EHOR
the covariate (initial body weight in this case), to derive a metric of standardized mean
GLIIHUHQFHYVY DFURVV WKH UDQJHwe,@erd® Rt&ésed in whethdd faecal
QHPDWRGH HJJ FRXQWV FRXOG EH XVHG DV D SUHGL
dependent variable was VeDBA, with log 1o(FEC+1) and initial body weight included as

continuous covariates along with their interacWLRQ $00O VWDWLVWLFDO DQDO\VHV ZHL
WKH 5 HQYLURQPHQW 5 FRUH 7HDP YHUVLRQ $OSKD YDOX
VWDWLVWLFDOO\ VLIQLILFDQW

4 Results

2.4.1 Parasitological examinations and weighing

2.4.1.1 Parasitology

Faecal egg counts pre-treatment ranged from O — 7900 eggs/g; there was no significant
difference in FEC for lambs assigned to the suppressive and untreated groups (N =24; F 1=
p QR )(& ZHUH GHWHFWHG LQ E RUSIKWIWHRD\S ¥ HQW' DAW WKH VW
activity monitoring on Day 42, the range ofraw FEC datawas0 - HJJV J DQG HJJV J
LQ VXSSUHVVLYH DQG XQWUHDWHG JURXSYVY UHVSHMPR\W**HO\ )DHFDO
p LQ WKH 8QWUHDWHG *URXRPHWULF PHDQ HJJV J &,
WKDQ LQ WKH 6 XSSUHVVLYH *URXS Q JHRPHWULF PHDQ HJ



The results of bulk faecal larval culture for faecal samples collected at the start of the

monitoringi Q ERWK WUHDWPHQW JURXSV LV SUHVHQWHG LQ 7DEOH

Table 2.1 Genera of GI nematodes found from Baermanisation at the start of activity

monitoring on Day 42

Parasite genus Treated Untreated
group group

+ D H mBhus Nil

Trichostrongylus Nil

Cooperia

Teladorsagia Nil

Oesophagostomum/

Chabertia

2.4.1.2 Body weight change

$W VHWXS 'D\ WKH PHDQ ERG\ ZHLJKW ZDV 6' NJ DQC
Suppressive Group (n=12) and the Untreated Group (n=10) respectively (standard error of the

GLIIHUHQFH EHWZHHQ PHDQV 6(' ERWK JURXSV KBiYLQJ VLPL
20XX P 2YHU WKH GD\V IROORZLQJ WUHDWPHQW & KHUH ZD\
weight change ( F142 p EXW QR HYLGHQFH ZDV IRXQG IRU BQ HIIHFW R
20XX P LH VXSSUHVVLYHO\ WUHDWHG DQLPDOV VKRZHG VLPLC
FKDQJH WR XQWUHDWHG DQLPDOYV or$twvingVtke-meaw vtiMieight wes W LY LW\ P

6' NJ DQG 6' NJ 6( IRU WKH VXSSUHVVLYHO\ WUH

untreated lambs respectively ( Fyo=xXx p DQG GLG QRW FR&REGADWH ZLWI
(Pearson’s product-moment corre lation, r= - &, — WR p RU 9H'%$

(Pearson’s product-PRPHQW FRUUHODWLRQ U WR g, —



2.4.2 Activity levels

On average, the overall activity for the ram  -lambs during the monitoring period was 1 [
10 9H'% $ &, [ tol2x10 7KH 6 KB:RIONRWHVW RI QRUPDOLW\ RI WKH
RI ORGHO-V 7ZR : p DQG 7KUHH : p VKRZHG PRGHO
DVVXPSWLRQV ZHUH PHW 7KHUH zZDV D WUHDWPHQW [ VWDUWLQJ Z}
(beta = — &, — WR p UHIOHFWLQJ D SRVLWLYH UHODWLR
VeDBA and starting weight in the Suppressive Gro  up but a negative relationship (VeDBA =

- LQLWLDO ZHLJKW LQ WK Hald€ VZ;Fig D&V I2G *URX S

Table 2.2 Summary of Generalised linear model showing the effects of Treatment
(model 2), log- transformed FEC (model 3), initial weights and their interaction on the

mean total activity of young sheep over four days

Estimating overall activity: Model 2

beta SE t-value &, p

R2 F p
(Intercept) [- @
Treatment (Untreated) > @
Initial weight - @
Treatment (Untreated) dlnitial weight - - [- - @
Estimating overall activity: Model 3
R2 F p

beta SE t-value &, p
(Intercept) [- (
Logio(FEC+1) > @
Initial weight [~ @
Logio(FEC+1) x Initial weight - - - — @

Note — SE, standard error, Cl, confidence interval
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Figure 2.2 Overall activity of two treatment groups of sheep dependent on initial body
weight PRQLWRUHG FRQWLQXRXVO\ IRU IRXU GD\V

This indicated that parasitism had a negative effect on activity in heavier untreated lambs in
this stu G\  7KH -RKNgynhRuQ-post-hoc analysis of the interaction predicted a non-
VLIQLILFDQW LQWHUYDO RI NJ WR NJ DV WKH UDQJH RQ WK
difference between treatment groups was not significant( $SSHQGL[ 7KH HIIe iéfrid/ L]
for this interaction calculated following Bodner's (2017) procedure, showed that the
standardised mean difference interval for the effect of treatment on overall activity as a
IXQFWLRQ RI LQLWLDO ERG\-ZHLJKW ZDWRP lo@8\tBELIHSD above the
PHDQ LQLWLDO ER G \stntiardikigViati®n Wcrdase in initial bodyweight yielded a -

FKDQJH LQ WKH VWDQGDUGL]HG PHDQ GLIIHUHQFH ZKLFK LV ODU
JXLGHOLQHV SURSRVHG E\ %R GQdydsall activity ni@delied=ad & function of
log1o(FEC+1), initial weight and their interaction), the interaction between log 10(FEC+1) and
LQLWLDO ERG\ ZHLJKW ZDV VLJQLILFDQW 7DEOH VKRZLQJ WKDW
weight, the activity ¢ oefficientforlog 10 )(& GHFUHDVHG E\ JLIXUH $OVR VK
JLIXUH DUH WKH PRGHO RXWSXWYV IRU LQLWIDDvice HLIJKW D
GHYLDWH IURP HDFK RWKHU
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Figure 2.3 Model-based overall activity of sheep as a function of log10(FEC+1)
HYDOXDWHG ZKHQ LQLWLDO ZHLJKW LV HTXDO WR WKH PHDQ
DQG RQH 6' EHORZ NJ WKH VDPSOH PHDQ

Discussion

The results of this study show that gastrointestinal nematodes reduced sheep activity

measured withtri -D[LDO DFFHOHURPHWHUV +RZHYHU WKH WUHDWPHQW +
ERG\ZHLJKWV ZKLFK LV GLVFXVVHG EHORZ 1RQH RI WKH DQLPDO\
clinical signs of parasit LVP 6XEFOLQLFDO SDUDVLWLVP ZDV GHPRQVWUDWHC
HJJ FRXQWV DQG QHPDWRGH JHQHUD LGHQWLILHG LQ FXOWXUH )]
significantly higher in untreated ram -ODPEV WKDQ WKHLU WUHDWHG FRXQWHU.
suggests that (i) the activity in sub -clinically infected young sheep is impacted by their GIN

infection, at least by the species present in this study; (i) the extent of the effect is modulated

by the starting weight; (iii) it is possible to detect subclinical GIN inf ection using
accelerometers, even for nematode genera that are considered to have low pathogenic effects

(Sutherland and Scott, 2010 ) 7KLV VXSSRUWV WKH YLHZ WKDW DQLPDO EHKD\Y

have the potential to serve as a sensitive indicator for d isease states 6]\V]ND HW DO



The interaction of initial weights and group treatment on overall activity presents an

LOQWHUHVWLQJ REVHUYDWLRQ *HQH U D Ot@ateddoobyt; With. IQw WAkelsl VXSS UHV\

of parasites (nematode eggs), were m ore active when they were heavier (Fig ure 2), with

LQFUHDVH LQ DFWLYLW\ DSSHDULQJ SURSRUWLRQDO WR ERG\ VL]H

animals may have had a greater nutritional requirement and were more active to meet their

feed intake requr HPHQW +RZHYHU WKH RSSRVLWH RFFXUUHG LQ WKH XQV

VWURQJHU QHJDWLYH HIIHFW RI SDUDVLWHYV LQ KHDYLHU ODPEV 7

lambs had higher activity levels than their suppressively treated counterparts is not clea r, but

WKLV ZDV REVHUYHG LQ RQO\ WZR RXW RI LQGLYLGXDBD) 7KH OLJ

appeared to maintain their activity level with increasing FEC (Fig ure 3), and among those

lambs, treatment did not have a detectable effect on activity, as  shown from the J ohnson-

Neyman post- KRF WHVW 7KH WHVW UHYHDOHG WKDW WUHDWPHQW KDC

DFWLYLW\ EXW RQO\ DPRQJ ODPEV ZKRVH LQLWLDO ERG\ ZHLJKWYV 2

lambs that weighed higher than this criterion was LW LV IRU WKRVH ODPEV WKDW

statistically identifiable difference in overall activity among the treatment groups was

DVVRFLDWHG 5HVXOWYV IURP PRGHOOLQJ RY HFEGO xOmtILYLW\ DV

weight (Model 3) also demonstrated hea vier animals with higher FEC were less active than

heavier animals with low FEC as showninFig X UH +RZHYHU WKH FRQILGHQFH LQYV
ZDV ZLGH LQGLFDWLQJ WKDW LQGLYLGXDOV ZLWK FRPSDUDEOH S|

+HQFH ) (& Bean inferior indicator of low levels of subclinical parasitism as has been

VXJIHVWHG *UHHU HW DO 6DUJLVRQ IRQHWKHOHVV WKH

bodyweights and FEC further demonstrates that, heavier animals reduced their total act ivity

ZKHQ FKDOOHQJHG E\ QHPDWRGH LQIHFWLRQV $ SRVVLEOH H[SODQC

have had a greater feed intake requirement and greater likelihood of acquiring infective larvae

RQ SDVWXUH 7KXV LW LV SODXYVLE O Hh resultdiihc@ased jidrBsitd IGad DFW LY LW\

LV DQ DWWHPSW WR OLPLW H[SRVXUH WR LQIHFWLRQ (TXDOO\ WKH

LQIHFWHG KHDYLHU ODPEV ZKLOH PDLQWDLQLQJ OLYH ZHLJKW JURZ)

There was no evidence found for change in body weight among the groups over the trial period

LQ WKH FXUUHQW VWXG\ WKRXJK EHKDYLRXU FKDQJH ZDV REVHUY}
\RXQJ ODPEV KDV EHHQ DVVRFLDWHG ZLWK UHGXFHG ERG\ ZHLJKW
reduced product LYH JUD]LQJ EHKDYLRXU KDV EHHQ IRXQG LQ \RXQJ FDWWOF
animals in the present study were provided with a pasture allowance that was estimated to

provide for maintenance but little growth as it coincided with a particularly wet peri od with



OLWWOH SDVWXUH JURZWK ,W UHPDLQV WR EH LQYHVWLJDWHG Z}

RYHUDOO DFWLYLW\ XQGHU GLITHUHQW SDVWXUH FRQGLWLRQV VXFl

where lambs were fed ryegrass/ clover herbage ad libitum, a n effect of parasitism was found

on reduced feed intake without associated change in body weight growth; however, body

ZHLJKWV ZHUH PHDVXUHG RYHU D FRPSDUDWLYHO\ VKRUWHU SHULR
7KH VKHHS LQ WKH,Espetlaly amesidr xa@\lambs, would likely have had

WR EH DFWLYH IRU ORQJHU SHULRGVY HDFK GD\ WR PHHW WKHLU 1

difference in overall activity (as found following Bodner’s (2017) effect size formula) especially

in heavier animals, though without associated poor growth performance, further suggests this

could be an indicator of resilience and possibly a more sensitive measure of subclinical

SDUDVLWLVP WKDQ RWKHUV

In addition, the composition of the nematodes identified to the genu s level was dominated by

Cooperia species, a mildly pathogenic strongylid nematode  (Sutherland and Scott, 2010) and

the least pathogenic Gl parasite ofsheep 9 ODVVRII HW DLV FRQFHLYDEOH WKDW DQ\
from such GIN composition would be at t he lower end of the subclinical effect spectrum
FKDUDFWHULVHG E\ D FKDQJH LQ EHKDYLRXU 7KXV GHVSLWH WKI
identified in both treated and untreated animals being of low pathogenicity, the geometric

mean faecal egg counts in the untreated ram -lambs was over 100 times higher than in the
6XSSUHVVLYH *URXS YV HJJV J ZKLFK LV DVVRFLDWHG ZLWK
DFWLYLW\ 7KLV IXUWKHU GHPRQVWUDWHYVY WKDW DFWLYLW\ PHDYV X
effects of sub-cOLQLFDO SDUDVLWLVP LQ \RXQJ 5RPQH\ VKHHS )XWXUH UH
DFWLYLW\ PHDVXUHV L H 9H'%$ UHODWH WR IRUDJLQJ EHKDYLRXI
LQWDNH PD\ IXUWKHU LOOXPLQDWH KRZ QHPDWRGH SDUDVLWLVP UF

Untreated animals showed reduced overall activity, but it remains to be investigated which

VSHFLILF DFWLYLWLHY DUH FKDQJHG )RU LQVWDQFH UHGXFHG WL
DOWHUHG EHKDYLRXUV VXFK DV JUHDWHU IDHFDO DYRLGDQFH RQ S
LQFUHDVHG GLHW VHOHFWLYLW\ .\ULD]DNLV HW DO perse D ZHOO D
grazing steers monitored withti -D[LDO DFFHOHURPHWHUV +|JEHUJ HW DO [
in lying bouts in animals experimentally infected with GIN attun -out ,QFUHDVH LQ WLPH VSH
lying could be interpreted as reduced activity and although in cattle, their results agree with

WKH ILQGLQJV RI UHGXFHG RYHUDOO DFWLYLW\ LQ \RXQJ VKHHS LQ
VWXG\ E\ )DO]R@3HBPIDllared stud ewes that were faecal sampled randomly and
monitoredovera24 -KRXU SHULRG LQFUHDVHG WKHLU PHDQ GLVWDQFH SHU



UHDVRQ V IRU WKLV GLIIHUHQFH UHTXLUHV IXUWKHU VWXG\ +RZ
demonstrate the role for remote sensing technologies in detecting changes in activity, or

GLVWDQFH PRYHG LQ *,1 LQIHFWHG LQGLYLGXDO DQLPDOV LQ OLYH"
of these remote sensing technologies — for instance tri -axial accelerometers an d GPS —
simultaneously on the same subjects would set the premise for investigating composite

PHDVXUHV RI EHKDYLRXUDO DFWLYLWLHV DQG KRZ WKH\ FKDQJH LQ L
next step would be to discriminate different activities using accel  erometery data, alongside

GPS data and then evaluate them as a function of parasite infection using two groups of young

sheep: GIN infectedand GIN -lUHH FRQWURO DQLPDOV

6 Conclusion

In the current study, deploying accelerometers on young sheep allowed  the detection of

changes in total activity levels in animals with different parasite treatment dependent on their

LQLWLDO ZHLJKWYV DQG LQ WKH DEVHQFH RI FOLQLFDO VLJQV RI SDL
activity might be influenced even atlowt R PRGHUDWH )(& OHYHOV W FDQ EH FR
reduced activity is either a consequence of GIN, as in animals are suffering anorexia and

therefore not as active because they are eating less, or that by moving less, parasitised animals

FRQVHUYH HQHUJ\ 7KHse findings suggest that overall activity of sheep measured remotely with
accelerometers might be an early indicator of subclinical parasitism, which has the potential

to detect behavioural changes LQ VKHHS EHIRUH SHUIRUGDLdtEntlY; KICaQ JHV
threshold value of activity could be determined it would provide a tool to managers to identify

GIN infection early that they can actupon  before loss of productionresults W ZDV EH\RQG WKH
scope of the present study to distinguish bet ween different activities, such as grazing, or

directional movement, using accelerometer data, although this is the subject of ongoing

research
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CHAPTER-2EVALUATION OF THE SUITABILITY-BASHES
LOCATION DATA FOR ASSESSING BEHAVIOURAL CHANGES
ASSOCIATED WITH GASTROINTESTINAL NEMATODES IN SHEEP.

Abstract

The advent of remote sensing technologies is helping to transform precision livestock

monitoring, especially in free -range systems in line with current farming trends and an

LQFUHDVHG IRFXV RQ DQLPDO ZHOIDUH *OREDO SRVLWglaRDLQJ V\VW
RI WHFKQRORJLHV WKDW KDYH EHHQ DGRSWHG IRU DQLPDO PRQLWF
VLQFH WKHLU HDUOLHVW XVH WR WUDFN DQLPDO -ltaBed HefdseW LQ WKH
FDQ FRQWDLQ VSDWLDO LQDFFXUDFLH Mo ifestigate B dcdaracWak LV VW X G\
commercially available GPS receivers towards detailing their utility for monitoring movement

DFWLYLW\ LQ SDUDVLWLVHG VKHHS 7KUHH WHVWV ZHUH XVHG IRU D
static, off -animal motion, and on -animaO PRWLRQ WHVWV 7KH VWDWLF WHVW DVV
WKH HVWLPDWHV IURP WKH UHFHLYHUV ZKHQ VWDWLRQDU\ ,Q VWD\
receivers showed that ninety -five per cent of location estimates fell within 4 m of their ‘true’

posiio Q IRU VL[ RI WKH VHYHQ UHFHLYHUV WHVWHG 9DU\LQJ WKH W
record a location did not change the accuracy of estimates in four out of five receivers tested for

WKLV SXU Said ndtion tests mirrored results in the stati ¢ test and in on -animal

motion tests, there was no evidence that the accuracy from any of the GPS receivers
LQYHVWLIJDWHG DV VHHQ LQ WKH RWKHU WHVWYV ZDV VLJQLILFI
Understanding the errors associated with GPS receivers will as  sist with the definition of
VXLWDEOH SURWRFROV IRU UHF REIMg thesk eI DésdariQintd gakerdP D W H V
DVSHFWV RI WKH LQIOXHQFH RI SDUDVLWLF QHPDWRGHV RQ VKHHS 1|

Keywords: GPS receivers, GPS accuracy, remote monitoring, shee p, parasitic nematodes
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2 Introduction

Ground -based sensors such as global positioning system (GPS) receivers record fine -scale
PRYHPHQWY RI DQLPDOV /DWKDWRHMW GIldvd fhélpbotential to provide
insight into the movement patterns of  animals under normal or pathological challenge, and
could be a useful index for monitoring the physiological, physical and health status of animals
1HHWKLUDMDQ HW DO 7KHVH GHYLFHV SUHVHQW DQ RSSRUV
disease states, assuming that GPS -based animal tracking can differentiate changes in
PRYHPHQW EHKDYLRXU EHWZHHQ KHDOWK\ DQG DIIHFWHG VXEMHF
(GIN) can induce a level of anorexia and lethargy in parasitised animals (Sykes and Coop,
1976; FoxeW DO & X U U H Q WhedhamgiksHassociated with this phenomenon are not
IXOO\ XQGHUVWRRG (YLGHQFH H[LVWV KRZHYHU WKDW DVVRFLDWH
YROXQWDU\ IHHG LQWDNH &RRS HW DO $EERW\Abddia, DO )
EHKDYLRXUDO FKDQJHV VXFK DV LQFUHDVHG DYRLGDQFH RI SDVWXU
HW DO DQG LQFUHDVHG GLHW VHOHFWLYLW\ .\ULD]DNLV HW DC
argument is that behavioural changes may enable parasi tized animals to ameliorate the
LPSDFW RI SDUDVLWLVP ,W LV SODXVLEOH WKDW DQLPDOV PD\ LQFU|
to access previously un -grazed (and hence low contamination with faecal matter) areas, and to
date, one study has demonstrated a p ositive relationship between faecal worm egg counts
)(& DQG WKH GLVWDQFH WUDYHOOHG E\ VKHHS )DO]JRQ H
moved by an individual is considered a proxy for activity such as time spent grazing (Augustine
and Derner, 201 ZKLFK KDV EHHQ VKRZQ WR EH UHGXFHG XQGHU SDUDV

HW DO JRUEHV HW DO WKHQ WKH FROOHFWLYH EHKDY
PD\ UHVXOW LQ OHVV GLVWDQFH PRY H,@& redutioViX S\&RIUW RI Wt
activity was found in parasitised young sheep monitored with tri -axial accelerometers

FRPSDUHG WR WKHLU WUHDWHG FRXQWHUSDUWYV ,NXULRU HW DO

To date there is little information available on the impact on movement activity of grazing

youngsKHHS FDUU\LQJ HYHQ PRGHVW EXUGHQV RI QHPDWRGHYV 7KH X
examine the implications of GIN on the behaviour of parasitised animals will depend on the

accuracy, and repeatability, of the distance measures derived from the GPS receiverV.  *36

datasets are characterised by errors associated with location fix success and spatial inaccuracy

Rl DFTXLUHG ORFDWLRQV ORFDWLRQ HUURUV )UDLU HW DO
inferences after analysis (Cagnacci et al. 2010) :KHQ *36 GHYLFHV DUH GHSOR\HG RQ
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there can be an additional magnification of these errors associated with unexpected activity

HJ VXGGHQ VSULQW IURP SRWHQWLDO ITULJKW MDUSssItA D UJHW D Q
DO Moreover, GPS receivers have been known to over- sample periods when animals

DUH LGOH OHDGLQJ WR FRQFOXVLRQV WKDW DQLPDOV DUH PRUH DF\
+RZHYHU WHFKQRORJLHV FRQWLQXH WR HYROYH @& WMRPH Rl WK
ORFDWLRQ GDWD PD\ DOVR KDYH EHHQ ORVW ,Q *36 SHUIRUPDQFH W
the accuracy of individual coordinates relative to their true position rather than measures of

GLVWDQFH :HUQHU HW D Othe more prébise\&/iedgivey i, Bnémore reproducible
the measurementsare XQGHU G\QDPLF WHVW FRQGLWLRQV $W SUHVHQW WK
of GPS receivers on the market, but little information is provided on their ability and suitability
to accuratelyreco UG WKH SRVLWLRQ RI DQLPDOV HVSHFLDOO\ LQ OLPLWHC

The aims of this study were: (i) to investigate how a variety of low -cost, light weight,

commercially available GPS receivers perform on and off animal; and (ii) to comment on the

utiity of location estimates recorded from GPS receivers in relation to the expanding
XQGHUVWDQGLQJ RI WKH PRYHPHQW SDWWHUQV RI SDUDVLWLVHG \
WKDW L UHFHLYHUV ZRXOG EH DFFXUDWH WR P LQravsWDWLF WH
GLVWDQFHV SUHGLFWHG E\ GLIIHUHQW UHFHLYHU EUDQGV ZRXOG EFt
each other, (iii) on a live animal, the distance travelled estimated from each receiver would be

similar and (iv) the estimated distance covered by an anim al will be cumulatively different

EHWZHHQ GD\WLPH DQG VXQVHW KRXUV RQ WKH DVVXPSWLRQ WKDW

3 Material and methods

3.3.1 Study sites

Assessments were carried out at two locations on the Manawatu Campus of Massey

Univ HUVLW\ 3DOPHUVWRQ 1RUWK 1HZ =HDODQG ORWLRQ WHVWYV ZH

athletics track (40 @323 6 q- M( P (OHYDWLRQ ZKLOHakwaD®stiF DQG RQ

were conducted within a nearby farm block of 2 ha divided into 10 evenly sized paddocks

(40q - u6 @621 ( P (OHYDWLRQ %RWK ORFDWLRQV ZHUH FKDUDFW

QHDUE\ EXLOGLQJV DQG WUHHVY 6WDWLF DQG PRWLRQ WHVWYV ZHUH
WR -XO\
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3.3.2 GPS receivers

The study was perffoom HG ZLWK VHYHQ FRPPHUFLDOO\ VRXUFHG *36
VXPPDULVHV WKH EDVLF IHDWXUHV RI WKHVH XQLWYV

Table 3.1 Attributes of seven GPS units used in the comparison assessment

Receiver Type Supplier Weight (g) Intended
purpose

Carter GPS DL DataCarter Livestock logger

i-GotU GT-120 DL Mobile Action Travel and sports

i-GotU GT-600 DL

Garmin DL
Forerunner 920

XT

Garmin DL
Forerunner 310

XT

*LSV\ DL
CatLog Gen2 DL

7HFKQRORJ\ ,QF

Mobile Action
THFKQRORJ\ ,QF

Garmin Ltd

Garmin Ltd

Technosmart

Europe srl

Catnip
technologies Ltd

logger

Travel and sports
logger

Multisport GPS
waitch

Multisport GPS
watch

Birds & small
mammals GPS
tracker

Domestic and
wildlife logger

Note: DL — Data logger

Each unit recorded a time and date -stamped GPS coordinate (latitude and longitude); they
DOVR UHFRUGHG WKH QXPEHU RI VDWHOOLWHY DYDLQIPpEOH GXULQ
LQFOXGHG PHDVXUHV RI KRULIRQWDO GLOXWLRQ RI SUHFLVLRQ +'23
were selected based on previous usage on animal subjects (Allan et al. 2013), customer online
UHYLHZV FRVW ZHLJKW DQG DYDLODELOLW\ IRU SXUFKDVH
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3.3.3 Static tests

6HYHQ ZRRGHQ IHQFH SRVWV ZHUH VHOHFWHG DW WKH IasP VWXG\ V
recorded using a real -time kinematic (RTK) *36 SUHFLVLRQ XQLW 7KH 57. KDG DQ DI
P ZKHQ FRPSDUHG WR D NQRZQ SUHYLRXVO\ VXUYH\HG ORFDWLR
(DFK IHQFH SRVW zZDV DOORFDWHG WR RQH RI WKH VHYHQ *36 UHF
VHSDUDWH HSRRIGLQIHQWHER DOV HDFK RI RQH DQG VHFRQG
7KH UHFHLYHUV ZHUH OHIW WR UHFRUG GDWD RQ WKHVH IHQFH SF
UHFHLYHU zDV WHVWHG RQ DW OHDVW WKUHH VHSDUDW®#WeBFFDVLRQV
the receivers were made at the same time in order to ensure the satellites available for
WULDQJXODWLRQ RI ORFDWLRQV ZHUH VLPLODU DPRQJ WKH UHFHLY
for scheduling at epochs of greater than one second and therefore wer e omitted from the test
RI ORQJHU HSRFKV 7KH ORF DMt envcomparedid tr@iRrégpedtive “true”

location (based on the RTK reading) allowing for a measure of location error to be GHULYHG

3.3.4 Motion test — Off-animal

The inside lane of a standard athletics track (measuring 400 m) was used to test the distance

predicted by each receiver off -DQLPDO $00 XQLWV ZHUH VHW WR UHFRUG *36 O

epoch and then deployed simultaneously from the start point of the tra FN 7KH UHFHLYHUV ZHL

lined side by side and carried on a flat board for ten laps around the track over three separate

GD\V 7KH 57.20QLWOVR FDUULHG IRU WZR ODSV 7KH WRWDO GLVW

walked around the track was estimated fromthe  GPS receivers using a series of step lengths
GLVWDQFH EHWZHHQ WZR ORFDWLRQ HVWLPDWHY FDOFXODWHG IU

lengths in kilometres were computed from longitude and latitude values using the function

prepData in the R package m oveHMM OLFKHORW HW DO 'DWD SRLQWYV IURP

receivers were mapped and summed to provide a measure of travel distance logged by each

UHFHLYHU

3.3.5 Motion test — On-animal test

Asingleewe-ODPE NJ ZDV ILWWHG ZLWKHDODOUWHR @ QVZF5 WHHFDUDWH RF
7KH WRWDO ZHLJKW RI WKH UHFHLYHUV J ZDV a Rl WKH ERG\ 7
the animal ( Mor HDX HW DO (DFK VDPSOLQJ RFFDVLRQ zZDV KRXU
receivers scheduled to start recording location data from 09 00 to 22 00 hour (first recording)

DQG 00to 03 KRXUV VHFRQG UHFRUGLQJ ,Q WKLV zZzD\ ERWK GD\WLP



F D SW Xlldd¢dien data recording was scheduled at one -VHFRQG HSRFKV 7KH WRWDO
covered by the ewe on each sampling occasion was estimated from the GPS receivers using a

series of step lengths, using the same method as the off -animal motion test (Section 3.3.4)

3.3.6 Data management

At the end of each recording period, the receivers were removed and the data were downloaded
and managed on their respective platforms (with exception of the Carter unit, which stores
GDWD RQWR DQ 6' FDUG WKDW FDQ EH UHDG E\ PRVW FRPSXWHU RSt
receivers, data were uploaded to the Garmin websit e using Garmin Connect software (version

*DUPLQ /WG DQG GhWnanail ies ddynloaded for subsequent data
FOHDQLQJ WR UHPRYH VDWH Ogotvieeenztd \Wdtd Wér&\ddwnlpaded UsiKgH L
WKH VRIWZDUH #7ULS 3& YHUWRRIOH $FWLRQ 7THFKQRORJ\ ,QF 7
UHFHLYHU ZDV GRZQORDGHG XVLQJ WKH *L36\ 8WLOLW\ VRIWZDUH
VUO 7KH &DW/RJ UHFHLYHU ZDV GRZQORDGHG XVLQJ WKH &DW/RJ
Catnip technologi HV /WG

As the coordinates retrieved from the GPS were recorded as ‘world geodetic system’
FRRUGLQDWHYV WKH\ ZHUH FRQYHUWHG WR 1HZ =HDODQG 0DS *ULG
information system ArcGIS Programme (ESRI 1HZ <RUN

3.3.7 Statistical analysis

For the static tests, the location errors (LE) were calculated as the Euclidean distance between

the actual location and the distance between each of the estimated locations recorded by GPS
UHFHLYHUV 7KH DULWKPHWLF PHD Q \of tiReHoGatiah@rxor DfQISfiXéd Weve R JUD P V
JHQHUDWHG %HVLGHV WKH VWDWLF WHVW GDWD DW RQH VHFRQG
SRVLWLYHO\ VNHZHG DQG UHTXLUHG WUDQVIRUPDWLR@aSULRU WF
ANOVA was used to compare all seven recei vers in the static test recording at one -second

HSRFK 7R UHPRYH VNHZQHVV RI WKH RWKHU GDWD D QXPEHU RI WU
including the Box -Cox-, log-, square- and cube-root transformations, however, none were

H11HF Wihaféfore, all other data were analysed using descriptive and nonparametric
LQIHUHQWLDO VWDWLVWREVO ZKWH UKXKVYNWO ZDV XVHG WR FF
interaction of the five GPS receivers that could be scheduled to record at variable epochs

(Carter, i -GotU GT -120, i-GotU GT - *LSV\ DQG &DW/RJ *HQ -epchR/E@deNRU

was created to represent a single value for each GPS receiver at each of the four epochs
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FRPSDUHG 0XOwisk SdnparlS@ns Were performed using a Bonferroni correction and
the Dunn Kruskal -:DOOLV WHVW

For the off -animal motion athletics track test, differences in the total distance calculated from

GPS receivers were evaluated using the nonparametric Skiling s-Mack test (Skillings and

ODFN 7KLV ZDV IROORZHG E\ DSSOLFDWLRQ RI D %RQIHUUR
comparisons and performed using the post -KRF "XUELQ WHVW 'XH WR D IDXOW ZKLF
the 1-GotU120 device during charging, location data  were not recorded during seven testing

ODSV 7KHUHIRUH -Médk ksbiak @s€laQidiya generalization of the Friedman test

GHVLJQHG IRU EORFN GHVLJQV ZLWK PLVVLQJ REVHUYDWLRQV 7KH W
‘blocking variable’ in ord er to ensure comparisons were made among receivers that were

FDUULHG DW WKH VDPH WLPH

For the on -animal test, the estimated distance covered by one sheep carrying all GPS receivers

was analysed using the Friedman rank sum test with hour of recording incl uded as a blocking
YDULDEOH 'LIIHUHQFHV LQ GLVWDQFH FRYHUHG DBreRpgidnviseHFHLYHUV
'LOFR[RQ VLJQHG UDQN WHVW 7KH GLVWDQFH WUDYHOOHG E\ WKH V
with those in sunset hours using the two -sample Mann-:KLWQH\ 8 WHVW $00O GDWD

processed prior to analyses using R, with analyses performed in ArcGIS 9 (ArcMap version

(65, DQG LQ WKH 5 FRPSXWLQJ HQYLURQPHQW 5 YHUVLRQ
DOSKD ZDV FRQVLGHUHG VLJQLILFDQW IRU DOO WHVWYV
4 Results

3.4.1 Static test

Summary statistics for location error (LE) estimates of all seven GPS receivers scheduled at
WKH RQH VHFRQG HSRFK LV VKRZQ LQ 7DEOH 7KH GLVWULEXWLR!

of the seven units is shown in  Appendix 3 -
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Table 3.2 Summary statistics (minimum (min), maximum (max), mean, median and
standard deviation) for location error for each of the seven static GPS receivers recoding

at one-second epoch

Location error (m)

GPSre ceiver Min(m) Max(m) Mean (m) Median  SD

*LSV\

Carter

Garmin 310
Garmin 920
i-GotU GT - 120
i-GotU GT - 600
CatLog

At the one -second epoch, a difference in mean location errors was found ( F = p =
DPRQJ WKH UHFHLYHUV 3DLUZLVH ORFDWLRQuUKdyspokt-PHDQ FRF
KRF DQDO\VLVY WR VHSDUDWH UHFHLYHU PHDQV LV SUHVHQWHG LQ 7

Table 3.3 Least square (LS) mean estimates of location errors (in metres) of seven GPS
receivers recorded at three periods VKRZLQJ VWDQGDUG HUURUV VH DQG I
OHYHOV

GPS Receiver LS mean se df 95% CI

*LSV\ a 12 -
Carter a 12 -
Garmin310 ab 12 -
Garmin920 ab 12 -
i-GotU GT -600 b 12 -
i-GotU GT -120 b 12 -
CatlLog ¢ 12 -

abc YDOXHV ZLWK GLITHUHQW VXSHUVFULSW DUH VLAQLILRDHQWO\ GL
vwbQGDUG HUURU GI GHJUHH RI IlUHHGRP &, &RQILGHQFH LQWH



The arithmetic mean location error in metres for five GPS receivers tested at one, 10, 30 and
HSRFKV DUH VKRZQ; Agpendid X 3H

121

Mean location error
Qo

1 10 30 60
Logging interval

Receiver -+ Carter CatLog -*- Gipsy5 —*— igotU120 igotU600

Figure 3.1 Effects of GPS receiver and logging interval (epoch) on average location
HUURU PHWUHV GXULQJ WKUHH SHULRGV RI VWDWLF WHVWYV (L
LQWHUYDO

Differences in location error (LE) were found among the 20 ‘monitor  -epoch’ categories as

assessed using the Kruskal -:DOOLV MHVW P 3 RY& Dunn test
between the ‘monitor -HSRFK- FDWHJRULHV VKRZHG DQ HSRFK HIIHFW RQ ORF
andi-JRWS8 UHFHLYHUV 7KH ORFDWLRQ HUdé&dhd Wassigniiicsoty *LSV\ DW
less than those at higher epochs (10, 30 and 60 seconds); while location errors at 10 and 30

seconds epoch were different in thei -JRW 8 7DEOH
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Table 3.4 Ranked mean location errors for five GPS receivers tested across four epochs

RlI RQH DQG VHFRQGVY LQ VWDWLF WHVWYV
GPS Receiver 1 10 30 60
Carter ab & & a
i-GotU600 ef f de def
*LSV\ b c c c
i-GotU120 def ef ef ef
CatLog ¢ ¢ o ¢

abecdef *yRXSYV ZLWK WKH VDPH OHWWHU DUH QRW VLJQLILFBQWO\ GLI

hoc test)

7KH ORFDWLRQ DFFXUDF\ |R-econ®apoch ad diffiereht firi@ tHe other three
HSRFKV DQG VHFRQGV WHVWHG

3.4.2 Motion Test — Off-Animal

The Skilings -ODFN + WHVW VKRZHG WKDW WKHUH ZDV D GLIIHU
between the GPS receivers, & p 6XPPDU\ VWDWLVWLFV IRU GLVWDQ
(km) logged from all receivers around the athletics track and posthoc ~ contrast test is presented

L Q 7D E OMaps showing dynamic tests off sheep are shown in Appendix 3 -
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Table 3.5 The distance moved (m) recorded against the inner lane of a 400 metres

athletics track and ¢ ompact letter display following Post

receivers assessed inOff-DQLPDO PRWLRQ WHVW

-hoc Durbin test for seven GPS

Epoch n min max Mean Median SD
Garmin310 10 313 400 3642

*LSV\ 10 400 40220

Carter 10 406 401 40220
Garmin920 10 400 412 be

Catlog 10 640 437 407be

i-GotU GT- 3 407 421 413 411¢

120

i-GotU GT- 10 404 444 423 c

600

abce YDOXHYV ZLWK GLIITHUHQW VXSHUVFULSWY DUH GLITHUHQW IUR

Durbin Post-hoc test p
max=maximum

3.4.3 Motion test — On-animal test

Summary statistics for each receiver during the on-

1RWH Q QXPEHUV RI KRXUV PLQ PLQLPXP

DQLPDO WHVW LV JLYHQ LQ 7DEOH

of GPS receiver was found on distance moved by the sheep mounting the GPS receivers ( &

p

JULHGPDQ WHVW
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Table 3.6 Summary statistics for distance moved (m) by a sheep mounting six GPS

receivers during 13 and 12 hour -periods on two recor ding days respectively

Receiver n min max mean  median SD
Carter 67 264 100
CatlLog

Garmin920 17 310 103 76
*LSV\ 104 339

i-GotU GT -120

i-GotU GT -600 0

Note: n=numbers of hours; min=minimum; max=maximum

From all receivers, the estimated distance moved by the sheep during daytime and sunset

hours did not differ ( W = 3107, p ODQXLWQH\ 8 WHVW DOWKRXJK WKH UF
notallrecorda similar distance moved by the sheep ( H p .UXVNDOOLYV

WHVW 7DEOH

Table 3.7 Ranked mean (SD) distance moved in kilometres by a sheep mounting six
GPS receiver brands during daytime and night- time hours and compact letter display

for contrasts following Post -hoc Dunn test .

Receiver Daylight Night

Carter abe

*LSV\ be ab
i-GotU 120 be ce
Garmin 920 ad d
i-GotU 600 ad d
CatlLog e e

abcde* RXSV ZLWK WKH VDPH OHWWHU DUH QRW VLJQLILFERQWO\ GLIIH
test)

Discussion

3.5.1 Summary of the main results

This study has shown that spatial inaccuracies are still a feature of location estimates derived

from commercially available GPS receivers, although smaller inaccuracies were detected than

72



those of previous studies $GDPV HW DO %UHHG DQG 6HYHUQV &DPS

Forin-:LDUW HW DOWKLV VXJIJHVWV WKDW LPSURYHPHQWY KDYH EHHQ

VWXG\ Rl WKH ORFDWLRQ HVWLPDWHY JHQHUDWHG IHOO ZLWK

of sevenrecHLYHUV WHVWHG LQ VWDWLF WHVWYV 7KLV VXJJHVWV WKDW

SUR[\ IRU PHDVXULQJ VWDWLRQDU\ DFWLYLW\ ZLWKRXW QHHG IRU F

UHFHLYHUV D GLIIHUHQFH LQ PHDVXUHV RI DFFXUEhES\m&DHE LGHQWLII

indicative of the different firmware that run these receivers (Rempel and Rodgers, 1997), it

also shows the non-existence of an industry standard across receiver brands, at least with

UHJDUGV WR WKH SHUIRUPDQFH P HW/thi$déntofRstdted telimppahteé ,QYDULDE

of undertaking performance and accuracy tests on commercially available receivers to identify

units that are most suitable to meet the unique needs of researchers, and to do so in the right

FRQWH[WYV )RU W KvestydtidgtRe\effedrRdf GINS on movement attributes of sheep,

the measures of accuracy investigated in this study show that six of the seven receivers

LQYHVWLIJDWHG ZRXOG SURYLGH ORFDWLRQ HVWLPDWHYV ZLWKLQ PHW
Rl WKH WLPH DQG DSSHDU VXLWDEOH IRU UHVHDUFK LQ D OLPLW

The variability found among receivers contradicts the hypothesis that location estimates would

EH VLPLODU 7KH GLVWDQFH HVWLPDWHV JHQHUDWHG 2KiiffédH DWWDFI
between GD\WLPH DQG VXQVHW KRXUV 7KH SHUIRUPDQFH RI WKH *36
DFURVV WHVWV LQGLFDWLQJ UHSHDWDELOLW\ RI UHVXOWYV IURP W
Importantly, this means there was no evidence to suggestthat  there was a significant animal -
GHSHQGHQW UHVSRQVH WR SHUIRUPDQFH IURP DQ\ RI WKH *36 GHYL
suggest that GPS -based location data is well suited for expanding the understanding of the
movement patterns of parasitised sheep,al EHLW ZLWK VRPH OLPLWDWLRQV WR FRQV|
reiterate suggestions to undertake performance assessments of GPS receivers prior to their

use to track animal movement +HEEOHZKLWH DQG +D\GRQ 7TRPNLHZLF] HV
Consequently, inalimited space resource (< 1 ha), these units can be deployed and used to tag

animals, but in all cases errors in accuracy necessarily need to be considered in the context of

WKH LOQWHQGHG UHVHDUFK TXHVWLRQ

3.5.2 Static tests and the epoch effect

All the receivers recorded their position to within 11 m of previously marked ‘true’ locations at
WKH RQH VHFRQG HSRFK )RU DFFXUDF\ SXUSRVHV GDWD SRLQWYV .
deemed accurate enough for fine -VFDOH DQDO\VLV )UDLU HW DO ions (the:LWK WZR
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*LSV\ D@@stlLGT -600), there was no difference in location errors recorded from GPS
UHFHLYHUV DFURVVY DOO HSRFKV WHVWHG 7H#nd 30-sdoon®Répozis\ ORFDW I
were different for the i -GotU GT -600 is not clear, although the location error at both epochs (10

and 30 seconds) were individually not statistically different from those at one and 60 seconds
UHVSHFWLYHO\ +LVWRULFDOO\ KLJKHU UH \oRfar¥ugéerRagayf®YH QHHGH
for receivers and consequHQWO\ DOORZ PRUH GDWD WR EH FROOHFWHG &DJQ
the likelytrade -RIl LQ DFFXUDF\ WKDW RFFXUUHG L Q -$8§doht époSHVaNdEHW ZHH C
WKRVH ¢« VHFRQGV 2WKHUZLVH HDFK UHFHLYHU VKRZHK@l YDULDWL
HSRFKV WHVWHG ,| WKH FKRLF 6t @idatbndsidipchvas @ Hakétd Bighifioant

impact on battery performance or data storage, for ~ four of the five receivers tested, there would

be no impact on accuracy of increasing the epoch durati RQ )URP SXEOLVKHG UHVXOW
receivers deployed on ruminants seldom use epochs of 1 second; they typical range from 10

VHFRQGVY WR PLQXWHV +DQGFRFN HW DO RU WKH\ UHFRUG OF
SURWRFRO )RU H[DPSOH )GOI|RQHWID®URWRFRO RI IRXU ORFDWLRQ
DSDUW HYHU\ PLQXWHV WR UHFRUG WKH SRVLWLRQ RI HanegothQLPDO LQ
of one secondwould likely impact on the battery performance of the units and that R1 WKH

receivers showed no evidence that accuracy of fix acquisitions at one second epoch performed

better than those at 60 seconds epochs there does not appear to be an advantage to this high

frequency of location data recording for sheep studies with the rece ivers investigated This,

however, does not accountfor HVWLPDWLQJ GLVWDQFH WUDYHOOHG

3.5.3 Motion tests on and off animal

The approach to test the dynamic (in motion) accuracy of the GPS receivers on the athletics

track off -animal was useful in providing an indication for precision in distance travelled as a

PHDVXUH RI PRYHPHQW ,Q VL[ RXW Rl VHYHQFRHHEHWKHQV FPQRD YWKH
P WUDFN zZzDV UHFRUGHG ZLWK WKH *DUPLQ UHFRUGLQJ DQ DYt

OHVV WKDQ WKH WUXH GLVWDQFH ,W LV QRWHZRUWK\ WKDW WKUHI

920, had recorded average distances within five m etres of the 400 m length of the athletics

WUDFN DQG JDYH VLPLODU RU EHWWHU DFFXUDFLHV WKDQ GXULQ

receivers, the findings agree with reports that found better dynamic accuracy than static

DFFXUDF\ IURP *36 GHYHMHNO:HUQHRQYHUDOO GHSHQGLQJ RQ WKH Ut

the decision on which receiver to use appears to be a matter of recognising what trade  -offs (in

VWDWLF RU G\QDPLF DFFXUDF\ FDQ EH DOORZHG WR VDWLVIDFWR
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reseaUFK TXHVWLRQ UHTXLUHG D KLJK GHJUHH RI GHWDLO L H DFFX
WKH QHDUHVW P RU OHVV WKHQ FKRLFH RI *36 UHFHLYHU LV NH\ F
WR EH XWLOLVHG 'HZKLUVW HW DO

3.5.4. Analysing daytime or sunset data

It does not appear that time of day had a detectable impact on location data collected in this

VWXG\ 7KH H[SHFWDWLRQ ZDV WKDW VXQVHW KRXUV WKDW DUH DVYV
IRU VKHHS ZRXOG UHVXOW LQ OH Vibl&dxplandiap Fighvbe @ividedeHG $ SRV
HUURUV DVVRFLDWHG ZLWK UHFRUGLQJ SRVLWLRQV DW RQH VHF
recommended the removal of location data recorded when the animals are at rest and inactive

in order to accurately estimate distance WUDYHOOHG XV L Qthasi®eh BsthOnbitated

that GPS errors during inactivity can artificially increase the cumulative distance between

SRVLWLRQV E\ DSSUR{GdnEKdppl @d Johnson, 2007) $ SRVVLEOH DOWHUQDW
handle this limitation of cumulative GPS errors during inactivity might be to have a threshold -

based data recording system whereby movement data are only recorded above the cut -off for

WKH SUHYLRXVO\ HYWDEOLVKHG ORFDWLRQ HUURUV )RU H[DPSOH
any two successive estimates istwo -WLPHV WKH DYHUDJH ORHARBRMZARGPBJURU IRXC
XQLW ZLWK PHDQ DFFXUDF\ RI P fdd Métancy, HARIG M CHSRBKY HUURU RI
P &RQVHTXHQWO\ WKHUH ZRXOG EH PHULW Ldnétessth@y) DRRIRYHPHQW
m to record true displacement to ensure errors do not influence the interpretations made from

WKH GDWD $ VLPLODU DSSURDFK zZDV WDNHQ E\ %URZQ HW DO
oversampling areas when animals are at ‘rest wi  th too frequent sampling epochs and under

VDPSOLQJ WKH GHWDLOV RI PRYHPHQW SDWKYV ZIheéykisedR Bik-hoatK DW ZHUH
DFFHOHURPHWHU WR SURYLGH DFWLYLW\ GHWDLO LQ DGGLWLRQ WR
location schedule to anim al movement rate, their accelerometer -informed GPS tags reduced

the trade -off between collecting detailed movement data and recording movement data for a

ORQJHU SHULRG RI WLPH

If a threshold -based data recording approach is used, it might present a limitation for the
detection of activity -VWDWHYV IURP *36 ORFDWLRQ GDWD XVLQJ WHFKQLTXHYV
PRGHOV +00V OLFKHORW HW DO GHPRQVWUDWHG WKH XVH RI
RI LQGLYLGXDOV IURP *36 GDWD UHFRU &/krGhdifterernt datuee@ih HSRFKV +
threshold protocol to record GPS data negates the regularity of recorded locations and
FRQVHTXHQWO\ GDWD FROOHFWHG LQ WKLV IDVKLRQ FDQQRW EH IL



this would be to use the so -called threshold protocol to record location data from GPS receivers
alongside a tri -axial accelerometer to provide an indication of the specific activity individuals
DUH SHUIRUPLQJ DW DQ\ JLYHQ WLPH

3.5.5 Implications of GPS performance metrics on investigating the behav ioural

response of sheep to GIN parasitism

Based on the performance metrics for measurements derived from receivers investigated in

this study, GPS location data can allow a number of aspects of GIN parasitism in sheep to be
LQYHVWLJIJDWHG 7R tbRiStetb ad/ancrig fi®current understanding of the impact

of GIN on sheep, distance travelled between infected and uninfected sheep is one variable
UHVHDUFKHUV FRXOG PHDVXUH 7KLV LV SDUWLFXODUO\ XVHIXO L
movement measur HV VXFK DV KRPH UDQJH PD\ EH GLIILFXOW WR H[SORUH C
It is useful for instance to validate the hypothesis that sheep, with even modest worm burdens,

PD\ PRYH OHVV IUHTXHQWO\ DQG JUD]H OHVV WKDQ WKRtvld ZKR DUH
and duration of such a difference, if it exists and is detectable, is vital to answering the

K\'S RW K Hatedéiverl is estimated to have location error of ~ 4 m and a detectable difference

between infected and uninfected animals was found to be > 4 m then the error is possibly not

DQ LVVXH ,I| WKH FRQWUDU\ LV WKH FDVH KRZHYHU RQH ZRXOG KD
WUXH GLIIHUHQFH IURP D *36 UHFHLYHU JHQHUDWHG ORFDWLRQ HUL
estimates occurring within a GPS receiver's  estimated location errormay be ‘swamped’ by such

emors DQG KHQFH OLPLWHG LQIHUHQFH FDQ EH GHGXFHG

GPS location data records when static can be used as a proxy for stationary activity with

VKRUWHU GLVWDQFHV HVWLPDWHG EHWZHHQ ORFDWLRQV $QGHUVRH
UHODWLRQ WR *,;1 SDUDVLWLVP LQ D QXPEHU e &BWinf¢&idcsh H{DPSOH
on the site or patch of pasture a GPS tagged animal chooses to graze could be investigated in

UHODWLRQ WR JHRORFDWHG IDHFDO SDWV DQG GHULYLQJ GLVWDC
preference for pasture type based on parasite load or immune status could be investigated by

determining how much time animals spend in paddock sections sown by pasture of differing

QXWULHQW TXDOLW\ 7KH ODWWHU FDQ EH XVHG WR WHVW WKH K\S
feed more selectively in order t o proportionally increase the protein content of their diet and

WKXV SDUWLDOO\ FRPSHQVDWH IRU UHGXFHG IHHG LQWDNH 6XFK I
&RVJIJURYH DQG 1LH]HQ LQ 1H ZalkdA®IDIDBG0 Xeds@d dey matter

feed intake per day whereas Thamsborg and Agergaad (2002) used a rising -plate meter to
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measure post-JUD]LQJ VZDUG KHLIJKWV 7R GDWH IHZ VWXGLHV KDYH XVH(
WKHVH YDULDEOHV LQ UHODWLRQ WR SDUDVLWLVP /LGGHOO HW D¢
demonstrate that sheep with lower parasite burdens spent more time at grazing locations with

KLIJIKHU YHJHWDWLRQ JURZWK WKDQ WKHLU PRUH SDUDVLWLVHG FR

A more direct approach for utilising GPS receiver records of stationary activity is to compare

the amount of static location data recorded for infected individuals with those recorded for
XQLQIHFWHG FRQWUROV 7KLV FRXOG EH XVHG DV D SURJ[\ IRU WLPH
to be significantly less in young cattle subclinically infected with *»1 )RUEHYV $JDLQ D
careful consideration of location errors (as tested in static tests) needs to occur prior to use as a

proxy, especially if a difference in (non)movement between infected individuals and their

uninfected counterparts occurs within the range of the location error found associated with a
UHFHLYHU-V UHFRUGV

6 Conclusion

The investigations carried out in the present study allowed the evaluation of static and motion

performance metrics from commercially available GPS receivers,on  DQG RII DQ DQLPDO VXEMI
Off-animal tests performed against the athletic track proved an effective novel technique in

DOORZLQJ SHUIRUPDQFH WHVWYV LQ PHDVXUHV RI GLVWDQFH :LWK R
that the epoch lengths of 10 seconds and above negatively affected the resolution of location
HVWLPDWHV OHDVXUHV RI GLVWDQFH HVWLPDWHG IURP WKH UHFHLY
VLPLODUO\ 2YHUDOO WKH HYLGHQFH VXJJHVWV WKDW WKH JHQHU
negligible effect on the quality of the location estimates from the receivers in comparison to
HVWLPDWHV LQ WKH VWDWLF WHVW DQG PRWLRQ WHVW RQ WKH
time of day on the receivers’ estimation of the ewe’s travel distance, indicatingtha ~ tamovement

threshold recording protocol might be necessary to reduce oversampling location estimates

ZKHQ WKH DQLPDO LV DW UHVW 2YHUDOO WKH ILQGLQJV RI WKH FXL
in conducting performance assessments on GPS receivers when using these tools to answer

research questions, such as to expand understanding of the effect of nematode parasites on

PRYHPHQW DFWLYLW\ RI LQIHFWHG VKHHS 3UDFWLFDO LQVLJKW
parasitised animals might further show the int  erplay of parasite -host mechanisms and how

KRVW EHKDYLRXUVY DUH DOWHUHG ,W PD\ DOVR EH SRVVLEOH WR LQI
KRVW RU SDUDVLWH ,Q VKHHS WKHVH PHFKDQLVPV UHPDLQ SRRUO\ |

distance in this stud y shows it is possible to see how parasites alter this measure in infected
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KRVWV 8QGHUVWDQGLQJ WKH HIIHFW RI VWDWLF DQG G\QDPLF YDUL
an animal’s temporal movement budget is important and has provided context on how | ocation
GDWD ZLOO EH FROOHFWHG DQG DQDO\VHG JRLQJ IRUZDUG



CHAPTER4AWHAT ARE EWE LAMBS DOING? IDENTIFICATION OF
SHEEP ACTIVITY ON PASTURE USING THE ACTIGRBRFB WGT3X
ACCELEROMETER

Abstract

Atri -axial accelerometer sensor was evaluated for its ability to identify the diel activity pattern

RI'\RXQJ VKHHS RQ SDVWXUH 7KH VWXG\ FRPSULaMIGWSER SKDVH\
fitted with an accelerometer mounted on a neck collar, at the same time their activity types
were vi deo recorded and classified into mutually exclusive categories: grazing, standing, lying,

ZDONLQJ RU RWKHU 7KH UDZ ; <DQG = D[LV YDOXHV IURP WKH DFFH
to classify the activities using Random Forests without transforming the original data, using

WKH YLGHR REVHUYDWLRQV DV WKH JROG VWDQGDUG WR WUDLQ [
prediction model was built to classify behavioural activity of sheep fitted with this tri- axial
DFFHOHURPHWHU VHQVRU ,Q SKDVH VKHHS ZHUH HDFK ILWWHG
GLIIHUHQW ERG\ ORFDWLRQV QHFN FROODU ERG\ KDUQHVV DQG Kt
developed in phase 1 from the neck location was used to infer the sheep activity from raw

accelerometer data recorded continuously for three days, for all three locations and the results

ZHUH FRPSDUHG ,Q SKDVH WKH FODVVLILHU UHWXUQHG DQ RYHUDC
WR WKH JROG VWD QG DU Gier agcLirdcyRaéb! &¢Bieved \iherihve\categories lying

and standing where combined into one category — YJUHVWLQJ- :LWKLQ WKH FODVVLIL
DFWLYLW\ ZDV SUHGLFWHG ZLWK DQ DFFXUDF\ RI TUHVWL
phase 2, there wa s no significant difference in the daily proportion of time inferred for ‘grazing’

and ‘resting’ activity between using accelerometer data from collars versus head halters (beta

=- p DQG EHWD p UHVSHFWLYHO\ ZKdg@tiforwialkihgV LPH E
ZDV RYHUHVWLPDWHG DW WKH KHDG KDOWHU RRFDVWWRQLVEH WD HUU
from body harness, there was no significant difference with neck collars in inferring ‘walking’

(p ZKHUHDV fJUD]LQJ- Zdled ax@)dstngtoveréstimated using a body

KDUQHVV 7KHVH UHVXOWY GHPRQVWUDWH W kBT Txé&dishrigwsh R1 WKH $F
different activitesinewe -ODPEV XVLQJ UDZ ; < DQG = DFFHOHURPHWHU GDWI
diel activity patternofshe HS RQ SDVWXUH 7KLV RXWSXW FDQ EH DSSOLHG LQ
LQYHVWLIJDWH DQLPDO KHDOWK DQG ZHOIDUH PHWULFV
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| ntroduction

Monitoring of animal activity ~ using non-invasive technologies such as accelerometers can

provide an indicator of optimum health, welfare and production MF/HQQDQ HW DO
:DOWRQ HW OD&HVH WHFKQRORJLHV DUH ZLGHO\ XVHG LQ ZLOGOLIH
DO JAMR HW DO DQG LQ DQLPDO VFLHQFH VWXGLHV &KDSLC
HW DO %DLOH)\ to9\WfeDte behavioural responses of host animals to their
LQWHUQDO DQG H[WHUQDO HQYLURQPHQWYV

In domestic sheep, accelerometer data has been used to classify the activity of Merino sheep
RQ SDVWXUH L H JUDJLQJ YHUVXV O\LQJ YHUVXV VWDQGLQJ LQ

$OYDUHQJD HW DO %DUZLFN HW DO D 7KHVH VWXGLHV
patterns, usually associate G ZLWK D SDUWLFXODU FRQWH[W H J HIIHFW RI RS
OHUEHHN HW DO DQG GHWHFWLRQ RI ODPHQHYV

parasitology, measurements of fractal measures of activity in sheep demonstrate  behaviour

have demonstrated that the relative time spent idling or grazing was indicative of parasitic

LQIHFWLRQ LQ \RXQJ FDWWOH )RUEHV HW DO +RZHYHU WKHV}

for parasitology studies in pasture -EDVHG VKHHS 7KH $FWIBTE DiS#&ialZz*7 ;

accelerometer was mounted on ram mating harnesses to investigate the impact of subclinical

OHYHOV RI JDVWURLQWHVWLQDO QHPDWRGH LQIHFWLRQV RQ WKH I
6 X Elinically parasitised sheep showed a reduction in overall activity estimates

PHDVXUHG DV G\QDPLF YHFWRULDO ERG\ DFFHOHUDWIER® 9H'%$

triaxial accelerometer has been used in proximity studies investigating contact between lambs

DQG HZHV 3DJDQRQL HW DO +HUH ZH DLPHG Dt determining different ac

pastured sheep in order to allow investigations on the influence of parasites on these

EHKDYLRXUDO DWWULEXWHY (DFK VSHFLHV @tidlldatd \and QenaeK HLU VL JQ

the developments made in other VSHFLHV +RUVHV ORUULVRQ HW DO DQG G

DO FDQQRW EH DSSOLHG WR VKHHS

For the limited studies reported to date, accelerometers have been applied to sheep using

GLIITHUHQW DWWDFKPHQW ORFDWLRQV D Qas bderdaggdsteddtiatfodt DGYD QW |
an accurate indication of individual energy expenditure, accelerometers should be placed close

WR WKH FHQWUH RI PDVV %URZQ HW DO VXFK DV RQ D KDUC
positioned the Actigraph on aram mating ha  rness to infer overall activity of sheep in response

WR SDUDVLWLVP ,NXULRU HW DO +RZHYHU WKHuBODRDFHPHQW F



OLPLWYVY WKH FROOHFWLRQ RI LQIRUPDWLRQ RQ KHDG PRYHPHQW D\
on-farm purp oses it is likely that accelerometers will most likely be included in some form of

HDU WDJ %DUZLFN HW DO D 7KH GRZQVLGH WR WKLV ORFDWLRCQ
ZLWK VPDOO HDU DQG KHDG PRYHPHQWYV $WWD FlatvjlEapifeH DFFHOHU
VRPH KHDG PRYHPHQW EXW ZLWK OLPLWHG LQIRUPDWLRQ IURP PLQR
use of classifier models developed in one placement form have not been applied to other
SODFHPHQW ORFDWLRQV $V FRPPHU F L DdifeizftRhimaHodiéhsl WwdHUY DUH XV
worth knowing how classifier models developed in one placement location performs at others

WR LQIRUP XWLOLW\ DFURVV FRQWH[WYV

The aim of the current study was to build prediction models to classify activity of Perendale

sheep at pasture fitted with a neck collar mounting the Actigraph wGT3X -BT® tri -axial
DFFHOHURPHWHU $ SUHGLFWLRQ PRGHO ZDV GHYHORSHG IURP UDZ
WR FODVVLI\ GLIIHUHQW EHKDYLRXUDO DFWLY LW sidg\V)$Hdtvaw7 KLV VW XG
unmanipulated acceleration data could be used to create an accurate classification model

capable of inferring diurnal activity patterns of sheep (Phase 1); 2 that the classification model

developed from accelerometers attached to neck col lars can be applied to infer activity from
DFFHOHURPHWHUY ORFDWHG RQ KHDG KDOWHUVY DQG RQ D ERG\ KDL

M aterials and methods

The study was conducted at the Massey University sheep unit, Palmerston North, New

=HDODQG Y - u6 Y - p( PHOHYDWLRQ EHWZHHQ -XO\ DQG
LV GXULQJ ZLQWHU DW WKLV ORFDWLRQ (WKLFDh@ired®dRy DO WR FR
ODVVH\ 8QLYHUVLW\ $QLPDO (WKLFV &RPPLWWHH 3URWRFRO 1R

4.3.1 Study animals and design

The study comprised two phases: a classification model development phase (P1) and a second

phase (P2) to test model performance for different  body locations of the accelerometers in
LGHQWLI\LQJ GLXUQDO DFWLYLW\ RI VKHHS ZLWK WKH FROODU DV \
six Perendale ewe-ODPEV DW DSSUR[LPDWHO\ RQH \HDU RI DJH 7KH ODPEV Z}
DQLPDOV JUDILQJRVMR3IHWKHHAH ODPEV IURP WKH VDPH FRKRUW ZHUH
were treated with anthelmintics just prior to the study and had received a standard

combination clostridial and leptospirosis vaccine (Ultravac ©® L Q =RHWLV 1= ,QF DV
topical insecticide (Clik ® (ODQFR $QLPDO +HDOWK 1= /WG WR SUHYHQW IO\ V



D PHDQ OLYHZHLJKW RI NJ 6' NJ 7R DOORZ YLVXDO LGHQW!I
distance, each ewe lamb was coat -sprayed visibly with a unique colour and numbe  ron the hind

guarter and lateral sides using scourable spray -mark (Leader Stock Marker)

4.3.2 Accelerometer

For P1 an ActiGraph wGT3X -BT®acceleration sensor (ActiGraph, LLC, Pensacola, FL, USA)

that measures accelerations from the individual's amplitude J DQG IUHTXHQdring] RI
movement across the vertical, horizontal, and perpendicular axes was attached onto the top

side of a neck collar with a cable tie, and in P2 two additional monitors were fastened to a head

halter and a ram mating harnessr HVSHFWLYHO\ )LJXUH

Figure 4.1 The position of the Actigraph tri -axial accelerometer on 1 (head halter), 2
(neck collar) and 3 (body harness) and the axis orientation at each position in relation to
WKH DQLPDO:V ERG\

The sensor on the collar employed a reference system that indicates longitudinal (front ~ -to-back
or surge, X), horizontal (side -to-VLGH RU VZD\ < DQG YHUWLFDO XS DQG GRZQ
axes, respectively (ActiGraph Manual, version $XIXVW %HIRUH DWWDFKLQ
sensors to the sheep, they were pre -scheduled to collect acceleration data at a sampling rate of

+] ZKLFK LV HTXLY Datahp@it8 p RVHFRQG 7KH DFFHOHURPHWHUV ZHUF
mm in size and weighed 19 J 7KH RULHQWDWLRQ RiheWwdid VHAOQRANRW D TOWKHHS
For comparison in P2, the accelerometers on the withers (body harness) have longitudinal

(front -to-back or surge, YY), horizontal (side -to-side or sway, X) and vertical (up and down or



heavH = ERG\ D[HV ZKLFK LV f GLIIHUHQW WR WKH QHFN FROOD!
accelerometers have longitudinal (front -to-back or surge, X), horizontal (side -to-side or sway,
= DQG YHUWLFDO XS DQG GRZQ RU KHD YTHis diff dfdR¢@ \nDriemtdtiod HV SHFW LY
ZDV FRUUHFWHG DQG DFFRXQWHG IRU SULRU WR DQDO\VLV

4.3.3 Behaviour ethogram

Four categories of behaviour were defined aprioi EDVHG RQ SUHYLRXV ZRUN E\ %DUZ]
b DQG $OYDUHQJD HW DO Lisgh&/id@dHdategbRed-drlieGda fidm
DFFHOHURPHWHU\ DIJDLQVW EHKDYLRXUDO REVHUYDWLRQV 7KHVH F

1 Grazing—+HDG GRZQ ZKLOH VWDQGLQJ VWLOO RU VORZO\ PRYLQ
ingesting grass with the muzzle close to the ground

2 Standing -StDQGLQJ ZLWK KHDG XS! VHFV PLQLPDO KHDG PRYH

3 :DONLOQYHDG XS ZKLOVW ZDONLQJ DW D VORZ SDFH UXQQLQJ
raised at or above horizontal plain and eyes open (to include scanning)

4 Lying —lying down with minimalh  ead movement
Other - LQFOXGLQJ VFUDWFKLQJ SOD\LQJ HWF

4.3.4 Data recording and management

JRU HDFK SKDVH RI WKH VWXG\ UDZ DFFHOHUDWLRQ GDWD FRQW
LQWHJUDWHG LQWR ILYH VHFRQG HSRFKV DifédRady positonDi@G = D[HV D
VKHHS

4.3.4.1 Model classification phase (P1)

7KUHH H[SHULPHQWDO WHVWV (7 ZHUH FRQGXFWHG /DPEV ZHUH LC
KROGLQJ SHQ (7 7ZR RU ZDONHG WKURXJK D ODQH zZD\ (7 7KUHH
capture a target activity, with grazing, standing and walking corresponding to ETs One, Two

DQRG 7TKUHH UHVSHFWLYHO\ $0OO VL[ ODPEV ZHUH ILOPHG GXULQJ W
were made using a Samsung NX300 digital camera (Samsung Electronics America, ,QF $0O0
REVHUYDWLRQV ZHUH FRQGXFWHG GXULQJ GD\OLJKW KRXUV 7KH VW
VHVVLRQV SHU GD\ LV VKRZQ LQ 7DEOH 9LGHR REVHUYDWLRQV Z}
distance using the camera’s zoom lens in order to avoid disturb DQFH RI WKH VKHHS $O0OWKI
experiment One was designed to capture grazing activity, all other activities were also

FDSWXUHG GXULQJ WKLV WLPH /\LQJ DFWLYLW\ ZDV RSSRUWXQLV



PRUQLQJ SHULRG $ PHDQ 6' RI eo was recordeR forydah individual,
JHQHUDWLQJ D WRWDO YLGHR WLPH RI a KRXUV PLQXWHVY 7DE
defined in section 433 DOO YLGHRV ZHUH ZDWFKHG DQG FRGHG E\ WKH VL
activity profile of each animal was cre ated from videos by annotating and coding activity type

DW ILYH VHFRQGYV LQWHUYDO usihy CALOH® Ak pRrSauN et StRdrd for

FRGLQJ EHKDYLRXUV IURP GLJLWDO YLGHR +IQQLQHQ DQG 3DVWHOC

Table 4.1 Starting times and duration of focal behaviour observation sessions recorded
by video across three experimental periods on ewe lambs (n=6) fitted with a collar
mounting an Actigraph ® wGT3X-%7 DFFHOHURPHWHU VHQVRU

Date Focal behaviour Start End Duration (mins)

Grazing 14:09:40 14:39:30

Grazing

Lying 31:00
Standing

Standing

:DONLQJ 17:03
Grazing

Grazing

Grazing 14:19:10 14:34:10

4.3.4.2 Within -observer reliability test

This test measures the extent to which a single observer obtains consistent results when
UHSHDWHGO\ PHDVXULQJ WKH VDPH EHKDYLRXU ODUWLQ DQG %DWH
observer agreement was tested using Kappa statistic by calculating the level of agreement of

actLYLW\ DQQRWDWLRQV XVLQJ D VXEVHW RI PLQXWHV SHU DFWLYL
FRPSDUHG WR DQQRWDWLRQV IRU DFWLYLW\ RI WKH VDPH |
7TKHUH zZzDV D WLPH LQWHUYDO RI PRQWIKW\ ERGLDH HTKHN |
percentage of exact agreement between the first and second coding of the same behaviour by

the observer was calculated, and the within-  observer variability was assessed using intra  -class

confusion matrix and kappa coefficients ( N (&RKHQ .DSSD UHVXOWV ZHUH LQW
DFFRUGLQJ WR )OHLVV ZKHUH YDOXHV ! VXJIJHVWHG fH[FHOO|
JRRG:- DQG LQGLFDWHG fSRRU: OHYHOV RI DJUHHPHQW



4.3.4.3 Collection of accelerometer data from different b ody locations (P2)

The sensor data from each body location were collated for a 72 h period commencing at 0900
KU RQ WKH GD\ RI DWWDFKPHQW RI WKH VHQVRUV WR WKH ODPEV L
GDLO\ EORFNV WKDW LV SHU KWEW PRIQMWAQREUBW LRERRH WKH ; < [
GLIIHUHG EHWZHHQ DWWDFKPHQW PHWKRGY :H DGMXVWHG IRU WI
FODVVLILFDWLRQ PRGHO zZzDV DSSOLHG WR GHGXFH DFWLYLW\ W\SH\
separately compared the activity b udget for the head halter and the harness to the activity

EXGJHW RI WKH FROODU

4.3.5 Statistical analysis

$00 GDWD FRPSXWDWLRQ DQG VWDWLVWLFDO DQDO\VLV ZHUH FRQC

4.3.5.1 Descriptive statistics

The frequency of occurr ence of the coded activity were described and two -dimensional plots

were used to describe the relationship between activity types andthex -y, x-zandy-] D[HV

4.3.5.2 Phase One —Building classifier model

$FWLYLWLHV FODVVLILHG DV 1 Rdur Hotest ZHpatkaddHBrRONMFGesth D
%UHLPDQ HW DO ) was used to develop an activity classification model using the raw X, Y
DQG = DFFHOHURPHWHU GDWD WR SUHGLFW Bt&sé livining\ W\SHV
LWHUDWLRQV 7KLV PHW K-Bfkat; r®CektimatiQvidkroBusiand unbiased
LQIHUHQFHV ,Q HDFK LWHUDWLRQ UDQGRP IRUHVW UDQGRPO\ VDP!
WKHQ FRPELQHV WKH RXWSXW DW W KuttoftbgpGandokhHorBsK o8l W R1 WKH
(hereafter called ‘classifier’) was then used to predict behaviours using the entire labelled
dataset, and model predictions were compared to the gold standard (video observations) to
compute a confusion matrix to evaluate thH SHUIRUPDQFHV RI WKH FODVVLILHU 7ZR
used for overall classifier performance (across all activities): the overall accuracy and overall
PLVFODVVLILFDWLRQ UDWH 7R HYDOXDWH WKH SHUIRUPDQFH RI WKF
type separately, four performance metrics were calculated DV RXWOLQHG EHORZ LQ (TXDW

WR:
Sensitivity=TP /(TP+FN) Equation 41

Specificity=TN/(TN+FN) Equation 42



Precision= TP /(TP+FP) Equation 43
Accuracy= (TP+TN) /(TP+TN+FP+FN) Equation 44

+HUH 73 WUXH SRVLWLYH FRUUHVSRQG WR WKH QXPEHU RI HSRFK
ZDV FRUUHFWO\ SUHGLFWHG E\ WKH FODVVLILHU 71 WUXH QHJDWL
the behaviour of interest was correctly classified as not having occurHG )1 IDOVH QHJDWLYH
are the number of epochs where the behaviour of interest was observed but not inferred by the

FODVVLILHU )3 IDOVH SRVLWLYH DUH WKH QXPEHU RI HSRFKV ZKHU
inferred by the classifier but not observed 7R IXUWKHU YDOLGDWH WKH SUHGLFW
classifier model, a “leave -one-out” cross-validation was used based on individual sheep

UHPRYDO DV WKH REVHUYDWLRQV ZHUH FOXVWHUHG E\ LQGLYLGXDC
were removed sequentially from the labelled dataset, the model was trained using the

UHPDLQLQJ ILYH ODPEV DQG YDOLGDWHG RQ WKH LQLWLDO ODPE UF

4.2.5.3 Phase Two

For P2, the daily activity budgets (proportion of time spent  grazing, resting, and walking) were

calculated foreach HZH ODPE Q DQG FRPSDUHG EHWZHHQ DFFHOHURPH
components of compositional data, such as activity budgets, sum to 1 The daily proportions of

each activity were summarised as mean per hour of day and described for each placement of

WKH VHQVRU RQ WKH DQLPDO-V ERG\

A Dirichlet regression with log link was then fitted to model the relative hourly proportion of

time spent in each activity for each sheep, as a function of the accelerometer placement and

WKH GD\ $V WKH Ryr@liza¥idd ofltie hekh distribution, the Dirichlet distribution

accounts for the numerical constraint associated with compositional data such as activity

EXGIJHWV ZKRVH FRPSRQHQWYV VXP WR 5HIXODU HW DO DQC

assessment of the effects of covariates on the relative contribution of multiple activities
*XHRUJXLHYD HW DO 7KH 5 SDFNDJH f'LULFKOHW5HJ:- ODLHU

response variable ‘activity budget’ (hourly proportion of performing the acti vities) and the

explanatory variables were ‘position’ (head halter and body halter, reference=neck collar) and

1GD\:- WKH WULDO ZDV UXQ IRU FRQVHFXWLYH GD\V



4 Results

4.4.1 Descriptive statistics for Labelled dataset and 2 -D plots (Phase 1)

The activity budget is shown in Table *UD]LQJ- ZDV WKH PRVW IUHTXHQW DFW
data described in two -dimensional plots( )LJXUH EDVHG RQ HDFK SWDGEAWFR3J L H ;
Y-= D[HV ZKHUH ; < DQG = D[HV FRUUHVSRQG WR D[LV DJ[LV DQG DIl

Table 42 SHUFHQWDJH FRQILGHQFH LQWHUYDO R4ttRt HUDOO W1
were classified as ‘grazing’, ‘lying’, ‘standing’, ‘walking/running’ or Other from filmed
HZH ODPEV

Activity Percentage (95 % CI)
Grazing WR
Lying WR
Standing WR
‘DONLQJ 5XC WR

Other W R
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4.4.2 Within- observer agreement test

A summary of the activity data recorded by one observerontwo RFFDVLRQV PRQWKY DSD

isshownin 7DEO#H 7KH RYHUDOO DFFXUDF\ EHWZHHQ WKH ILUVW DQG VH
:DONLQJ DQG VWDQGLQJ EHKDYLRXUV ZHUH WKH PRVW IUHTXHQW

misclassification error ” EHWZHHQ WKWILDFPWIZKH .DS6D Y Buggests that

there was ‘excellent’ agreement between the first and second coding Rl WKH VDPH REVHUYHU

Table 4.3 Count of activity for four ewe lambs at five seconds interval over a one-  hour
SHULRG 2EVHa§DEN RRWWREVHUYHU RQ WZR RFFDVLRQV PRQW|

1st Coding
2nd Coding Grazing Lying Standing :DONLQJ 5X( Total
Grazing 173 0 0 0 173
Lying 0 177 0 0 177
Standing 0 0 6
:DONLQJ 5% QQb 0 3 133 136
Total 173 177 139 642

4.4.3 Random Forest model

The best out-of-bag classification model (classifier) was derived by combining standing and

O\LQJ EHKDYLRXU LQWR RQH EHKDYLRXU fUHVWLQJ- 7KLV LPSUR
PLVFODVVLILFDWLR-Q@intehsional s¢atter plots of ‘grazing’, ‘walking’ and the newly

categorized ‘resting’ extracted from the accelerometers mounted on neck collars using raw X,

< DQG = DFFHOHUDWLRQ YPOXHW DUH VKRZQ LQ
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The confusion matrix of the final model predictions against the observed activities (video

recorded) is shownin 7DEOH

Table 4.4 Confusion matrix of the best classifier using random forest, showing the

predicted activity for neck collar- mounted accelerometers recording activity for six  sheep

GXULQJ IRXU VDPSOLQJ GD\V VHFRQGYV HSRFKV 9DOXHV DFUR
UHSUHVHQW WKRVH DFWLYLWLHY WKDW ZHUMWalteR lnthel FW O\ LGHQV
PDWUL[ DUH WKH QXPEHU RI HSRFKYV

Predicted activity
Observed Grazing Resting :DONLQJ
activity
Grazing 4562 139
Resting 4650 103
‘DONLQJ 772

Out-of-EDJ PLVFODVVLILFDWLRQ UDWH

7KH FODVVLILHU SUHGLFWHG DQ RYHUDOO DFWLYLW\ DOORFDWLRQ
TUHVWLQJ- DQG fZDONLQJ UXQQLQJ- WR FRPSDUH WR DQG
REVHUYDWLRQV 7KH SHUIRUPDQFH PHW Udr mddéi di@ack acivity G TURP WK
shownin 7DEOH

Table 4.5 Performance metrics of random forest classifier algorithm for grazing, resting
DQG ZDONLQJ DFWLYLWLHV RI HZH ODPEV

Behaviour ~ Accuracy  Precision  Specificity Sensitivity

Grazing
Resting
:DONLQJ

4.4.4 |eave-one-out cross validation by individual sheep removal

7KH RYHUDOO DFFXUDF\ IRU HDFK URXQG RI SUHGLFWLRQ ZDV .DS
.DSSD &, WR .DSSD &, WR .DSSD &
WR .DSSD &, WR DQG .S SDWR UHVSHFWLYHO\

7KLV UHVXOWHG LQ D PHDQ PRGHO SUHGLFWLRQ DFFXUDF\ RI
random forest models analysed at the level of the individual ewe -ODPEV L H WUDLQHG E\ |
individuals’ labelled dataset to predictth e sixth individual) is shownin 7DEOH6
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Table 4.6 Performance of the random forest classification algorithm predictions across
LQGLYLGXDO HZH ODPEV Q 'DWD VKRZQ IRU HDvbK ODPE ZKHQ
XVHG WR GHYHORS WKH DOJRULWKP

Grazing Resting :DONLQJ
Lamb
n $FF 3UHF6SHF6HQVS$FF 3UF6SH 6HQ $FF 3UHI6GSHF6HQ\

1

2

3 2146

4 1717

6

Q QXPEHU RI SUHGLFWLRQV PDGH IRU LQGLYLGXDO ODPE $FF §
6SHF 6SHFLILFLW\ 6HQV 6HQVLWLYLW\

4.3.5 Testing the classifier model performance at alternative body positions

(phase 2)

The daily activity budgets deduced (proportion of time spent ‘grazing’, ‘resting’,
and ‘walking’) using the classifier developed in Phase 1 from the accelerometer data obtain  ed
by fitting the accelerometer to a collar (neck, as reference), a halter (head) and a harness (body)

are presented in 7DEOH

Table 4.7 The average daily time spent grazing, resting and walking for thre e days
recorded by tri -axial accelerometers positioned on a neck collar, head halter and body
KDUQHVV RI HZH ODPEV Q

o Position
Activity
Collar +DOW +DUQF
Grazing
Resting
:DONLQJ

The proportion of each activity summarised per hour of day for each position of the sensor on
the animal’'s body is shownin )LIXUH8 &ROODUV DQG KDOWHUV SURGXFHG VLPL
WLPH VSHQW LQ HDFK DFWLYLW\ W\SH +ReAd-heddleiomdterywe@WYV GHUL)Y
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GLITHUHQW IRU DOO WKUHH DFWLYLW\ W\SHV 5HVWLQJ:- ZDV VWURQC
WZR W\SHV ZHUH VWURQJO\ XQGHUHVWLPDWHG
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Figure 4.4 Mean daily activity budgets of ewe lambs (n=10) per hour of day allocated to

three activities monitored for 72 hours with tri ~ -axial accelerometers at three positions
RQ WKH DQLPDO:-V ERG\



Results of the multivariable Dirichlet model to compare acceleromet  er body placements are
SUHVHQWHG LQ7KBEODPGLFDWH WKDW SUHGLFWLRQV RI JUD]LQJ DQG UH
VWDWLVWLFDOO\ GLITHUHQW XVLQJ DQ DFFHOHURPHWHU®NQ D KHDG
the other hand, the predicted daily proportion of time spent walking was significantly different

EHWZHHQ WKH KHDG KDOWHU DQG FROODU &RPSDULQJ WKH KDU
SURSRUWLRQ RI WLPH VSHQW JUD]LQJ WLPH DQG UHVWLQJ ZHUH VLl
walkingtime GLG QRW GLIIHU EHWZHHQ KDUQHVY DQG FROODU GHULYHG

Table 4.8 Result of the Dirichlet regression model of the relative allocation of daily
activities (grazing, resting, walking/ running) for 10 sheep over GD\V VWXG\ SHULRG
5HIHUHQFH FDWHJRU\ IRU WKH PRGHO LV WKH QHFN FROODU

Estmate SE p

Grazin

(Intercept) -
3RVLWLRQ + -
3RVLWLRQ + -
Day

Resting

(Intercept) -
3RVLWLRQ + -
3RVLWLRQ +
Day

Walking

(Intercept) -
3RVLWLRQ +
3RVLWLRQ +
Day

Discussion

Results from this study show the utility of tri  -axial accelerometers in quantifying the diel

DFWLYLW\ RI VKHHS RQ SDVWXUH $FFHOHUDWLRQ GDWD ZDV XVHG W
classes performed by ewe lambs, withthedie O SDWWHUQ RI VKHHS DFWLYLW\ FDSWX
IRUHVW FODVVLILFDWLRQ DOJRULWKP FODVVLILHU KDG DQ RYHUDC
YLGHR IRRWDJH WKDW UHFRUGHG WKH EHKDYLRXU DW WKH VDP



DQG = DFFHO HdcBr\be Rs@d @ Develop classification algorithms for grazing, resting

and walking activity of Romney sheep on pasture, without transforming the data with the

FUHDWLRQ RI VXPPDU\ IHDWXUHV 7UDGLWLRQDOO\ ; < DQG = D[LV
summary features such as entropy, pitch, roll, signal magnitude area (which distinguishes

between periods of activity and rest) and signal vector magnitude (which indicates the degree

RI PRYHPHQW LQWHQVLW\ 7KHVH DUH WKHQ HYD eyl DQG VX
SUHGLFWLRQ RI DFWLY Lalgw fds boQ dirfed réRtlonshpa/béetween the covariates

DQG WKH RXWFRPH EHKDYLRXU FODVV PHPEHUVKLS SUREDELOLW\
This classifier was extended to accelerometer data at two other placement positions to predict

DFWLYLW\ EXGJHWV RI ODPEV ZKLFK LV GLVFXVVHG EHORZ

*UD]LQJ DFWLYLW\ KDG WKH ORZHVW PLVFODVVLILFDWLRQ UDWH

E\ WKH FODVVLILHU :LWK D FODVVLIUBDWIQRQDSEVHFILW\RZDRIKRZHYHL

less precisely predicted than resting, which was likely due to grazing having a higher rate of

IDOVH SRVLWLYHV WKDQ UHVWLQJ :DONLQJ ZDV PLVFODVVLILHG DV

classification model developed from the collar position, which may be attributable to the fact

WKDW VKHHS RIWHQ TXLFNO\ DOWHUQDWH EHWZHHQ PRYLQJ ZLWK K

It is plausible that this difficulty in differentiating these two activity types with higher

resoluions UHODWHYV WR WKH VDPSOLQJ IUHTXHQF\ 8VLQJ D GLIIHUHQW
D IRXQG WKDW SHUIRUPDQFH PHDVXUHV IRU ZDONLQJ EHKDYLR?>

DFFXUDF\ SUHFLVLRQ DQG VHQVLWLYLW\ RI Ds&udy, UHVSHF)

DOWKRXJK ZDONLQJ zZzDV RQO\ SUHGLFWHG FRUUHFWO\ RI WKH WI

WR PDLQWDLQ LW DV D SUHGLFWHG FDWHJRU\ $OVR LW ZDV WKH

JUD]LQJ EHKDYLRXU DSDUW IURP RWKHU DFWLYLWLHYV

Conversely, WR LPSURYH WKH DFFXUDF\ R stahdih ahdd QityOveie@aribiédV K P

LQWR D fUHVWLQJ:- FDWHJRU\ 7KH DFFHOHUDWLRQ VLJQDOV RI fVWI
in )LIXUHand )LIXUH 7KLV ZRXOG H[SODLQ WK HetRéer baihatagbrlessFDWLRQ E
DQG KHQFH ZzDUUDQW FRPELQLQJ WKH FDWHJRULHV 7KLV UHFDWHJR
fUHVWLQJ: LPSURYHG ERWK WKH DFFXUDF\ DQG SUHFLVLRQ RI Wt
UHVSHFWLYHO\ %DUZLFN HWiIlabdpproach &nd\Ai$e RbrgBd W Elassifications

RlI O\LQJ DQG VWDQGLQJ EHKDYLRXU LQWR 'LQDFWLYHp EHKDYL
signal only differs at the collar position where animals lay down, but once they stand or are

lying the X, Y DQGW.JQDO LV WKH VDPH 2YHUDOO WKLV LPSRUWDQW C
inactive states, could also be importantinon -IDUP PDQDJHPHQW DV LQGLFDWRUV RI K
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:KHQ FRPSDULQJ WZR RWKHU DFFHOHURPHWHU SODFHRH&W SRVLW
OHDVW RQH DFWLYLW\ I[UHTXHQF\ ZDV QRW GLIITHUHQW 2Q
developed at the collar position was robust enough to capture activity budgets at other
DFFHOHURPHWHU SODFHPHQW SRVLWLRQ +RZHYHU FDUH LQ LQWEF
EHFDXVH WKH RWKHU SODFHPHQW SRVLWLRQV ZHUH QRW FRPSDUHG
The results suggestthat OLWWOH DFWLYLW\ PD\ KDYH EHHQ UHFRUGHG DW Wi
resting was overpredicted, with grazing acWLYLW\ XQGHUSUHGLFWHG $ VLJQLILFC
between collar and harness for walking activity may have been seen because it was a rarely
SUHGLFWHG EHKDYLRXU 6LQFH FRPSDULVRQV ZHUH IRU WKH WLPF
classification of the activit ies, it is conceivable that the harness- placed accelerometers may

KDYH UHFRUGHG ZDONLQJ DFWLYLW\ DW YHU\ GLIIHUHQW WLPH Wtk
corroborate acceleration signatures from these different placement methods and then assess

the pefo UPDQFH RI D FODVVLILHU GHULYHG LQ RQH SRVLWLRQ WR WKH
finding highlights the challenge of applying classifiers developed from tri -axial accelerometer

data from one placement to another placement, not the least applying ¢ lassifiers developed

IURP RWKHU EUDQGY DQG VKHHS EUHHGV

These limitations notwithstanding, overall, it is possible to apply this output in a variety of

FRQWH[WV )RU H[DPSOH RYHUDOO DFWLYLW\ GDWDaxelDOFXODW
accelerometer allowed the detection of reduced total activity in parasitized young sheep using

G\QDPLF YHFWRULDO ERG\ DFFHOHUDWLRQ 9H'%$ ,NXULRU HW DO
classifier model can now allow the optimal placement method for further differentiation of

activities into effects

Infection with gastrointesinDO QHPDWRGHYV LV NQRZQ WR DIIHFW YROXQWDU\ IH|
ZKLFK SUHVXPDEO\ LV UHIOHFWHG LQ JUD]LQJ DFWLYLW\ +HQFH

accelerometer data could be used as a proxy for feed intake, and hence as an early warning

siJQ IRU QHPDWRGH LQIHFWLRQ ,NXULRU HW DO W LV XQO

WHFKQRORJ\ WR GHWHFW JUD]LQJ DFWLYLW\ VKRXOG EH ORFDWHG R

that measured jaw movement combined with pedometers showed that dairy co ~ ws grazed for

longer whilst benefiting from the persistent activity of anthelmintics whilst untreated cows ate

less and presumably had to divert resources to mount an immune response against ingested

ODUYDH )RUEHV HW DO
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Further, the results show that for the collar and head halter mounted sensors, the ewe lambs

followed a daily activity pattern FRQVLVWHQW ZLWK WKH REVHUYDWLRQ RI RW
indicating more grazing activity in day light hours, with resting predominating sunset hours

The average daily time budget of the ewe lambs (deduced from the collar) by hour of day

VKRZHG WKDW WKHLU JUD]LQJ DFWLYLW\ VWDUWHG WR ULVH DW K

starting to decrease ( Figure 44 7KLV GLXUQDOicalloffFsh#ep i L W\ S |
OHGLWHUUDQHDQ FOLPHV $UQROG DOWKRXJK LQ KRW DULG HQ
JUDJH ZLWK OHVV LQWHQVLW\ DV WHPSHUDWXUHV URVH IURP KV
ULVLQJ DJDLQ IURP K 3DW N R 2¥tall, dHép Orare from suriride to dusk,

stopping sporadically to chew their cud and this grazing period can be up to seven hours of the

G D\ $UQROG 7KH UHVXOWYV LQ WKH SUHV
accelerometers are similarto WKRVH RI $SUQROG ZKLFK ZHUH EDVHG RQ YLV

DW PLQXWHV LQWHUYDOV :H IXUWKHU VXJJHVW WKDW RXU DOJRU
into the resting category, which might be why the ewe lambs were estimated to ‘rest’ for

upward of five hours on average, compared to the 3 to 4 hours sheep were reported to spend

VOHHSLQJ E\ SUQROG

6 Conclusion

Raw acceleration data from the Actigraph wGT3X -BT® tri -axial accelerometer mounted on a

neck collar allowed the classification of t hree activity categories (‘grazing’, ‘resting’ and

1ZDONLQJ- ZLWK D KLJK GHJUHH RI DFFXUDF\ DQG ZLWKRXW WKH Q
DFFHOHUDWLRQ GDWD 7KLV FODVVLILHU DOVR GHPRQVWUDWHG DEL
least one activit y from accelerometer data positioned at alternative locations on the that was

QRW GLITHUHQW IURP WKH QHFN SRVLWLRQ ZKHUH LW ZDV GHYHOR
activity for sheep was adequately captured, comparing favourably with those of direct
REVHUYDWLRQ 7KLV FODVVLILHU KDV WKH SRWHQWLDO WR EH XVHG
animal health and welfare metrics in a non-  invasive manner, including as an indicator of

parasitism, which could meet the requirement for the treatmentofinGLYLGXDO DQLPDOV



CHAPTER-SMOVEMENT AND BEHAVIOUR CHANGES IN
GASTROINTESTINAL NEMATODE INFECTED AND UNINFECTED LAME

Preface

This chapter describes a field trial involving 24 growing lambs that were monitored remotely

with GPS and tri -axial accelerometers IURP ZHDQLQJ WR R Q H.dddtbhddrd fiordH

GPS collars were used to calculate the daily distance travelled per individual, while daily

activity budgets of lambs were derived from DFFHOHURPHWU\ G D W8s cariirdett bnvV W H U
developing a behaviour -predicting algorithm from accelerometry data in order to infer the
DFWLYLW\ EXGJHfg Ré deeeiment of the algorithm ( Chapter 4 ), the GPS data

were analysed and result s written as a stand -alone manuscript (Section 5.2 The second
manuscript ( Section 5.3) was subsequently written and capture s the variation in activity

budgets in the same lambs Together, the results can be used to form a conceptual model

FRPELQLQJ JURZWK PRYHPHQW DQG EHKDYLRXUDO UHVSRQVHV RI (

As both Sections 5.2 and 5.3 used the same experimental protocol, the methods described are
VLPL®@BIbMIa U LQ WKH WZR VHFWLRQV DUH WKH PRGHO VWUXF\
GDWD

99



2 GPS collars enable the detection of reduced movement in grazing

lambs infected with gastrointestinal nematodes

Abstract

In Chapter 2 , itwas shown that reduced overal | activity of young sheep was an early response
tosub-FOLQLFDO OHYHOV RI JDVWURLQWHVWLQDO QHPDWRGHV *,1
study were that young sheep reduced their activity either: 1) as a consequence of GIN, in that
animals suffering ano rexia move less since they are eating less; or 2) as a mechanism of
resilience, proposing that young sheep reduced their overall activity in order to conserve energy
DQG PDLQWDLQ JURZWK )XUWKHU LQYHVWLIJDWLRQ ZDV UHFRPPHQ(
host movement and activity from global positioning system (GPS)andtri -D[LDO DFFHOHURPHWH
Following validation of measurements derived from GPS collars in Chapter 3 , this
experiment was designed to examine the short -term effects of subclinical infectionw  ith mixed -
QDWXUDO QHPDWRGH LQIHFWLRQ RQ WKH GDLO\ GLVWDQFH PRYHG
three-month-ROG ODPEV ZLWK D PHDQ OLYHZHLJKW RI NJ 6' ZHUH PI
*36 WUDFNLQJ FROODUV /DPEV ZHUH SODFH Gtréanedt &¢hdddsii HNO\ DQW
RINVHW E\ WKUHH ZHHNYV E IPa&sitis @ |anKsquddtiRed] 8d/faecal worm egg
counts, was associated with shorter travel distances (beta = - &,- W-R p=

The results suggest that changes in mov ement behaviour could be further developed
DQG XVHG DV DQ HDUO\ LQGLFDWRU RI QHPDWRGH SDUDVLWH ORDG
LPSOHPHQWDWLRQ RI WDUJHWHG WUHDWPHQWYV ,I VRPH VKHHS LQ
sentinels, this would allow thet UHDWPHQW WR EH WLPHG PRVW DSSURSULDWH
movement of all individuals is monitored, this would allow targeted selective treatments of the
LQIHFWHG DQLPDOV RQO\ DQG DW WKH ULJKW WLPH

Key words: Gastrointestinal nematodes; GPS monitoring;  distance travelled; grazing lambs
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2 2 Introduction

Gastrointestinal nematode (GIN) infections represent a potent risk to the health and welfare

RI JUD]LQJ VKHHS <RXQJHU DQLPDOV DUH DW JUHDWHR)h&aiLVN RI DF
lead to established burdens of parasites than adult animals assuming both ingest (acquire) the

same numbers of larvae interms of L 3 NJ RI IHHG 7KH KLJKHU ULVN RI LQIHFWL
animals is associated with their relatively immature immune response which cannot limit the

establishment of L 3 once ingested 6\NHV 7R GDWH *,1 PDQDJHPH®@W ZLWK
spectrum anthelmintics has been the mainstay of treatment of young animals whilst they

GHYHORS WKHLU LPPXQH UHVSRQVH DJDLQVW *yewtRtZétyddty WKHUH I
use of anthelmintics for GIN management is unsustainable in most instances as it can result

in the selection of high levels of anthelmintic  -resistant worm populations (Pomroy, 2017)

For some years it has been recommended that selectio n for anthelmintic resistance can be

reduced by adoption of a variety of Refugia -EDVHG VWUDWHJILHV 5%6 7TKHVH VWUI
limit anthelmintic exposure to a portion of susceptible worms on the pasture or in animals

which are not exposed to the last a nthelmintic treatment and that are then able to dilute more

UHVLVWDQW ZRUPV LQ WKH QH[W JHQHUDWLRQDO F\FOH YDQ :\N

HW DO 'REVRQ HW DO+RZHWYHU WKHUH LV OLPLWHG HPSLULFDO HY
these RBS strategies as they are based largely on theoretical models, albeit backed by sound

reasoning &RQVHTXH& W g2t of several RBS research projects has been to apply

treatments and expose only the appropriate proportion of the worm population to anthe Imintic

ZKLOVW VWLOO DFKLHYLQJ GHVLUDEOH OHYHOV RI FRQWURO RI *
Particular attention has been given to RBS under the two themes: targeted treatments (TT)

DQG WDUJHWHG VHOHFWLYH WUHDW P HQ Whole idEK at tiries m&ReiR O Y H WUHL
by increased GIN risk whereas TST is the use of pathophysiological or performance-  based

markers of parasitism to inform  treatment of individuals rather than the whole ~ -flock (Charlier

HW DO $ QXPEHU RI1 P D Uptotel irKI3Y kh $held @ith relative success,
LQFOXGLQJ OLYHZHLJKW JDLQ 6WDIIRUG HW DO SURGXFWLRQ
FRQGLWLRQ VFRUH &RUQHOLXV HW DO PXFRXVY SDOORU 0DODQ
(Lestera QG ODWWKHZV

$ QXPEHU RI VWXGLHV RI JUD]JLQJ ODPEV &RRS HW DO DQG FDC
HW DO KDYH VKRZQ D YROXQWDU\ UHGXFWLRQ LQ IHHG LQ\
have become exposed to L3 and that this canoccu U SULRU WR SDWHQW IDHFDO ZRUP
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+HQFH PHDVXULQJ DQRUH[LD PD\ EH D XVHIXO PDUNHU IRU *,1 SDUL
difficult to measure how much animals are eating directly and other measurements are
typically chosen as proxies (Sutherland DQG 6FRWW ORYHPHQW FDQ EH XVHG
IRU LQGLYLGXDO YLJRXU WKURXJK LWV OLQN ZLWK QXWULWLRQ D
Movement needs energy but when animals become infected this results in a reduction in
voluntary feed intakean G LQYDULDEO\ WKH DPRXQW RI DYDLODEOH HQHUJ\
DOORFDWH PRUH HQHUJ\ DQG SURWHLQ LQ RUGHU WR PRXQW DQ L
energy is allocated to movement, so that when parasitized and anorectic, animals that might

beneftf URP HDWLQJ PRUH VLPSO\ VWUXJJOH 7R GDWH FKDQJHV LQ |
LQIHFWHG ODPEVY KDYH UHFHLYHG UHODWLYHO\ OLWWOH DWWHQWLI

The advent of cost -effective remote sensing technology, such as global positioning system  (GPS)
WUDFNLQJ FROODUV SURYLGH DQ DYHQXH IRU PRQLWRULQJ WKH KHEL
RQO\ EHHQ XVHG LQ D OLPLWHG QXPEHU RI VWXGLHV )RU H[DPSOH 'F
association between periconceptual undernutrition oftheda  m and reduced movement in their

RITVSULQJ ZKHQ PRQLWRUHG ZLWK *36 FROODUV DW PRQWKYV RI DJH
used GPS measurements to investigate the effect of placental restriction and function of ewes

during pregnancy on the distance rav HOOHG E\ WKHLU RIIVSULQJ ,Q SDUDVLWRC
(2013) found a positive relationship between faecal egg counts (FEC) and distance travelled by

HZHV PRQLWRUHG ZLWK *36 FROODUV RYHU D K SHULRC
investigate whet her GIN infection affects individual movement patterns and how the effect

PLIKW FKDQJH RYHU WLPH ,I VR PRYHPHQW PHDVXUHV PRQLWRUHC
DV DQ HDUO\ ZzDUQLQJ VLJQ RI *,1 LQIHFWLRQ 7ZR K\SRWKHVHV ZHU
negatively scales with parasite burden; and ii) age modulates the response because older lambs

KDYH GHYHORSHG D PRUH PDWXUH LPPXQH UHVSRQVH WKDQ UHFHQ)

2 3 Material and methods

Ethical approval for this study was granted by the Massey Un iversity Animal Ethics
Committee (MUAEC 1 6/134

5231 Experimental animals and design

/IDPEV RI WKH 3HUHQGDOH EUHHG QNJ ®YHUDILYH ZHLJKW ZHUI
FRPPHUFLDOO\ VRXUFHG DW ZHDQLQJ DSSWRingeVKlUHH $PEQWRY R D

were examined on arrival and were treated with anthelmintics just prior to the study and each
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received a combination clostridial and |  eptospirosis vaccine (Ultravac ® LQ =RHWLV 1= ,QF DV
well as topical insecticide (Cik ® (ODQFR $QLPDO +HDOWK 1= /WG WR S
ODPEV ZHUH DOORFDWHG WR WZR JURXSV Q JURXS ZLWK VLPLO
lambs received DQ HIIHFWLYH DQWKHOPLQWLF W UrhtD My BotiQ Weighe RQHSDQW
=RO¥LRYDUWLYV 1HZ =HDODQG /WG HYHU\ VL[ \waalidifsét bétiteeH ZDV D \
WKH WLPH RI WUHDWPHQW RI WKH WZR JURXSV )LJXUH 7KH WUL
RI KD GLYLGHG LQWR HYHQO\ VLIHG SDGGRFNV DW ODVVH\ 8QLYHUV
1RUWK 1HZ =HDODQG Y - pu6 Y - pu( P HOHYDWLRQ EHWZHHC
$XIXVW ZKLFK VSDQV 6XPPHU WR :LQWHU PRQWNeN mayedVKLV UHJ|
EHWZHHQ SDGGRFNV HYHU\ WZR GD\V IURP '"HFHPEHU WR $SULO ZKHC
May to August, lambs were given access to two paddocks at a time, but still moved every two

GD\V 7KH SDVWXUH zDV D U\H JUDVV FORYHU PL[ W\SLFDO IRU WKLYV
together as one mob, alongside nine Blackface lambs of similar age used as pasture

PDLQWHQDQFH DQLPDOV IRU WKH ILUVW IRXU PRQWKV RI WKH WL
Blackface lambs were treated with anthelmintics routin HO\ HY HU\ GD\V DV SHU WKH VWD
DQWKHOPLQWLF UHJLPH IRU \RXQJ ODPEV LQ 1HZ =HDODQG /DZUHQF

Both groups received anthelmintics on Day - 2Q 'D\  *URXS $ ODPEV ZHUH DJDLQ J
dose of anthelmintic to initiate the 3  -weekly offset between groups, with Group B remaining
XQWUHDWHG IRU DQRWKHU WKUHH ZHHNV 2QH SHULRG ZDV GHILQ}
FRPSOHWHG D URXQG RI WUHDWPHQW L H ODPEV LQ HDFK JURXS EH
ZHHNV DIWHU WAE&rEsWtPAHhENSBroup A was at three weeks post treatment, Group
B would be receiving an anthelmintic and vice versa  Lambs that showed a live weight change
(loss) of t IURP RQH ZHHN WR WKH QH[W RU ZRUP HJJ FRXQWY LQGLFDV
2000 eggdqg) were treated outside of the scheduled experimental treatment 2YHU WKH FRXUVH RI
the trial, four treatment periods were achieved corresponding to Summer (Period 1), Autumn

BHULRG ODWH $XWXPQ WR HDUO\ :LQWHU 3HULRY&JXDRG :LQWHU
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Figure 5.1 Six weekly anthelmintic treatment regime of two groups of grazing lambs

RINT'VHW E\ WKUHH ZHHNV ~ g UHSUHVHQWY ZHHN RI WUHDWPHQW
of weeks sincetrea WPHQW 2QH SHULRG LV D VL[ ZHHNV EORFN LQ ZKLF
DUH EHLQJ FRPSDUHG EHFDXVH WKH\ DUH RIIVHW L H ERWK JUI
ILYH ZHHNV ZLWKRXW WUHDWPHQW
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5.2.3.2 GPS tracking protocol

The study lambs (n=22) were fitted with a GPS collar (Fig XU H2) constructed by DataCarter

ZZZ GDWDFDUWHU FR O B{GESS thigset DZX-Z XE OR[ F IE&ch collar was

UXQ E\ WKUHH 1$$- EDWWHULHV IURP -DQ&D UllywRufiBYanona URP -XQ
7DGLUDQ 7/ ) $PS+U "'n VL]HTheEDrat\H \the GPS chipset was

previously estimated ( Chapter3 ZLWK D PHDQ HUURU 6' IURP WUXH UHFHLYH
P ZKHQ VXEMHFW WR D VWDW LK D BSRMLW\RQHNYWHUHRRWGVHFRQ
GHPRQVWUDWHG RI SRLQWYV IHOO ZLWKLQ P DQG ZLW
the present study, the collars were programmed to record sheep location based on three

FULWHULD PRYHPHQW Ydsiiéhs wate\onhQesomEd Mhtn movement exceeded

WKH WKUHVKROG RI PHWUHV DQG YHORFLW\ ZDV OHVV WKDQ PHYV

threshold of one minute after which a position was recorded irrespective of movement and

Y HO R Hh&Vieason for this threshold schedule was to reduce error associated with
oversampling when the animal is at rest (see Chapter 3 IRU GHWDLOHG GLVFXVVLRQ

Figure 52 (ZH ODPE ILWWHG ZLWK Dchisét §itRi0 tBdblack pBoective
FDVLQJ EHORZ WKH QHFN

5.2.3.3 Movement monitoring

On Day —7 (3 January), all lambs were fitted with a GPS collar recording location data for three
GD\V 7KLV SHULRG ZDV XVHG WR KDELW XD Wé&$ Welkad tapipiAde\a WR ZHD U |



comparison of the distance travelled for both groups when they were at the same stage in the
WUHDWPHQW F\FOH 'XULQJ WKH SHULRG -DQXDU\ WR 0D\ EDWWH
days and the collars were removed every 3days WR GRZQORDG GDWD DQG FKDUJH EI
PD[LPLVH EDWWHU\ OLIH RYHU WKH UHPDLQGHU RI WKH VWXG\ -XQF
attached to the lambs for only 3 days each week being fitted each Tuesday and removed each

JULGD\ $QLPDOV ZétibiAd nuraber&\War ltags and tracking collars were matched

EDVHG RQ LQGLYLGXDO HDU WDJV

5234 Faecal Sampling and weighing

Faecal samples were collected per rectum from all lambs each week during yarding prior to

ILWWLQJ *36 FROODUV DQ @cabdgy tdrits @@&d>&smated using a modified

OFODVWHU PHWKRG ZKHUH HDFK HJJ FRXQWHG UHSUHVHQWHG HJ
VHH $SSHQGL [standdr® Operating procedure )DHFDO VDPSOHV ZHUH FRO

EHWZHHQ a DQRG DEOWREDVLRQV $00 VDPSOHV ZHUH SURFHVVI

FROOHFWLRQ 3DUDVLWH LGHQWLILFDWLRQ ZDV FDUULHG RXW RQ I

Day - :HHNB}, by random examination of exsheathed larvae after coproculture for 10 days

at20f & $W WKH VDPH ZHHNO\ LQWHUYDO LQGLYLGXDO OLYHZHLJKW)

wak-RQ VFDOHV ZLWK D ZHLJKLQJ UHVROXWLRQ RI NJ

5.2.3.5 Data management

'DWD IRU WKH SHULRG ODUFK WR ODUFK ZHUH UHPRYHG IURP DQI
aQ RXWEUHDN RI 5\H *UDVV 6WDJJHUV GLVHDVH LQ WKH IORFN GXULQJ
WKH H[SHULPHQW LQ ODUFK IRU UHDVRQV XQUHODWHG WR WKH \
KHDOWK\ 'DWD SUHSDUDWLRQ PRYHPHQW FDO Mg idude®r DQG VWL
5 5 &RUH 7HDP7KpfepData IXQFWLRQ LQ WKH 5 SDFNDJH TPRYH+00:
HW DO ZDV XVHG WR FDOFXODWH WKH GLVWDQFH EHWZHHQ VXFF
Step lengths were subsequently summed over 24 -hour blocks to calculate the total distance
WUDYHOOHG SHU -l®r\blocks Msetrel further investigated to ascertain that location

GDWD zZDV UHFRUGHG IRU D PLQLPXP RI WKH KRXUV ZLWK EOR
WKUHVKROG UHPRYHG |gRdat @x6 véa sohade@&Miom the week immediately
IROORZLQJ DQ DQWKHOPLQWLF WUHDWPHQW KHQFH GXULQJ ILYH Z
nematode eggs in excess of 2000 eggs/g before their scheduled six -weekly treatment were

treated with anthelmintics  and removed from further analyses to the end of that six  -week
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WUHDWPHQW F\FOH /LYH ZHLJKW NJ GDWD ZHUH XVHG WR FDOFXOELC
calculated as current weight minus earliest weight divided by number of days between weights
iNCRQVHFEXWLYH SHULRGV
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5.2.3.6 Statistical Analyses

$00 VWDWLVWLFDO DQDO\WVHV ZHUH FDUULHG RXW XVLQJ 5 VWDWL!
7THDP The baseline difference in daily travel distance between the two groups
FRUUHVSRQGV-1W#&o: inééks after both groups received the same anthelminthic
WUHDWPHQW L H MXVW SULRU WR LQLWLDWLQJ WKH WKUHH ZHHN F
GLVWDQFH WUDYHOOHLDEXARRED.:BIHG EHWZHHQ WKHVH WZR JURXSYV |
The responsH YDULDEOHVY WR PRGHO ZHUH YfGLVWDQFH WUDYHOOHG: /[/:
XQLYDULDWH DQDO\WVLV WKH HIIHFW RI fSHULRG:- RQ YGLVWDQFH
evaluated using linear models, while the effect of period on FEC was tested by the non -

parametric Kruskal -:DOOLV $129% WHVW WR DFFRXQW IRU WKH VNHZQHVV R

Model building and selection

If ‘period’ (recall that this is when both groups had each cycled through one, two, three, four

and five weeks after treatment) had a significant effect on any of the response variables in the

univariate analysis, the presence of an interaction (‘week post  treatment’ x ‘period’) was tested

LQ WKH PRGHO ,1 WKH LQWHUDFWLRQ ZDV QRW VLJQLI$hBMNQW fZHH
as study week in Figure 1), was included as a proxy for time -UHODWHG IDFWRUV 2W
explanatory variables tested were da y (a factor variable representing the 24- hour blocks of

GPS recording) and number of ‘week since start of trial’ (a continuous variable used as a proxy

for time -UHODWHG IDFWRUV QRW WR EH PLVWDNHQ ZLWK "ZHHN SRVW
randominter FHSW IRU HDFK LQGLYLGXDO L H DFFRXQWLQJ IRU GLIIHUF
UDQGRP VORSH RYHU WLPH IRU HDFK LQGLYLGXDO L H FKDQJHV RY
ZHUH LQYHVWLIJDWHG $OVR WHVWHG ZDV D UDQGHR4 nestétHFWV VWU
ZLWKLQ JURXS RU LQGLYLGXDO DORQH DV D UDQGRP LQWHUFHSW 6
through graphical analysis of residuals and with the Shapiro  -:LONV WHVW IRU DOO PRGHO
The vif function in the ‘CAR’ R package )R[ HW DO was @%ed to check for collinearity

XVLQJ WKH YDULDQFH LQIODWLRQ IDFWRU 9,) ORGHOV ZLWK DER\
were compared and final models were selected based on the lowest Akaike information
FULWHULRQ

Modelling Faecal nematode eqg courts

FEC on Day -7 were used to evaluate the efficacy of the initial anthelmintic given on Day -

FEC data was best fit using a zero -inflated negative binomial generalized linear model, due to



overdispersion in FEC data (M odel 3DUDVLWH FRXQWYV DUH XYV Xally overdispersed rela
3RLVVRQ UHTXLULQJ D GLVWULEXWLRQ VXFK DV WKH QHJDWLYH EI
SDFNDJH T1JOPP70%- %URRNV HW DO ZDV XVHG IRU WKLV PR
included ‘week post treatment (continuous)’ , ‘liveweight (continuous)’, ‘presence of co -grazing

ODPEV:- \HV QR DQG YZHHN VLQFH VWDUW RI WULDO FRQWLQXRX
UDQGRP HIIHFW

The final model was as follows:

FEC ~ week post treatment + liveweight + presence of co- grazing lambs +

week since start of trial + (Lamb ID) ORGHO

To visualise the relationship between FEC and week post treatment, locally weighted

scatterplot smoothing (loess) curves, were fitted to the scatterplots of all FEC ~ data

Modelling Liveweight gain

9DOXHV IRU /:* ZHUH WUDQVIRUPHG XVLQJ WKH -RKQVRQ WUDQVIRU
Fernandez, 2014) as the distributon wasnon -QRUPDO $ OLQHDU PLMMNY HIIHFW
fitted withthe Imer IXQFWLRQ LQ WKH 5 SDFNDJH Y/PHU7HVW. . X]QHWVRYD
WR PRGHO WKH /:* UHVSRQVH RI ODPEV WR WLPH VLQFH /DEWKHOPLQ
,'" ZDV LQFOXGHG DV D UDQGRP YDULDEOH ,QFOXGHG DV IL[HG HIIH

‘period’, ‘week post treatment x period’ interaction and the ‘presence ofco -JUD]LQJ ODPEV-
The final model was as follows:

Liveweight gain ~ week post treatment + period + week post treatment x

period + presence of co-grazing lambs + (Lamb ID) ORGHZ)

Modelling m ovement (daily distance travelled)

Influences on distance travelled were tested by fitting two linear mixed -effects models (LMM)

ZLWK WKH fOPHU7HVW:-5 SDFNDJH 'LVWDQFH ZDV ORJ MsthBlQVIRUPHC
GLVWULEXWLRQ RI UHYVLE XHe Gndeper@dend Ra@ahies included ‘week post

treatment’, ‘liveweight’, and ‘presence ofco -JUD]LQJ ODPEV- L H SUHVHQFH RI EODFN
IL[HG HIIHFWV 2WKHU FRYDULDWHYV L (S5i0ce Gatit Gf tAeHridlHarfiQX¥P EHU RI1 ZH!
UHSUHVHQWLQJ WKH WZR K EORFNV Rl ORFDW{dh@dGawde UHFRUGL

such as age of lambs, the development of an immune response and seasonal influence on L 3

available on pasture, initial mod  els included a ‘week post treatment’ X ‘week since start of trial’
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LOWHUDFWLRQ EXW WKLV HIIHFW ZDV QRW D VLJQLILFDQW SUHGLI
Log(distance) was back-WUDQVIRUPHG WR SUHVHQW UHVXOWV

The final model was as follows:

Log(distance) ~ week post treatment + liveweight + day + presence of co-

grazing lambs + week since start of trial + (1|Group/ Lamb ID) ORGHO

In Model 4, the same model structure to Model 3 was used, but replacing ‘weeks post

treatment’ with ‘faecal egg counts’ as the explanato U\ YDULDEOH
This model was as follows:

Log(distance) ~ FEC + liveweight + day + presence of co- grazing lambs +

week since start of trial + (1|Group/ Lamb ID) ORGHO

Variance inflation factors (VIF) were below the overdispersion threshold of 3 suggested by
=XXU HW DO H[FHSW IRU YZHHN VLQFH VWDUW RI WULDO: ZKLF¥

2 4 Results

Effect of time since treatment on parasite load

The larval culture at the start of the study (Day -  21) showed the following nematode genera:
Teladorsagia VS S Trichostrongylus VS S DNg@atodirus VSS Over the
VWXG\ SHULRG D WRWDO RI IDHFDO VDPSOHV ZHUH FROOHFWHG
DYHUDJH SHU ODPE %DVHG RQ WKHVH VH¥gdi@d Ydu HavhBs<with &/ UHD W P H (
FEC above HJJV J UDQJH WRIDHFDO VDPSOH GD\V DIWHU WUHDW
- VKRZHG DOO ODPEV WR KDYH HJJV J FRQILUPLQJ WKH KLJK HIILF
WUHDWPHQW :RUP HJJ FRXRWY ZHPH VLPEBD/ZHHQ WKH WZR JURXS
'D\ 7 KU R X J K Rstdy, iéiddiode egg count data included in analyses ranged from0  —

HJJV J )DHFDO HJJ FRXQWYV YDULHG E\ SHULRG ZLWK WKH KLJKH\
Period2( 7DEOH
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Table 5.1 Arithmetic mean faecal egg counts (eggs/qg) for six weeks after anthelmintic
WUHDWPHQW DQG UDQJH GXULQJ IR XU -&adks blec duringbiRish SHULR G L\
two groups of lambs (n=11/ group) received a short -acting anth elmintic offset by three

ZHHNV WKHQ UHPDLQLQJ XQWUHDWHG IRU ILYH ZHHNV $OVR LC
FRUUHVSRQGLQJ WR WKH SHULRGYV

Week post treatment x mean eggs/g

Period n

(mean eggs/g) 1 2 3 4 6 Range Season

2QH a 131 O WR Summer

Two ( a 0O O 0 WR Autumn

Three ( a 116 0 O 0 0to 1600 Autumn/
winter

Four( P 117 0 O 0 0to 300 'LQWHL

ab'l IHUHQW VXSHUVFULSWV LQGLFDWH GLIITHUHQFH LQ YDOXHV 'XQQ W
QHPDWRGH HJJ FRXQWV

The highest arithmetic mean counts were recorded during Period 2, and there was a significant
difference in FEC among the periods ( H (3) = p .UXVN.DOOLYV TableV W
Contrasts using the Post -hoc Dunn test showed the egg counts in Period 4 were significantly

GLIIHUHQW IURP SHULRGV WR

There was a positive relationship between ‘weeks post treatment’ and FEC (beta = 1
&, WR p ) LI X UH), showing that FEC increased over the weeks following
DQWKHOPLQWLF WUHDWPHQW
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Figure 5.3 The relationship between time since treatment (week post treatment) and
faecal worm egg counts (eggs/g) of 24 lambs six weeks after a short acting anthelmintic,
SRROHG DFURVYV LBXdJFXHUY HR G Y WoHKfidence interval ( CI)

Effect of time since treatment on liveweight gain (LWG)

Lambs in Group A and Group B did not differ significantly in their liveweight ( F120 p
RQ 'D\ $QWKHOPLQWLF WUHDWPHQW KDG QR RYHUDOO HIIHF
duration of the study (be ta=- [ 3 &,- WR p '"HSHQGLQJ RQ WKH SHUL
KRZHYHU WKHUH zZDV D WUHQG IRU WUHDWPHQW WR CHIHEW /:* LQ V
p 7KLY WUHQG zZDV DVVRFLDWHG ZLWK GLITHUHQFHV LQ |
tr HDWPHQW GXULQJ 3HULRG DQG EXW QR HYLGHQFH RI D GLIIHUH
treatment was found during Period 3and4( 7DEOH
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Table 5.2 Least square means and standard error for the variation in liveweight gain
(kg/day) of 22 Perendale lambs for six weeks post anthelmintic treatment across four

SHULRGYV

Period Mean live weight gain (kg/day)
3 3 3 3 3 3 se p
One - a - bc cd - ab - Ejd d
Two c b - a ab ab ab
Th ree - a - a - a - a - a - a
Four a - a a a a a

abcd PHDQV ZLWK GLIITHUHQW VXSHUVFULSWV DUH VLJQLILFDQWO\ GLI
(week post treatment); se (standard error); p SUREDELOLW\

'LVWDQFH WUDYHOOHG ZDV SRVLWLYHO\ DVVRFLDWHG ZLpK /:* EHW

VXFKKDW JUHDWHU GLVWDQFH WUDYHOOHG ZDYLDXVRFLDWHG Z
+RZHYHU IDHFDO HJJ FRXQWYV ZHUH QRW D VLJQLILFDQW SUHGLFWR
appeared to be a trend for reduced growth rates for lambs with higher ~ faecal worm egg count

(beta = - [ 2 &,— [ *021x10,p

2.25+

2.004

1.75+

Distance moved per day (km)

1.50 1

1.0 05 0.0 0.5 1.0
Liveweight gain over 35 days (kg)

Figure 5.4 The observed relationship between liveweight gain ZHHNV SRVW WUHDWPH

and distance travelled by individual lambs (n=22) over five weeks (pooled over all four

113



periods) after receiving a short acting oral anthelmintic with best fit prediction line and
FRQILGHQFH LQWHUYDOV JUH\ DUHD

Effect of time since treatment on movement (distance travelled)

The average daily distance travelled for all lambs by period during the trial is shown in Table

'XULQJ WKH KDELWXDWLRQ SHULRG SULRU WR LQLWLDWLRQ R
treatment , GPS location data was success |1 XOO\ UHFRUGHG IRU ODPEV 7KHUH ZDV
(F p LQ PHBQGLVWDQFH WUDYHOOHG EHWZHHQ ‘DRES $
*URXS %+ Q ODPEV

Table 5.3 Summary statistics of overall distance travelled (km) by lambs on a six weeks
anthelmintic treatment schedule, monitored from weaning to ~ one year of age in four

treatment periods (1 to 4) with seasons of the year corresponding to treatment period

Period n LSmean 95% CI Season

1 22 b WR Summer

2 21 B WR Autumn

3 21 a WR Autumn/winter
4 21 b WR 'LQWHU

/6 PHDQ /HDVW VTXDU H a Mdlu@swvittiNdiferent superscripts are different
7XNH\-V +6'

Lambs moved significantly shorter distances per day, the longer it had been (in weeks) since
the last anthelmintic treatment( )LJXUH 7DEOH

114



-
o]
L

Distance moved per day (km)
Ly

1.6

1 2 3 4 5
Weeks post treatment
Figure 5.5 The mean distance travelled ( F R QI L Gintepvalbi(grey area ) by
grazing lambs (n=22) during five weeks following treatment with a short acting

DQWKHOPLQWLF

Table 5.4 Predictors of movement (km/animal/week) in grazing lambs for five weeks

following short -acting anthelmintic treatment

Variables beta SE 95% CL p
(Intercept) > @
:37 - [- - @
/: > @
Co-Grazing - [- - @
Day (two) > @
66 - [- @

1RWH :37 :HHN SRVW WUHDWPHQW :66 :HHNO MWK EHNMKDUWIRI WULI
6( 6WDQGDUG HU UR tbnfidencé limits

Effect of parasite load (FEC) on movement (daily distance travelled)

A negative relationship was found between faecal egg counts and distance travelled by lambs
(beta=—-  [-10* &,— [ “o- [ .,p 7KH GLVWDQFH PRYHG ZDV F

variable among individuals with higher eg g counts than with low egg counts ( )LJXUH
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Figure 5.6 Relationship between faecal egg counts and distance travelled in two groups

of lambs (n=11/ group) from weaning to one year of age treated with a short acting
DOQWKHOPLQWLF IRU VL[ ZHHNV WUHDWPHQW ZDV RdsVfl W E\ WKU
SUHGLFWLRQ OLQH DQG FRQ LG HIafKhdwQ &/ pdbledBodboth JUH\ DU H D
JURXSYV

2 Discussion

Nematode burden (measured as FEC) significantly reduced movement (daily distance
WUDYHOOHG LQ ODPEV &OLQLFDO SDUDVLWLVP ZDV QRW REVHUYHG
additional co -grazing lambs reduced the distance travelled, suggesting an impact of stocking
densityonmovement ZLWK ODUJHU JURXSV PRY{5DGORZHU7 KHNJHE HBIWX O W
suggest that (i) there is a movement response to parasitism, with parasitised lambs moving

shorter distances per day; (ii) changes in movement and FEC were not consistently associated

ZLWK /:* DQG LLL *36 EDVHG ORFDWLRQ GDWD FRXOG EH XVHG WR G
DFWLYLW\ RI JUD]LQJ ODPEV LQ UHVSRQVH WR DQWKHOPLQWLFV
Throughout our study FEC were low, suggesting movement may be a more sensitive indicator

RI VXEFOLQLFDO *,1 SDUDVLWLVP WKDQ OLYHZHLJKW FKDQJHV 7K
proposition that movement may be a suitable proxy for the level of anorexia in infected grazing

lambs
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Effect of time since treatment on distance trav elled

Lambs moved shorter distance per day the more time had elapsed since their last anthelmintic
WUHDWPHQW 7KLV QHIJDWLYH UHODWLRQVKLS ZDV FRQVLVWHQW R\
in this study were in the age class that gradually acquire immun LW\ DJDLQVW *,1 OF5DH HW DO
,Q UXPLQDQWY WKLV LV D JUDGXDO SURFHVVPRQDWWVRRFOUWMHRY

+HQFH LW LV FRQFHLYDEOH WKDW RQFH WKH DQWKa@Ma@WLF HIIHF
traded -off their movement activity i  n order to mount an immune response, presumably due to
the growing burden of gastrointestinal nematodes that would stimulate an inflammatory

UHVSRQVH LQ WKH JXW 7KH SDWKRORJLFDO SURFHVVHV DVVRFLDW
protein -losing gastro HQWHURSDWK\ ZLWK D FRPSOH[ DUUD\ RI FKDQJHV RFF.
studies have demonstrated that inflammatory processes inside and outside the gut in tandem
with immune effector mechanisms directed at the parasites exact a cost on animal

performance *UHHU HW D @s infected host attempt to digest and recover some of the

protein lost into the gut, this exacts some “cost” in terms of energy and protein (Sykes and

Coop, 1976), hence less energy would likely be available for movement activity of these

LQ GLY L Bisbdi generally manifest as “sickness behaviour” (Sutherland and Scott, 2010

S ZKLFK DOVR PD\ DFFRPSDQ\ *, SDUDVLWLVP DQG LQFOXGHV D JHQ!
PDODLVH +HQF Hnap kaldizén\suffering from anorexia, eating less and also not

PRYLQJ DV PXFK

It is equally plausible that the lambs in the present study reprioritised their use of nutrients

LQ IDYRXU RI LPPXQH IXQFWLRQV 6\NHV JRU LQVWD@FH WKH JI
FRQVXPHV RI RYHUDOO HQHUJ\ H{[SHQGLWXUH :HEVWHU ,QFU
by GIN infection will undoubtedly have resulted in an increase in energy expenditure, and

PD\ FDXVH ODPEV WR UHGXFH WKHLU PRYHPHRMhdr,patsatU WR FRQV
SDUDVLWHVY GHSHQG RQ KRVWV IRU WKHLU HQHUJ\ DFTXLVLWLRQ %L
further diversion of host resources away from non -essential, yet fitness related functions such

DV DFWLYLW\ DQG JURZWK BRRNVUTPHWOPWO\ WKH QHIJDWLYH HIIHFWV
movement performance may be attributed to GIN -induced changes in energy demands or

DOORFDWLRQ
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Effect of time since treatment on faecal egg count

The lambs in this study did not progress to being clinically parasitised and their parasitic

EXUGHQV ZHUH JHQHUDOO\ ZLWKLQ WKH UDQJH VHHQ XQGHU W\SLFL

90ODVVRII HW DO 3DUDVLWH EXUGHQ DV MXGJHG E\ )(& GH

anthelmintic treatmentand the  n as the first GIN established after treatment the FEC started

WR LQFUHDVH DSSUR[LPDWHO\ GD\V DIWHU WUHDWPHQW 7KLV LQF
-3-ZHHN SUHSDWHQW SHULRG IRU WKH WULFKRVWURQJ\OLG VSHFL

showed that the anthelmintic treatment was effective and barring Period 1, reduced the FEC

WR HJJV J XS WR WZR ZHHNV SRVW WUHDWPHQW Excluding the seven animals

treatment, WKH PHDQ )(& DIWHU ZHHNV SRVW WUH D WéhtHahe Id&b V HJJV

burdenandsub-FOLQLFDO SDUDVLWLVP +RZHYHU WKH PD[LPXP )(& DW .

ZDV HJJVJ PRGHUDWHO\ KLJK IRU VKHHS WKLY DJH OF.HQQD DQ

The larval cultures at the start of the trial were consistent with typi cal lamb parasitism
H[SHFWHG XQGHU 1= FRQGLWLRQV 90DVVRII HW DO +RZHYHU (
JHQHUD SDUDVLWLVLQJ ODPEV GXULQJ WKH UHVW RI WKH VWXG\ ZDV
that the penalties on movement activity of | ambs was attributable to a mixed nematode
LQIHFWLRQ DFTXLUHG QDWXUDOO\ 7KH VWURQJHVW PRYHPHQW UHG
LQ WKH DXWXPQ PRQWKYV 3HULRG 7KLV FRLQFLGHV ZLWK WKH WLP
are reportedly highest (VI DVVRII HW DO ,Q WKH SUHVHQW VWXG\ )(& |
WUHDWPHQW:- ZHUH SRVLWLYHO\ DVVRFLDWHG 7KH DQWKHOPLQW
effective as no eggs were detected for at least two weeks post treatment in three out of four

periods but the effects on movement were noted as larvae would have been establishing within

D IHZ GD\V Rl WUHDWPHQW ,QGLYLGXDOV ZLWK FRPSDUDEOH )(& YD!
DFWLYLW\ 7KHUH LV D ULVN LQ OLQNLQJ )(& LWVHG@tutdithgPRYHPHQW
movement is not so much the egg laying adult, but the challenge by incoming larvae and their
VXEVHTXHQW HVWDEOLVKPHQW +HQFH )(& PD\ QRW EH D UHOLDEOH
VXP WRWDO RI SDWKRJHQLF LPSDFW RI SDUDVLWHYV RQ DQLPDO

Effect of time since treatment on liveweight gain

In the current study, the effect of anthelmintic treatment on growth rates were equivocal, and
JURZWK SHUIRUPDQFH DSSHDUHG WR EH LQGHSHQGHQW RI SDUDVLYV

liveweight performance was seen by the sixth week post  -treatment in comparison to one week



SRVW WUHDWPHQW +RZHYHU WKH RSSRVLWH RFFXUUHG GXULQJ
VLIQLILFDQW UHGXFWLRQV -lafd bttiere AMHNMH G FRQOWH WUHDWPHQW 7KHU
obvious explan DWLRQ IRU D UHYHUVHG UHODWLRQVKLS EHWZHHQ WKH\
VLIQLILFDQW HIIHFWV RQ /:* ZHUH REVHUYHG IURP WKUHH WR VL[ Z
WKDW ODPEV PD\ KDYH PDGH FRPSHQVDWRU\ DGMXVWPHQWYV WR PDL
No evidence was found that leaving lambs untreated for six weeks had significant penalties on
OLYHZHLJKW JDLQ GXULQ h aidlinidal @¥els ddgar@sitism, it has been shown

that growth of muscle and bone are impaired, appetite  is usually de pressed, with these changes
DSSHDULQJ LQ DQLPDOV WKDW DSSHDU FOLQLFDOO\ iQRie&DO DQG K
growth of muscle and bone is more likely to progress to loss of weight in lambs exposed to

higher levels of infection which produce clinica O VLJQV RI GLVHDVH +RZHYHU WKH S
ZDV GHVLJQHG WR SUHFOXGH FOLQLFDO GLVHDBY¥tHerDWerd b@QJ LQ WKFE
attempts to measure the larval challenge during these respective periods it was not possible to

determine the reason fo r the differences but they may involve the developing immune response

DV WKH ODPEV DJHG

IHYHUWKHOHVV PRYHPHQW DQG /:* ZHUH VLIJQLILFDQWO\ SRVLWLYF
JDLQLQJ WKH PRVW ZHLJKW DOVR WUDYHOOLQJ apretdd tXideA K HVW GLV
WKDW PRYHPHQW LQFOXGHV JUD]LQJ EHKDYLRXU %\ WKLV ORJLF C
grazing more and invariably gaining more liveweight but as noted no consistent change in
growth rates were observed between lambs covering the most di  stance and those travelling

OHVV LQ WKLV VWXG\ 7KLV PD\ KDYH EHHQ DQ LVVXH DVVRFLDWHC
EHWZHHQ JURXSVY 7KDW LV HQYLURQPHQWDO FRQGLWLRQV GLIIHUF
week post treatment; and it has been shown tha t environmental conditions affect movement

$YJDU HW DO +HQFH WKH RIIVHW FRXO GOxdaf,thei®iBdH G QRLVH \
of the lambs gaining the most weight also travelling the greater distance, demonstrates the
utility of movementactit YLW\ DV DQ LQGH[ RI SHUIRUPDQFH :KDW UHPD
whether reduced growth rates are associated with a concomitant reduction in travel distance,
which will validate the case for movement as a marker to target intervention in individual
lamb Vv
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Effect of time (week since start) on movement

In relation to time, measured as weeks since start of trial, lambs showed less movement later

LQ WKH WULDO ,W LV QRW HDV\ WR GLVWLQJXLVK ZKHWKHU WKLV Z
related facto UV ,Q WHUPV RI DJH WKH DVVXPSWLRQ ZDV WKDW VLQFH R
advanced in their development of an immune response to GIN, they would be allocating

QXWULHQW UHVRXUFHV WR RWKHU ILWQHVV DQG PRYHPHQW FRV'
signifi FDQWO\ GHFUHDVLQJ WR ORZ VXEFOLQLFDO OHYHOV DULWKPHWLI
in Period 4 (the final six weeks of this study), and possibly signalling reduced establishment of

L3, there was still a significant decline in movement in the weeks following anthelmintic
WUHDWPHQW $ SRVVLEOH H[SODQDWLRQ PD\ EH WKDW )(& LQ ODPEV
LQGLFDWRU RI WKH SHUIRUPDQFH GHILFLWYVY HOLFLWHG E\ VXEFOLQI
that an incomplete expression inimmunity,g HQHUDOO\ VHHQ LQ LQGLYLGXDOV OHVV
of age, is still likely to translate to compensatory mechanisms, which may manifest as reduced

PRYHPHQW ,Q VXEFOLQLFDOO\ SDUDVLWLVHG DGXOW FDWWOH WKL
grazing behaviour was used to determine the level of parasite induced anorexia (PIA) and to

UHODWH REVHUYHG FKDQJHV WR DQLPDO SHUIRUPDQFH )RUEHV
GHPRQVWUDWHG WKDW 3,%$ ZDV VWLOO D FRPPRQ DQG LPSRUWDQW I

In contrast to the findings presented in the present study, there are reports of FEC associated

ZLWK DQ LQFUHDVH LQ VKHHS PRYHPHQW )DO]JRQ HW DO IRXQG
WKH GLVWDQFH SHU VWHS FRYHUHG E\ HZHV 7KH WH&MRQ IRU WK
between those in the present study and those reported by Falzon et al (2013) were not
LPPHGLDWHO\ DSSDUHQW 7KH\ VXJJHVWHG WKDW HZHV ZLWK KLJKH
to water troughs more frequently based on parasite load, a reasonable  proposition considering

they conducted their study in a drier environment compared to the environmental conditions

Rl WKH SUHVHQW VWXG\ ,Q 1HZ =HDODQG IHZ VKHHS XVH ZDWHU \
ZDWHU QHHGV IURP JUBMRPIRQGIHUBWQ@EXLY PLIKW EH RQH UHDVR(
ILQGLQJV RI WKH SUHVHQW VWXG\ GLITHUHG IURP WKHLUV )DO]F
individuals with similar FEC in the present study varied considerably in the distance they

travelled (Fig ure ), furthe r investigation appears worthy on the role of factors like patch

selection based on pasture quality,and JHQHWLF KLVWRU\ L H UHVLOLHQFH RU U}
movement activity of lambs, which are known to be associated with regulation of faecal worm

egg outputinsheep ORUULV HW DO ORUULVYVHWVBEKOGIUPRUH LW LV SRVYV
VRPH QHPDWRGH JHQHUD HOLFLW WKHVH HIIHFWV RQ PRYHPHQW P
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Nematodius VSS ZKRVH OLIHF\FOH LV GLIIHUHQW IURP RWKHU VWURQJ\
from other strongylids in terms of its effects of sheep movement patterns although it was
LGHQWLILHG DQG FRXQWHG VHSDUDWHO\ GXULQJ ZR\&RigatdJ FRXQW\
the movement responses based on prevailing species both on pasture and in culture at the time

RI PRYHPHQW PRQLWRULQJ

Is movement activity a suitable proxy for the level of anorexia?

Of interest in the current study was whether lamb movement was a suitable proxy for level of
DQRUH[LD 7KH IDFWRUV ZKLFK LQGXFH DQRUH[LD LQ SDUDVLWLVHG
*UHHU DQG +DPLH ,W KDV EHHQ SRVWXODWHG WKDW JDVWULQ

be involved (Sutherland and Scott, 20 10, p49) but at this time the mechanisms in linking
DQRUH[LD WR WKH SUHVHQFH RI *,;,1 DUH SRRUO\ XQGHUVWRRG &RC(
IDFWRUV PLJKW EH UHVSRQVLE O HObjadtivéltt Gedata i thdpresantiRtHdy W
is limited and doesn't allow definitive comments to be drawn with regards movement activity
being a suitable proxy for anorexia It is possible to speculate that reduced movement activity
is associated with a general feeling of ‘malaise’ in these lambs,  but the physiologi cal drivers of
this remain pooly XQGHUVWRRG LQ UXPLQDQWYV 6LQFH PRYHPHQW LV D
biological process, the evidence in the present study also suggests lambs may have been
conserving or partitioning energy differently the longer they we nt without exposure to
DQWKHOPLQWLFV ZLWK VLJQLILFDQW PRYHPHQW UHGXFWLRQV
hypothesised to be a reflection of the level of anorexia induced in parasitised individuals (Fox,

JRUEHV HW DO I SURWHLQ DQG HQHUJ\ Dre being partitioned for funct
mounting an immune response, and this reflects in the distance travelled by sheep, then
PRYHPHQW DFWLYLW\ PLJKW EH D VXLWDEOH SUR[\ IRU WKH OHYHO R
should address the question of how movement activity relates to feed intake )RU H[DPSOH LW
would be possible to GPS tag a group of lambs and then actively measur e variables such as
intake (g DM /day) and post-JUD]LQJ VZDUG KHLJKW FP

2 6 Conclusion

Mounting GPS collars on lambs a llowed detection of reduced daily movement activity in
VXEFOLQLFDOO\ LQIHFWHG ODPEV IURP ZHDQLQJ WR RQH \HDU RI
hypothesis that infected lambs would move less  The cost of movement performance appeared

to occur on the subclinical -effect spectrum where the cost of growth performance w as not seen
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It could be hypothesised that there is a hierarchy in parasite  -induced anorexia in that less

parasitised animals move as much as is required to allow maintenance requirements , but as

parasite -induced anorexia begins to set in, animals first move less, but may still be grazing

reasonably close to normally (see Section 5.3.4.3), before this then too declines :RUP HJJ

counts decreased significantly in older lambs  suggesting some evidence of an effective immune

response developing but those lambs still showed reduced movement the further away they

ZHUH IURP DQWKHOPLQWLF WUHDWPHQW 2YHUDOO WKH XVH RI P
responsive metric to assess the level of parasitism in young lambs and hence is likely to be a

VXLWDEOH FKDUDFWHULVWLF WR EH XVHG IRU WDUJHWHG VHOHFWL
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— Movement and behaviour changes in GIN infected and uninfected
lambs — use of tri -axial acceleromete rs to identify changes in activity
EXGJHWV RI ODPEV LQIHFWHG ZLWK JDVWURLQWHVWLQ

Abstract

In Chapter 4 , a behaviour predicting algorithm was developed from accelerometry data
accurately identifying ‘grazing’, ‘resting’ and ‘walking’ ac tivity of sheep on pasture  Applying
this algorithm, the activity patterns of twenty -two lambs naturally infected with
gastrointestinal nematodes were monitored from weaning to approximately 11 months of age
using the ActiGraph wGT3X -BT®attachedtoGPSne FN FROODUV 7KHVH ODPEV ZHUH D
two treatment groups ona six -weekly treatment cycle, treat ed at the same frequency but offset
by threeweeks IURP HDFK RWKHU (DFK ODPE ZDV ZHLJKHG DQG IDHFDO VDI
In response to GIN infecti on, the manifestation of parasite -induced anorexia was investigated
using time spent grazing and resting, the intensity levels of activity ( VeDBAactviry ) and
liveweight gain DV P HD V Xig Hb¥rasite burdens measured by individual ~ faecal egg counts
were low to moderate ( WR  HJJV The overall relative proportion of time that lambs
dedicated to grazing versus other activities reduced (beta = - &,- WR p
RYHU WKH ZHHNV SRVW WUHDW P HQ WdetédHdQetbe® @GhisHULR GV Z|
WKHUH ZDV D ULVH LQ WKH SURSRUWLRQ RI WLPH ¥&S5M®DW fUHVWLQJ
&, WR p +H Q FcHanges in grazing behaviour were associated with
a reduction in the total proportion of da ily grazing activity and not a reduced intensity of
grazing per day (p 7KH LOQOWHQVLW\ RI fZDONL#d~ DdFinvLianhbs/\ 9H'%$
was significantly different from week to week the longer the interval since treatment ( p =
, but not so for VeDBARestng (Standing and lying; p 2YHUDOO WKHVH UHV)
indicate that under these experimental conditions, both proportion and intensity of activity
contributed to defining the behavioural response of parasitised lambs compared to when they
ZHUH LQLWLDOO\ WUHDWHG
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3 2 Intr oduction

The prevention of subclinical infection with gastrointestinal nematodes (GIN) is an important

FRQFHUQ LQ RUGHU WR OLPLW SURGXFWLRQ ORVVHV LQ \RXQJ JU

anthelmintics for this purpose has been associated with the deve lopment of anthelmintic -

resistant genotypes in worm populations ( Besier, 2003 +RGJNLQVRQ HW DO ) and,

FRQVHTXHQWO\ DOWHUQDWLYH DSSURDFKHV R&dditeS &Xa®d\ALWH FRQ\

production cost on growing ruminants through two closely i nked mechanisms, which can be

H[SORLWHG WR GHYHORS DOWHUQDWLYH PHWKRG RI *;,1 GLDJQRVLYV

of appetite in the host, which reduces feed intake compared with uninfected individuals ( Sykes

DQG &RRS &RRS HWEBRW HW $O )R[ HW DO (DUO\ LQY

using pair -fed animals in pen studies in which feed intake was measured demonstrated a > 60
LPSDLUPHQW LQ ZHLJKW JDLQ RI SDUDVLWLVHG Wikad He&gn 6\NHV DC

estimated that 40 to RI WKH RYHUDOO FRVW RI *;1 LQIHFWLRQ LQ ODPE\

UHGXFWLRQ LQ YROXQWDU\ IHHG LQW D NTFhe geRdRGasstiap@effect of )R[

parasitism is a reduction in the metabolic efficiency of the host which decreases the nutrients

DYDLODEOH IRU PDLQWHQDQFH DQG JURZWK YDQ+RXWHUW DQG 6\N

protein -losing enteropathy which disrupts the availability of protein for growth in young

DQLPDOV 6XWKHUODQG DQG 6FRWW on anmong youhhl &hsisire *,1 LQIHFV

not uniform across populations, some animals are more able to tolerate or reject the challenge

WKDQ RWKHUV $W SUHVHQW DQWKHOPLQWLF WUHDWPHQWYVY DL

denominator within a flock just to ensure that all ani PDOV DUH DEOH WR JURZ VDWLVIDI

consequence of this approach is that many young animals may be treated without a need for

VXFK WUHDWPHQW

Previous work reported in this thesis has shown that changes in activity are potentially
important as ind icators of disease and if measurable could be used an indicator of the need to

WUHDW IR Chapter 2Q, tri -axial accelerometers were able to detect a reduction in overall

DFWLYLW\ RI \RXQJ VKHHS LQIHFWHG ZLWK *,1 W ZDKhUHFRPPHQC
XQGHUWDNHQ WR DVFHUWDLQ ZKLFK SDUWLFXODU DFWLYLWLHV P
automation methods have evolved to enable the prediction of sheep activity on pasture using
tri -axial accelerometer data (See Chapter 4 $OYDUHQJD HW DO %DUZLFN HW
This means activity budgets (proportion of time spent on different activities) can be calculated

IRU HDFK ORJJHG LQGLYLGXDO RQ D GDLO\ EDVLVY 5HODWI
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accelerometers to monitor the impact of GIN SDUDVLWLVP Rl VKHHS DW SDVWXUH )R
%XUJXQGHU HW DO -axial actsléfatneidfs) dn neck -mounted collars to monitor

DFWLYLW\ RI VKHHS 7KH\ IRXQG WKDW SDUDVLWL]JHG VKHHS H[KLEL
L H OHVV LUUH Jkxadtipaterns @aiiin- SDUDVLWL]HG VKHHS ORUH UHFF
degree of anaemia in grazing small ruminants subject to natural Haemonchus contortus

infection was shown to be predicted by individual activity measured by accelerometers which

DOVR SUHGLFWHG LQGLYLGXDO UHVSRQVH WR WUHDWPHQW ORQWR

The aim of the present investigation was to use tri  -axial accelerometers to determine the

influence of GIN on activity budgets and time allocation of grazing lambs during a period of

DFWLYH JURAWIKOORZHG LQIHUHQFH RQ WKH DQLPDOV- DGDSWLYH U}
The following hypotheses were tested: i) lambs would increase their grazing in proportion to

resting activity in response to recent anthelmintic treatment, and ii) grazing activity in

XQLQIHFWHG ODPEV ZRXOG EH DVVRFLDWHG ZLW keslw@re badddVHG ZDON
RQ VLPLODU PHDVXUHPHQWYV L Q@Oprontiehvintydatedbmdiviodal réiared

their ime spent grazing compared with calves treated with a sustained -release, intra -ruminal
LYHUPHFWLQ EROXV

3 3 Material and Methods

A full description of the experimental animals and design for this sectio n was described in

Section 5231 7KH GDWD LQ WKLV VHFWLRQ ZDV GHULYHG IURP WKH VDP
WLPH DV%ULHIO\ -mthmteold Perendale lambs were commercially sourced from one

IDUP DQG JUD]JHG DV D VLQJOH PRE éKadt lielvEidhyardHandbniyyO RF N
assigned to one of two groups and treated with anthelmintics every six weeks with monepantel
=RO¥YLRYDUWLYV 1HZ =HDODQG /W &g/ kg Wasdd ob tRevheavidsbhooyl R |
ZHLIJKW 7KHUH ZselofseibidtdHtHHQ WKH WLPH RI WUHDWPHQW RI WKH WZ
were grazed together on the same pasture, which was a ryegrass (  Lolium multiflorum ) and

white clover (Trifoliumrepens PL[ W\SLFDO IRU WKLV UHJLRQ &KDUOWRQ DQG 6
young sheep had prev iously grazed these pastures within the previous six months in order to

HQVXUH WKHUH ZDV D SRSXODWLRQ RI LQIMér#agdféatedinbrieY DH SUH VL
SHULRGV :KHQ ERWK JURXSV KDG HDFK FRPSOHWHG D URXQG RI WU
being at one, two, three, four and five weeks after treatment), this was counted as a single

SHULRG $ JURXS PD\ KDYH VWDUWHG WKH SHULRG EHLQJ DW WKUHI

as it made it through all five levels of ‘week after treatment’ (in w hatever order) it contributed



WR WKDW WUHDWPHQW YSHULRG:- ,I D ODPE ZDV WUHDWHG WKHQ QF
DQLPDO XQWLO LWV QH[W VFKHGXOHG WUHDWPHQW $00 PDQLSXODW
approved by the Massey University Anm DO (WKLFV &RPPLWWHH 08%(&

5331 Activity monitoring

Animals were weighed and sampled on a Tuesday each week with collars attached at the same

WLPH &ROODUYV ZHUH WKHQ UHPRYHG WKH IROORZLQJ )ULGD\ +HC
during the relevant week post - WUHDWPHQW (DFK ODPE ZDV ILWWHG ZLWK D FF
tri -axial accelerometer (Actigraph ® wGT3X-BT, LLC, Pensacola, FL, USA) to measure
DFFHOHUDWLRQ * 7KH DFFHOHURPHWHU ZDV ORFBMHEhRQ WKH GR
GPS monitors located on the ventral aspect of these same collars as described in Section 5.2
$FFHOHURPHWHUYV PHDVXUHG o} o} PP LQ VLIHDQG ZHLJKHG J

Figure 5.7 The ActiGragh wGT3X -BT® tri -axial accelerometer (A) and orientation on a
sheep (B) used to monitor the activity of 22 Perendale lambs weekly from weaning up to

RQH \HDU RI DJH

The orientation of the sensors was uniformacro VV DOO VKHHS 7KH XQLW UHFRUGHG W
during movement across the vertical, horizontal, and perpendicular axes and employs a

reference system that indicates longitudinal (front  -to-back or surge, Y), horizontal (side -to-side

orsway, X)andvertic DO XS DQG GRZQ RU KHDYH = ERG\ D[HV UHVSHFWLY't
YHUVLRQ $XIXVW $OWKRXJIJK DWWDFKHG WR FROODUV WKHL
these sensors after attachment as they nestled snuggly in a groove in the neck wool, sodid  not

move up and down the neck when the animal lifted or lowered its head while grazing or

ZDONLQJ 3ULRU WR WKH DWWDFKPHQW Rl WKH FROODUV WR WKH O
FROOHFW DFFHOHUDWLRQ GDWD DW D VDPSOIQtd 30 BAmplingRI +] ZKL
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RFFDVLRQV LQ RQH VHFRQG ,Q &KDSWHU D PDFKLQH OHDUQLQJ DC
activity from raw accelerometry sensor data from the Actigraph wGT3X  -BT®in combination

with video observations of the animals’ behaviour andt  he same algorithm was used with this

GDWD 7KH DFWLYLW\ FODVVLILFDWLRQ DOJRULWKP FODVVLILHG W
VKHHS DW SDVWXUH QDPHO\ fJUD]JLQJ: fUHVWLQJ- O\LQJ RU VWDQG
behaviour predicted from WKH FODVVLILFDWLRQ DOJRULWKP ZHUH DQCGC
UHVWLQJ DQG ZDONLQJ DFWLYLWLHYVY UHVSHFWLYHO\

5.3.3.2 Parasitological methods and weighing

IDPEV ZHUH ZHLJKHG HDFK ZHHN WKURXJKRXW WKH WULDO UHVXOW!
At the same time, faecal egg counts (FEC) were estimated using faecal samples collected per

UHFWXP IURP DOO ODPEV 6WDIIRUG HW DO $W WKH FRPPHQFF
speciation was carried out by random examination of 100 ensheathed larvae followi  ng

coproculture of bulked faeces from all animals for 10 days at 20 x f &

5333 Data Management

$FFHOHURPHWHU DFWLYLW\ GDWD ZDV FROOHFWHG ZHHNO\ WKURXJ
the week oftreatment L H WKH WKUHH GD\V LP P r&mhénty e ndRB&lmZLQJ W
order to account for any bias associated with  lambs only just being treated, but subsequent

weeks post treatment ( 1 to ) up until the animals were treated again w  ere included in the

GDWD DQDIMWDHWRU WKH SHULRG ODUFK WR ODUFK ZHUH UHPRYHC
WR VXVSLFLRQ RI DQ RXWEUHDN RI 5\H *UDVV 6WDJJHUV &tivfHDVH LQ Wi
data that were more than three standard deviations from the mean activity data we re
FRQVLGHUHG RXWOISHRXW GHYHQZBREHQWHPRYHG

5334 Statistical analyses

6WDWLVWLFDO DQDO\VLV RI GDWD zZDV SHUIRUPHG XVLQJ 5 VRIWZDU
packages (R Core Team, 2019
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Live weight and nematode eqgg counts

Daily liveweight gains for each animal were calculated as the difference between their first

DQG ODVW UHFRUGHG ZHLJKW GLYLGHG E\ WKH QXPEH!
determine the effect of leaving animals untreated on lamb growth, liveweight ga LQV LQ :HHNV

DQG ZHUH FRPSDUHG ZLWK :HHN /LYHZHLJKW JDLQ /:* GDWD ZHL
UHJUHVVLRQ /:* ZHHN SRVW WUHDWPHQW DQG SORWWHG WR H[DF
DQG LQGHSHQGHQFH LQ UHVSRQVH ndfiddt od ispecod x@iVequiied H Q R Q-
WUDQVIRUPDWLRQ SULRU WR VWDWLVWLFDO DQDO\VHV $ -RKQVRQ \
effective in normalizing the residuals than other transformations that were investigated,

including Boxplot -, log-, square- and inversetr DQVIRUPDWLRQV

Amodel (same structureas MRGHO RI /:* ZDV ILWWHG DV D GHffezthivdeRILNIMYG

ZLWK VKHHS ,' LQFOXGHG DV D UDQGRP HIIHFW )L[HG HIIHFWV LQFO
‘treatment period’ and the two -way interaction of we HN SRVW WUHDWPHQW [ WUHDWPI
The ‘presence of cograzing lambs’ (yes; no) and ‘week since start of trial’ were included as

FRYDULDWHV

The arithmetic mean FEC from all lambs was described during each week post treatment in

HDFK SHULRG 7KH GLVW Uibution of FEC data was right skewed and attempts to transform the
GDWD ZHUH XQVXFFHVVIXO &RQVHTXHQWO\ LQIOXHQFH RQ )(& ZDV
linear mixed -effect model (same structure as M R G H Q, fitted with a zero inflated negative

binomia O GLVWULEXWLRQ OLQN )L[HG HIIHFWV LQ WKLV PRGHO LQFOX
the two -way interaction of ‘week post treatment’ and ‘period’ interaction, ‘presence of co -

JUD]LQJ ODPEV:- DQG YZHHN VLQFH VWDUW RI WULDO-

Activity proportions

The effects of anthelmintic treatment and FEC on the activity budgets and activity levels of

ODPEV ZHUH H[DPLQHG VHSDUDWHO\

To examine the effects of weeks since treatment on activity budgets of lambs in each individual

activity category (‘grazing’, ‘resting’a nd ‘walking’), the non- parametricKruskal -:DOOLV WHVW ZDV
XVHG WR FRPSDUH EXGJHWYV IRU ODPEV DFURVYV DOO ILYH ZHHNV ¢
time spent on an activity in relation to other activities, three generalized linear mixed models

(GLMM) for ‘grazing’, ‘resting’ and ‘walking’ activities were constructed, with the occurrence

RU DEVHQFH RI HDFK DFWLYLW\ DV WKH ELQRPLDO UHVSRQVH YDULDI



treatment’, ‘live weight, ‘day’ and ‘week since start of trial’ (proxy for age of animal), with

individual ‘lamb 1D’ nested within ‘treatment period’ included as a random effect to account for

pseud- UHSOLFDWLRQ $V DFFHOHURPHWHUV ZHUH DWWDFKHG IRU GD
was included to account for variation betweeneach24-KRXU EORFN ZLWKLQ WKDW PRQLW

The GLMM used a binomial error distribution with a logit -link function % RONHU HW DO

7R LPSURYH WKH ILW RI WKH PRGHO IROORZLQJ WKH DSSURDFK RI =
effect of ‘lamb ID’ within ‘treatment period’ was compared with only ‘lamb ID’ as the random

effect and was tested by exploring the change in deviance of the model using ANOVA (chi -
VTXDUHG XQGHU RQH GHJUHH RI IUHHGRP W ZDV FRQFOXGHG WKI
,'+ ZLWKLQ fWUHDWPHQW SHULRG: LPSURYHG WKH ILW RI WKH PRGH
HIITHFW ZDV XVHG IRU IXUWKHU VWDWLVWLFDO WHVWLQJ

The final model structure for the proportion of each activity was:

(activity count/ total count) ~ ‘week post treatment’ + ‘period’ + ‘day’ + ‘presence of co  -grazing

lambs’ + ‘live weight'+ (‘week since start of trial’|'lamb 1D’)

YXUWKHU D 'LULFKOHW 'LVWULEXWLRQ 'RXPD DQG ORGHO ZDV >
RI HDFK DFWLYLW\ DV D IXQFWLRQ RI fZHHN SRVW WUHDWPHQW .- 7KH
generalization of the beta regression for situations where proportions are calculated for more

WKDQ WZR FDWHJRULHVY L H ZKHQ WKHUH DUH PRUH WKDQ WZR FR
variables were vectors of the proportions of grazing activity, resting activity and walking

DFWLYLW\ ZLWK fVKHHS ,'"- LQFOXGHG DV D UDQGRP HIIHFW 7KH F
DFFRXQW IRU H[WU D QH R Xafiat&shriaiRed\h tHRIvhiddelivdrdRliveweight' and

‘presenceofcc JUD]LQJ ODPEV-

Activity levels (Dynamic vectorial body acceleration)

Activity levels were derived using a similar approach to that described in  Chapter 2 by

estimating overall activit y as dynamic vectorial body acceleration (VeDBA), calculated using

(TXDWLR énd matching VeDBA to the corresponding activity classified by the algorithm

developed in Chapter 4 ; hence, VeDBAactvry  7KUHH 9 R models, corresponding to

‘grazing ORGHO, resting’ ORGHOand ‘walking "activty ORGH O were fitted using

ILQHDU PL[HG PRGHOV /00V ZLWK JODPE ,"- LQFOXGHG WR DFFRXQW
effects included ‘week post treatment’, ‘period’ and the two -way interact ion of ‘week post
WUHDWPHQW: E\ 1SHULR G grazikgHashBsU &%, HA) five viright Rnd ‘week since
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VWDUW RI WULDO:- ZHUH LQFOXGHG DV FRYDULDWHV 7KH SUHVHQFH
an experimental factor as additional lambs  might affect the behaviour of conspecifics (Birrell,

,QLWLDO PRGHOV L Q¥QKaation\bf Kieek\afidr treatment’ and ‘period’,
but because this variable did not emerge as a significant predictor of VEDBA  acmvity , it was
dropped IURP DOO WKUHH ILQDO DFWLYLW\ P RegsnktCGd VERBALHY SRQVHV 9t
were log-transformed, and 4th root transformed respectively to normalize the residuals of the
PRGHO 7KH SUHGLFWRUV YOLYH ZHLJKW: DQG 1 dtamtiNcAldd@cE;H VWDUW
Bolker et al, 2009) in order to deduce the importance of each variable relative to the other
FRQWLQXRXV YDULDEOHV IURP WKH PRGHO UHVXOWYVY 7KH ILQDO PR

VeDBA :s53=,1+ ~ ‘week post treatment’ + ‘live weight' (cs) + ‘p resence of co

grazing lambs’ + ‘week since start of trial’ (cs)+ ‘day’ + (1/lamb D) ORGH®)

Log (VeDBA resting ) ~ ‘Week post treatment’ + ‘live weight' (cs) + ‘presence

of cograzing lambs’ + ‘week since start of trial’ (cs)+ ‘day’ + (1]'group/l  amb

ORGH
D) D
VeDBA .g/.,1+ " (1/4) ~‘week post treatment’ +' live weight' (cs) + ‘presence
of cograzing lambs’ + ‘period’ + ‘week since start of trial' (cs)+ ‘day’ +

ORGHO

(1lamb ID’)

The fit of each the model was investigated using graphical inspection of residuals versus fitted
values, Q-Q plots and with the Shapiro -:LONV WHVW 6WDWLVWLFDO DQDO\VHV ZH]
using appropriate packages (‘LmerTest, ‘gimmTMB’, ‘DirichReg; RC RUH 7HDP

3 Results

5341 Liveweight, liveweight gain and faecal egg counts

Random allocation of lambs to groups was successful in balancing live weights between the

groups (F 120 p 7KH DYHUDJH OLYHZHLJKW VbRrpe@@ RtV LQFUHD\
PHDQV 6' RI DQG LQ 3HULRGV
UHVSHFWLYHO\ :KHQ WKH ODPEV ZHUH ILYH DQG VL[ BighdNV SRVW
/[:* LQ BHULRG DQG ORZHudrd <ger3 tblnphare@ to one week post treatment, but

not in the third and fourth  periods (7DEOH )LJXUH
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Table 5.5 Least square means and standard error for the variation in live weight gain
(kg/day) of 22 Perendale lamb s for six weeks post anthelmintic treatment across four

SHULRGYV

Live weight gain (kg/day)
Period
3 3 3 3 3 se p
One - D - EF FG - DE - EF( G
Two F E - D DE DE DE
Three - D - D - D - D - D - D
Four D - D D D D D

abcd pHDQV ZLWK GLIIHUHQW VXSHUVFULSWYV DUH VLIJQLILFDQWO\ GLIIHUF
(week post treatment); se (standard error);p SUREDELOLW\ DW VLIJQLILFDQFH OHYHO

LIVEWEIGHT GAIN
Period 1 Period 2

0.31

0.2

0.14
_. 0.04
2
= -0.11
@
202 . , . , , '
S 2 4 6 2 4 6
{o)]
= Period 3 Period 4
(o)}
‘@ 0.31
=
2 0o
= 0.

0.14 —

0.0

-0.14

-0.2

0 2 4 6 2 4 6

Week since treatment

Figure 5.8 The observed smoothed mean distribution (blue line) and predicted (red line
* FRQILGHQFH LQWHUYDO UHODWLRQVKLS EHWZHHQ ZHHN SR
WKH DYHUDJH GDLO\ OLYH ZHLJKW JDLQ RI HZH ODPEV Q LQ

Faecal egg counts in Period 4 were lower than those in Period 1 to 3, with mean countsp  eaking
during Period2 (7DEO&6 1R HJJV ZHUH GHWHFWHG LQ |Dwéekp&t VDPSOH)
W U H D WARHS3 \eriods, between two and six weeks post treatment the  arithmetic mean
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(range) egg count (eggs/g)werel ~ WR (010 300), 104 (Oto WR DQG 2
WR UHVSHFWLYHO\

Table 5.6 The arithmetic mean and range of nematode egg counts (eggs/g) pooled from
ODPEV ZHHNO\ GXULQJ IRXU SHULRGV $0fVhWeyedFOXGHG DUH W|
FRUUHVSRQGLQJ WR WKH SHULRGYV

Period n Mean eggs/g Min Max Season

One 131 a 0 Summer

Two a 0 Autumn

Three 116 a 0 1600 /IDWH $XWXPQ (DUO\
Four 117 b 0 300 :LQWHU

ab PHDQV ZLWK GLIIHUHQW VXSHUVFULSWYV DUH VLJQLILFDQWO\ GLIIHUHQW
IDHFDO QHPDWR G HMiH=ndinFrRiIKIAKEMaximum

5342 Lamb behaviour time budgets
2Q DYHUDJH RYHU WKH GXUDWLRQ RI WKH VWXG\ ODPEV VSHQW
TJUD]LQJ- TUHVWLQJ:- VWDQGLQJ RU O\LQJ RU YZDONLQJ- UHVSHFW

activitiesisshownin  )LIJXU®

750

Activity
5001 Grazing
Standing/Lying
Walking/Running

250 A

Count of observations

N L

0.00 0.25 0.50 0.75 1.00
Proportion of daily time spent in each activity

Figure 5.9 The mean proportion of the day ewe lambs (n=22) were estimated to graze,

rest (standing and lying) and walk from weaning (~ 3 months ofage) WR RQH \HDU RI DJH

The average daily time budget of the lambs by hour of day showed that their grazing activity
sWDUWHG WR ULVH DW K SHDNLQJ VKRUWO\ DIWHUJXUK) EHIRUH V
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Average daily activity budget (%)
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Hour of Day

Behaviour = Grazing = Standing/Lying = Walking/Running

Figure 5.10 Mean proportion of each hour of the day lambs were estimated to graze,

rest (standing or sitting RU ZDON IURP ZHDQLQJ a PRQWKV RI DJH WR R
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5.34.3 Effect of time since treatment on time budget of activity

Generally, the proportions of time that lambs spent on each activity category for five weeks

after receiving a short acing anWKHOPLQWLF YDULHG E\ SHULRG 7KH SURSRUV
grazing was greatest during week 3 for P eriod 1, 3and 4 butin P eriod 2 the proportion of time

spent grazing was at its lowest induring :  eek 3 post treatment ( )LJXUHL

ACTIVITY: GRAZING
Period 1 Period 2

0.451

0.421

0.39/ /\ ,
0.361 7~ \/

(0]
E
° 1 2 3 4 5 1 2 3 4 5
£ Period 3 Period 4
S 0.451
o
o
0.421
0.391 — O\
/‘\ A
0.36 ~—— \]
i 2 3 4 5 1 2 3 4 5

Week since treatment

Figure 5.11 The mean proportion of time lambs spent grazing across the six weeks
post-treatment showing the slope (red line + FRQILGHQFH LQWHUYDO DQG RE\
smoothed mean distribution (blue line) ineachof IRXU SHULRGYV DQG

The proportion of time spent ‘resting’ was the direct contrast with ‘grazing’, being at its lowest
during : eek 3 for Period 1, 3 and 4 but in P eriod 2 the proportion of time spent resting was

greatestduring : HHN SRVW WUHDWPHQW )LJXUH 12
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ACTIVITY: RESTING
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Figure 5.12 The mean proportion of time lambs spent resting across the six weeks post -
treatment showing WKH VORSH UHG OLQH *“ FRQILGHQFH LQWHUYDO
VPRRWKHG PHDQ GLVWULEXWLRQ EOXH OLQH LQ HDFK RI IRXU ¢

The proportion of time spent ‘walking’ was at its lowest during : eek 4 in Period 3 and 4, and
during : HHN D@#&3in PHULRG DQG UHVSHFWLYHO\ )LJXUH 13



ACTIVITY: WALKING
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Figure 5.13 The mean proportion of time lambs spent walking across the six weeks
post-treatment showing the slope (red line + FRQILGHQFH LQWHUYDO DQG RE\
VPRRWKHG PHDQ GLVWULEXWLRQ EOXH OLQH LQ HDFK RI IRXU ¢

The overall relative p roportion of time that lambs dedicated to grazing versus other activities
reduced (beta = - &,- WR p RYHU WKH ZHHNV SRVW WUH

ZKHQ DOO SHULRGV ZHUH FRQVLGHUHG WRJHWKHU 7KH RYHUDOO ¢

relation to other activities also reduced (beta = - &, - WR p ,Q
FRQWUDVW WKH WLPH VSHQW JUHVWLQJ:- YHUVXV RWKHU DFWLYLWLLI
WR p The resulting model estimates for a ctivity time budgets are presented in

$SSHQGL]

These results were supported from the additional model fitted using the Dirichlet Distribution,
showing that across all periods, the longer the time interval after treatment, the proportion of
time lambs VSHQW fJUD]LQJ- UHGXFHG ZKLOH fUHVWLQJ- LQFUHDVHG FF
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Figure 5.14 The average daily proportion of time 22 ewe lambs spent walking/ r  unning ,

resting and grazing measured by tri-D[LDO DFFHOHURPHWHUY RYHU IRXU SHUL
modelled from a Dirichlet distribution, allowing for the simultaneous assessment of the

HITHFWV Rl FRYDULDWHY RQ WKH UHODWLYH FRQWULEXWLRQ RI

5344 Effect of time since treatment on activity levels (VeDBA actvity )

Average dalily activity levels measured by vector magnitude (‘grazing’, ‘resting’ and ‘walking’)

RlI ODPEV SRROHG DFURVYV DOO IRXU SHUL RGN BUWKWRKZRY Q Q Q L)L A X
are the activity levelscom SDUHG WR IDHFDO HJJ FRXQWYVY 7KH UHVXOWLQJ PR
OHYHO IRU DOO DFWLYLWLHYV BUHDAKERRDPEWQYLSHPHQIBYHO RYHU WLPH DI

showed a decrease for ‘walking ( p EXW fJUD]LQJ:- DQG TUHVWLQJ- ZHUH Q
affected (p ! ,Q UHODWLRQ WR IDHFDO HJJ FRXQ \ignhificartyO ab FW LY LW\
higher egg counts )LJXUH $SSHERGL]
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Figure 5.15 The Relationship between the daily activity levels of lambs for ‘grazing’,
‘resting’ (standing or lying) and ‘walking’ behaviour and (A) weeks after anthelmintic
WUHDWPHQW DQG % IDBWDOZBYJSHRRXAHWGVRYHU IRXU SHULRGYV

3 Discussion

This study has clearly demonstrated tha t GIN influence the activity budgets of actively

JURZLQJ ODPEV ,W LV DSSDUHQW WKDW ODPEV ZRXOG LQFUHDVH W
activity immediately post- treatment before declining in the subsequent weeks, and this was

also reflected inlam EV ZDONLQJ IRU VKRUWHU SHULRGV DV WKHheDFFXPXOL
lambs in this study were grazing naturally contaminated pasture containing a mixture of GIN

VSHFLHV ZLWK QR DELOLW\ WR UHJXODWH WKH LQIHFWLYH GRVH 7
RQH \HDU RI DJH /DPEV Rl WKLV DJH ZRXOG W\SLFDOO\ EH WUHDW
months of age and then at longer intervals untl 12 - PRQWKV RI DJH /DZUHQFH HW DO
In the present study, the treatment interval was set at 6 weeks which would have allowed a

KLIJIKHU EXUGHQ WKDQ QRUPDOO\ H{[SHFWHG LQ WKH ILUVW WZR SHU
LPPXQH UHVSRQVH WKH WUHDWPHQW LQWHUYDO LV WKHQ XVXDOO!
Lambs acquired low to moderate nematode infect ions as indicated by faecal egg counts, the

OHYHO GHFUHDVLQJ DV WKH ODPEV JRW ROGHU DQG DFTXLUHG D P
Rl WKH ODPEV LQFOXGHG LQ DQDO\WHV VKRZHG VLJQV RI FOLQLFDO



As a generality, the number of weeks post treatm ent was positively associated with the
proportion of time spent resting and associated with significant reductions in the proportion of

WLPH VSHQW JUD]LQJ DQG ZDONLQJ SHU GD\ 7KLV LQGLFDWHV D
increasing burden of GIN and these  activities in that the larger the burden the larger the effect

RQ WKH SURSRUWLRQ RI WKDW DFWLYLW\ 7KLV LV VLPLODU WR WKF
treated with a persistent anthelmintic and were observed to spend a higher proportion of time
grD]LQJ FRPSDUHG WR XQWUHDWHG FRQWURO FDWWOH )RUEHV HW I
vector magnitudes which measure the magnitude of the effort for an activity it was observed
in the present study that the number of weeks post treatment was only neg  atively correlated
with VeDBA :s/.,1+ , with no significant associations with VeDBA  «5g= 1+ and VeDBA resting
This trend for a reduced VeDBA g1+ with time after treatment is consistent with the
reduced proportion of time for this same activity and agrees  with the findingsin ~ Section 5.2 for
GPS measured distance travelled in the same lambs 7KH DEVHQFH RI DQ REYLRX
VeDBA :53=,1+ and VeDBA resting With weeks post treatment suggests these are less sensitive

PHDVXUHV RI WKH LQIOXHQFH RI *,1 RQ DQ L PIhaptd EWIkXibngtd 1HYHUW
al, 2020) the overall VeDBA was reduced in parasitised lambs indicating that trends may still

EH SUHVHQW )DHFDO élduirdrtsiidy\Ware lalSo kédfatively correlated with the
LQWHQVLW\ OHYHOV 9H'%$ RI DO OThd3& \Wdidated/ Litkéy/ r Bddeee X UH G
VeDBA :53=,1+ and VEDBA .g/.,1+ LQ LQGLYLGXDOV ZLWK KLJKHU HJJ RXWSXW F
the other hand, reduced VeDBA resting @ppears counter intuitive as ‘resting’ implies inactivity,

EXW DQLPDOV LQ WKLV GHILQHG VWDWH DUH VWLOO DEOH
decline with increasing faecal egg count indicates they make fewer of these minor movements
whist fUHVWLQJ- L H WKH LOQWHQVLW\ RI DFWLYLW\ ZKLOVW fUHVWLQ

There appeared to be a pattern in the proportion of time spent grazing across period of
PHDVXUHPHQW 7KH WLPH ODPEV DOORFDWHG WR GDLO\ JUD]LQJ VKI
weeks post treatment, declining into the fourth week (except for ~ Period 2 where a reduction

was observed earlier), only to start trending upward again into the fifth week post treatment;

but there was no obvious explanation for the occurrence of this pattern from WKH GDWD &KDQJHV
in grazing activity were substantiated by commensurate significant live weight changes

observed among the lambs during treatment PHULRGV DQG 7KHVH JURZWK UDWHYV
SDWWHUQ REVHUYHG IRU JUD]LQJ D R@hbtyawkedly/dificienidro wke/ JDLQV ZH
to week over the six -ZHHNV ODPEV ZHUH OHIW XQWUHDWHG LQ WKH ILQDO

speculated that as resident immature parasites matured to adults 21 days after treatment,
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they induced anorectic effects leadi ng to significant reduction in grazing in an attempt to limit

IXUWKHU LQIHFWLRQ :KhaOthe/prop@tepeaitetine spent grazing started to rise

DJDLQ DIWH (@vith s&yBanegg counts) , it suggests that some adjustments in activity time

budgets of infected lambs may have started to occur 7KH PHFKDQLVPV DVVRFLDWHG
anorexia are largely elusive, due in part to the fact that infected animals voluntarily reduce
their feed (nutrition) intake at a time when it is needed most to ameliorate th e complex array

of changes occurring as a result of a protein  -losing gastroenteropathy, as summarised by Coop

DQG .\ULD]DNLYV ,Q WKUHH SHULRGV LQ WKH FXUUH®W VWXG\
change consistent with attemptingto  maintain liveweigh t 7KH UHDVRQV IRU WKLV RFFXU
QRW LPPHGLDWHO\ FOHDU IURP WKH GDWD

In the present study, the time allocated to grazing increased within seven days of receiving
PRQHSDQWHO 6LQFH QR DaWaHdUPSW raldiidnshipl@tinveen feed intakea nd

grazing time recorded by tri -axial accelerometers, no claims can be made that this also mean t

intake increased, althoughin  sheepmonitored with  vibracoders, anincrease in feed intake was

associated with time spentgrazing +XWFKLQJV HWamiGimilarly reduced grazing time

was associated with reduced feed intake in cattle when monitored with jaw movement
UHFRUGHUV )RUASSWhing that grazing time  was reflected in feed intake in the

present study , then these findings are in accord ZLWK WKRVH RI .\ULD]DNLV HW DO
GHPRQVWUDWHG WKDW YROXQWDU\ IHHG LQWDNH GHFOLQHG RU UH
lambs sub-clinically infected with Trichostrongylus colubriformis IRU ZHHNV 7KH\ DOVR
showed that in a subset of infected lambs treated after nine weeks of infection, feed intake
UHFRYHUHG ZLWKLQ D IHZ GD\V RI UKPWLYH®@D IDGQMWWWRCEFHaQ WYY AV WL
present is how feed intake relates with time spent grazing  as measured by accelerometers ,Q

studies to date, this has been reported to be difficult to achieve *LRYDQHWWL HW DO

Of interest, the presence of co -grazing pasture maintenance animals had a positive association

ZLWK JUD]LQJ DFWLYLW\ 7KLV PD\ EH GXH W@9NM) showed thf\ RI FDXV
stocking rate influenced grazing activity where sheep at a lower stocking rate started grazing

earlier in the day than a higher stocking rate in autumn and that this order reversed in the

VSULQJ 7KLV DXWKRU VXJIJHVWYV WKLV PD\ UHIOHFW Fompetition for availabl
DW WKH ORZHU VWRFNLQJ UDWH DFKLHYLQJ VDWLHW\ PRUH UDSLGOQ
measured, pasture availability was considered more than sufficient for the animals available

as indicated by the ne HG WR LQWURGXFH WKHVH DGGLWLRQDO DQLPDOV W]
OLPLWHG DYDLODEOH SDVWXUH LV DQ XQRZHYHO\ YVRPWRR) MRKHWMK QG
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associated with changes in activity during the weeks post treatment may have been easier t o
H[SODLQ ZLWK PHDVXUHPHQWYV RI SDVWXUH TXDOLW\ DQG ELRPDVV

36 Conclusion

Tri -axial accelerometers mounted on lambs provided data that allowed identification of the

effects of GIN on the activity patterns of lambs observed from weaning to one year of ag HThis

study provided evidence that reduced time allocated to grazing was an important response to

subclinical GIN parasitism LQ LQIHFWHG ODPEV /DPEV LQFUHDVHG WKHLU GD
grazing in response to treatment, before demonstrating a declin e in time spent grazing in the
VXEVHTXHQW ZHHNV DIWHU WUHDWPHQW 7KLV UHGXFHG JUD]LQJ DF
the total proportion of daily grazing activity and not due to reduced intensity of grazing per

GD\ 7KH ILQGLQJV VKRZ WKDW VXEFOLQical infection of lambs naturally infected
markedly reduced the proportion of time spent walking, while there was a rise in the
SURSRUWLRQ RI WLPH VSHQW UH YV WIh®dstirhatdd tidelsgat ib feredtW D QG L Q J
activities and the in  tensities of the effort to perform these activites ~ were highlighted as useful

measures for assessing GIN parasitism , the latter being a more sensitive measure of activity

changes in GIN infected lambs in relation to faecal worm egg counts of lambs +RZHYHU ERWK
proportion and intensity of activity contributed to defining the behavioural response of
SDUDVLWLVHG ODPEV FRPSDUHG WR ZKHQ WKH\ ZHUH LQLWLDOO\ W
slopes when using either proportion or intensity of activity highlights the relevance of
FRQVLGHULQJ WKH PHDVXUH WKDW LV PRVW VXLWDEOH IRU XVH LQ |
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CHAPTER-eMOVEMENT AND BEHAVIOURAL ACTIVITIES OF ADULT
EWES PREATING IS INDEPENDENT OF FAECAL EGG COUNTS

Abstract

In Chapter 5 , global position system (GPS) and accelerometer sensors were used to measure
the activity of young growing lambs, and were able to show that the distance mov ~ ed by the
lambs and time spent grazing were affected by sub- clinical levels of gastrointestinal nematode

*1 SDUDVLWLVP 7KLV PD\ PHDQ WKDW VXFK WHFKQRORJLHV FRX
WUHDWPHQW WR RQO\ WKRVH DQLPDOV P Rediwing Enti@hiAtid ussQ RWKHU R
on farms is to similarly restrict treatments in adult animals, restricting for example the use of
anthelmintics pre -mating VLQFH IDUPHUV LQ ldd@imertty DdoeDaQ Gheir ewes
premating 7R WKLV HQG WKH SUHYV H@gaie/eciay petieids) iK 8\yraviRof

-year-ROG 5RPQH\ HZHV SULRU WR PDWLQJ $00 WKH HZHV Z
DQG WUHDWHG DW WKLV WLPH %HKDYLRXU PRQLWRULQJ FRPPH

nine of the ewes were weighed, faecal sampled, body condition scored, and each was then fitted

ZLWK D FROODU PRXQWLQJ D *36 PRQLWRU DQG DQ DFFHOHURPHWHI
ODU 'D\ ZKHQ WKH HZHV ZHUH DJDLQ IDHFDO VDPSOHG ZHLJKHG
The activ ity monitors started recording on midnight of the 9 Mar, providing 10 days of data,
from which average daily distance travelled, daily activity budgets (time spent grazing, resting
(lying or standing) or walking) and daily activity levels (intensity of the HIIRUW ZHUH FDOFXOD)
The data were further analysed by categorising the ewes as either moderate to high faecal egg

FRXQWV )(& - HJJV J RU ORZ "~ HJJV J DQG ORZ ERG\ FRQGC
Q LQWHUPHGLDWH Q OQRU KRMHU Wadyideriod of the study, the

DYHUDJH 6' UDQJH HJJ FRXQWV URVHMRRP - -DQG LQLWLDO
Day 0 egg counts were a poor predictor of the counts measured later on Day 11 ( N
Liveweights and BCSrem DLQHG XQFKDQJHG 1RQH RI WKH SHUIRUPDQFH SDLI
between Day 0 and 11 (liveweight, liveweight gain, body condition score) were  significantly
DVVRFLDWHG ZLWK KRZ PXFK WKH HZHV PRYHG 7KH UHODWLRQVKLS
distance trave lled by adult ewes was equivocal; on Day 11 FEC were associated with reduced
distance moved (p EXW WKHUH ZDV QR UHODWLRQVKLS DW RWKHU WLI
found for an association between FEC and time allocated to grazing, walking and resting of

ewes prior to mating, but liveweight gain and daily grazing activity were significantly
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associated (p = DQG %&6 SUHGLFWHG WKH LQWHZEVLW\ WXRKHWKD®J DF
WKLQ HZHV KDG YfUHVWHG:- PRUH influkide Of0FEQ &l mewe@ant. shd/ H Q W
behaviour may be a consequence of the limitations of using egg counts to predict both the

burden of parasites or their impact , but may also reflect the fact that parasitism is just one

contributor to poor performance of ewe V
Introduction

Adult sheep LQ 1HZ =HDeSdec@lly British breeds, have largely developed an immune

response by adulthood that is able to control gastrointestinal parasites although not eliminate

them entirely (Pomroy 2017; Sutherland and Scott, 20 IHYHUWKHOHVYVY IURP WLPH V

DGXOW VKHHS ZLOO DFTXLUH EXUGHQV RI JDVWURLQWHVWLQDO QHF

There are also occasions when removal of GIN may be of benefit to the ewe, such as before

mating .HPSWKRUQH HWnD @ound lambing (*RJROHZVNL HWVW P®ZHYHU WKH

treatment of adult ewes around lambing time and pre  -mating, especially with long acting

anthelmintics, has been identified as a high-  risk management practice associated with being

selective for anthel mintic resistant genotypes /HDWKZLFN HW DO IDZUHQFH HW D

,Q 1HZ =HDODQG LW LV FRPPRQ SUDFWLFH WR WUHDW DGXOW HZHV

to remove parasites from the animals which is meant to result in improved live weight

pHUIRUPDQFH DQG EHWWHU PDWLQJ RXWFRPH OLOOHU HW DO

not usually a clinical problem at mating (Sutherland and Scott, 2010), although, there is some

evidence to suggest that GIN infected sheep are less fecund than uninf ected sheep
.HPSWKRUQH HW DO

Ideally, only those sheep that would benefit from treatment for GIN would be identified and

WUHDWHG 7KLV WDUJHWHG VHOHFWLYH WUHDWPHQW 767 DSSU

pathophysiologic or performance -based markers of parasitism to identify individuals who

ZDUUDQW WUHDWPHQW UDWKHU WKDQ WUHDWLQJ WKH ZKROH KHUG

of TST in minimizing the risk associated with (re)production deficits while being a viable

alternative towhole- KHUG WUHDWPHQWYV ZKLFK DUH DVVRFLDWHG ZLWK VHC

Gastrointestinal nematode parasites can induce a level of inappetence and lethargy in infected

DQLPDOV 7KH LPSRUWDQFH Rl LQDSSHWHQFH DV D FRPSRQHQW RI
subclinical GIN infections has been demonstrated in studies that have shown that between 60

- Rl WKH UHGXFHG JURZWK UDWH RI ODPEV FDXVHG E\ SDUDVLWF
reduction in feed intake & RRS HW DO ,Q DQ HDU O LH thistkdliS (/CHAptdr § ) for
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ODPEV DOORZHG WR JUD]JH FRQWDPLQDWHG SDVW XU H&ttihg U GD\V
anthelmintic, parasite load (indicated by FEC) was found to be negatively associated with
distance travelled and the proportion of time speQW JUD]LQJ 7KLV ZDV DVVRFLDWHG ZI
UHVWLQJ WLPH LH WLPH VSHQW OD\LQJ GRZQ RU VWDQGLQJ SHU
VDPH SDVWXUHV EXW ZKLFK ZHUH EHWZHHQ VHYHQ DQG GD\V IURP
changes are potentially important as indicators of disease and are viable candidates to drive a
767 DSSURDFK 7KHUH LV UHODWLYHO\ OLWWOH LQIRUPDWLRQ RQ W
on movement behaviour and grazing behaviour in pasture -based adult sheep although effects
on milk production have been measured in adult cattle which were either treated with an
DQWKHOPLQWLF RU QRW )RUEHV HW DO 'LWK FXUUHQW DGYDQF
behaviour remotely with technology, such as global positioning system and tri  -axial
accelerometers, the monitoring of activity changes if detectable from sensor data could be used
to assign treatments to LQGLY LG X DarVof thK igresent study was to investigate the
expression of movement and grazing behaviour of adult ewes na turally infected with varying
EXUGHQV RI *;,1 PHDVXUHG XVLQJ )(& SULRU WR PDWLQJ 7ZR VSHFL
(1) Are host movement and behavioural activities negatively affected by greater parasite load

+ L JREC) compared to lower burdens (Lo w-FEC)? and (2) is reduced distance travelled,
reduced grazing time and increased resting time associated with poorer performing ewes (low

body condition score and live weight gain)?

Materials and Methods

6.3.1 Study site and animal management

TheexpHULPHQW ZDV FRQGXFWHG DW ODVVH\ 8QLYHUVLW\-V .HHEOHYV
SHULRG - D-QXMddch 2020, which is during the post -weaning period prior to mating

LQ WKLV UHJLRQ 7KH FXUUHQW VW X Gand-@NaRyeafsigh a n 2&hNoB\dHG W Z R-
ZHLIJKW RI NJ 6' 7KHVH HZHV ZHUH SDUW RI D FRKRUW RI F
in a long -term whole -of-life study investigating the effect of birth rank, dam age and post -

weaning management on the reproductive performance ofewes + DVOLQ HW DOKH HZHV
ZHUH LQGLYLGXDOO\ LGHQWLILHG DQG ZHUH PRQLWRUHG UHJXODUQ
They had been dosed with a long-DFWLQJ DQWKHOPLQWLF DW ODPELQJ 9%l
Combination Sheep Capsules’, Boehringer Ingelhei P $QLPDO +HDOWK 1= LQ $XJXVW
animals in the current study were sampled from the Control treatment group (n=102)

GHVFULEHG LQ +DVOLQ HW DO -V VWXG\ WR VLPXODWH VWDQGD!
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DV SRVVLEOH 7KHVH FR Q\AaiReves okhWAZRH BB WXYZUH HZHV 'XULQJ WKLV

VWXG\ WKH HQWLUH FRKRUW RI HZHV Q LQFOXGLQJ WKH VWXC

IUHVK SDGGRFNV IURP 'D\ WR 'D\ RI WKH VWXG\ 7KH VL]|HV Rl WKHVI
KHFWDIMNBHBWLYHO\ 2Q 'D\ DOO WKH HZHV LQ WKH &RQWURO *I

hectare paddock where they were set -stocked and remained by themselves till Day 11, which

PDUNHG WKH HQG RI WKH VWXG\

6.3.2 Study design

Sixty ewes were randomly selected from WKH &RQWURO *URXS Q $00 WKH HZHV
VDPSOHG RQ WKH -DQ DQG KLJK HgdgR&geonVV PHDRWR WKHP
DOO EHLQJ WUHDWHG ZLWK DQWKHOPLQW L), al tkeevweRegeivedD Q XD U\

a single oral dose of atriple -FRPELQDWLRQ DQWKHOPLQWLF FRQVLVWLQJ RI

PJ NJ OHYDPLVROH DQG P J NWATRIR( | H EMBBraRR Badhringer Ingelheim

$QLPDO +HDOWK 1= 7KH HZHV ZHUH VXEVHTXHQWO\ DOORZHG WR ¢
and the start of the study was therefore delayed to the 9 Mar 2020 (Day 0), when continuous

EHKDYLRXU PRQLWRULQJ FRPPHQFHG XS WR 'D\ 7KH DFWLYLW\ P
midnight ofthe9of March L H IURP EHJLQQLQJ RI 'D\ SURYL edo@hich GD\V RI1 GI
average daily distance travelled, daily activity budgets (time spent grazing, resting (lying or

VWDQGLQJ RU ZDONLQJ DQG GDLO\ DFWLYLW\ OHYHOV LQWHQVLW
were then mustered on Day 11 for further measureme  nts of weight and condition scoring, and

WR UHWULHYH WKH FROODUV

6.3.3 Movement and Activity monitoring

The ewes were monitored with both a global positioning system (GPS) collar and atri  -axial
DFFHOHURPHWHU DOVR DWWDFKHG Wpkcedion the Reaks bflthe sieep FROOD UV
ZLWK WKH *36 XQLW LQ D YHQWUDO SRVLWLRQ 7KH *36 FROODUYV .
(ZZ2Z GDWDFDU)diddomaned hu- EOR[ FKL SMxPW6 XL W]H U O [DRepter

3, the accuracy of the GPS chipset was estimated with a mean error from actual receiver

position of and a standard deviation of m when subject to a static accuracy test at one

second epoch 5HVXOWYVY GHPRQVWUBWRH@WY IHOO ZLWKLQ P DQG ZL
RI WKH NQRZQ SRLQW 7KH FROODUV ZHUH SURJUDPPHG WR UHFRU
FULWHULD PRYHPHQW YHORFLW\ DQG WLPH Positions were only recorded when ma
WKH WKUHVKROG@3 YRABWBHIHW\ZDV OHVV WKDQ PHWUHV VHFRQG 7



threshold of one minute after which a position was recorded irrespective of movement and
YHORFLW\

Acceleration was measured with an ActiGraph wGT3X -BT® acceleration sensor (ActiGraph,
LLC, Pensacola, FL, USA) that measures acceleration during movement across the vertical,
KRULJRQWDO DQG SHUSHQGLFXODU D[HV 7KLV ZDV DWWDFKHG WR
the opposite side to the GPS unit, such that it was carried on the back ofthH QHFN RI WKH VKHHS
This unit employs a reference system that indicates longitudinal (front -to-back or surge, Y),
horizontal (side to-VLGH RU VZD\ ; DQG YHUWLFDO XS D
UHVSHFWLYHO\ S$FWL*UDSK 0DQXDO YRIHNRRE DWWIXBXNVQI WKH FR
the ewes, the sensors were pre -scheduled to collect acceleration data at a sampling rate of

+] ZKLFK LV HTXLYDOHQW WR VDPSOLQJ RFFDVLRQV LQ RQH VHFR
0 0 PP LQ VL]H DQQ@ ZHHHKRHGHQWDWLRQ RI WKH VHQVRUV ZD\
VKHHS $ EHKDYLRXU FODVVLILFDWLRQ DOJRULWKP GHYHORSHG IUR
Actigraph wGT3X -BT® sensor classified three distinct behavioural activities of sheep on
pasture, namely g razing, resting (lying or standing) and walking activities ( Chapter 4 7KH
DFFXUDF\ SUHGLFWHG IURP WKH FODVVLILFDWLRQ DOJRULWKP ZDV
UHVWLQJ DQG ZDONLQJ DFWLYLWLHVY UHVSHFWLYHO\

6.3.4 Measurements

Behaviour monitoring comme QFHG DW K RQ ODUFK 'D\ 7KH HZHV
monitored continuously for 10 days with the GPS collarsandtri -D[LDO DFFHOHURPHWHUV 'L\
between successive locations or step length were processed from raw GPS records for each ewe

using the R package ‘PRYH+00 OLFKHORW HW BWHS OHQJWKV ZHUH VXEVH"
summed over successive 24-hour periods to provide a single value of total distance travelled

SHU GD\ 7KH GDLO\ WRWDO GLVWDQFH YDOXHV ZHUH XVHKEG WR FDC(
WUDYHOOHG E\ HDFK HZH GXULQJ WKH PRQLWRWIQDI&KWWLRG $FF
VLPXOWDQHRXVO\ ZLWK *36 GDWD 7KH EHKDYLRXUDO DFWLYLWLHV F
GHULYHG IURP UDZ DFFHOHURPHWU\ GDWD DV Gavedrddbwitbéd DERYH &
raw data to estimate the distance travelled and proportion of each behavioural activity for the

GXUDWLRQ RI PRQLWRULQJ

Individual faecal samples were collected per -rectum for determination of nematode egg counts
XVLQJ D PRGLILHG OFODVWHU PHWKRG DQG XVLQJ J RI'IDHFHV ,Q
UHSUHVHQWHG6WBIIRUEL HW BOPSOHV ZHUH FROOHFWHG DQG SURFF
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h on Day - 'D\ D Q Gl1' @iresponding to the pre -trial FEC screening performed to

DVVLIQ HZHV WR JURXSV WKH VWDUW DQG HQG RI EHKDYLRXU PRC
larval cultures to establish the nematode genera infecting ewes were processed on Day 0 and

11 usinga Q DG GLW LR @& faeces from each ewe, pooled and mixed with Vermiculite®

DQG WKHQ FXOWXUHG IRU GD\V DW &

7KH OLYH ZHLJKW /. RI WKH HZHV ZDVDYHRERQGEHG RQ7TKH HZHV ZHUH
weighed using Tru -TestTM MP600 load bars and ;5 ZHLJK KHDGTest:xoup,
$XFNODQG 1HZ =HDODQG 7KH ZHLJKLQJ V\VWHP FROOHFWHG OLYH
Body condition scores (BCS; Jefferies, 1961) were measured by palpation of the lumbar

vertebrae and associated soft tissue usi ng a scale of one (emaciated) to five (obese) scale by a

single assessor on Day 0 and Day 11, coinciding with the start and end date of behaviour
PRQLWRULQJ

6.3.5 Statistical analyses

All movement and activity measurements recorded when the ewes where bei  ng moved were

UHPRYHG

ILYHZHLJKW JDLQ /:* ZzDV DQDO\WVHG DV WKH GLIITIHUHQFH LQ PRVW 1
UHFRUGHG GLYLGHG E\ QXPEHU RI GD\V EHWZHHQ ZHLJKWV 7R GHW!I
BCS and other measures, ewes were categorisedas B &6 RU ! FRUUHVSRQGLQJ
ORZ Q PLG Q DQG KLJK Q %&6 GLVWULEXWLRQ IRU DVVHVV
&RKHQ-V .DSSD VWDWLVWLF zZDV XVHG WR DVVHVV WKH OHYHO RI
data recorded between Day Oand Day 11 :HLJKWHG NDSSD F RN Whidh latiQuiss/
PRUH ZHLJKW WR ODUJH PHDVXUHPHQW GLIIHUHQFHY WKDQ WR VPD(
N UHVXOWY ZHUH LQWHUSUHWHG DFFRUGLQJ WR )OHLVV ZKHUH
WR LQGLFED\WRRG - DOIGJ LQGLFDWHG fSRRU- OHYHOV RI DJUH}
EHWZHHQ /:* DQG %&6 FDWHJRULHYV ZHUH WHVWeért@lsy dsbdXdtesi 29$ $129:
for between-% &6 JURXS GLIIHUHQFHV LQ )(& DQG /: $ SRLVVRQ GLVWULE)>
)(& LQ WKHVH DQDO\WHV 7KH UHVSRQVH GLVWDQFH ZDV WUDQ\
transformation (‘fJohnson R package’; Fernandez, 2014) in order to meet the assumption of
QRUPDO GLVWULEXWLRQ RI UHVLGXDOV
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Faecal egg count Groups

Egg count data were analysed by categorising the ewes as either Moderate -to-+LJK ORGJK

on Day - -DQ ZLWK D )(& ! HJJV J Q RU /RZ ZLWK B )(& "~ HJJ
7KHVH FDWHJRULHVY ZHUH DOVR DSSOLHG WR HJJ FRXQWV RQ 'D\ DQ
categorised based on change in egg counts from Day O to 11 as positive (eggs/g increased by

! Q QR FKDQJH HJJV J GLG QR® FKDID@QG GHIDWRYH HJIJIV
GHFUHDVHG E\ ! Q 7KHVH DQDO\VHV ZHUH UHSHDWHG XVLQJ WI
eggs present (non-zero eggs/g) or absent (zero eggs/g) respectively in order to ascertain whether

FEC had a presence/absence rel DWLRQVKLS ZLWK RWKHU IDFWRUV $QDO\VH
LQGHSHQGHQWO\ IRU HDFK WUHDWPHQW SHULRG

Distance travelled

The effect of parasitism (as indicated by FEC) on distance travelled was examined in ewes with

+LJK DQG /RZ )fit8hgE the datato six lin ear mixed effects models: Models 1 and 2 were

constructed with the response variables mean daily distance travelled and mean diurnal

GLVWDQFH WUDYHOOHG UHVSHFWLYHO\ %Bg (FoRGHOD- W LZHKUH [LWW
‘BCS group’ (three levels)and* /:*- RU §/:- DV HISODQDWRU\ YDULDEOHV DQG LQC
DV D UDQGRP YDULDEOH

Of interest in Model 3 was whether change in egg counts and BCS between Day 0 and Day 11

DIlIHFWHG GLVWDQFH WUDYHOOHG )RU WKLV DQDO\VLV D YDULDWLEF
D FKDQJH LQ HJJ FRXQW %DVHG RQ WKLV FULW3Hibadhe33agR DGGLWL
FEC-Maintained (n=23) were derived and the response distance travelled was modelled using

D VLPLODU VWUXFWXUH WR WKRVH GHQF®KRBHRE DERDN FBRQVILBUHEGE
FKDQJHG 7KH UHVXOWLQJ YDOXHV ZHUH WKHQ FDWHJRULVHG DV SF
QR FKDQJH %&6 UHPDLQHG WKH VDPH Q DQG QHIJDWLYH %&6 Gl

Behavioural activities

The frequency (number of occurrences per day) and total duration (length of time per day) of

JUD]LQJ UHVWLQJ DQG ZzDONLQJ DFWLYLWLHV ZHUH GHVFULEHG IRU W
treatment and FEC on the activity levels (intensity of the activity) and activity budgets
(SURSRUWLRQ RI WLPH DOORFDWHG WR DFWLYLW\ RI ODPEV ZHUH H



Activity levels (VeDBA)

Activity levels were estimated using a similar approach to that described in Chapter2  7KH

overall activity was calculated as dynamic vectorial body acc  eleration (VeDBA), corresponding

WR HDFK FODVVLILHG DFWLYLW\ PRGHOOHG DV Mk UHKWUSFRIQVH Y
VeDBA actvry models (corresponding to grazing, resting and walking activity magnitudes)

were fitted with the same structureasfor'd LVWDQFH WUDYHOOHG:- L H DV IRU ORGHO
PRGHOV /00V ZHUH XVHG ZLWK ODPE ,' LQFOXGHG WR DFFRXQW IR
effects included ‘week post treatment (numeric)’, ‘treatment period’ and ‘week post treatment’

x ‘treatment period - LQWHUDFWLRQ ,QLWLDO PRGHOV LQFOXGHG LQWHU
treatment’ and ‘treatment period’, but because this variable did not emerge as a significant

predictor of any of the three VeDBA  acriviry models it was subsequently dropped from allthr  HH

To normalise the distribution, all VeDBA  actmry date were log transformed and model

residuals were tested using graphical inspection of residuals and with the Shapiro -:LONV WHVW

WR HQVXUH QRUPDOLW\ ZDV DFKLHYHG

Activity budgets

Activity budgets were compared using similar methods as activity levels, but the proportion of

HDFK DFWLYLW\ zDV FRPSDUHG 'DLO\ DFWLYLW\ EXGJHWV SURSRUYV
and walking) were calculated for each ewe using methods similar to 5SHIXODU HW DO )
Thereafter, three generalized linear mixed models (GLMM) for ‘grazing’, ‘resting’ and ‘walking’

activities were constructed, with the occurrence or absence of each activity as the binomial

UHVSRQVH YDULDEOH 7KH IL[HG H[SODQDW:RUX WDK LI KV @XDOI H&
VHW DV D UDQGRP HIIHFW

Additionally, all models were constructed on a subset of the daily data including only the mean

VXQVHW WR VXQULVH KRXUV RYHU WKH WHQ GD\V ROtEIOKIDN.LRXU PRQ
727272 WLPHDQGGDWH BR® GDWD ZHUH SURFHVVHG DQG D&RIRO\]HG XVL¢
Core Team, 2019), with appropriate R packages ( PRY H+0Q Gtats’, ‘ImerTest’, ‘psych;

Revelle, 2019, ‘multcomp ; + RW K RIWQD O , ‘ggplbt2  : L Aidm, 2016’) and significance was

accepted at A” IRUDOO WHVWV XQOHVV RWKHUZLVH QRWHG $00 H[SHL
KHUH ZHUH DSSURYHG E\ WKH ODVVH\ 8QLYHUVLW\ $QLPDO (WKLFV &
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Results

Descriptive summaries for FEC, live weight and body condition score collected on Days 0 and

11 are shown in Table 6 OHDQ DQG PHGLDQ )(& ZHUH VOLJKWO\ JUHDWHU R
7KH FRHIILFLHQWYV RI YDULDWLRQ IRU OLY Mertimild'vh DG ERG\ FRC

DQG UHIOHFWLQJ VLPLODU YDULDWLRQ LQ HZHV RQ ERWK GD\V

Table 6.1 Descriptive statistics of faecal nematode egg counts, live weights and body

condition score of ewes monitored with rem ote sensors continuously for 10 days

Faecal egg count (eggs/g) Live weight (kg) Body condition score

Day 0 Day11 Day 0 Day 11 Day 0 Day11
Mean (SD)
Median(IQR) (400)
Range > @ > @ > « > @ > @ > @
cv

CV — coefficient of variation; SD — Standard deviation; IQR — Interquartile range

6.4.1 Level of agreement between measures recorded on Day 0 and Day 11.

The data did not provide evidence of agreement between eggs/g counted on Day 0 and 11, as
QHPDWRGH HJJ FRXQWV RQ 'D\ ZHUH SRRUO\ UHODWHGNWR FRXQ\
VWDWLVWLRpZDV 7KH ZHLJKWHG .DSSD FRHIILFLHQWYV IRRQGEYHZHLJ
body condition ( N ZHUH LQGLFDWLYH RI 1 id¢étHI&eHD dyreemenG 1D L U-

respectively

6.4.2 Faecal egg count

The prevalence of non-]JHUR )(& ZDV DQG RQ DQ\& UHVSHFWLYHO\ 7
composition of larvae identified in culture at the start and end of movement and activity
monitoring is given in Table 6 DQG VKRZ WKH FRPSRVLWLRQ zZDV EURDGO\

RFFDVLRQV



Table 6.2 Genera of Gl nematodes found in larval cultures from pooled from faecal
samples of mixed -age ewes at the start (Day 0) and end (Day 11) of movement and

activity monitoring prior to mating

Parasite genus Day 0 Day 11

Haemonchus
Teladorsagia
Trichostrongylus
Cooperia

Oesophagostomum/Chabertia

6.4.3 Relationship between Faecal worm egg counts and body condition score

No detectable difference in FEC were observed between BCS groups ( p DOWKRXJK D

higher variation in egg counts was observed in ewes with high condition scores (Figure 6
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Body condition score

Figure 6.1 Relationship between geometric mean faecal egg counts FRQILGHQFH
interval) DQG ERG\ FRQGLWLRQ VFRUH RI DG X&) Dayt art\b) DRy UHFRU

11 of measurement +RUL]JRQWDO OL QH Y\ vdlHeS ofithe Hiffekndd Bekiveen
WKH LQGLFDWHG FDWHJRULHYV

6.4.4 Liveweight gain and faecal worm egg counts

Live weight gain after 10 days of monitoring was independent of FEC (Groups, Low and Mo d-

+LJK RQ 'Dp JLIX&H DOWKRXJK WKHUH ZDV D ODUJHU YDULDWL
+LJK(& JURXS
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Figure 6.2 The relationship between the faecal egg output of two groups of adult ewes

(Low,n=3 andMod-+LJK Q ) collected and their liveweight gain NJ
confidence interval) from Day Oto 'D\ + R U htpRline represents the p  value of the

GLITHUHQFH EHWZHHQ WKH LQGLFDWHG FDWHJRULHYV

6.4.5 Body condition score and Liveweight

Liveweight was positively associated with BCS Groups, with low condition scored ewes having
significantly lower liveweightsthan O0LG DQG +LJK % &6 JURXSV )LIJXUHG6
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Figure 6.3 Relationship between mean liveweight NJ FRQILGHQFENAQWHUYDO
ERG\ FRQGLWLRQ VFRUH RI DGXOW HZHV Q UHFRUGHG RQ 'D\

6.4.6 Ewe daily Movement (distance travelled) and effects of faecal egg counts,

body condition score and liveweight gain

ORYHPHQW GDWD IURP RQO\ HZHV ZHUH DY D Ge®uiBideployed WKH VW)

unsuccessfully; the mean number of location records during 10 days of monitoring per ewe was

&, WR 2Q DYHUDJH HZHV WUDYHOOHG D PHDQ GDLO!
&, W R UDQJLQJ IURPGD\ PHOXRFHG WD YD GLVWL
observed in ewes with moderate to high faecal egg counts on Day 11 ( p )LIXU#H;

but egg counts on Day O did not have a detectable influence on distance moved ( p
None of the other variables tested (BC 6 /: RU /:* ZHUH VLJQLILFDQWO\ DVVRFLI

movement activity among ewes (Table 3



Figure 6.4 Effect of faecal egg counts on the mean daily distance moved (Johnson
transformed) of adult ewes Q (UURU EDUV LQGLFDWH FRQILGHQFH LC
+RUL]RQWreptesénts@ghidp YDOXH RI WKH GLIITHUHQFH EHWZHHQ WKH L

Table 6.3 Relationship between nematode parasites (eggs/g, on Day 0 and 11), body
condition score (BCS, on Day 0 and 11) and liveweight gain (in grams by Day 11) on the
daily distance travelled (km/day) of mixed-DJH DGXOW HZHV Q

Day O Day 11
beta SE p beta SE p
(Intercept) - (Intercept) -
FEC Mod-+LJK - FEC (Mod-+LJK -
BCS (Mid) - BCS (Mid) -
%&6 +LJIK - %&6 +LJK -
Day Day
/: /:
There was no effect of individual change in  FEC on distance moved (F 140 p

+RZHYHU D QHJDWLYH FKDQJH LQ ERG\ FRQGLWLRQ VFRUH ZDV DV
moved (F240 p J)LIXUH
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Figure 6.5 Effect of change in body condition score on the mean daily distance moved
-RKQVRQ WUDQVIRUPHG RI DGXOW HZHV Q (UURU EDUV LQG

LQWHURDQO]R Q WrBptesents@hd p value of the difference between the indicated
FDWHJRULHV

6.4.7 Daily Activity budgets of ewes and effects of faecal egg counts, body

condition and liveweight gain

2Q DYHUDJH HZHV VSHQW DQG Rl WKHLU GDLO\ WLPH fUHVYV
respectively (Figure 6



80

40

Average daily activity budget (%)

0 5 10 15 20
Hour of Day
Behaviour Grazing === Resting Walking/Running

Figure 6.6 Average daily activity budget per hour of day allocated to three behaviours
of mixed-DJH DGXOW HZHRWHWY FXUYHV ZLWK FRQILGHQFH LQWHU"®

The ewes showed a diurnal grazing pattern, with grazing time typically increasing from

sunrise (07 10 h) and peaking mid -morning, then declining through the middle of the day to

rise again late afternoon reaching its highest just before sunset (19 K 7KH SDWWHUQ DO\
showed other periods of grazing during the day and du  ring the night -WLPH DV ZHOO 7KHUH ZI
little variation between days in the proportion of time allocated to the three behaviours of

interest over the study (Figure 7
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Figure 6.7 The mean proportion of time that mixed -age adult ewes devoted to grazing,

resting (standing or lying) and locomotion (walking or running) during 10 days of
monitoring withtri -D[LDO DFFHOHURPHWHUV (UURU EDUV LQGLFDWH V)

6.4.8 Activity budgets

The time allocated to grazing, resting and walking activities were not dependent on faecal egg

counts (Table 4



Table 6.4 Influence of nematode parasites (eggs/g, on Day 0 and 11), body condition

score (BCS, on Day 0 and 11) and liveweight gain (in grams by Day 11) on the

proportion of time devoted to grazing, walking and resting behaviour in mixed -age adult
HZHV Q
Day 0 Day 11
beta SE p-value p-value
Resting Resting
(Intercept) <0.001 (Intercept) <0.001
BCS (Mid) - BCS (Mid) -
%&6 +LJ %&6 +LJK
FEC (Mod - FEC (Mod -
+LJK +LJK
Day - <0.001 Day - <0.001
/:* - 0.007 /:* - 0.006
Walking Walking
(Intercept) - <0.001 (Intercept) - <0.001
BCS (Mid) - BCS (Mid)
%&6 +LJ %&6 +LJIK-
FEC (Mod - FEC (Mod - -
+LJK +LJK
Day - <0.001 Day - <0.001
[:* [:*
Grazing Grazing
(Intercept) - <0.001 (Intercept) - <0.001
BCS (Mid) BCS (Mid)
%&6 +LJ - %&6 +LJIK-
FEC (Mod- - FEC (Mod - -
+LJK +LJK
Day <0.001 Day <0.001
[:* 0.007 [:* 0.006

6LIJQLILFDQW HIIHFWYV DUH VKRZQ LQ EROG 5HIHUHQFH OHYHOV DUH LQG

6.4.9 Activity levels (VeDBA activity )

Grazing (VeDBA crazin )

Liveweight gain significantly predicted grazing activity ( p
DVVRFLDWHG ZLWK LQWHQVLW\ RI JUD]JLQJ DFWLYLW\ 7KXV KLJKHU .

better weight gains (Figure

EXW )(& DQG %&6 ZHUH QRW
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Figure 6.8 Relationship between live weight gain of mixed -DJH DGXOW HZHV Q DQC
mean intensity of grazing activity JUH\ DUHD LV * FR QI L@GadspredHfo QW HUYDC

11 days continuously with tri  -axial accelerometers

Resting (lying and standing behaviour; VeDBA  RresTinG )

There was an effect of BCS on resting activity levels (F p ZLWK ORZ ERG\
FRQGLWLRQ VFRUHG HZHV L H 7 RMIR BharQriidkabhd KighUbodiyH ' % $
conditioned scored ewes (Figure 9) /LYHZHLJKW JDLQ ZDV QRW D VWDWLVWL
SUHGLFWRU RI UHVWLQJ DFWLYLW\ OHYHO
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Figure 6.9 Mean Activity levels FRQILGHQFHoLQRAHUQY DO PLG Q DQG
KLJK Q ERG\ FRQGLWLRQ VFRUHG D@GXrfivglditiicyrdding D ZDONL

DFWLYLWLHV
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Walking (VeDBAWALKING)

1RQH RI WKH LQGHSHQGHQW YDULDEOHV WHVWHG )(& /: [:* %&6 ZI
SUHGLFWRUV RI ZDONLQJ DFWLYLW\

Results from models of diurnal activity and distance travelled (not presented) were
ITXDOLWDWLYHO\- VLPLODU WR WKRVH RI GDLO\ PRGHOV SUHVHQWH

Discussion

In the present study, GPS and tri -axial accelerometer sensors mounted on adult ewes

generated data that allowed daily activity patterns for individual ewes to be deduced, showing
VLIJQLILFDQW YDULDWLRQ LQ GLVWDQFH PRYHG JUD]LQJ DQG UHVW
FRXQWV ZHUH FRQVLGHUHG ORZ WR PRGHUDWH OF.etQlieD DQG 6L
variation in individual daily distance travelled and activity recorded were related to the

QXPEHU RI HJJV LQ IDHFHV LQ WKH HZHV RQ '@\ EZNMUIDRW 'D'
also observed between FEC on Day 11 and the proportion of time spen t grazing and resting

RYHU WKH ZKROH GD\V RI WKH VWXG\ +RZHYHU WKHVH HIIHFWV
PHDVXUHG RQ 'D\ 7KH ERG\ FRQGLWLRQ VFRUH OLYHZHLJKW DQC
LQGHSHQGHQW RI WKHLU IDHFDO HJJ F Ri@dMvoporiehdlHMElU ZKHQ F
allocation the ewes gaining the most daily weight were shown to allocate the most time to

grazing activity; but parasitism did not appear to be an important factor in determining how

much time ewes spent grazing, nor was there an a ssociation between the body condition of

HZHV DQG JUD]LQJ DFWLYLW\ 7KHUHIRUH LW GRHV QRW DSSHDU W
walking had a relationship with the FEC of  adult ewes; nor wa s FEC associated with the

SHUIRUPDQFH RI WKHVH HZHV

6.5.1 The daily activity patterns of ewes

7KH SUHGRPLQDQW GDLO\ DFWLYLW\ UHFRUGHG IURP WKH HZHV ZD\
ruminating between grazing bouts, it is safe to say some of the activity cla  ssified as resting

contained ruminating bouts *LRYDQHWWL HWLMMX WKDW LQ PLQG LW FDQ EH
WKDW PRVW UXPLQDWLQJ RFFXUUHG GXULQJ WKH QLJKWWLPH ,Q DG
time was found associated with GIN parasiism (Fo UEHV HW DO 'LWK UXPLQD
subsumed within resting times in the present study, it cannot be ascertained if ruminating

WLPH zZDV DIIHFWHG ‘ré&siig Sdnd) grézing/’Rhe average daily walking time was

162



UHODWLYHO\ VKRUW RThéxe daily &lbdatiéns wire similar to those of ewe lambs

seen previously (see Section 5.3

6.5.2 Faecal egg counts, movement and activity

Faecal egg counts ranged from low to high, but distinct movement and activity patterns were

not consistently founG IRU FRXQWYV LQYHVWLIJDWHG DV¥LIJKRXX\DQRE YY¥ HIRG
FRXQWV 1R FKDQJH YV 3RVLWLYH RU )(& GHWHFWHG 3UHVHQW YV

E\ WKH HZHV ZDV DVVRFLDWHG ZLWK HZHV VKHG
monitoring EXW QRW IURP HZHV VKHGGLQJ WKH VDPH HJJV J GD\V SULF
UHDVRQ IRU WKLV UHVXOW ZDV QRW IRXQG IURP WKH GDWD 7KH SL
FEC on distance moved is not immediately clear but may be a consequence of th e limitations

RI XVLQJ HJJ FRXQWV WR SUHGLFW WKH LPSDFW RI *,1 RQ DGXOW D((
WKLV PHWKRG IRU HVYWLPDWLQJ SDUDVLWH EXUGHQ 7KLV VWXG\ Ul
parasitism, and egg counts are more variable in adult  sheep than lambs (Brunsdon and

90ODVVRII YXUWKHU LW KDV EHHQ VXJJHVWHG WKDW IDHFDO HJ
the individuals contaminating pasture the most, but as a marker for worm burdens, FEC are

FRQVLGHUHG TXHVWLRQDEO®&DUUHMROHW DO)RU H[DPSOH ZKHQ FRP
ZRUP EXUGHQV ZLWK IDHFDO HJJ FRXQWV LQ HZHV RQO\ RI HZHV
D WRWDO ZRUP EXUGHQ FRQVLGHUHG ORZ WRWDO ZRUP EXUGH
)(& ! HJJV J \KWBGOD ZRUP EXUGHQ FRQVLGHUHG ORZ OF.HQQD DQC
IRWZLWKVWDQGLQJ )(& SURYLGHV D XVHIXO PHDVXUH IRU SDVWXUF

It is equally possible that egg counts were at least indicative of true worm burdens and there

really was no impactof SDUDVLWLVP RQ GLVWDQFH PRYHG RQ 'D\ (JJ FRXQ\V
ORZHU WKDQ RQ 'D\ DV VKRZQ E\ D SRRU DJUHHPHQW VWDWLVWLF
an egg-shedding threshold exists whereby movement and behaviour changes are observed

whenthe WKUHVKROG LV HIFHHGHG $ ZRUP EXUGHQ DERYH D FHUWDLQ
WR EH QHHGHG WR REVHUYH D GHSUHVVLRQ LQ IHHG LQWDNH .\ULD]I
the proportion of time allocated to different activities was investigated in re lation to FEC, the

UHVXOWYV ZHUH WHQXRXVY DW EHVW 7KH WLPH VSHQW JUD]LQJ DQG |
DW ZLWK )(& RQ 'D\ UHVHPEOLQJ WKH HIITHFW RI1 )(& RQ GLVWI
if the ewes were compensating with a change in behavioural activity, those changes were not
LGHQWLILHG LQ WKLV VWXG\
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Adult ewes in this system may have adapted to natural levels of GIN infection, at least with

regard to their walking, grazing and resting activities, as noted in other study systems (Nels on

HW DO (ZHV SRVVLEO\ UHPDLQ UHORWILnfadtion veisud AdivVLYH RI C
SHUPLVVLYH L H UHVLVWDQW YV VXVFHSWLEOH eHdc/def Ros®V UHD OO\
LQIHFWLQJ SDUDVLWHV ,W LV NQRZQ WK R -4t O did WK DW VHFUF
necessarily sufferill -HIITHFWV 6KDZ HW DO 6R DQ LPPXQH DQLPDO Wl
using mechanisms such as IgA is likely not going to suffer adverse consequences of mounting

that immunity toresultintrade  -ofst KDW DUH GHWHFWDEOH DV FKDQJH LQ EHKDY
other words, ewes may be parasitised but may not be suffering significant ill effects because

the ewes are rejecting many worms without significant compromise to their health and the

smaller number V WKDW GR HVWDEOLVK DUH PRUH RU OHVV WROHUDWHG
fact that once ewes have matured, egg counts may be high or low but there may not be a

significant effect of removing worms for those animals at this time of the year, similar t oreports

DERXW DGXOW HZHV GXULQJ ODFWDW L R @oughDigfitAdr FeledtedinD O 7
the relationship found between performance measures and FEC in this study discussed in the

QH[W VHFWLRQ

6.5.3 Performance of ewes, faecal egg countsand activity levels

3DUDVLWLVP DV LQGLFDWHG E\ )(& ZzZDV LQGHSHQGHQW RI DOO SHUII
body condition shed similar numbers of worm eggs as those in low condition, meaning
parasites may not have had a detectable effect on body condit LR @&gg counts in the high
FRQGLWLRQ HZHV WUHQGHG WRZDUGV EHLQJ KLIJKHU WKDQ WKRVH
be demonstrative of ‘resilience’ on the part of the bigger ewes, although  counts were also a poor

indicator of dalily liveweight gain afte U G DIt ¢ possible that 10 days was not a sufficient

WLPH LQWHUYDO WR DO«RRAYMWK IWKHUJUH HZDW DN\RLJB HILVBIGVQ
between both the intensity (VeDBA «53=,1+) and duration (proportion) of grazing activity and

liveweightg DLQV ,I| WKH WDUJHW ZHLJKWV IRU HZHV DUH GHILQHG DQG
levels or daily duration of grazing, then thresholds can be set for grazing activity that serves

DV DQ LQGLFDWRU Rl KRZ ZHO OAssuhhing thaUpdraSitddJdm UimpliQaled in

suboptimal grazing activity, and indeed egg counts are misrepresentative of true burdens , then

the lack of a relationship between egg counts and performance measures seen in this study is

OLNHO\ QRW D SUREOHP ,Q D SHU I )debspRrHoErmiViduas vegjdiring V W

164



treatment are informed by a show of reduced productivity rather than to any available

measures of parasitism such as FEC, again assuming that parasites are involved

Distinct variations in the proportions of time sp  ent in different activities were not seen in ewes

ZLWK ORZ PRGHUDWH RU KLJK ERG\ FRQGLWLRQ 7KLV FRQWUDVW
VeDBA where a higher VeDBA resting, indicative of more movement whilst resting, was
observed for ewes classedwitha ORZ ERG\ FRQGLWLRQ 7KH LQWHQVLW\ RI DFWL
FDQ EH GHVFULEHG LQ WHUPV RI WKH PDJQLWXGH RI WK
presents some difficultly to interpret the finding that ewes rested with greater ‘intensity’ when
thH\ ZHUH WKLQ ,W LV PRUH LQWXLWLYH WR WKLQN RI LQWHQVLW\ RU
terms of ‘active’ behaviour, such as walking or grazing, none of which were associated with

%&6 Rl HZHV 7KH LQWHQVLW\ RI UHVW LpRih &3k wight heexpedtedithatl LF XOW WR
these ewes would have a lower VeDBA resting €specially as the predominant genus present
was Haemonchus which might have induced a degree of anaemia and hence less activity

UDWKHU WKDQ PRUH ,Q DGGLWLRQ WKLQ HZHV GLG QRW VKRZ D C
which might indicate that they were compensating with resting but grazing sufficiently to

meHW WKHLU ORZHU PDLQWHQDQFH UHTXLUHPHQWY DV D UHVXOW RI
findings are in accod ZLWK WKRVH RI /HDWKZLFN HW DO LQ QRW ILQC
between ill thrift in adult ewes and parasitism during the period from lam ELQJ WR ZHDQLQJ
This suggests there may be a separation between poor condition in ewes and parasitism (FEC)

VLQFH SDUDVLWLVP LV QRW SUHGLFWLQJ SHUIRUPDQFH SDUDPHWHL
SOD\-:

6.5.4 Further research

Some of the findings in this study were helpful in supporting the value of the respective

technologies used to monitor behaviour by highlighting some new findings and corroborating

SUHYLRXV RQHV IURP WKH SUHFHGLQJ FKDSWHUV )RAgrélfo SOH WKH
active at ‘rest when they were thin (low BCS) was unexpected and difficult to explain but

GHVHUYLQJ RI IXUWKHU LQYHVWLIJDWLRQ 5HGXFHG GLVWDQFH PRY H(
are similar to results found inlambs ( Section 5.2), although egg counts in  the study with lambs

were more representative of true worm burdens since they were manipulated using

anthelmintics, that is to say animals with zero counts had been recently treated and thus

ZRXOG JHQXLQHO\ KDYH QR IHZ ZRUPV SU b\bélsDatessfit bs ®TFSW-LY LW\ PH!

regime in adult ewes, further research using anthelmintics appears warranted to test the



hypothesis that anthelmintic administration to ewes with low grazing activity (duration and

intensity) results in a greater improvementingrD]LQJ WKDQ WUHDWPHQW RI RWI
anthelmintic -based approach, alongside use of nematode monocultures for infection, may

SURYLGH PRUH FRQVLVWHQW UHVXOWV LQ WHUPV RI EHKDYLRXUDO
genus identified from culture on both  Day 0 and 11 was H. contortus and it remains to be

investigated what the behavioural response of ewes would be to a monoculture of non  -blood

VXFNLQJ WULFKRVWURQJ\OLGV ,Gaxial atteletoQeters\inébeep akd/dogJ WU L
systems where H. contortus ZDV WKH SUHYDOHQW ZRUP ORQWRXW HW DO

with lower burdens of H. contortus were characterised not by lower activity levels, but by

FKDQJHV LQ EHKDYLRXUDO YDULDELOLW\ 7KH\ VXJJHVW VXFK YDULLIL
statistical analysis of activity metrics, such as magnitude or duration of activity as used in the

SUHVHQW VWXG\ 8VLQJ D PDFKLQH OHDUQLQJ DSSURDFK PLJKW HQ
individual ewes in the present study in terms of variability in b ehaviour from day -to-GD\

:KLOVW QRW SHUIRUPHG LQ WKLY VWXG\ WKH GDWD SUHVHQWHG FI
methods, which is the subject of other RQJRLQJ UHVHDUFK

Since parasites (as indicated by FEC) were found to have a negligible influence  on performance

parameters, there is clearly a need to investigate other factors that predispose to low or high

SHUIRUPLQJ HZHV $V D QH[W VWHS WKH OLIH KLVWRU\ RI WKH HZ
compared to their current activity, alongside ongoing i nformation collected on their
UHSURGXFWLYH SHUIRUPDQFH HVSHFLDOO\ ODPE VXUYLYDO LQ NLC
would allow the investigation of whether activity premating can inform better lamb survival

DQG ZHDQLQJ SHUFHQW D JH \hdivievaiRhisteDoQta\iorm thask idwes in this

study can be used to train models that make it more feasible to “obtain perfect recognition of

behaviour in a large number of animals inreal  -life applicatons p ODUWLVNDLQHQ HW DO
Conclusion

Faecal egg counts did not relate consistently to the movement and behavioural activities of

ewes prior to mating in this study, although moderate to high egg counts at the end of the

VWXG\ ZHUH DVVRFLDWHG ZLWK UHGXFHG GLYV ¢l dsitg DY HOOH G
axial accelerometers in the present study identified that reduced average daily weight gains

were associated with animals that grazed less; and that thin ewes (low BCS) had higher levels

of resting activity, but none of these factorswe UH SUHGLFWHG E\ ZRUP HJJ FRXQWV 7

show that neither technology (GPS or accelerometer) has a distinct advantage over the other
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in terms of determining which animals should be treated with an anthelmintic as both offered

some insights into ewe p HUIRUPDQFH ,Q WHUPV RI IRFXVLQJ IDUPHUV WHF
performance, egg counts are almost certainly not the most useful parameter to focus on for

GHFLVLRQ PDNLQJ HVSHFLDOO\ DQWKH®REZQ Y\thdFe AebemfsRd QW GHFL'
usingFECto DVVHVV WKH OHYHO RI SDVWXUH FRQWD Fheépdsengfi) RFFXUUL
in collecting activity metrics from a group of ewes with a rich pedigree of information available

RQ WKHLU OLIH KLVWRU\ WUDLWYVY 6SHFLILFDOgpactiveyQ aRISSRUWXQ
prospectively, investigate how these activity measures relate to lambing performance and kilos

of lambs weaned per ewe, which is the subject of other RQJRLQJ UHVHDUFK 7KH YDULDW
proportion of daily time that ewes spent resting an d grazing, although independent of

parasitism, using measures of intensity and duration of activity, can be explored further using

RWKHU PDFKLQH OHDUQLQJ WHFKQLTXHYV
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CHAPTER-LAMBS SELECTED FOR RESILIENCE OR RESISTANCE TC
GASTROINTESTINAL NEMBSGBIOW DIFFERENCES IN DISTANCE
TRAVELLED

Abstract

Genetic selection either for enhanced immunological responsiveness against gastrointestinal

(Gl) nematodes (resistance) or an ability to mitigate the effects of parasitism (resilience) has

been possible for many years using simple parasitological or performance related phenotypic
LQGLFDWRUV VXFK DV )(& OLYHZHLJKW JDLQ RU UHTXLUHPHQW IRU F
study was to compare the movement behaviour of animals bred for  either parasite r esistance

(n=12) or resilience Q The movement behaviour of two lines of mixed -sex Romney lambs

ZDV DVVHVVHG XVLQJ *36 PRQLWRUV DWWDFKHG WR FROODUV /DPE
SDGGRFNV Q SHU (®FEGFRFGIGRFN JURXS ZDV EDODQFH®IIRU VH[ D
lambs in one padd ock were treated with a long -acting suppressive anthelmintic while the

lambs in the other paddock remained naturally LQIHFWHG 7KHUH ZD ¥ffebt ilVUHDWPH(
untreated animals with greater movement in resilient lambs and a decrease in movement in

resistan t animals but only at higher live weights (p Among treated lambs, resilient

and resistant lambs travelled similar distances ( p 7KH UHVXOWY KLJKOLJKW WKL
animals classified as either resilient or resistant demonstrated the same level of these traits

and overall, these findings suggest thatthe  behaviour associated with resilience and resistance

may be live weight dependent (TXDOO\ WKLV PLJKW EH LQGLFDWLYH RI DQ L¢
expression of the phenotypic traits that char  acterise or define lambs branded as resistant or
UHVLOLHQW

Key words : Romney lambs; nematode parasites; movement behaviour; remote tracking;

genetic selection



2 Introduction

Gastrointestinal nematode (GIN) parasitism is a major constraint to animal health and

productivity in grazing lambs -DFNVRQ H¥009O&RQWURO RI JDVWURLQWHVWLQDC
ruminants occurs mainly by chemical prophylaxis using broad spectrum anthel mintics but

overuse of these drugs has led to widescale drug resistance @9HUFUX\VVH HW DO
&RQVHTXHQWO\ DOWHUQDWLYH VWUDWHILHVY WR FRQWUROOLQJ L
variation in GIN susceptibility to breed selectively for resistan ce (Stear and Murray , 1994;
"RRODVWRQ DQG %DNHU ( B®@heHNvhubDadgical approach to partially

control infecion DQG GHYHORSLQJ VHOHFWLRQ LQGLFHVY WKDW DUH DFFH
Diagnostic indicators of GIN , such as faecal egg counts % LVKRS, HW PdhVVHW1998y, DO

mucus membrane pallor (Burke and Miller and live weightgan ORUULV, BOA)D O

have been used as phenotypic markers to select resistance (ability to limit Gl parasite

establishment) and resilience (ability to maintain performance in the face of parasite

challenge) to Gl nematodes (Bishop , 2012) 6WLOO WKH TXHVWLRQ UHPDLQV KR
GLVWLQJXLVK WKH UHVLOLHQFH DQG UHVLVWDQFHbé&aubsHe? DOV WR *
remain interlinked phenotypes 6HOHFWLRQ IRU UHVLVWDQFH KDV WHQGHG WR
performance ORUULV HW ,Ie@ding to the suggestion for inclusion of performance traits

in resistance selection programs or alternatively t o simply select for resilient animals capable

of performing well at times when infection is significant %LVVHWAY DR GDWH VHOHFWLF
for resilient animals is based predominantly on phenotypic markers that relate to performance

under challenge such as liveweight .HQ\RQ H20D3p or requirement for anthelmintic

treatment ORUULV 2090)DO ,

Animals suffering from parasitism typically display a reduction in voluntary feed intake,

altered grazing behaviour and lethargy )RUEHYV HV2000D) $QLPDO PRYHPHQW LV SRWHC(
an important performance indicator of disease and might be a useful selection trait to derive

EUHHGLQJ YDOXHV IRU UHVLVWDQFH RU UHVLOLHQFH WR *,1 7KH D
whether movement behaviour would be  different in animals bred for parasite resistance or
UHVLOLHQFH 7KH REMHFWLYHV ZHUH WR XVH *36 VHQVRUV WR FI
resistant and resilient animals, and  2) To evaluate the effect of anthelmintic treatment on

distance movedbe WZHHQ WKHVH OLQHV
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3 Materials and Methods

This study was carried out at the Ashley Dene research farm in Lincoln University,
&KULVWFKXUFK 1HZ =HDODQG $00O SURFHGXUHV ZHUH FDUULHG R
accordance with the Lincoln University A’ QLPDO (WKLFV &RPPLWWHH /83%(&

7.3.1 Animals and experimental design

The movement behaviour was assessed between two lines of Romney lambs that had been
selected for either resistance (non- anthelmintic exposed, low egg shedding) or resilience (no n-
anthelmintic exposed, performance maintaining) for gastro  -intestinal parasites for more than

\HDUV 7g&elédtibh lines were established by AgResearch in 1979 % LVVHW189%/ DO
ORUULV BO0R0)@ were actively selected within line using fa  ecal egg count (FEC) as an
indicator trait as well as the  ability to maintain performance in the absence of anthelmintic
treatment 7KHVH ODPEV ZHUH WUDQVIHUUHG WR /LQFROQ 8QLYHUVLW\
lines were maintained with replacement ewe and ram lambs randomly selected from within
each line eachyear *UHHU HW DO7KH ODPEV ZHUH ERUQ DQG UHBAIMHG RQ SDV
University's Ashley Dene Research Farm and weaned at mean of 92 days -o-DJH $QLPDOV KDG
access toad libitum pasture and were grazed together on paddocks containing predominantly

ryegrass to allow for natural infection with mixed parasite species

This study was a 2x2 factorial design involving 24 mixed -sex, GIN resistant (n=12) and

resilient (n=12) lambs at a mean of 144 days- of-age, a period where resistant animals are

LPPXQH EXW UHVLOLHQW DQLPDOV D Ul t@d¥attors W ldrd selédtith e

LH UHVLVWDQW 57 RU UHVLOLHQW 5/ DQG DQWKHOPLQWLF WL
X QW U H D W.aihtbs vere allocated to one of two groups — 1) lambs suppressively treated at

weaning with a long -acting anthelmintc (1 mlpeU NJ 0$79%,Boehringer Ingelheim

$QLPDO +HD OwWhinidnise both parasitism and reduce pasture larval accumulation

7UHDWHG RU QRW WUHDWHG ZLWK DQ DQWKHOPLQWLF WUHDWPHC
was balanced for the sex of the lamb (ma O H IHPDOH DQG FRQVLVWHG RI D
UHVLVWDQW DQG UHVLOLHQW ODPEV /DPEV ZHUH GD\V SRVW DQW
WKH GD\ REVHUYDWLRQ SHULRG

7.3.2 GPS Monitor and tracking attributes
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Alllambs were fitedwithaGPSc ROODU IRU ICHIars@Brevnanufactured by DataCarter

(Z22zZ GDWDED U \IiHChaptér B8 , the accuracy of the units were estimated and found to

have D PHDQ HUURU IURP DFWXDO UHFHLYWW IB®REDWGE RZHRLDWPERAY \R K
The units were scheduled to record location estimates based on three criteria: movement,

YHORFLW\ DQG WLPH WKUH V K FPasiBovis Eer\bAlArEc0rds dAheivroRe@isht

H[FHHGHG WKH WKUHVKROG RN\ ZHHWOHWYVDWIKDYHO RHWUHYV VHFRQG
also a time threshold of one minute after which a position was recorded irrespective of
movement and velocity 'LVWDQFH EHWZHHQ VXFFHVVLYH ORFDWLRQV RU VYV
from raw GPS records for each a nimal using the R package moveHMM OLFKHOR)MOW DO

Step lengths were subsequently summed over successive 24 -hour periods to provide a single
YDOXH RI WRWDO GLVWDQFH PRYHG SHU GD\ OHD €@r éohsheée LVWDQFF
E\ XVH RI WKH GDLO\ WRWDO GLVWDQFH YDOXHYV

7.3.3 Parasitological examination and weights

At the start of the five -day monitoring period, all animals were faecal sampled per rectum  to
determine FEC using the modified McMaster method, where each egg counted represented

HJJV SHBggg DRI IDHFHV $W W K HvelgiisRuvere Vedoidldd foreestis \
VKHHBHFDO ODUYDO FXOWXUHV ZHUH XQDEOH WR EH FRQGXFWHG W

7.3.4 Statistical analysis

Descriptive statistics were used to summarise the results of distance travelled (km), body

weight (kg) and F EC (eggs/g), with the two -sample Student T -Test used to compare these
YDULDEOHV DJDLQVW WKH GLIIHUHQW DQWKHOPLQWKEWQH BWPHQW
Test was used to explorenon-QRUPDOO\ GLVWULEXWHG YDULDEOHV 5HFRUGYV
the GDWD DQG ! VWDQGDUG GHYLDWLRQV 6' IURP WKH PHDQ ZHUH UF
of the study, two models were constructed: a multivariate model (M1) was constructed using

the Imer IXQFWLRQ LQ WKH 5 SDFNDJH OPHU7HVW .X]Qb¢WéRYD HW |
relationship between the mean daily distance travelled (dependent variable) and the fixed

HITHFWV RI DQWKHOPLQWLF WUHDWPHQW DQG JHQRW\SH OHDQ GLV
and therefore was log -transformed to meet model assumptions and the adequacy of the

transformation was assessed using the Shapiro —:LON V WHVW 6H[ ZDV LQFOXGHG DV
and body weight was nested within anthelmintic treatment to account for dependence due to

SDUDVLWH VXSSUHVVLRQ $QWKHOPLQa\ahdF thalrUiticPadfithHv@y' DQG JHQ
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included following a stepwise -selection procedure; variables remaining inthe  model only when

the model AIC (Akaike’s Information Criteria) could not be improved by single term additions

RU GHOHWLRQV 7KH PR Gr¢& i@y effed\nwdel@_NIW) viith sheep ID in day

as a random effect to account for individual differences in distance moved, as well as individual
GLIIHUHQFHV LQ PRYHPHQW FKEKRIH 3IDMHZ WIHPAXSRVW +6' FRPSDULV
was used to compare predicted values of distance travelled between resilient and resistant in

the two treatment groups with the emmeans SDFNDJH /HQWK HW DO ,Q DG
logi(FEC+1) was modelled as a predictor of distance travelled instead of anthelmintic

treatmen W WR H[SORUH WKH UHODWLRQVKLS EHWZHHQ LQIHFWLRQ ORI
$00 VWDWLVWLFDO DQDO\VHV ZHUH FDUULHG RXW XVLQJ 5 VWDWL!'
7THDP

4 Results

7.4.1 Descriptive analysis

The mean number of GPS loca WLRQ UHFRUGV SHU VKHHS RYHU WKH VWXG\ St
FRQILGHQFH LQWHUYDO &, WR 'DLO\ GLVWDQFH ZDV FDOFXO
ODPEV WZR *36 XQLWV PDOIXQFWLRQHG UHVXOWLQJ LQ JHUR UHF
average, shHHS PRYHG D PHDQ GDLO\ GLVWDQFH RI NP &, W
REVHUYDWLRQ SHULRG ,Q XQWUHDWHG ODPEV 5/ ODPEV PRYHG D F
&, WR  compared with NP LQ 57 ODPEV &, WR  a ZKLFK ZC
GLIIHUHQFH Rl DSSURDFKLQJ VWDWLVWLFDQ VLIQLILFD®FH DW DQ
- WR p ,Q WUHDWHG ODPEV WKHWH ZDV QR GLHHUHQFH
WR p LQ PHDQ GDLO\ GLVWDQIRE BRYHGLEMW 0 NP
&, WR DQG UHVLVWDQW 0 NP &, WR

FEC ranged from minimal to moderate parasitism (range 0 — HJJV J H[FHSW IRU RQH 5
ODPE ZKRVH )(& ZDV HJJV J %DVHG RQ W Kia¥ roevediftéhitheG WKLV OL
final analysis as its FEC value was >3 SD  from the mean FEC and had a high leverage on the

GDWD 7KH DULWKPHWLF PHDQ IDHFDO HJJ FRXQW DQG UDQJH VHHQ

shown in Table 7
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Table 7.1 Arithmetic mean faecal egg counts (eggs/qg) of treated and untreated lambs

bred as resilient (RL) or resistant (RT) to gastrointestinal nematodes

Genotype Treatment history Mean eggs/g  Range eggs/g
5/ Q Yes 160 0to

5/ Q No 260 WR

RT (n=6) Yes 0 to 300

RT (n=6) No 67 0 to 300

FEC values were non -normally distributed and could not be normalised using a
WUDQVIRUPDWLRQ DQG ZHUH VXEVHTXHQWO\ DQDO\VHG XVLQJ WKH

indicated an effect of treatment on FEC levels ( W p =0 ) with higher levels in

untreated ( Median (Mdn) ,QWHUTXDUWLOH UDQJH ,45 MdWKDQ LQ WUF
, 45 DQLPDOV 7KH )(& OHYHO LQ UHVLVWDQW ODPEV VKRZHG D \
median (Mdn = 0, IQR=100), which was significantly lower (W p<0 ) than FEC

levels in resilient lambs ( Mdn ,45

/IDPE OLYH ZHLJKWV UDQJHG NURFLWK D PHDQ OLYH ZHLJKW * 6(0 R|
KDG UHFHLYHG DQ DQWKHOPLQWLF WUH D WtR Hugoé that Were leftNJ FRPSD!
XQWUHDWHG NJt &, WR p 'LWKLQ DQWKHOPLQW
WUHDWPHQW JURXSV 5/ ODPEV ZHUH KHDYLHU WKDQ 57 ODPEV LQ
& - WR p DQG KHDYLHU LQ XQWUHDWHG O®,REV
WR p 7KH PHDQ OLYH ZHLJKWV Rl 5/ DQG 57 ODPEV LQ ERW

is presented in Table 7

Table 72 OHDQ OLYH ZHLJKWV NJ DQG FRQILGHQFHate@Q WHUYDO F
ODPEV EUHG DV UHVLOLHQW 5/ RU UHVLVWDQW 57 WR JDVWUF

Genotype Treatment history Meankg  Lower CL Upper CL
(n =6 per group)
RL Yes
RL No
RT Yes
RT No
IRWH Q QXPEHU RI ODPEV &/ FRQILGHQFH OLPLW

7.4.2 Multivariate analysis
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A Shapiro-:LON WHVW RI QRUPDOLW\ RQ PRI®QMOQFBWHG LW VDWLY
DVVXPSWLRQV RI QRUPDOLW\ DQG KRPRVFHGDVWLFLW\ $IWHU VWHS
units to - 7KHUH ZDV HYLGHQFH WR VXSSRUW RXU K\SRWKHVLV WK
selection line had an effect on the movem ent of lambs which was dependent on their live

ZHLIJKW 7KLV HIIHFW ZDV QRW SUHVHQW LQLWXBID WHGE PRICREOV 7
DFFRXQWHG IRU VKHHS DQG GD\ DV UDQGRP HIIHFWV LQWHUFHSW D

Table 7.3 Summary of the effects of Romney Lamb genotype (resistant- RT and
resilient -RL), anthelmintic treatment (treated -T and untreated -8 DQG OLYH ZHLJKW /:

over five days on the mean daily movement of lambs estimated from linear PLIHG PRGHO

Effects Coefficient SE 95% ClI tvalue p
(Intercept) - to

Drench status (T) - to

Genotype (RT) to

'"UHQFK VWDW X\ to

'"UHQFK VWDW X\ - to

T:RT - - to -

8 57 [: - - to -

7 57 |[: - - to

6( VvVWDQGDUG HUURU 5HIHUHQFH OHYHOV DUH LQGLFDWHG LQ SDUl

6KHHS ,' KDG DV PXFK Rl WKH YDULDQFH LQ WKH LQWHUFHSW DV
respectively), suggesting lambs did not differ from each other more (intercept) than their

REVHUYHG WHPSRUDO YDULDWLRQ VORSH RYHU+WKS$DGXUDMLRQ |
comparison of distance means of RT and RL lambs among treated and untreated groups is

presentedin Table7 4 5HVXOWYV IURP PRGHO WZR LQGLFDWHG )(& OHYHOV K
effect (A RQ GLVWDQFH=BRYHG R p &, H
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Figure 7.1 (IIHFW RI DQWKHOPLQWLF WUHDWPHQW RQ WKH PHDQ GD
confidence interval) of resilient (RL) and resistant (RT) Romney lambs dependent on live

ZHLIKW

Table 7.4 Post-hoc Tukey's-+ 6" pairwise comparison of distance moved (km) between

resilient (RL) and resistant (RT) lambs in treated (T) and untreated (U) lamb JURXSYV

Contrast Estimate  SE df t ratio p
RL(U) —RT(U) 12

RL(U) —RL(T) 9 12

RL(U) — RT(T) 12

RT(U) — RL(T) -7 12 -

RT(U) — RT(T) - 4 1 12 -

RL(T) —RT(T) 12

SE, standard error; df, degree of freedom

Discussion

The objective of the current study was to use GPS sensors to determine the daily distance
moved by GIN resilient and resistant lines of sheep and to investigate the effect of anthelmintic

treatment on their PRY HP HIQ W absence of parasitism (T) there was essentially no



difference between the two selection lines, but when parasites were present (U) the lines

EHFDPH GLYHUJHQW EXW RQO\ DW KLJKHU OLYHZHLJKWYV 7KH KF
VNHOHWDOO\ PDWXUH DQG KHQFH SHUKDSV DOVR PRUH PDWXUH SK
began to show the trade- off of expressing immunity to parasites, their activity declining as

immune processes exacted a cost on animal performance possibly reflecting inflammatory

processes inside and outside the gut occurring in tandem with immune effector mechanisms
GLUHFWHG DW WKH SDUDVLWHV 7KH 5/ ODPEV DW KLJKHU ERG\ ZHLJK
EXW VKRZHG LQFUHDVHG DFWLYLW\ DV DQ HIIHFW te¥its meidd®H QVDWR U\
that these selection lines default to moving different O\ LQ UHVSRQVH WR WKHLU SDUDVL
:KH @Qhe challenge is lowered, in this case using anthelmintic treatment, the difference in

PRYHPHQW LV QHJOLJLEOH

This study coincided with what was anticipated to be a period where resistant animals were

immu QH WR *,1 EXW UHVLOLHQW DQLPDOV ,ZHUH$¥ RAXF KU MHKH NQ @ L+DF
would be appropriate for studying the effects on movement from the varying immune response

to GIN among these selection lines, which is reportedly temporal +DPLH HW, BOD9) The

timing of measurement is important in distinguishing between resistant and resilient animals

as, should immunity develop, animals may thereafter display a mixture of both resistance and

UHVLOLHQFH ORUJDEREprhhgtariberesilient animals at  this age have been reported

to thrive in comparison to their resistant counterparts while sometimes carrying a greater

parasite burden ORUULV HW DO 7KLV LV LPSRUWDQW LQ LQWHUSUHW
genotype by live weight, as the sam e reason could be inferred as to why heavier, untreated

resilient lambs moved more (‘thriving’), when similar sized untreated resistant lambs reduced

PRYHPHQW 7KH PRGHO SUHGLFWHG WKR\Ky & GnolvbéhDtQvaZ HLIKL QJ
untreated would movemor H LI LW ZDV UHVLOLHQW DQG OHVYV LltiswotzDV VHOHI|
clear from the data why lighter weigh t animals did not show a significant difference in their

daily travel distance ( Figure 1 Resistant lambs may have had a trade -off between the
HQHUJHWLF FRVW RI PRYLQJ DQG WKH FRVW V DVVRFLDWHG ZLWK PI
&RQYHUVHO\ GHOD\HG *,1 UHFRJQLWLRQ LQ UHVLOLHQW ODPEV DW
have resulted in this trade -off being less in favour of walking, presumably to better meet their
QXWULHQW UHTXLUHPHQWY 7KLV PD\ HIIHFWLYHO\ EH DQDORJRX
corticosteroid -induced immune suppression ameliorated feed intake and performance in sheep

infected with T circumcincta *UHHU HW D&xd T colubriformis *UHHU 009D O, W

lends further support to the hypothesis that the host's immune response is the underlying
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cause of altered host physiology, which consequently results in altered behaviours in
SDUDVLWLVHG DQLPDOV

There is a case to be made that bigger animals are likely to take larger steps and therefore

move greater distance ,W LV SUREDEOH WKDW WKLYV t@lkdasbhiidtQ FH LQ O
UHVLOLHQW WUHDWHG ODPEV DSSUR]| K Hmord tHan resBtant KLV VW X G
treated lambs, although this difference was not statistically significant The live weight

difference between selection lines among XQWUHDWHG D QL PyetGhe difeiénce in

distance moved was at least three times as much and this difference is likely attributable to a

UHVSRQVH WR SDUDVLWHV RQ WKH SDUW NrestingQive WdightvilG UHV LV W
treatment , therefore, seemed an appropriate approach to examine the behavioural response

as it compared similar sized lambs from both selection lines that had received a similar
WUHDWPHQW H[SRVHG RU QRW H[SRVHG WR DQWKHOPLQWLFV 7K
untreated lambs appeared consistent with the definition of this group of lambs where

liveweight was maintained in the presence of high FEC *UHHU HW DO

The relationship between FEC and movement trended towards an increase in distance
WUDYHOOHG ZLWK LQFU HrBsiiénD Aningdls @ émMohseted to be heavier than

resistant lambs and moved further than resistant animals whilst harbouring greater FEC

Consequently, ths SRVLWLYH UHODWLRQVKLS EHWZHHQ WKHVH YDULDEOH
though the predictive ability  of the model was limited by a low R2 of O Lpndvided for

consolidation of the information provided from modelling distance moved among selection lines

as a function of receiving anthelmintic treatment ; resilient lambs showed an ability to mitigate

the effectsof p DUDVLWALOHR Q HW Di@und asimilartrend in stud ewes that were faecal

sampled randomly and whereby the mean distance per step measured with GPS technology
LQFUHDVHG DV ) (& IhaoEitibA, ihidih@tion  on live weight of the stud ewes o r their

genotypic predisposition to GIN  was not provided therefore making direct comparisons to the

SUHVHQW VWXG\ GLIILFXOW 1RQHWKHOHVV LW FDQ EH DVVXPHG W
along in their immunity and  further investigation on the repeat ability of this phenomenon

DSSHDUV ZRUWK\

It is difficult to offer a biological explanation for the interactions between live weights and
GLVWDQFH PRYHG LQ XQWUHDWHG 57 DQG 5/ OLQHV )
speculate that, some of the lower body weight lambs were not showing evidence of the same

OHYHO RI UHVLOLHQFH ,QGHHG LW PD\ EH WKDW WKH OLJKWHU U
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UHVLOLHQW DQLPDOV DV WKH\ DUH QRW SKHQRW\SLFDOO\ EHKDYLCGC
ther HVLVWDQW DQLPDOV WKDW H[SODQDWLRQ GRHV QRW QHFHVVDULC
animals were low (range 0 to 300 eggs/g), with most being zero-egg counts but how they are

‘demonstrating’ resistance might vary between the animals, in terms of th eir impact on protein
PHWDEROLVP IRU HI[DPSOH ,W FDQ EH DUJXHG WKDW DFURVV WKH ER
different mechanisms to resist parasites, some which might be associated more with greater

trade-RI1IV 2YHUDOO VLQFH WKHVH DQLPDOV DUH RQO\ on the spectrum, especi
as they all still had some parasites, a possible biological explanation to these phenomena is

that these animals are not all using the same mechanisms to achieve the same level of either
resilience or resistan FH 7KLV LV RQH UHDVRQ ZK\ WKH VHOHFWLRQ IRU RSW
EH FKDOOHQJLQJ 0RUJbr@manytdh®determined what influence on movement

activity would be seen in older animals (further advanced in their immune response against

GIN) between the selection lines
6 Conclusion

Attaching GPS collars to sub -clinically infected Romney lambs selected as either resilient or

resistant to GIN allowed the demonstration of movement patterns that were dependent on
FRPELQDWLRQ RI WKHLU JHQRW\SH LQI|HR&stLByQeiahBiatettvhdd QG ERG\ Z
movement between resilient and resistant animals was similar when they had received

anthelmintics but different in untreated lambs 5HVLOLHQW LQIHFWHG ODPEV ZLOO |
distance while lambs selected for resistance will reduce distance travelled +RZHYHU VRPH
lambs demonstrated a mixture of both resilience and resistance, suggesting the behavioural

changes associated with resilience and resistance may only be apparentatgreater live ZHLIJKWYV

Overall, if heritability and repeatabi lity values can be established for behavioural changes in

response to these phenotypic traits, the possibility exists to develop the  use of remote sensing
WHFKQRORJ\ IRU VHOHFWLYHO\ EUHHGLQJ IRU HLWKHU UHVLOLHQFH
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CHAPTER-8GENERAL DISCUSSION

Introduction and summary of key findings

In order to farm sheep o ptimally, pragmatic and adoptable advice on sustainable helminth

control practices needs to be provided to farmers and advisors to reduce the emergence and

VSUHDG RI DQWKHOPLQWLF UHVLVWDQFH 7KLV FKDSWHU ZLOO H[SD
the important findings the preceding chapters in this thesis contribute towards achieving that

JRDO DQG FRQVLGHULQJ WKHP LQ FRQWH[W Rl WKH UHVHDUFK JDSV
overall aim of the research in this thesis was to make progress on developing technology to

assist with aSSO\LQJ 767 DSSURDFKHV 7KH VWXGLHV LQ WKLV WKHVLYV
investigate the behavioural responses of sheep to gastrointestinal nematodes acquired
QDWXUDOO\ IURP SDVWXUH ([SHULPHQWY ZHUH GHVLJQHG WR FDSW
of active growth ( Chapter2 , Chapter5 and Chapter 7), and in adult sheep ( Chapter 6 %)\

GHVLIQ WKH LQYHVWLIJDWLRQV VHW RXW WR GHWHFW VXEWOH GLIITHUHC(
was paid to the gross changes in behaviour that might be seen with clini  cal disease since the

intended goal was to be able to detect subtle changes associated with subclinical parasitism to

DOORZ LQWHUYHQWLRQV WR EH PDGH 7KH FKDOOHQJH ZDV WR GHW
not be observable by even skilled farmers in  any other way, and to do so before they become

PRUH VHYHUH

To this end, the main findings from the experiments in this thesis are as follows:

Tri -axial accelerometers and GPS collars can be used to detect subtle changes in the

behavioural activity and m  ovement of parasitised sheep, in the absence of clinical signs

RI SDUDVLWLVP

GINcan attimes UHGXFH VKHHS DFWLYLW\ DQG PRYHPHQW )RU H[DPS
activity was observed in infected young Romney x Suffolk sheep  (Chapter 2 ); reduced

weekly dista nce travelled in Perendale lambs from three months to one year of age in

the weeks following a short -acting anthelmintic  (Chapter 5. 2), reduced proportion of

time spent grazing and walking ( Chapter 5. 3); and reduced distance travelled in

untreated “resista nt’ lambs at approximately five months of age  (Chapter 7)
FRPSDUHG WR WKHLU XQWUHDWHG "UHVLOLHQWW FRXQWHUSDU
In contrast, there were also instances where GIN parasitism was associated with

increased host movement, as seen in untreated “ resilient ” lambs (Chapter 7), or
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instances where no apparent or consistent impact of GIN on hosts was found (mixed -
age adult ewes —Chapter 6

Collectively, the relationships in these studies suggest that the effect of GIN infections

on host movement and activities is influenced by host age, host genotype, host
liveweight, the type of activity being observed and the behaviour para  meters used in
LPSDFW DVVHVVPHQWYV

As a whole, the investigations described in this thesis demonstrate the potential utility of

animal movement and behaviour asa marker of parasitism, however further work is required

before it can be applied in a TST setting to effectively control nematode  -induced production

LPSDFWV &KDUOLHU HW DO ,Q WKH IROORZLQJ VHFWLRQ WKH
will be discussed in the context of the overall research design, the research limitations, and the

OLQNV EHWZHHQ UHVXOWV DFURVV FKDSWHUV 7KH GLIIHUHQFHYV
parasitised sheep as a function of age (lambs versus ewes), host factors (resilience versus

resistance to GINs) and the behavioural parameters sensitive to this response are also
LQFOXGHG )LQDOO\ IXUWKHU UHVHDUFK UHTXLUHG WR H[WHQG
EHKDYLRXU PRQLWRULQJ IRU VXVWDLQDEOH *,;1 PDQDJHPHQW ZLOO

Utility and limitation of the experimental designs used in this

research

Itis generally recognised that the adverse impact of GIN on their hosts represents a continuum

from effectively no impact at the lightest levels of infection, through causing sub -clinical effects

with moderate burdens, and clinical disease event ually occurring at higher levels of infection
6XWKHUODQG DQG 6FRWW 3RPUR\ 7KH ZRUN FDUULHG RX

determine if it was possible to detect differences in sheep behaviour and activity during periods

when sub-clinical efe FWV RI *,1 SDUDVLWLVP ZRXOG RFFXU DQG WKXV EH VI

the technologies used in this thesis to prove beneficial they would have to be able to detect such

small differences —there being little utility in detecting more significant alteration ssince these

are either already more obvious to an observer or arise too late, the damage already having

EHHQ GRQH ,Q WKLV UHJDUG DOO WKH H[SHULPHQWY FRQGXFWH

SUHFOXGH FOLQLFDO GLVHDVH DULYVL@H ahiaky kelfindigXigthi® QLPDOV )|

thesis have demonstrated the potential value in remote monitoring of sheep as a diagnostic

PDUNHU WR GHWHFW WKH JHQHUDOO\ VXEWOH EHKDYLRXU FKDQJHV

Such monitoring could therefore be use d as the basis for deciding whether animals need to be



treated with anthelmintic on the basis of individual need, and such decisions could be taken

HDUO\ L H EHIRUH DQLPDOV KDYH IDLOHG WR JURZ DGHTXDWHO\ RU
ofclinica O LOOQHVV VXFK DV ZHLJKW ORVV ,PSRUWDQWO\ WKLV ZRXOG SUH
in a flock that did not require treatment but which would often be treated along with others

ZKLFK ZHUH VKRZLQJ HYLGHQFH RI *,1 SDUDVLWhLhWBthes@a3ddVWLIDWLF
examined the impact of host factors such as genotype (‘resistant” versus “resilient”) and may
SRWHQWLDOO\ DOVR EH XVHG IRU VHOHFWLYH EUHHGLQJ IRU HLWK
Consequently, this further increases the value of remote monitoring when these tools can be

used to select such animals without the need for more complicated (and often expensive)
VHOHFWLRQ SURFHVVHV

It should be noted that for all the grazing studies in this thesis no attempt was made to

measure pasture quality and intake due to logistical considerations, financial and time
FRQVWUDLQWY W LV HQWLUHO\ SRVVLEOH WKDW LQ GLIIHUHQW F
behave differently and future studies should incorporate those parameters (see Section 8.9

below) ,W LV SRVVLEOH WKDW WKHVH PD\ KDYH DIIHFWHG DBD]LQJ EHK
VXFK ZRUN ZLOO EH UHTXLUHG WR E HNoKl@a@ng fdiDetidd On €& GHILQHG
parameters was likely to have made more difficult the task of asc  ribing activity changes with
SDUDVLWLVP DQG LWV HOHapeNy , i offaeKdl thred-weeks between groups

may have masked some of the effects of parasitism on movement, behavioural activity and

JURZWK SHUIRUPDQFH RI WKH JUreaiieh reguited iR ldrviroiinertal
FRQGLWLRQV GLIITHULQJ ZKHQ HDFK JURXS ZDV DW D SDUWLFXODU ¢
that models predicting movement and behaviour to inform helminth management decisions

need to be robust to dynamic environmental and climatic factors which were not considered in

WKLV WKHVLV

Infecting parasite species and animal hosts

The studies in this thesis build on previous attempts to use remote sensing technologies to

monitor activity of sheep infected with GIN (Baba \DQL ORQWRXW HW DO

particular, this thesis presents evidence for change in behavioural activity of sheep infected

largely with non- hematophagous strongylid nematodes LQ WKUHH VKHHS PRGHO V\VWHF
lambs/ young sheep; sheep selected for resistance or resilience to GIN; and adult sheep) 7R

date, other attempts to remotely monitor activity of sheep have been mainly with animals

infected where H. contortus was the dominant parasite 8VLQJ *36 FROOD&xM DQG WUL



accelerometer sensors remotely, the series of studies in this thesis have successfully tested

aspects of previous knowledge in the understanding of how GIN impact the performance of

infected individuals, and shed new insight on the movement and behavioural costs exacted by

G,1 RQ WKHLU KRVWV %DVHG RQ WKH ZRUN Haeraddhemug Boktdritud W DO

as the predominant parasite, detection of changes in behaviour and not activity level were
DVVRFLDWHG ZLWTEKheédd) Bowkwsil & IRgh likelihood that some of the findings  of

reduced activity in th e current thesis are able to be translated into usable tools for the overall
REMHFWLYH RI PDNLQJ LQGLYLGXDO WUHDWP H @it régétdFrioVheRQV $ SR\
parasites in th e present study , however, was not identifying specific parasites ' effects on
PRYHPHQW DQG EHKDYLRXU 7KH VWXG\ FRQGLWLRQV LQ WKH FXUUL
W\SLFDO OLYHVWRFN IDUPLQJ LQ 1HZ =HDODQG LQ ZKLFK HPDWRGIH
PLIWXUH RI VSHFLHV :DOOHU

Differences between the behavioural response of lambs and ewes to

GIN parasitism

In the studies of lambs ( Chapters 2, 5 and 7) administering anthelmintics allowed worm
burdens to be directly manipulated and arguably ~ presented a better test of the impact of
parasitism than constructing groups based on  faecal nematode egg count as was the case with
the ewes in Chapter 6 $P R @hdse ewes, the distance travelled per day was less than seen
among lambs and showed less daily variation, but in general, animal movement was more
VHQVLWLYH WR *,1 SDUDVLWLVP DV MXGJHG E\ IDHFDO HJJ FRXQWYV
reliance on egg counts as a measure of parasitism in ewes, it is possible that the effects of
parasitism we re masked, but without worm counts or some other means of assessing burdens
RU WKHLU LPSDFWV WKHUH ZDV QR PHDQV RI DFFXUDWHO\ NQRZLQJ
egg counts and total worm burdens in mature  Romney sheep is not as close as in lambs wit h
WKH FRUUHODWLRQ FRHIILFLHQW HVWLPDWHG DW IRU ROGHU VK
RQ )(& WR HVWLPDWH WKH ZRUP EXUGHQ LQ WKHVH ROGHU VKHHS ZI
burdens had also been manipulated with anthelmintics, a different out come might have
EHFRPH DSSD U H Qp\exgeririett @drithe ewe study would be to drench half the mob
L H KD OdedgoiRedves and half in high- egg count ewes) and follow them to observe
their movement and behavioural response  From an animal performance standpoint, t he ewe
study showed that there is little value in simply selecting the high- egg count ewes and
VHOHFWLYHO\ WUHDWLQJ RQO\ WKRVH 7KH ZHDN UHODWLRQVKLS



movement and activity highlights the difficul  ty of detecting deviations from ‘normal ’ behaviour
LQ PDWXUH LQGLYLGXDOV LQ D IORFN DQG WKHQ OLQNLQJ WKRVH Fl

Performance of the technologies used for monitoring parasitism

The remote sensing technologies used to ¢ onduct investigations in this thesis were GPS collars

DQG wULD[LDO DFFHOHURPHWHUV HLWKHU DORQH RU FRQFXUUHC

detection of a parasitsm -UHODWHG UHVSRQVH VXFK DV JUD]JLQJ DFWLYLW\

addition to being suitable to monitor the behavioural activiies of individuals, the two

WHFKQRORJLHV ZHUH DOVR FRPSOLPHQWDU\ WR HDFK RWKHU )RU H

from tri -axial accelerometers was positively correlated with distance travelled measured from

GPScolODUV ZKHQ XVHG IRU ERWK ODPEV \HDUOLQJV DQG DGXOW HZH

classified using machine learning with video observations as a gold standard, having composite

measures derived from two independent systems (GPS and accelerometers) givin g similar

UHVXOWY SURYLGHG FRQILGHQFH LQ WKH RYHUDOO YDOLGLW\ RI W

that data from the GPS collars do not provid e any additional information than is already

SURYLGHG E\ WKH DFFHOH U & Mithiithie/cont@xX & théereseah questions

in this study, it appears that accelerometers are more adaptable to on  -animal use than GPS

WHFKQRORIN Y Hhere are other contexts in which GPS technology may provide

additional information , for example, predicting land scape use and establishing the probability

RI DQ DQLPDO YLVLWLQJ D JLYHQ SDWFK ZLWKLQ D ODQGVFDSH WR
IRU ZKLFK DFFHOHURPHWHUV ZLOO EH LQDGHTXDWH

The validation of the GPS and triaxial accelerometer tools ( Cha pters3and 4) was invaluable

to inform data collection and analysis in order to achieve the outputs and expectations of this

WKHWDWLQJ DFFHVYV réWRiaia ®sn WhK Ilemote sensors was most useful to these

validations 7TKHUH DUH FRPPHME DiO-&xial CaycBlerometers that provide
LQIRUPDWLRQ RQ GLIITHUHQW EHKDYLRXUV RI OLYHVWRFN LQFOXGL
option would have been to utilise one of these existing units and validate them to test the
PDQXIDFWXUHUYV Kadiple,fhe acdaracyHf two commercial sensors CowScout © (GEA

Farm Technologies) and the IceTag ® ,FH5RERWLFV /WG PRXQWHG RQ GDLU\ FRZ
EHHQ PHDVXG#b&ty WRD O ZLWK WKH SRWHQWLDO WR EH XVHG IR
WKURXJK EHKDYLRXU PRQLWRULQJ +RZHYHU WKHUH DUH DGYDQ\
DSSURDFK ,W LV HDVLHU DQG SRWHQWLDOO\ WLPH VDYLQJ WR XVH

summary statistics such as the frequency of detected behavioural events or lengths of



EHKDYLRXUDO SHULRGVY 7KHUH LV WKH SRWHQWLDO IRU D ORVV RI G
to the raw data when attempting to understand and optimise the performance Rl WKH VHQVRU
This was a challenge described by Babayani (2016) when attempting to monitor activity levels
of sheep and goatsinrelationto H contortus LQIHFWLRQ )RU WKH SUHVHQW WKHVLV
to develop algorithms for an accelerometer brand that was available commercially but for
ZKLFK EHKDYLRXUDO FODVVLILFDWLRQ LQ DQLPDOV KDG QRW EHHQ |
approach is having access to the raw data, which lends itself to a wide array of robust analysis,
such as thatused by B XUJXQGHU HW DO DQG ORQWRXW HW DO ,Q
the algorithm developed from the neck collar position identif  ied three activity types from
accelerometry data 7KH DOJRULWK stimAtledlV Kifdilar activity budgets from
accelerometers mounted at two other placement positions : a head halter and body harness
(Chapter4  This output can be used for other animal behaviour -UHODWHG LQYHVWLJDWLRC(

Activity parameters sensitive to GIN parasitism

Several activity parameters were calculated from data collected during the experiments in this

thesis and the impact of GIN infection in sheep on these parameterswere  assessed 7KH XVH RI
vectorial dynamic body acceleration (VeDBA) as a simple proxy for overall activity in the

preliminary stu dy (Chapter 2 ) provided the initial results upon which further studies in this

WKHVLV ZHUH FRQGXFWHG 9H'%$ zZzDV JHQHUDOO\ VLPSOH WR FR
PDQDJHPHQW RU SURFHVVLQJ IRU DQDO\VLV ,Q VR GRLQJ D VLPSOH
in parasitology studies as the main proxy for sub -clinical parasitism was explored, providing a

XVHIXO LQLWLDO DVVHVVPHQW RI WKH HIIHFW RI SDUDVLWLVP LQ \I
Chapter 2 , the development of more complex machine learning algorithms to predict

behaviour RI VKHHS RQ SDVWXUH ZzDV XQGHUWDNHQ VLPLODU WR RWKHU
%DUZLFN HW DO 7KLY DOORZHG WKH KRVW DFWLYLW\ WLPH EXGJH\
comparison of the proportion of time spent on each act ivity between different parasite

treatments ( Chapter5 and 6 $FWLYLW\ Ex@ddfaihd t@ be sensitive to parasitism

DQG WKH PRVW OLNHO\ SDUDPHWHU WKDW FRXOG EH WUDQVOD
studies investigating the effects of parasitism in grazing cattle, the total time spent grazing

ZDV IRXQG WR EH VHQVLWLYH WR SDUDVLWLVP )RUEHYV ,Q WKH
‘grazing’, ‘resting’ or ‘walking’) could be inferred from accelerometer data, it was then possi ble

to ‘allocate’ VeDBA signals associated with these individual activity (VeDBA  acmvity ), which

DOVR SURYLGHG D PHDVXUH RI WKH PDJQLWXGH RI WKH HIIRUW H[HL



both the activity budget (proportion of time spent on an activity) and VeDBA actmvry

(magnitude of the effort exerted on activity) could be used to assess the impact of GIN on the

KRVW ,Q VRPH FDVHV RQO\ RQH RI WKHVH SDUDPHWHUYV ZDV VHQV
LQGLYLGXDOV 7KL VUOaaper & H3\HeieDy B ivity levels of lambs for ‘grazing’ and

TUHVWLQJ: L+dd= 1-9AdNEDBA resting ) Were statistically non  -significantly affected by

GIN, whereas the activity budgets of these activities in the same lambs were significantly
DIIHFWH#KHURQVWDQFHY WKHUH ZDV DJUHHPHQW EHWROHHQ GLIIH
example, VeDBA g/.,1+ and ‘distance travelled’ (calculated from GPS data; S  ection 5.2), were

positively correlated and sensitive to parasitism ( Chapter 5 &RPELQHG WiKptaideUHV XO

a measure of confidence in the validity of behavioural parameters used for assessing the effect

RI VXEFOLQLFDO SDUDVLWLVP LQ VKHHS

To further develop remote monitoring tools to enable decisions that allow control of GIN

sustainably, considerat ion needs to be given to the application of the tools in real  -life farming
HQYLURQPHQWYV 7KLV LV LPSRUizeéBQaN seaeqOaxies tQ & fRiQind

environments, as they affect the variation in the immune status of the animals, pasture

contamination and the availability of infective larvae on pasture, and the build -up of the
LQIHFWLRQ LQ DQLPDOV 7KH UHPDLQGHU RI WKLV GLVFXVVLRQ ZLO
changes in sheep behaviour farm -side as a marker of parasitism that coul d lead to optimal
SHUIRUPDQFH WKURXJK WDUJHWHG FRQWURO RI *,1 LQIHFWLRQ

Towards developing a system for behaviour based TST in practice

In this section, discussion will focus on how the output of this thesis can be advanced for use in
on-farmapplicat LRQV ,W LV XQOLNHO\ WKDW WKH VHQVRUV XVHG IRU WKF
VXLWDEOH IRU GHSOR\PHQW RQ D FRPPHUFLDO VFDOH IDUPLQJ HQYV
time investment required to regularly muster animals, take collars off, download and process
GDWD EHIRUH DQDO\VLQJ WKH LQIRUPDWLRQ WR PDNH PDQDJHPHQW
a technology- GULYHQ 767 LV WKH FRVW DVVRFLDWHG ZLWK WKH WHFI
associated with acquiring ear tags and setting up a‘controller pa~ WIRUP )RU H[DPSOH D fVPI
activity monitoring ear tag developed for cows cost from $72 per tag and the cost of setting up
D SODWIRUP FRVW -\EDWKEDWWHHHZDUUDQW\ RQ WKH WDJV ,Q"
are likely to be lower as technology DGYDQFHV DQG GHPDQG IRU UHPRWH PRQLW
One question to answer, though, is whether every lamb/ewe in a flock would need to wear one
VHQVRU RU ZKHWKHU WKH\ FRXOG EH DSSOLHG WR D IHZ VKHHS



TST, it might be difficult to decide which sheep to monitor as in order to make a behaviour
PRQLWRULQJ 767 DSSURDFK ZRUN HYHU\ DQLPDO LQ WKH IORFN ZRX

7KH VL]H RI XQLWY WR PRXQW RQ DQLPDOV LV DQRWKHU d®DHRWRU WR FF
EH WKH HDVLHVW zZD\ WR DSSO\ WKLV WHFKQRORJ\ WR V
PDUNHW IRU PRQLWRULQJ FRZV ZKLFK ZHLJKV J DQG PHDVXL
UHVSHFWLYHO\ W LV IRUHVHHDEOH WKDW Befitber teRuséd iPRQLWR U L(
VLIH WR DFFRPPRGDWH XVH LQ JURZLQJ ODPEV )RU WKLV WR RFF
legislative support mandating the use of electronic identification tags would be helpful as is

currently required for cattle and deer  (Morris and Ar cher, 2007), assuming the fine details of
LQFRUSRUDWLQJ WKH WHFKQRORJ\ LQWR WKH WDJV FDQ EH RYHUFR

Successful deployment of technology farm -side also depends on the logistics of downloading

the data over a user-friendly interface $Q LGHDO VFHQDULR ZR Xld be to collect sensor data at 1
VDPH WLPH DV RWKHU KXVEDQGU\ HYHQWYV VXFK DV ZHLJKLQJ )XL
determine the frequen cy WKDW IDUPHUV ZRXOG QHHG WR KDQGOGnRaNKHLU VW
option would be to design a dashboard that an alyses the metrics of all animals at ‘appropriate’

time points and then compares those to their previous metrics, both individually and then to

WKH PHDQ RI WKH IORFN ,W LV SRVVLEOH WKDW GDWD FRXOG EH GF
asanimalsmovet KURXJK D UHVWULFWHG VSDFH H J I19RRrIR®@eteSDGGRFN \
DUH FKDOOHQJHV DVVRFLDWHG ZLWK WKH DQDO\VLV DQG LQWHUS
conducted in this thesis generally compared one group with another whereas in a field

situation such activity measurements would need to be assessed without the benefit of a
FRPSDULVRQ FRQWURO JURXS +HQFH DVVHVVLQJ OHYHO RI PRYHPFH
IHHG DYDLODELOLW\ HWF ZRXOG QHHG WR EH DFKiYoe®& 2QH ZD\
GHWHUPLQH D SHUFHQWDJH FKDQJH IURP GDLO\ PRYHPHQW DQG DFV
UHTXLUH LGHQWLI\LQJ WKH RXWOLHUV DQG DOVR FRPSDULQJ DQ LC
this to be successful, there would need to be a way of d eveloping a baseline for each animal

ZKHQ KHDOWK\ LQ RUGHU WR GHWHFW D GHYLDWLRQ IURP EDVHOLQF
V\VWHP H[FOXVLYH IRU GHWHFWLQJ *,1 SDUDVL)
monitoring for parasitism would be i ncluded in a more comprehensive health surveillance

VA\VWHP LQYROYLQJ RWKHU KHDOWK LVVXHV sysemkvtizibpidé&si QHVYV RU
can track data collected through a handheld smartphone app or aweb  -based dashboard and

stay updated through rep orts on animals showing signs of ill health ~ will be most welcome  $

simple GIN -health index can be developedand XVHG WR KHOS PDNH WKH VINVHP HDV\



will no doubt need to be integrated with information on the season of the year, weather

forecastV IDUP PDQDJHPHQW SUDFWLFHV DQG UHVXOWV Rl TRFFDVLF
Future research can now focus on defining and refining  thefinedetails IRU VXFK D KHDOWK LQGH!
Following this, the app or dashboard can create a list of “sheep needing attention” alongside a

system that will automatically draft aside sheep that might be experiencing ill effects of

SDUDVLWLVP

Data management and analysis

The experiments in the current thesis produced a large dataset on the movement and
EHKDYLRXU RI VKHHS :KLOVW VHYHUDO JXLGHOLQHVY DQG EHVW SUL
H[SORULQJ ELJ GDWD =XXU HW DO &RRSHU DQG +VLQJ LW
time investment to process and generate useable data thatwillal RZ LQIHUHQFHVY WR EH PD
The robust computing power of open source programs such as R make this task considerably
easier, however, the most appropriate methodology for analysis of some of the data collected
DQG SURFHVVHG ZDV QRW H DV L@ thétirercuvity Budger datain CRBter
5 and Chapter 6 needsto be revisited using the Dirichlet modelling approach  (Douma and
:HHGRQ , alhough an attempt was made in Chapter 5 7KH OLPLWDWLRQ RI SURSR
dataisthat statistical analyses are not straightforward, since proportions can only take values
from zero to one and their variance is usually not constant across the range of the predictor

'RXPD DQG :HHGRQ 7TUDQVIRUPDWLRQV WR RY HrigdeBsiytH WKHVH
RIWHQ DSSOLHG EXW FDQ OHDG WR ELDVHG HVWLPDWhigteDQG GLIILF
4, the Dirichlet modelling approach was used with a smaller dataset but its implementation
for repeated measures data, where random effects need to be accounted for to reduce
DXWRFRUUHODWLRQ LV VWLOO LQ LWV LQIDQF\ OHWKRGV WR DGGU
XQGHUZD\ DQG LQ WKH IXWXUH LPSOHPHQWDWLRQ RI VXFK PHWKRG

Directions for future research

The work conta ined in this thesis has been proof -of-concept that measuring the movement and/

or activity of sheep could be used as a marker of parasitism and provide the basis of
DQWKHOPLQWLF WUHDWPHQW IRU LQGLYLGXDO VKHHSinpkach ce67 DSSURL
cut-offs and thresholds of activity need to be investigated and defined and the system evaluated
interms of cost-EHQHILW LQ WHUPV RI ODPEV JURZWK FRPSDtishthG WR WUD
adult ewes that a TST could be most crucial in reducing anth  elmintic use by targeting the

variability of individuals in response to GIN to make treatment decisions + R ZH Y, tHéresults



from this thesis did not indicate parasites were a big challengein ~ the adult ewes studied , with

few relationships with movement a nd activity observed ; further study is warranted as

enumerated in Chapter6 6HFRQGO\ WKHVH WRROV FDQ EH IXUWKHU GHYHO
WRROV LQ D EUHHGLQJ SURJUDP WR VHOHFW LQGLYLGXDOV WKDW ZLC
An important prerequisite in terms of using ~ remote monitoring of behaviour as a selection tool

iswhether it provide s additional advantage of easier -to-measure traits such as live weight that
LQWHJUDWHYV RYHU ORQJHU SHULRGV :KHUHDYV swksis Werel oW SHULRC
relatively short duration, it leaves  open the question if this relates well to longer term

behaviours, and clearly they need to be further developed  Notwithstanding, t he findings in all

the studies conducted in this thesis were indicative of individual animal differences in activity ,

DV VHHQ LQ WKH FRQVLGHUDEOH YDULDELOLW\ LQ PRGHO SUHGLFWL
be attributed to a number of factors, including the influences of overall health, acquired

resistance, PDQDJHPHQW DQG JHQHWLF KLVWRU\ 7KLV YDULDELOLW\ EHC
individuals that might benefit from anthelmintic treatment (in a TST setting), as well as in

selecting resilient individuals who may need treatment to a much lesser exten t; but the
YDULDELOLW\ QHHGV WR EH WDNHQ LQWR DFFRXQW LI WKHVH WRROV ZLO
in all settings due to the investment that is required, hence the need for an economic cost -

benefit analysis to precedeon -IDUP DSSOLFDWLRQ

To use behaviour as an index for control of GIN , studies will also need to be conducted that

KDYH fFOHDQ- SDVWXUHV DQG LQIHFWLRQ ZLWK D NQRZQ SDUDVLWH
DQG ZHOIDUH DVVHVVPHQWY UHVXOWLQJ IURP *so iedel te bk &EHWHUP L
UHIHUHQFH *,1 LQGLFDWRU V\VWHP RWKHU WKDQ ZRUP HJJ FRXQWYV
Teladorsagia and Trichostrongylus GRPLQDQW LQIHFWLRQV 6LPLODU ZRUN KDV |
South Africa attempting to develop a behaviour based T 67 ZLWK UHIHUHQFH WR WKH )$0¢
system using conjunctival membrane mucus colour as an index for control of haemonchosis

ORQWRXW HW DO

Many factors affect grazing behaviour which makes the interpretation of behavioural changes

challenging (Rutter HW DO 7TBHH VW X G\ RI P DWCKapter HZ isl&videe of this,

ZLWK YDULDWLRQ LQ JUD]LQJ EHKDYLRXU QRW IRXQG DVVRFLDWHG Z
Given that the growth rates and body conditon  of ewes monitored premating were not

associated with parasitism, it may be that parameters other than these performance metrics

QHHG WR EH FRQVLGHUHG VXFK DV ODPELQJ VXFFHVV DQG HYHQWX

the influence of parasitism on the movement and behavioural activity of ewe s during the



SHULSDUWXULHQW SHULRG PD\ DOVR QHHG WR EH LQYHVWLJDWHG
ewe activity was not identified, it may be possible to identify a signal that a ewe requires

attention if an animal ’s activity significantly deviates IURP DQ HVWDEOLVKHG QRUP )RU
grazing behaviour may also be useful for the efficient surveillance of  health of the animals on

IDUP

In a TST setting, activity data can be combined with other performance metrics such as

expected live weightgaint R PDNH GHFLVLRQV FRQFHUQLQJ WUHDWPHQWYV $V
weight gain is the only feasible tool that can be used to make TST decisions but the present

studies (Chapter 2 and 5) demonstrated these may not be as sensitve as measuring

behaviouralc KDQJHV

Pastures biomass and quality and other sward characteristics were not analysed or
LQYHVWLIJDWHG LQ WKLV VHULHV RI VWXGLHV $W VKRUWHU VZDUG |
getall the grasstheyneed $OOGHQ DQG :KLW,\ab@xNikhphct of parasitism could be
H[SHFWHG WR EH JUHDW H U EXénkhv@en) tbdpass swardskare tal\there is the

added risk that grazing closer to the sward base exposes host to more dense area of infective

larvae population ( + XW F KL Q J\2082V TheSe pasture -related factors were not considered

in relation to the response of animals LQ WKLV WKdHhEasurement of sward dynamics in

replicate -type experimental designs may have provided additional evidence of the impact of

sward type, height and quality on movement and behavioural activities associated with

S D U DV LMutlré Btudies would benefit from establishing the relationship between pasture

characteristics , including main species, biomass (kg DM/ha), quality (metabolizable energy,

crude protein, Neutral Detergent Fibre)  and how remote sensors measure an animal’s grazing

WLPH DQG IHHG LQWDNH 7KLV LV RI SLYRWDO L PaB8RA0VARIQFH JLYH
quality are strong indicators of time spent grazing and may have been use  ful in explaining

some of the variation in grazing activity shownin ~ Chapter5 and Chapter 6

In Chapter 2 , ram-lambs were used in the trial, and mixed -sex animals were used in

Chapter 6 JXUWKHU LQYHVWLIJDWLRQ LV ZDUUDQWHGh&Eex GFHWHUP LG
individuals on movement and behavioural attributes measured with remote sensing
WHFKQRORJLHV LQ UHODWCHRRQeNE R tiDseoi/théNdmbi wafa significant

predictor of distance travelled in both resilient and resistant lambs, wi th male animals

showing greater movement activity



There is a future possibility of using accelerometers to test the hypothesis that parasitised

young sheep select diets higher in protein and energy content compared to non-  parasitised

VKHHS 7KH DFFHOHU R Py pflexgratyieature that counts the number of times

DQ\ RQH UHFHLYHU PRQLWRU FRPHV LQ FRQWGCHamér 2L WikuaD SULPD U\
observations of animals offered barley and hay to supplement low pasture availability was

limted WR WKH SRLQW RI RIITHULQJ QRW IRU KRXUV $OWKRXJIK DFFX
of offering only one or two animals showed interests in these supplements, although it is

possible that others may have participated in their consumption outside of that point of
REVHUYDWLRQ $ YSULPDU\:- PRQLWRU FRXOG EH SODFHG DW WKH O
ZKLOH VFKHGXOLQJ WKH fUHFHLYHU:- PRQLWRUV RQ WKH VKHHS WHF
&XUUHQWO\ WKH VXSSOHPHQW FRQVXPSWLRQ LV XQNQRZQ ,I WKH X
supplement, then it could explain the role targeted nutritional supplementation might have in

offsetting parasite induced anorexia and maintaining live weight, while those animals were

less active than their treated counterpa U WQWerall, future studies can explore this theme,

using sensor technology to further elucidate the  previously investigated approaches used by
ruminantstoselff -PHGLFDWH )LVKSRRO HW DO

:KDW UHPDLQV Rl PDMRU LQWHUHVW InA /daR OIS SO0 DWR L Q IWHRRXQIR[OR J7
needs to be weighed up against the economics of investing in technology with the accuracy of
PHDVXUHPHQWY ,Q DGGLWLRQ WKH DELOLW\ RI WKH WHFKQRORJ\ \
maintaining an appropriate proport ion of drug susceptible parasites while optimising
SURGXFWLRQ IURP DQLPDOV QHhelstdieRiriRhis thesid QidrotzbhGistently

LGHQWLI\ DQ HIIHFW RI LQIHFWLRQ RQ JURZWK ZKHQ PRYHPHQW D
+HQFH IXWXUH VWXGLHV Qedtteefisstadvisnisikeatment based on movement

and activity changes The complexity of optimizing GIN management with respect to these

factors suggests that a decision support systems (DSS) to aid veterinarians, advisers and

farmers needs to be developed ORUJDQ HW DO7R DFKLHYH WKLV WKH WRROV
DGDSWHG WR PHHW WR WKH FULWHULD RI GHVLJQ DQG IXQFWLRQ
necessarily mutually exc lusive but for purposes of distinction, design refers to how tailored a

WRRO LV IRU HDVH RI XVH E\ WKH HQG XVHU ZKLOH IXQFWLRQDOLW\ L
also includes qualities of being able to deployed on -farm in a cost -effectve manne U 7RROV ZLOO
have to be adaptable and flexible because no two farming situations present exactly the same
FRQGLWLRQV ,QYHVWLJDWLQJ WKLV ODVW SRLQW LQ GLIIHUHQW ID
for adoption of a technology driven diagnostic tool foU *,1 7KLV ZLOO QdguiteRKUE W
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IURP SDUDVLWRORJLVWY DQG SURGXFW DUFKLWHFWYVY 3DUDVLWROT
interact with farmers understand the motivation and behaviour shift that is required to uptake
orrejectofanewtechnolo J\ 6 XFK LQIRUPDWLRQ LV LPSHUDWLYH IRU GHVLJQH!
SURGXFW $00 WKHVH IDFWRUV DUH LQH[WULFDEO\ OLQNHG DQG QH
studies that use these tools toward the collective outcome of sustainable managing GIN in

VKHHS 2YHUDOO VWXGLHV LQ WKLV WKHVLVY VXFFHHGHG LQ GHWHF
in GIN infected sheep but there is still considerable further work to be undertaken to show

that these observed behavioural changes are repeatable, robust to different grazing systems

and different management systems, different sheep breeds, different pasture types and host

DJHV

Conclusion

The work undertaken in this thesis has used technology tools to address themes integral to

successfully sustainably controlling GIN in sheep, spanning newly weaned lambs up to one

year of age, investigating animals selected for either resilience  or resistance to GIN, and in

DGXOW HZHV 7KHVH VWXGLHV GHPRQVWUDWHG WKH SRWHQWLDO IR
behaviour al activity both as a diagnostic tool, and as an innovative tool that can be adapted for

EUHHGLQJ SURJUDPV 7KHVH WRR@¥xn aRiQntégkated M @ReHamR Q

practices, in order to provide responsible, efficient and effective use ofanthel PLQWLFV 7KLV VWXG
highlights the current multi  -disciplinary state of science, incorporating movement and
EHKDYLRXUDO HFRORJ\ ZLWK GDWD VFLHQFH DQG YHWHULQDU\ PHGI
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Appendix 2 Supplementary material for Chapter 2

Appendix 2-1 Standard Operating Procedure for counting the number of strongylid eggs

per gram
Principle

7KH FRXQWLQJ V\VWHP UHOLHV RQ J IDHFHV GLVSODFLQJ PO 10
1D&, WRWDOV PO 7KH YROXPH XQGHU HDFK VHW RI JULGOLQHYV

FP IRU D WRWDO RI PO IRUD VOLGH 7KLV UHSUHVHQWYV DQ
LPSO\LQJ D PXOWLSOLFDWLRQ IDFWRU RI ;7 $V WKHUH ZHUH J
UHSUHVHQWY HJJV J

Materials and Equipment

"RUNERRN WR UHFRUG UHVXOWYV

6FDOHVY WR ZHLJK IDHFDO PDWHULDO DFEFEXUDEF\ * J
Small sieve (tea strainer)

6PDOO URXQG ERZO DSSUR] PO FDSDFLW\

Teaspoon

Pasteur pipette and rubber bulb
Saturated NacCl solution
8QLYHUVDO ERWWOH PO FDSDFLW\
McMaster Egg counting slide
Micro scope

Slide tray

Disposable rubber gloves
Paper towels
+\GURPHWHU

Beaker for salt solution
+RXVHKROG VDOW

Mechanical mixer in salt container
Definitions
FEC = Faecal Egg Count; eggs/g= Eggs per gram; NaCl = Sodium chloride (table salt);

V J pegific gravity
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Procedure

a) To make a saturated salt solution add salt to the blue plastic container until

b)

f)

9)

h)

)

K)

TXDUWHU IXO0 DQG WKHQ ILOO WR QHDU WKH WRS ZLWK KR\
ZLWK D K\GURPHWHU WKH VROXWLRQ UHdd&\as VJ ORUH VI
QHFHVVDU\

Place the required number of sets of utensils on the bench (sets consist of a bowl,

VLHYH DQG VSRRQ

Place the bowl, sieve and spoon on the scales and press tare then weigh out 2

JUDPV RI IDHFHYV

JLOO D XQLYHUVDO ERWWOH ZLWK VDWXUDWHG VDOW VRO X\
‘RUN WKH IDHFHV WKURXJK WKH VLHYH XVLQJ WKél WHDVSRI
OLTXLG ZKLOVW VWLUULQJ 'LVFDUG WKH VWUDLQHU DQG U]
30DFH WKH UHTXLUHG QXPEHU RI OFODVWHU VOLGHY RQWR

Mix the contents of the bowl thoroughly with the teaspoon using ato-  and-fro

PRWLRQ DQG DW WKH VDPH WLPH UHPRYH D VDPSOH ZLWK D
SXUSRVHV WKH SLSHWWH FDQ EH ULQVHG ZLWK ZDWHU EHW
Place the pipette at the opening of a chamber on the McMaster slide and quickly

ILOO WKH FKDPEHWHPPHQMW)J FRQWHQWYV RI WKH SLSHWWH

Allow the slidetositforl - PLQXWHVY WR DOORZ WKH HJJV WR IORDW
ZLOO QRW EH QHFHVV-DUVIZRKSQHFRRWIRQH WLPH

Using the 10 X objective with 10 X eyepiecesor4 X REMHFWLY H egépwdes, ;

focus on the gridlines and air bubbles so that the eggs to be counted are on the

VDPH YLHZLQJ OHYHO QHYHU XVH WKH [ REMHFWLYH

Start at one corner of each counting grid and count eggs proceeding up and  down

the sections RI WKH JULG RI ERWK FKDPEHUV &RXQW DOO HJJV W
OLQHV RI HDFK VHFWLRQ EXW QRW WKH ERWWRP RU ULJKW |
QXPEHU RI HJJV E\ WR JLYH WKH QXPEHU RI HJJV SHU JUD
be entered in the workb RRN

Thoroughly clean all utensils under running water to remove all traces of faeces

DQG UHSODFH LQ VWRUDJH 'LVFDUG IDHFDO VDPSOHV LQ W
GLVSRVDO

I WKH VDPSOH ZHLJKY OHVYVY WKDQ J UHFRUG WKH ZHLJKW
th e formula: Eggs x 100 + weight to work out the eg gs/g
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Appendix 2-2 Standard Operating Procedure Strongylid Larval Culture and

Identification

Background — This SOP is the original document written by 60 &DOGHU D Q GPonfroy
The SOP details the procedure for preparing larval cultures and identifying infective
ODUYDH IURP FDWWOH JRDW VKHHS KRUVHV DQG GHHU IDHFHV

Materials and Equipment

A) Larval culture

fine grade vermiculite

scoop

mortar and pestle or spatula

deionised water

glass jars and lids or plastic trays with glass lids
27°C incubator

rubber gloves

marker pen, label or masking tape, for identification
B) Baermann's apparatus

(LWKHU FP GLDPHWHU JODVYV IXQQHOV ZLWK UXEEHU WXEL
SODVWLF ERZOV FP GLDPHWHU FP KLIJIK ZLWK VORSLQJ
kitchen sieve approximately 22 cm diameter with an aperture of 2 mm

clamp

stand for glass funnel

culture bottles

10°C incubator

suction pump

measuring cylinder (1L or 2L)

JDFLDO WLVVXH RU SDSHU KDQGNHUFKLHI
C) Identifying Larvae

Slides
Coverslips

agueous or Lugol's iodine



6.
7.

pipettes
bulb
multi-counter

eyepiece with micrometer

Procedure

a)

b)

d)

e)

f)

g)

h)

&OHDQOLQHVY LV RI XWPRVW LPSRUWDQFH ([WUHPH DZDUH!
(introducing any foreign nematodes to the culture ie change gloves with each new

VDPSOH

9HUPLFXOLWH FRQWDLQHU 'R QRW XVH VFRRS ZLWK GLUW\ |
remove gloves ZKHQ QHHGLQJ PRUH YHUPLFXOLWH LQ VDPSOH EHI
For a bulk culture, all the faecal material is mixed with Vermiculite and water

with a spatula or gloved hands depending on which is more convenient, until a

consistency is achieved whereby squeezing the culture results in excess moisture

EHLQJ H[SUHVVHG ,I| WKH IDHFHVY DUH SHOOHWLVHG WKH\ FI
ZDWHU XQWLO WKH\ DUH VRIW HQRXJK WR EUHDNXS

For diagnostic cultures a representative sample of faeces is taken from each

animalin HDFK JURXS DQG PL[HG WRJHWKHU WKH JURXSV EHLC
The culture is either placed loosely in glass jars until they are about half full,

with the lid loosely applied, or placed in trays to a depth of about 4cm with a

JODVV OLG SODFRHa® &R tayd/irust cl@afly show the date the egg

counts were performed, the date the cultures were put up if different from the

SUHYLRXVY DQG LGHQWLILFDWLRQ RI WKH VDPSOH

7TKH FXOWXUHY DUH SOSDERGBXIEDWRU IRU GD\V 'HLRQLVHG
shoud EH DGGHG LI WKH FXOWXUHY VWDUW WR GU\ RXW 7KH\
ZHW

$IWHU GD\V WKH FXOWXUH FDQ EH WUDQVIHUUHG WR D %D
IXQQHO LV SODFHG LQ D VWDQG DQG D FODPS LV SODFHG RC
sieve is then lined with a single layer of facial tissue and then the faecal culture

LV DGGHG WR D PD[LPXP GHSWK RI FP ORUH GHLRQLVHG ZD
FRYHU WKH IDHFHVY $OWHUQDWLYHO\ WKH VLHYH FDQ EH SO
deionised water instead oftheg ODVV IXQQHO

The culture is left in the Baermann's funnel for at least 6 hours, preferably

RYHUQLJKW 7KH 2BGiNsNaRped off by opening the clamp and allowing

WKH IOXLG WR EH FROOHFWHG LQ D PHDVXULQJ F\OLQGHU R
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)

k)

)

used the contents are gently siphoned off from the top of the solution until 2 -3cm

RI IOXLG LV OHIW LQ WKH ERZO 7KH VLHYH PD\ EH UHPRYHG
LV EHORZ WKH ERWWRP RI WKH VLHYH I WKH VLHYH LV UHP
must be left to stand for an hour before siphoning as the  sediment will have been
GLVWXUEHG

The solution is then transferredtoa 1 -2L measuring cylinder, filled up with

GHLRQLVHG ZDWHU DQG WKHQ OHIW WR VHGLPHQW IRU KR
carefully re moved from the top of the solution with a suction pump until 100 -

PO UHPDLQV ,I WKH IOXLG LV Vwddment&lluktivhe LW VKRXOG E
VXSHUQDWDQW LV FOHDU 7KLV LV PRVW LPSRUWDQW IRU W
not essential for diagnostic FXOWXUHYV
Cultures are stored in plastic tissue culture bottles, on their side at a depth of
DSSUR[LPDWHO\ FP LQ D f& LQOFXEDWRU 7KH ERWWOHYV D
GDWH DQG LGHQWLILFDWLRQ
To identify the larvae they are concentrated by stand ing the culture bottle
XSULJKW IRU KDOI DQ KRXU $ VXEVDPSOH LV UHPRYHG IURP
and placed on a glass slide with a small drop of Lugol's or agqueous iodine to kill
WKH ODUYDH $OWHUQDWLYHO\ WKH VOLGHséD@gsBH IODPHG |
this relaxes the larvae and causes them to straighten which aids measuring
WKHP $ FRYHUVOLS LV SODFHG RQ WRS
7KH VOLGH LV SODFHG XQGHU WKH PLFURVFRSH DQG H[DPLC

ODUYDH DUH LGHQWLILHG LI B UHMRQW HTGK HQUW Y KOARW D ER

Identification is made by reference to a standard text 2

Appendix 2-3 Timeline of measurement events for  overall activity monitoring of ram  -lambs

in two treatment  groups

Day-14 Day O Day 14 Day 28 Day 42 Day 46
Untreated(n=12)
All sheep
* (n=24) * *
Suppressivene12)
O O
O =drenched % =Body weights and FEC = activitymonitoring
2 Manual of Veterinary Parasitological Laboratory Techniques reference book 3DJHV
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Appendix 2-4 The change in (a) geometric mean faecal egg counts (eggs/g) and (b) body

weight (kg) for suppressive treated and untreated groups of ram  -lambs (error bars

LQGLFDWH FRQILGHQFH LQWHUYDOV
a

=600

o

(@]

o

D 400-

L

c

©

£

2001

3

E /

8 oA 5

(D T T T T
0 14 28 42
b

-0.31

0 14 28 42
Experiment day number

Body weight change (kg)
&S & o
N - o

Treatment Suppressive — Untreated

Appendix 2-5 Significance and magnitude of treatment and initial weight interaction

effect on overall activity

%RGQHU GHPRQVWUDWHY KRZ XQVWDQGDUGL]JHG FRQGLWLRQDC
differences that vary linearly across a range of continuous covariate) can be expressed in

standardized effect size metrics, using the following equation

. _(é_>é/,q;a)
Lb/Eo_ YETE

where the conditional effect U ;+ U/ yequals the model -impli ed difference in means on Y
between the two groups at the specified value of M; MSR is the Mean Square Residual from
the regression model's ANOVA summary table which is the pooled residual variance in Y

A

across groups and is an unbiased estimator of € 7 K ptocess starts by deriving standardized
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conditional effects for overall activityforl SD EHORZ DQG DERYH WKH PHDQ LQLWLDC

Descriptively, at one standard deviation above the initial weight mean, the overall activity
reduced more on average in the untreated animals than in the Suppressively treated animals
L HJ+ U/ & kjmgRhokr mhj= Fl.jqg} atone SD below the initial weight mean,
WKLV HIIHFW ZDV VPDOOHU DQG RSSRWALW H jbQ FaHdkmFIWeRQ L H

hljo 7KH SU D Ftical magnitude of these two conditional effects and the difference in these two
FRQGLWLRQDO HIIHFWV KRZHYHU LV QRW FOHDU

'KHQ DSSO\LQJ WKH VWDQGDUGL]HG PHDQ GLIIHUHQFH PHWULF L

standardized mean differences range from
. l.igp :
L == F = Fkjgk
b e P a
to
. _ hljo _ hkio
b goni M

, respectively and individually would be considered negative and “large” to positive and

"VPDOOp UHVSHFWLYHO\ XVLQJ FRQYHQWLRQDO JXLGHOLQHV 3$O0OW
comparison of standardized mean differences across a range of interacting covariate values,

Bodner (2017) 3 proposed that (LQp/E@: DQG FRXOG EH FRQVLGHUHG "VPDO
and “large” differences, respectively, for a two standard deviation difference in the moderator

YDULDEOH H $D héldwRo 1 SD DERYH WKH LQLWLDO ERG\ ZHLJKW PHDQ
SURSRVHG JXLGHOLQHV WKH GLIIHUHQFH LQ VWDQGDUGLHHG PHDQ

IRU [BD difference in initial body weigh t would be considered “large” in
PDIJQLWXGH

Appendix 2-6 The conditional effect of treatment on overall activity as a function of

initial body weight based on output from the Johnson  -Neyman (J-N) post-hoc analysis;

3% RGQHU 7 ( 6WDQGDUGL]HG (IIHFW 6L]HV IRU ORGHUDWHG &RQGL
&RQWLQXRXV ORGHUDWRU 9DULDEOHY )URQWLHUV LQ SVI\FKRORJ\
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the slope of the conditional effects line equals the interaction parameter value for Model
LQ 7DEOH RI*&KDSWHU

Johnson-Neyman plot

T T
1 1
I 1
I 1
. I 1
= 1 1
@ ] [}
"(B' 51 1 1
o 1 1
% \l 1
1 1
2 1 1
@ 1 1
8 : : Range of
L 9 T T observed
Q2 1 1 data
() 1
— ] 1
z 1 1
[¢}] I 1
£ . : n.s.
T 54 ! ! p<.05
e I :
!-_ 1 1
o 1 1
] 1
8 ] 1
o I [}
D 104 : :
] 1
] 1
I 1
1 T T 1 T T
40 45 50 55

Initial.weight

'KHQ ,QLWLDO ERG\ ZHLJKW NJ LV RXWVLGH WKH GRWWHG OLQ!
slope of Treatmentis p 1RWH 7KH UDQJH RI REVHUYHG YDOXHV RI ,!
LV > NJ@

For observed data, the J -N analysis indicates that not receiving anthelmintic treatment

had a significantly negative effect on overall activity for lambs with initial weights

DERYH NJ

Appendix 2-7 Data table of overall a ctivity (VeDBA), faecal egg counts (collected on

Day 42) and initial body weight used for analysis in Chapter 2

Sheep ID Treatment VeDBA Initial weight FEC
1992 =ROYL][ 0

4 Gastrointestinal nematode infection affects overall activity in young sh eep monitored with tri -
axial accelerometers
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1993

2407

2437

2439

2443

2445

2460

1939

2481

1986

2409

2425

2441

2446

2485

2486

2491

2494

2495

=ROYL[
=ROYL[
=ROYL]
=ROYL]
=ROYL[
=ROYL[
=ROYL]
=ROYL[
=ROYL[
Control
Control
Control
Control
Control
Control
Control
Control
Control

Control

43

46

47

42

46

47

46

43

200
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$SSHQGL] 6XSSOHPHQWDU\ PDWHULDO IRU &KDSWHU

a

Appendix 3-1 RTK measuring actual location points

Appendix 3-2 Distribution of location estimates from  six GPS receivers recording at

one second epochin static accuracy test
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