
Genetic correlations between linear type traits, food intake, live 
weight and condition score in Holstein Friesian dairy cattle 

R. F. Veerkamy' and S. Brotherstone' 

Abstract 

Vnrill~ct' C O I I I / I O I I C ~ ~ ~ S  ilJ('YC c s f i ~ n t c d f r o ~ i z  nil irizirr~nl rirodrl usir7;; n resfricft~cl i~rnsirrrtlrr~ likc~lilrood /)roe-rdlrrr ioliic-/I 
allozucdfi~r ilnt~qlual design r~rirfricrs nild rrlissirlg obsrrzlrrfioi7s (VCE).  Dofir w f s  (,otrfainir~,y: ( i )  15 275 rrcords c!f 
linear fypr' clnssificntiom on heifers, (ii) 3399 livr illri:,.l~i mrrd cor~difiotr scortJs rrreaslirrd ilt c-alain~ irnif (iii) 1157 
rccouds of yirld, ~ir~/-1/1rrllfft~r i i l fnk~ ,  I I ~ ~ I ~ Y I I ~ C  liut, ~uei~yhf  nr~ii corrdifion scorr dlirii~g fhr first 2b ~ L J ~ J ~ / C S  of lilcfatioir; 
werp irnalyscd joinfly. 
Herifabilif!! esfiinntcs for dry-rnaffrr irztnke, /ir~r irlcighf lznd coi~~iifiori S C O ~ P  t/7e lar<yest dnflr S P ~  i i l t ~ ( ~  0.44, 0.44 
and 0.35 rrsprctivcly a n ~ f  thc genefic corrrlnfiorl bctzclceri corldifior~ score (7i1~i the ,~!irlif trnits n ~ n g r d f i o r ~ ~  -0.29 to 
-0.46. The genetic corr~lation betzueei~ rriilk yield nnd nzlr~rn~i~ live ivrighf runs nc;\rative (-0.09) birf trfter nifjirstir~g 
for thr gcnptic variation in coizdition score this ~ o r r ~ l ~ f i o i ~  ilJ17S [~os i t i i l~~  (0.29). Grrzctic corn31afiorrs befiort'r7 liilc 
zoeight nnif s fnf~rre,  chrst iuidfh, body depth nnd runip suidth  ill^^^ ~ ~ o i ~ s i s f t ~ r ~ f l ~ ~  11i~yh (0.52 fo 0.64; 0.75 to 0.86; 0.59 
to 0.81; 0.56 to 0.74, ri~spccfiuc/~/). Chpst width and body drpfh zvcrt7 l i f f l r  to rr~oifrunfrl?~ corrclafed silifh dr!/-rrlmftrr 
intake (0.25 to 0.28 nud 0.20 to 0.34 respectively), nrrd nngulnrify (-0.47 fo 0 . 7 7 )  nr~d cllrsf irlidtli (0.32 to 0.733 
appeared to be good pn~dicfors of coildition score. These coruelations shoiileii that ( i )  fhr relnfiz~e un/z/e (~j-lii~t '  il)('icy/if 
conzparrd with food ii~fnlce cnpacify drtermincs the optimum iiirectiorz if sc~lectioli for stnfz~re, c l ~ ~ s f  illidth, boil!/ 
depth and nnguluuity, and corzsrqurrzfly thr optilnirrrr size of the dmiry ccosu, 1711d fhnt (ii)  1i.r~~ weight, condifio~l score 
andfood infakc can be predictedfrorn tlir type trnifs il~ifll litflc loss in ncczlrncy. A rrstricfed indr .~  ivhich r11iririiair7s 
conditiorr scarf nf  i f s  c~rrrtwt 1e7~el zuos preiiicf~d to r(~diucc, ~~tli~r(rll (~eo11011rie) ~ c r l r f i c  p i l l  by 5%. 

Keywords: dnlry ~ a f f / r , f o o d  rr~fakr, 111zmr fypr fn1rf5, lrz~t, weight 

Introduction 
Most milk producers would agree thdt improving 
the profitability of cows, consistent with their health 
and welfare, is the most important breeding objective 
for dairy cattle. Clearly food costs are important 
components of profitability, because food costs 
account proportionately for about 0.80 o f  the total 
variable costs associated with milk production (Milk 
Marketing Board, 1990). Generally, food is used for 
the separate functions of maintenance, lactation and 
body tissue gain, or loss, and genetic improvement of 
food utilization h,ls to come from changing these 
components. 

Accounting for increased maintenance requirements 
of a cow wit11 increased live weight, the economic 
value of live weight is reported to be negative 

(Dempfle, 1986, Groen, 1989, Vi\scher 1.1 ill 1991, 
Groen ef (11, 1994) Increasing food intake, however, 
could have a positive econonyic value in the situation 
where additional concentrates are needed to 
supplement the energy from forage. In that situ,ltion, 
relatively more forage can be given when intake 
increases and the amount of concentrate in the diet at 
a given milk yield can be reduced (Croen and Kor\,er, 
1989). Considering that the economic weights of 
intake capacity ; ~ n d  live, weight are in opposing 
directions, whereas the gcnctic correlation bct~vccn 
these two traits is vositi\/e. it seems imvortant to 
cons~der slrnultaneoLsly both ~ntake ancl I;\ e weight 
111 the breeding goal (Vccrkanip, 1996) 

It call be expected also that ~ntake capac~tv and bodb 
condition score are likely to become more ~mportant 
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In the ~ L I  tlll.c3, rcy,~ildlesi 01 tlli, tec>cli~lg \ , i t e m .  This is 
l ~ e c , i ~ ~ ~ e ~  ic,lcc-lion for ! icsld i ~ i c r e ~ ~ i i .  thc g,lp het\\ crn 
c%nt.rg\. intxll ,ind O L I ~ ~ L I ~  d~r r ing  e,irl! I,lci,ltion: the> 
correl;~lcd rcSspol\sc~ i l l  looci intc~l\c~, from sclclction on 
\ ield, c,ili CO\ er oi11! 40 to 4SU0 cif the. extra 
~ . c ~ c l ~ ~ ~ r c ~ n w " t i  ( \  .xi Arc~ndonk i.1 i l l . ,  190 1; l ' c ~ ~ h ~ i ~ i i p ,  
IeJe)4). \\"liil\t tlic~rc~ is no c,\ idcncc, cif  a large 
1xotx)rtion of gcsnc~tic \,,iri,ltio~l In p'lrtial etticiencics 
(Gl,ll\c ,111ci C ~ ~ s t o d i o ,  1984; Vcscsrk,lmp ,ind b:mm,ms, 
lC195), 111ost ot tlic> rc \~~i ' i i~ i i~ ig  c>~ic>rg\~ r e c l ~ ~ i r e ~ ~ i e ~ ~ t \  for 
\icld h,ls to comc From h o d \  tisst~c mohilir,itio~l. 
~ c l c c . t i n ~  for a lolver ii\,c \veiglit ~ v l ~ i l s t  
s i rn i~ l taneo~~s ly  selecting tor i~icrrased !,ield, or direct 
sc.lc,ction tor gross c.tficienc\,, co~~lc i  incre'ise the g ~ i p  
I~ct~vc't'n the r,ite ot progress in vield and thc r,ltc ot 
progress in int,il<c c,ipcicity, ,ind hence ,111 i l icrc~~sc~ in 
tlie depenclenc!~ on  body tissue mobilircition c l ~ ~ r i ~ i g  
early I,ictatioi~. For these re;1so1is, there is intcrest in 
inclu~ling '1 cornhin<ition of dry-~nat ier  intclkc, l i \  c. 
tveiglit ,ind conclition scorr in the cl,lir? cattle 
breeding go,il ancl therefore genetic p ~ ~ r ~ l i n c t c r \  for 
tliese traits 'Ire' required. 

Mecisuremcnt ot ilidiviclual ccl~v's pcrtormancc. for 
iveiglit, tood intake or condition scorc is not 

comnlon pr;lCticc for 111e)st brceding progr'lmmes ,111d 
therefore there is gre& interest in other trdits ~vliich 
m,iy liclp to prcdict tlicsc> potential goal traits. I.inecir 
t y ~ c  traits dcscribc biological extremes for a I'irge 
number of \ , i s ~ ~ a l  cIiar,icteristics, are measurecl on  
rel,lti\,ely largc~ sc.alc, international con\,ersions are 
a\.ail,lble ,lnd tr'lits like body depth, capacity and 
sizc arc pt,rcei\,cd to he important by breeders for 
m.lny rtdsnns. Tlierefore it seems appropri,lte to 
e s t i n ~ ~ ~ t c .  gttnetic correlations b c > t ~ , e e ~ i  type traits and 
dry-~iiattc~r int'lkr, condition scorc, ancl li1.e ~\reigl~t  
,incl then to e \ . c ~ l ~ ~ c i t e  the use of these tr'lits as  
potential predictors in  ,I selection inclex. Hencc, thc 
first objecti\,e is to est i i~i~i te  \.;u-i,lnce components for 
vielcl, dry-111~itter int,~ke, li1.e ~ r e i g h t  ,lnd condition 
score ,ind the seconcl ohjcctiire is to estiinlte genetic 
corre1,itions htt\%,ccn tlic~sc tr<iits and lincar t).pe 
traits. 

Material and methods 
n 1 7 i i 7  

Rc~corcls \\.ere ohtC1inrd from cows housed and  
tn,>~i,~gcxI at  the, Scottish A g r i c ~ ~ l t ~ ~ r a l  College/ 
Uni\,t.rsit!. of Fdinburgh I.angliill L>,~iry C'attlc 
I<esearcli Centre. In each yeal. c,~l\ ing beg,ln e x l y  in 
Septtmher ,ind ; ~ n i m ~ i l s  joining tlie trial all ccil\,ed 
hc~t\ \~t~c~n Septeniht~r and J;in~~,lr). .  All co\vs in\,ol\.ed 
in tlit. st~td! \vt,rt, Holsteiii-Friesi,i~ls. Cox\ s crc 
kept indoors in  con\.entional cubicle housing krom 
c,ll\.ing to ] L I I ~  rlild offered complete mixed diets 1711 

lil7it11iii. Tl~rough  tlie use of C;~l , i i~ t3roc~dbent 

elcc t lon~c  g d t t ~  the exlcl~dctl ~ n c l o o ~  pet ~ o d  ;11lo\1 c ~ l  
m e < ~ \ u l  c.mcTnt of tood ottcrcd to, and I ?tu\ed h\,  
~ncli\ 1d~1,ll co\\ i to1 4 d , i ~  \ / L \  cck, t~ om cal\ lng to '3 

t.rilnlmLlm ot 26 n e e k i  and  1113 to 38 \ \ eck i  ,ittc3t 
ccd\ lng (dcpt tnd~ng on t l ~ v  c<i l \  Ing d i t e  ot eClch cob\) 
The. d'1ta I rported helc a r t  tot pel to1 m~lnce  o \  c.1 they 
h l i t  2h \%t\rk\  of l , ~ c t ~ i t ~ o n ,  ~ecolclecl o\ er c o l i i c ~ ~ ~ t r \  c% 
\(.a15 ttoni lCJSO/XI to 1994/05 

I'lie complete mixed diels wcrc dispcnstd into 
indi\.id~l,il food bins, once dail!-. Wcigl~ts of frc~sli 
dir t  otfered ; ~ i i d  rc'ti~sed were recorc i~~l  011 4 d ' i ~ s  
consecuti\.elq cach week. [>;lily s,lmples from the 
clitferent clieh ;111cl r c f ~ ~ s ~ i l s  were mi,llysed for dry 
rn~itter. Cows on tht. foocl int,ll<c trial MrCrc' ~ e i g h e c l  
,ind condition scored once, ,l M ' C C ~  after milking. 
Conclition scoring was b,~sc,d on tlie system 
de\,eloped by Tdowm,in ['t (71. (1976). Tliis system 
scores betcveen 0 and 5 ( lem to fat), and describes 
eClch score in  terms of the ;umount of tissue colrer 
ol'er the tr,~ns\,crse processes of the lumbar vertebrae 
and '?round the tail heclcl. Halidling procedures of 
tlie weekly data were described in more detail by 
Veerkamy 1.f nl. (1 994). Yield, d ry-matter intake, live 
~ V i g h t  dncl co~idi t i ( l i~ score were calculated as  the 
average of tlie weekly rccords accumulatecl over 
weeks 3 to 26 of lact,ition, ,lnd 1157 lactations (on 527 
animals) were a\~~iilablc for milk, fat aiid protein 
yicld (milk, FY and PY, respectively), dry-iliattcr 
intake (IIMI), live weight (LW) and conclition scorc 
(CS). Live weiglits cillcl conclition scores at  calving or 
~ ~ i t h i n  24 h t1iel.eof (CLW and CCS) were av,lilable 
for 3399 IC1ctations (on 1046 animals). 

To increase the numbcr of records with type 
cl~ssification, 47 xlditional herds were includcd in 
the analysis. Records (no. = 15 275) were selected 
from the Holstein Friesian Society records on  
pedigree heifcrs from 1983 to 1994 inclusi\~e and 
preferellcc ~ ~ 1 s  given to herds with the) largest 
number of sircs in conimoii with L;uiighill to establish 
geiictic lilikagt'. l ' he  pedigree file (no. = 28 547) 
consisted ot sirc,s, dams ,ind all g r a i ~ d p ~ ~ r e n t s  o f  tliese 
wit11 links to at least twro ,inirnCils \vith a recorcl. 

For oath o t  the two clat'i sets, tlie total number o f  
rccords tor type and for the tr'lits lneasured ;it 
L;lngliill (during ccllving or during the first 26 ~veeks  
of Idcta tion) ,Ire given in Tablc 1 . Of tlit, total number 
of type records (15 275), 514 heifers were type 
cl,issified at  L.anghil1, dncl all of these aniinals had 
CLW ,ind CCS recorcicd in tlie tirst lact'ition. 
Howe\,er, only 314 of tlic~stt type c1,issifiecl I~eifers 
h'xl DMT, IdW and  CS rccordcd. O\.er and aho\ c c~l l  
ot1it.r r e l~~t ions l~ ips  included in tlie relationship 
mdtrix, link'ige betc\,ee~i the 'Tdanghill records' ,ind 
the 'n,~tional type r ~ c o r d s '  wTcis provided by 55 sirc1s 
vvliicli h , ~ d  3961 daughters with t \ ~ p e  rec~rcis  in thc 
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Table 1 2' i i i i i l~i~i  01 i i ~ ~ o i - i l ~  t i i~ i i i / i~ l l I i~  

kl,. of  rt~cl,rl l i  

I Ieiter\ 
I IcltL~1.i i <.(l\\ 

T> 15275 15275 
Lc1~~gki~Il tri'll ( h l ~ l l ~ ,  F)', P), Dbll, 

I,W, C Sjt 410 1 l?,  
Lc~~~gllill cell\ 111s ( C  l L \ '  ~ 1 1 < i  C C'S)$ '1 l 0 33LlC) 

t Milk, FY ancl 1'Y AI-e rnllk, t a t  , ~ n t i  PI-otcin irlcl, rlbll 15 

drq-ni.itter lntakc., LL1: ,illcl CS ,ire l i \  tl ~\.t,lglit ,ind col>clitioli 
score, ,111 ,~\c~r,lgecI o\ t> r  the. f i n t  26 \ \ t~-kh ot  Id~t~itio~i.  

CL\l\' md CC'S C I I C .  11\c n.e~glit ~ n d  condltioli \core, ,I[ 

cal\ ins .  

A ~ ~ [ l / ! / s i s  

Multi\rariate c~ncilyses were performed to estim,~te 
the variances and covari,lnces. Ail indi\.iclu,il '~nimdl 
model, mit11 the full numerator relationsl~ip matrix 
included, was fitted using restricted rn,~ximurn 
likelihood procedure (VCE) which allo\h,ed for 
~1nequa1 design matrices and 11iissi1ig observations 
and pro\,idcd the standard errors of the es t i~n~l tes  
(Groeneveld, 1996). 

The first aildlysis irlcluded I~angliill data only, 
separated into (i) heifers aild (ii) heifers plus  cows. 
The model ~ ~ s e c l  oil the latter data set included, 
besides the additive genetic randoni effect, ,I 
permanent en\~ironment,il random effect to takc 
,lccount o f  tlie covariancc between lactations on tlic 
same cow. Fixed effects included in the model for the 
Idanghill traits were: year (1980 to 1995) by genetic 
line (selectioi~ or control) by dict (high or lo\v 
concentrdte) with 50 le\,els; month of cal\.ing (12 
levels); lactation number (1, 2, 3 and >0); Holstei i~ 
1-7ercentage of the cow as a covc~ric?te; 'ind age ,it 
calving and age at calviiig s ~ l ~ l ~ ~ r c d  '1s c ~ \ , ~ l r i a t e s  
withi11 eC1c1i lactdtion group. 

Secoi~dly, ~lii analysis (on heifer ancl heifer plus zow 
data) was performed to establish the genetic 
~ o r r e l ~ ~ t i o n s  between the linedr t),pe trClits , ~ n d  tivcs 
of the Ldnghill traits (correlations bctwccn I, icld and 
type traits arc available from a larger national data 
set (Rrotlicrstone, 1993)). Although a complete 
multi\.ari'~tc model might have bee11 preferable, this 
was not feasible cornp~~tationally. For this r c ~ i o n ,  the. 
genetic correlations between type tr'lits a n d  the tr'lits 
recorded at l.c~ngliill wcre estimatecl by a iluinber of 
b i ~ ~ ~ r i a t e  ,~ii,llys~s. A subset of the highly correlated 

tr'jits (clicbt \vicltli (C'W), h o r i ~  Jeptli (EL)), \t,rt~~rc> 
(ST'A), angularit\. (AN(,), nbil, CS ,~ncl 1 \ V )  \ I - L T ~ .  

ti ttc3d in a it>\ tw h-ail ,ilicil~ sis i i n ~ u l t ~ n c ~ ~ ~ ~ ~ l \  to gc't 
more consistent c~stin1'1tc.s of thr, jic~~ic~tic c.c~rrc,l,lt~on,. 
' I  lit. cttc.cts ti ttcd tor Lhc 1~~1ngIiill tr,ii t i  L\  t.re ;I, 
clescrihed ,iLlo\,cs, ,111d 101- tlic lint.ar t!,pe tr;iil\ 
fixt3d efteel5 illcl~~cicd I,~ct~ition st,ige <it in5pection ( 1 
to 15), Ilerd-),c;ir-\ i a t  (248 l<,\  cls, 48 herds),  month of 
c,ll\ i ~ i g  ( 1  to 12) ,lnd ,1gcX 'it inspection and I-lolstcii~ 
pcrcc.ntclgc~ '1s lincclr CO\ ~iriatc~s. In orcler to <icco~ull 
tor ditfc~rcncc?~ in the range of scoring utilircd h\ tht. 
tielcl ofticem, the t),pe tr'lits ~ 2 ~ e r e  'idjustcd h\ tlit' 
rdtic) ot thc3 st<i~ici'ir~d de\.iritioil of tlie field otficcxr to 
the' rnc~~ili stand,lrcl de\.i;ition of '111 ficsld ottiiclrs 
(K~.otherstone, 1'194). 

~ ~ [ ~ / l 1 5 ~ 1 1 1 ~ ' 1 1 ~  

Adjusting genetic ( ~ o - ) \ ~ l r i , ~ ~ i c ~ c ~ s  tor ,inother trciit 
m,ikes i~ i te rpre t~~t ic~n  (somctinics) c'lsicr; tor 
example, li1.e weight ,idjustcd for difft~rc~nces in body 
conclition scorc might lid\.t. ,~notlirr (biologic,il) 
interprct,ltion th,ln l i \ c ,  wc>ight in its 0w.n right. The 
geiletic (co)\,;lrianccs for 'live. weight adjustecrl for 
condition score' (IdWA) were cre<~terl  sing thc 
gmetic regression of li\re iveigl~t oil condition scorc: 
1 1  = ol /02,,, ~27liere ol ,,,L< is the genetic co\.,lriancc 
between live \veiglIt ,111cl conditioi~ scorc <111d o'~, is 
the genetic \,ari,ince of conditioii scorc. Thc gcsncltic 
\,ariance of 1ix.e ~ v ~ i g h t  r ~ c l j ~ ~ ~ t ~ d  fur condition score 
(G',,, , )  is then: 

and thc covariancc bet~veen adjusted 1iL.e \\,eight ,illcl 

a seconcl tr'iit (T): 

Finally, using these adjusted (cc~- ) \~ i r i ,~ icc~s ,  thc 
genetic corre1,ltions ( r , , )  ~ ~ i t l i  '~dj~is tcd li\,cl \ \right 
were calculcited ,is: l . , ,  ='o ,,,,, ,/(G, o ,,,,, ). 

Results 
O\,erClll n ~ e ~ i ~ ~ s ,  phrnotypic stand,ird de\,iations, 
t~cri t~~bil i t ics  and perm,inent en\,irc~nnientaI etfc3cts 
'Ire gi\ cn in l able 2. The I~cri t~~bil i t ies  for the, 
complete data set 'ire soine~vhat  lcnvcr thdn thosc 
from thr  chtri set including heifer records o11lb.. In thc 
heifer cl,it,i set, hcrit,lbilitics tor tht. yittld traits agrrr  
closely with those rcportcd by Krotlit~rstont~ (1'19-l-). 
For CS the heritability is coniparablc \\.it11 the. 
Iierit~bility for yield. MeC?sures for C1.W 'ind CCS 
Iicl\,r loxver herit,ihility tli'>n the. ,l\ erage of se\.ercil 
llieasures during cc~rI>. lact'ition. ' lhe  repe,ltabilit!- ( / I '  

+ C' = 0.81) ,lnd licritahility tor I~,W ;Ire relc~ti\,ely high 
coinp<~recI ~vitli these \.alues for the ott1c.r tr'lits. 
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Table 2 h l ~ , i i i i > ,  I I I I I  >/i i i i i i i i i . i l  i i i ~ i ~ i i i l i r ~ i i i  (D,+, 

/ ~ , ~ ~ ~ l i i l i ~ l i i ~ i ~ ~  fh'j i i i i i i  j i i7i . i i~iri i i7i~t  i ~ ~ ~ ; ~ i ~ i ~ i i i i ~ i ~ i i i i l i  c f f i i t i  ( c ' )  fo i .  

li!111.-l I I I L ~ ~ I - I I ~  L?/  , I /  L ~ I J I ; : / I ~ / /  

Hc.itc31.~ 2lcaaii 0 ,  11' \ v .  

hlllh 
( l , ~ ,  dcl\ J 

F'! [g, <{<l\ 1 
I l l  (q/~i'l! ) 
13\11 

(hg /da \ )  
I \/V (kg) 
C S  (X100) 
C L1Y (kg) 
C C 5  (xloo) 

Milk 
( k g / d d ~ )  27-2 1 - 1 1  0.27 0.02 0.2h 0.02 

FY (g/d,ly) 1 1  12 187 0-40 0.02 0-  18 0.02 
I'Y (g/d,ly) 861 110 0.35 0-02 0.22 0.02 
rIM1 
(kg/&)) 16-L) I -H 0.44 0.02 0.23 0.02 

l W (kg) 597 50 0.44 0.03 0.37 0.03 
CS (X 100) 248 38 0.35 0-03 0.21 0.02 
CI.W(kg) h13 5.3 0-35 0.02 0-24 0.02 
CCS [XlOO) 279 37 0.24 0.02 0.09 0.01 

t Milk, FY and I'Y are milk, fat and protein yield, DMI is 
drymatter intake, LW and CS are live weight and condition 
score, ,111 atreraged ovcr the first 26 wecks of lactation; CLW 
,~nd  [:CS arr li\,e weight a~nd condition score at calx,ing. 

Signs agree between the phenotypic and genetic 
correlations for the Langhill traits (Table 3), with the 
excevtioi-t of some of the correlations close to zero. A 
negative correlation was fou~id between average LW 
and ii-tilk production, ai-td a small positive genetic 
correlntion between C1 W and production. Average 
LW and CTdW were highly correlated, 0.85 and 0.80 
in the full and heifer data set respectively. Average 
CS wds negati\,ely correlated writh yield (from -0.29 
to -0.36), but highly positively correlated with 
\\.eight (0.66 and 0.67 in heifer data and heifer and 
cow data respecti~~ely). DMT and average [,W were 
moclerately but positively correlated (0.31 and 0.27). 

Heritabilities for the type traits were all close t o  the 
l-teritabilities in the iiCltional p ~ p u l ~ ~ t i o n  
(Brotherstone, 1994) ('['able 3) .  Genetic correlations 
between CLW and the body measures of STA, CW, 
KLI and rump width were high, ranging from 0.56 to 
0.78. AN(; was not correlated ml-ith LW at first 
calving but \vlien later calvings were added this 
correlation was -0.31. Some of the udder traits were 
moderatelv correlated with LW at first calving. I>ess 
;ui-tgular animals with a wider chest had a higher 

Table 3 P l i ~ ~ i i o t , ~ / l ~ ~  i i i i ~ ~ i ~ i ~  iiiii::oiiiili i i i i i i  ;<iJii iZti~- i i ~ c ~ l o i i ~  

i i ~ i / : : i ~ i ~ i i / i  L O I  I i 2 / n l ~ o i i i  l l i , t i i l i ~ i ~ ~ /  tlii' l r . ( / l l s t  ~ ~ i i ' i i i i ( i . ( . i i  irl L ~ i ~ i ; ~ l i i l l  

Heifers M11h r\ 1'Y LJMI 1,M CS C'I W C'CS 

Milk 11.74 0.') 1 0-41 -O.lL) 0.42 0.10 -0.0 1 
FY 0-59 0-79 0-50 0 - 0 5  -0-28 0.30 0-09 
1 ' 1  0.86 l1 74 0 49 -0.07 --0-27 0-25 0.07 
LIMI 11-34 0.62 0-40 0.32 0-05 0.12 0- 12 
1.W -0.30 41- l l -0.20 0-0 I 0-h(, 0-711 0.40 
CS O-4h 0 . 3 3  -0 2'1 0.23 0.66 0..31 0-58 
['LW 0.08 11-20 0.07 0.26 0.80 0.27 0.40 
CCS -0 18 -0.07 -0-(1h 0.18 0-41 0-67 0.36 

5.e. of thc gcnetic corrclations ranges trom (1-(12 to 0.13. 

Hei ters 
t i.o\vs hlilk FY PY LIMI 1.W CS CLW CCS 

Milk 0.74 0.90 0.40 0 . 2 0  0 . 3 6  0-06 0 . 1 1  
PY 0.55 0.78 11-5C1 -0.13 -0.27 0.12 -0.05 
I'Y 0.80 0.75 0.50 -0- l3 0 . 2 8  0.05 -0-1 2 
DMI 0.59 0.76 0.64 0.19 -0.12 0.11 -0.13 
LW 11-09 0.03 -0-02 0.27 0-63 0.76 0.40 
CS -0.46 -0.31 -0.35 0.00 0.67 0.48 0.72 
CLW 0.03 O.O(? 0-05 0.18 0.85 0-41 0-56 
CCS -0.38 -0.38 -0.33 -0.08 0.64 0.88 0.51 

s.c. of the genctic correlations ranges from 0.01 to 0.05. 
t Milk, FY and PY arc milk, tat and protein yield, DMI is  
dry-matter intake, 1.W and CS are l ive weiglit and condition 
score, all averaged over the first 26 wceks of lactation; CLW 
and CCS are live weight and condition score at c'llving. 

CCS, which was most strongly obser~ed In the later 
lactations. 

When measured during the first 26 weeks of lactation 
('Table 5) the same body measures appear to be useful 
for the prediction of I>W and for the prediction of 
CLW. ANG was strongly negatively correlated with 
LW in heifers as well and CW was highly positively 
correlated with CS in heifers and cows. CW and BD 
were moderately correlated with DMI, whereas some 
of the udder traits (i.e. udder depth (UD) in both data 
sets, plus udder support (US) and teat placement 
side (TI'S) in heifers only) also appeared to be 
correlated with intake. The highly iiegative genetic 
correlation of -0.69 betweeii rear legs and DMI in 
heifers is somewlhnt surprising, especially because it 
was much smaller (-0.14) when later lactatioiis were 
added to the data set. 

Discussion 
Tl-te e5tlmatt.d \dr~ance components between y~eld 
and intake obtained In Table 2 and 3 agree w ~ t h  the 
reported parameters in other studies (Persaud c7t 111, 

1991, \ a n  Aleiidonk r t  111 1991, Svendseii ct 171, 1994, 
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Table 1 i ; i z i i i . t i i  ~ 'c i r r~~l i i t rc i i rs  l ~ c ~ l i i ~ c ~ c ~ i i  / i i l i z  iclc,i:.$it i i i i i i  ce~i i i i i t io i i  >c-ore7 i l t  i r ~ / ~ > i i i , y  ( C l  11; i i i i i i  (-(-.S1 i i i i ~ i i ~ i c i i ~ d  fit L i i i i ; ; / i i / l  i i i i i i  l i i i i2ir i- f!ijli' 

i i i ~ ~ i i ~ i i i i ~ i i i ~ ~ i ~ f i  f i o i i i  l ~ o t l i  i.iiii,yliiil i i i i i i  tire i ~ i i l r o i i i ~ l  i l i i l i i  % c 7 /  

(Jenetic corre1,ition 

1 lei ter. Hcitct-5 , c .o \ \  5 

I'otal score 
Stature. 
Chest tvidtli 
Body Jcpth 
Angularit) 
Rump angle 
liump 11.i J th 
Rt,ar legs side 
Foot angle 
Forc udcler ,ittCichment 
Udder support 
Udder depth 
Teat placement rear 
Tedt plC1cement side 
Teat It.ngth 
liange for s.e. 

I \C 
STA 
C W  
nn 
ANC 
RA 
IiW 
R 1 5  
t A 
I-U/\ 
US 
U L) 
TPR 
I 1'5 
TI 

Jensen i,t nl., 1995). Herithilities wcre somewhat 
lower in the full data set, compared with the heifer 
data set, the most likely explanation is the large 
negative sampling correlation observed between the 
heritability and the permanent environmental effect. 
This suggests that heritabilities in the full data set 
might be on the low side, whereas the permanent 
environmental effects might be on the high side. 

Reports of the genetic correlation between yield and 
live weight have been less consistent across most of 

these studies. Similarly the genetic correlation 
between the different measures of live weight and 
yield varies between -0.30 and 0.20 in this study. In 
the heifer data primarily, the genetic correlation 
between yield and live weight at cal\,ing and 
between yield and live weight during lactation were 
negative and positive respectively. Hence this 
correlation seems to change over the lactation period 
as was also suggested by van Elzakker and van 
Arendonk (1993). One possible reason for this is that 
stored body fat is an important contributor to live 

Table 5 Geiictic. c-orrtdntioiis b i~t i [~c,c~i l  dr11- i i i i i t tc~ iiitilh-t~ iLlMl?, l i i s ,  i i ~ i ~ i c y l i t  (LW) iziiil c.oridltiori score, (CS? iiii~lbiirc'~11 [ i t  Lri i i ,y/i i l /  i l i ir i i i ,y 

f i r s t  26 i ~ l e ~ i k s  1?~1i1ct1iti1111 i i i i ~ i  / i i i? [ i r  ~ , I / ~ I c  i i i ~ ~ i i s i i r c ~ ~ r ~ c ~ ~ ~ t s ~ ~ c ~ ~ ~ ~  11t1111 L f l i i ~ y / i i / /  i111~1 ti i i ,  i ~ i l t i o i i i ~ l  [ l [ l t i i  sclt 

Heifers Heifers + cows 

DMI LW CS DMI LW CS 

TSC O.08 -0.14 0.1 9 -0.05 0.05 -0.06 
ST A 0.18 0.64 11-32 0-13 0.52 l1 1.3 
CW 0.25 0.86 0.57 0.28 0-79 0.7.3 
BD 0.20 0.8 1 (1.22 11-04 0.69 0-24 
ANC -0.2 1 -0 56 -0.51 0.07 -0.13 -0.77 
RA -0.12 0.07 0-18 -0 14 -0.15 0-(16 
RW 0.1 1 0.71 0.14 0.24 0.70 0.29 
R1.S -0.h9 -0.18 0 . 5 4  -0- 1 1  0.04 -017 
F /\ 0.2 1 0-19 0.42 0.06 II.08 0.10 
PU A -0.10 -0.32 -0.12 -0.25 -0.06 11- l 1 
US 0.46 0.24 -0.02 0.116 0.1 2 0.09 
UD -0.46 -0-26 0.16 -0.55 O.O8 0.1s 
TPR 0.06 -0.04 -0. I I -0. IS -0.07 -0.07 
TI'S -0.30 11- 1.3 -0.14 0.06 0.05 -0.31 
TL, 0.25 0.33 0.01 0.1 9 0.27 0.1 6 
li,lngc tor s.e. 0-1 1-0-19 0.06-0-19 0.1 1-0.24 0.06-0.1 1 0.03-0.12 0.03-0.13 
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Li\  C. \ \  cxi:;lit 
'lli]ll\ttYd tor 

1-i\ c >  \ \  ~ > ~ g l l t  C ~ I I L I ~ ~ I I I I I  \cot-c 

\liil, -ll.IlL1 0.2'1 
I-<] t \-i~xlLi 0.0.3 0..32 
l'l-cltC~ll1 \ ieId 0-112 11.25 
[ ) v \  -111‘1 ttc,r lll l<, 0.27 LL.37 
Condition score 0.b7 0.00 
C'lie%t \\.idth 0 70 0-4 I 
. \ t i g ~ ~ l ~ ~ r i t >  04.3 (1. 12 
U ~ i ~ i t ~ r  dcxpth 0-OS 41-27 
I c,it plxvtnent  iidia 0.05 0.35 

iceight during solne parts of thc lact,~tion ,lnd high 
p r o d ~ ~ c i ~ l g  cows might be expected to mobili~c~ more 
body f , ~ t .  This hypothesis is confirmed by the large 
genetic correl'3tion between live weigl~t and 
condition score (0.67) reported in this study and 
given that the patterns cif tissue mobilization and 
inilk yield differ across Idctation, co\~ariances 
betwecm yield and live weight inight also depc~nd on 
tlie st'lge of lactation. The, rt,marknble effect of 
adjusting li\,e weight for condition score is shown in 
Table h. The genetic correlation bet~reen milk yield 
and live weight (-0.09), for example, changes to 0.29 
after adjustment, and hence, selection for yield brill 
result in heavier cows when comparecl at the same 
conclitioi~ scorr.. This seems in line with the genetic 
correlation bctcveen measures of size (which will bc 
one of the I'irgest components of adjusted 1iL.c 
weight) and yield reported by Brotlierstone (lYC)-l): 
correlcltions between stdturc and milk, fat dnd 
protein yield were 0.22, 0. lh and 0.25 rcspecti\,ely. 
Also, the correlation between dry-1nattc.r intake and 
li\ e weight is larger after adjusting lice w,cight for 
condition score and solnc of tlir correlations with the 
type traits c11~1ngc c~nsicler~~bly (e.g. dng~~lari ty 
changes from -0.43 to 0.12). Thus, al t l io~~gh the 
correlation bet~veen the two measures of live weight 
is consistcntl>. high in this study dnd in line with 
\,alues reported by \,ail Blzakker dnd \.ail Arendonk 
(1993) and S\.endseii 1.f 171. (1994), correlc?tions 
het\&,ecn Ii1.e weight and other traits (e.g. yield or 
type) might depei~d more on tlie stage of lactation 
that 1iL.e wreight is rneas~ired. Another exxnple is the 
correlation between ,~ngul~~r i ty  and weight at first 
c;ll\,ing ~ r h i c l ~  is onlv 0.07,  ~ I i e r e ~ l ~  this correl'ition 
incrcdsed to -0.43 wlien a\.emge weight during 
lactation ~v,ls considerecl c~ind '111 lactatic~iis whcrc 
analysecl simultaneously. 

consequence ci t  genetic st~lection, might not 
ilc~ct>ss,lri l) be I ~ n r m  ful tor licLll tli or 12 cxlt,>rtt ot the, 
dairy con. (tlicrc. is littlc c\,idence ; ~ b o ~ l t  the ; ;c ' i lc ' f ic.  

relationship bcttceen colidition scarc dnd I1eclllh 01- 

fertilit!,), some concern might be justified bec'lusc of 
tlie 'hioIogic,ll h~~ffering function' of bodq t i s i ~ ~ e .  
Tlicrcfnrt~ the high gc,netic correl,ition bet~vccn tlie 
yield traits ,111~1 conclition scorrl found ill this s t~ldy 
(r,lnging from -0.29 to 0 .46)  is an irnpc>rt,ult finding, 
c~sp~ci~illy because simply increasing thc r'itio of 
cmncrntratt, to forage given docs not seem an adequate 
solution; results from Veerk'lrnp 1.t ill. (1995b) suggest 
thdt conclition scorc decreclses for a selection line on  
either ,l high or Ion, input system. This neptive 
correlation is not surprising howc\lcr, given that 
correlated increase in intake from selectio11 for yiclcl is 
expectcd to cover less than 50(X, of the requireincnts 
needed for the extra milk procluction (van Arendonk 
c ' t  ill., 199 l ;  Veerkamp, 1991). 

The reduction in conditio~i score '3s a consc~qucnce of  
genetic selection is likely to be accelerated since 
,~ngularity (or dairyness) is generally perceived by 
breeders as C? trait for which a high score is 
favourable. Gi\rm the strong genetic correlation 
between condition score and angul,~rity, even inorc 
selection pressure might be put on body tissue 
mobilization. Also, in some countries selection for 
clecrcasing live weight (simultaneously with 
ii!creasing yield) appears to be of economic interest. 
L11 that situatioix condition score is expected to 
cleclrease even further because of tlie strong positive 
genetic correlation betwecn live weight and 
conditioi~ score. Hence selection for higher yield, 
more ang~11~1r cows and a ~ower  live weight all seem 
to increase body tissue mobilizatioi~ cluring lactation. 

Alternatively, by using a restricted selection index 
(Brascamp, 1984) genetic selection can be used to 
~ n ~ ~ i n t a i n  condition score at its current level, whilst 
milk yield is increastd s im~~l t anco~~s lv .  The expected 
reduction in genetic gain for profitability '1s a 
consccluence of such an indcx can be illustrated by 
using the genetic parameters reported in this study 
and  the economic values of the profit index (PIN) 
used in the Uniteci Kingdom (Veerkamp rt  irl., 

1995'1). A s s ~ ~ ~ n i i ~ g  one stai~d~lrci deviation of 
selection, selection on PIN alone increases milk yiclcl 
by 324 kg per lactation and the margin over food 
costs by E64.60, but a\.erage condition score will 
drop by 7.0 units (units 0 to 500). When condition 
score w7as included in a restricted index, then the 
response in mxgin  using the same selection 
intensity uras rcduced to Ehl.40, and the increase in 
milk yield can be expected to be 271 kg only. 
Therefore c~ltliough the drop in conclitio~~ score 
appears moderate as a consequence of selection for 
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yield o n l ~ ,  m'l~ntaining colictition scorc at its c~lrrcnt  
le\.el can bc. donc '1t tlic expense ot ~1 5"0 d r ~ ~ )  in 
genetic progrc'ss. 

The genetic ,~ssoci~itions ~ ~ i t l l  io~icl~tioii  score 
rcportcd in this s t u ~ l y  make it e\,en less ob\.ious ]low 
to us? the‘ genetic \~'iri,ltion of the complex of yield, 
dry-m'1ttcr int'lke ,111d li\.e weight in  the breeding 
objccti\e. Ch,erall, food costs can be reduced by 
reducing maintc~n,?ncc cost (i.e. Is\z,csring li\,cl 
weight), incrcascd food intake capacity so  that morc 
fol.,lge c,in hc used to s~ iyp ly  tlic cmcrgy for tlie sanit- 
a m o ~ i n t  of yield (i.e. incrttclsing 1iL.e \\,eight), '1 change 
in pc~~-titiiining of foocl (i.e. lo\.vering condition score) 
or e\,en improving net efficiency (e.g. Klcike and 
Cuslodio, 1983; C h e n  and Kor\,er, 1989; Veerk'lmp 
r ~ ~ i d  Enimans, 1995; Veerkamp, 1996). Which 
(cornbin'~tion) of these options is most feasible is not 
o b v i o ~ ~ s ,  but it is c l e x  th'lt economic and genctic 
,~rgumcnts  sliould be considered sirr~ultaneously. For 
cxaniplc, it is interesting to note that the economic 
\.alue ot food intake m d  1is.e weight could be eclually 
important in sonle c i r c ~ ~ m s t ~ ~ n c e s ,  but in  opposite 
directions (Veerkamp, 1996). Ci\ren that these two 
tr,iits are genetically correlated as  well, including 
either one of the two traits needs careful 
consideration. This is because what might be 
yercei\,ed to be p i n e d  by including one of these 
traits, might in f,lct be lost because the other trait is 
changed ,IS a consequence of the correlated response 
in the other direction. 

Measurement of an individual cow's nerformance for 
live weight and  food intake is not common practice 
for mc~st breeding programmes, and therefore there 
is great interest in  other traits which may help to 
predict these potential goal traits. Sieber r't 01. (1988) 
found negative correlations between estimated 
efficiency and seven body measurcmcnts and 
Gravert (1985) reported that chest circumference is 
an accurate predictor of food intake. Genetic 
correlations between live weitrht dnd the bodv traits 
were consistently high in this study, even after 
a d j u s t ~ l ~ e n t  for condition score, and chest width and 
body depth were moder,ltel!~ correlated with dry- 
matter intake. When stature, chest width, body 
depth, c lng~~lar i ty  and rump width are combined in 
one index, tlic accuracies of selection on this inclcx 
for dry-[natter intake, live weiglit ( c ~ d j ~ ~ s t e d  for CS) 
and condition score arc 0.65, 0.84 and 0.88, 
respecti\~ely. When milk, fat dnd protein yield were 
included in the index tlie accuracy with dry-matter 
intake increased to 0.90. Hence, selection for live 
weight and perhaps for food intake can be done 
relatively cheaply, because linear type traits are 
measured in most (inter-) national breeding 
programmes, and appear to harre high genetic 
correlations with these traits of economic interest. 

The optimal direction ot selection tor eclcli of the typcs 
trdits is not ?as\ to establish until the eco~lomic 

~1t.s tor l i \ , c ~  \\.eight ancl food intake ,Ire known. 
Strong genetic correlations between some of thc t).pe 
traits m a k r  it e\.en more difficult to ;~nticip,lte LZ hat 
o p t i n ~ ~ ~ l  index \reiglits tor thc body trdits niight bc. 

C;enerallq, ~ l l i l s t  it is still ~ ~ n c l e a r  ho\v much 
emph,lsis in the brceding goal should be  placecl on 
dry-niattcr intake, live wreiglit, condition score ,lncl 
tlic rclatcd type traits it is clear that (i) there is 
c~ns ider~ lb le  gt~iietic variation in these tr<lits, and t11,lt 
the whole com~7lex of trenetic correlations s l~ould  be 
considered together wit11 the econornic \.alues to 
determine the breeding goal, m d  subsequently tlic 
optimum size of the dairy cow '3 rd  (ii) li\,c weight 
m d  food intake can be predicted from tlie type traits 
with little loss in accur'lcy. Because linear type traits 
are meC1surcd in most (inter-) national bretding 
programmc,s, thcy appcar to bi, a cheap altcrnati\.t\ to 
r ~ i e ~ ~ s u r i n g  li\,c wciglit and foocl intake. 
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Effect of altering the non-structural: structural carbohydrate ratio in a 
pasture diet on milk production and ruminal metabolites in cows in 
early and late lactation 

V. K. Cdrruthers, P G. Neil and D E Dalleyt 

Diiiryir~g Rc.ic~izr~11 C'c~rpowtlor~, PI rz~nt[~ Bizg 3123, Fli7ir11lfo11, Nr(r1 Zcizlilil~f 

Abstract 

Thr e f i~c  t oil L ~ I ~ L ~ s ~ I ~ I ~ I ~ ~ ,  I 1 1 ~ 1 1 r i 1 ~ 1 1  tnc~tnbol~trs, rir~crobrnl protrlrl 51/r1thrsrs and 11l11k ~ Y I ) ~ I I L ~ I O ~  (f i r ~ i z n ~ p ~ i l a f l i ~ g  
thr non  s t t ~ ~ ~ t i ~ r [ ~ I  I N S C )  5 t ~ 1 1 ~ f ~ ~ i n l  ( S C )  cnr boll~drizt t~ Y Q ~ I O  111 17 p r t ~ d ~ n ~ i ~ ~ n ~ z f l y  pastr~rr dlef  ions r~~vesflgirted 111 

cocvs rn eizrly (/urn/ 1 )  1712d lute ( f ~ l n l  2 )  lilt tilfrorl T i / ~ ~ l l t y f O ~ ~ ~  L O ~ U ~  I I I  f11n1 1 n11d 15 COWS ln f i  lal 2 rurrcJ ofired 
/7niflrvcJ only  (P) ,  0 85 P p1115 O 15 NSC/;~rotclrl ~rrlxtrlre (PR), and P jd1~5 nil addrtl~rrnl 0 1 ( i ~ l n l  1 )  0 1  U 15 ( t ~ ~ n l  2 )  
N S C  ( P E )  rn u Lntirl-5quarc izr r a ~ r g ~ m e n f  Al l  rirrti were rsonifrogenous and P arid P R  ~ v c r c  iioenergtJtlc PE but 
riot P R  111~1riz5cd ~nrcrobr~zl puotelr~ synt!rt,s~s and decr~ased rnnrnlal nmmonrn ancl iirrlk urea lcvcls, colnpnred ~111th 
P E f f i c l m ~ y  of rrlicroE~lnl iynthr5ri (g N per kg  drgcst~blr o rpnrc  rnrrttev ~ i ~ t a k t ? )  mns not altered by  tveatnrrnt 
Trcntr1rcrzt5 llnd r n ~ ~ r o i  effccfs or1 re~rilinal pH and no  cfiect on 71olatllcfatty ncrd concentrntlorzs PE a n ~ i  P R  d ~ d  not 
affc-t irnlk yleld or profein yield and decrtvseclfat ylcld corripared w l th  P i n  trla1 1 Mrlk ylcld 7uas ~rzcreased on PE 
ancl P R  iorizpavrd w i th  P urld was gremter or1 PE Mlarl PR,  111 trml 2. Ylrlds o f f a t  and j n o t ~ l n  were hlglzer on PE 
than on P and yleld of protrrn was hzxher on P R  t l ~ a n  011 P. Tlze res~rlts  suggest that rrzcreasing the rat10 of 
N S C  . profern b y  rnLrrasln<y tofnl  cnrhohydrafe lrzfakc was mort7 tIffecflve 1n lnlprovlng nltroigcn u t ~ l r z a t ~ o i ~  171 tlze 
rlrrnerl t!1i711 zuas rncreailng the N S C  . S C  rat10 w l t h o ~ ~ t  lncrenszng carbohydrate ~ n t a k e  

Key7uords cnrbohydratrs, darry cows, nlrlk pmductroiz, pnsfure. 

Introduction excessive excretion of nitrogen (N) in the urine 
Temperate pastures based on ryegrass (Lolilrnl (Ulyatt cf al., 1988; van Vuuren et al., 1986 and 1991). 
pprcnrlc L.) and white clover (Trifalillull r.cpcrls L.) are AS a consequence of the high rate and extent of 
characterized by crude protein (CI') concentrations of Pa"ure CP degradation, the amino acid supply to 
200 to 300 g/& of pasture dry matter (DM) and non- the "all intestine in pasture-fed cows may limit 
structural carbohydrate (NSC) concentrations of 50 animal performance. Syllthesis of microbial protein 
to 250 g/kg DM. The concentration of neutral- from ruminally degraded Cp is energy dependent 
detergent fibre (NDF) ranges from 450 to 500 g/kg and rumen fermentable energy can be first limiting. 
DM, Tllese Cp and NDF concentrations are high; and Increasing the ruminal availability of energy, and/or 
the NSC low, compared with diets synchronizing the rates of fermentation of protein 

for high dairy cows and carbohydrate, are considered by some to be 
(National Research Council, 1989). The CP in pasture importallt for optimal microbial protein syllthesis 
is characterized by the high rate and extent of (Chase, 1993; Mansfield ('1 a/., 1994; Sinclair et ill., 
rLllninal degradability, which can result ill high 1993; van Vuuren et al., 1990). The relatively IOW 
concentrations of ammonia in the rumell and NSC levels in some pastures could limit microbial 

efficiency and milk solids production in pasture-fed 
dairy cows. 

t I'rescnt address: A g r i c u l t ~ ~ r e  Victoria, Dairy Research 
Institute, Ellinh'ink, RMB2460, W,lrragul, Victoria 3820, Two trials are described which aimed to determine 
Australia. whether increasing the proportion of NSC and 
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dttcrc,asing thcs proportion of struct~~ral  c;lrboliycir,itc~ 
(S<:) o f  '1 pwd(~inin;untly pasture diet ,iffectc,d 
1lti1iz;ltion 0t dietary N ,~nd microbial protein 
sy~ithesis in exly  '11id latc lactation. A summary of 
sollie ot the results wds given bv Carrl~tliers 1.t i l l .  

( l  09h). 

Material and methods 
Triizl l :  ~ ' i z r / ~ /  Ii7c-ti1tic111 
Coil15 i i i l ~ f  trc~ntir~c~iits.  ' I ' ~ re~ i t ) , - fo~~r  co~vs (19 Friesi,in 
and five jersey) aged 3 to h ).cars and weighing 
434 kg live ~veiglit (LW, r~liige 338 to 525 kg) and 02 
days in milk (DIM, 1 1  to 49 ddys), czrc,rc dllocated to 
three treatment groups balnnced for DIM, LW and 
milk yield during the week prior to tlie experiinent. 
Twe1L.e of the Friesians were fistulated in the dorsal 
rumen. 

Metabolirablc cncrgy (ME) intake for each cow was 
estiinatcd (Holmes and Wilson, 1987), based on 
LWu7? aiid production in the week prior to period I ,  
and ~ ~ s e d  to set the total M E  intake of diet 
components for each cow on each treatment. 'Ihe 
treatments were: P - p a s t ~ ~ r c  only; PR - 0435 P plus 
a NSC/protein mixture to provide the reinaining 
0.15 of the cow's ME intake; PE - P plus NSC to 
provide '3 total ME intake of 1.10 of that on P alone. 
All treatments were designed to be isonitrogenous 
and treatments P aiid ['R to be isocaloric. Individual 
ME ~ntakes In ~7eriod 1 were set at 0.9 of calculated 
requiremeiits, to ensure nil refusals of the pasture 
component of tlie diet but were increased 0.02 and 
0.03 in periods 2 and 3, respectively, as the cows' 
intakes improved. The replacement protein consisted 
of a 20 : 50 : 30 mixture of urea, lactic casein (New 
Zealand Dairy Research Institute, Palmerstoii North) 
and formaldehyde-treated casein (Brookes, 1984). 
'I'lie NSC niixturc consisted of 50 : 50 maize cornflour 
and dextrose monohydrate (NZ Starch Products Ltd, 
Auckland). The ratio of protein to NSC in treatment 
PR was adjusted every 4 to h days based on the total 
N concentrdtion of samples of herbage. 

Treatments wcre offered during three 14-day periods 
in September and October 1994. Measurements were 
made over days 8 to 14 of each period. Cows were 
milked at 07.00 and 15.001i each day. Oestrous 
behaviour of the cows was controlled using CIDRT" 
devices (IiiterAg, H,tmilton, New Zeal'md). 

Past~irt '  n ~ l ~ i f i i > i i i ~ l g .  The pasture was divided into t o ~ ~ r  
~Jreas, e'icli are'i providing 7 to 10 days of food. Two 
of the areas were harvested twice (for periods 1 and 
3)  aiid tlie remaining dreas once (period 2). Each area 
received 90 kg N per ha as urea in an equal split 
,~pplication 28 '111d 21 days before thc first harvest 
day on t h ~ t  area. A second split applicatioii of 90 kg 

N per 11'1 was applied to the t \ ; \~ )  a r e z  regrall-n for 
h,~r\,cst in pc.rioc1 3. I',istt~rr ~ v a s  Iiar\.ested using a 
reel mower nlid picl\-up \vagon t1vic.c d,iiI> a t  07.00 
and 15.00 11 ancl offered to the cow7s at 09.00 to 
14.00 11 (proportionately 0.35 ot dail! r'ltion) '~ncl 
16.00 to 22.0011 (0.55 of dail! r,ltiol~). Tlxe fresh 
\v~ight of pasti~rc to offer 'it e,ich teecling rIras 
estimatecl from thc microwa\,c DM c'onctntration of 
samples o f  harvested pasture. 

[Five Jerseys m d  10 Friesi,~ns wcre penned in 2 X 
10 m pens for individual feecling throug1~)ut the 
trial. The remaining nine rumcn fist~~lated Fricsians 
were penned for days 1 to 4 of each period aiid in 
rnct~ibolism stalls tor days 5 to 14. Cows in pens were 
released oil to a barc paddock bctwecn 13.00 to 15.00 
and 22.00 to 07.00 11. Water was a ~ ~ ~ i l a b l e  at all tinies 
dncl NaCl blocks were available to cows in the bare 
paddock or every 2 to 3 days to cows in metabolism 
stalls. 

The protein and NSC mixtures were inixed with 
water c~lld drenched in four equal parts at 09.00, 
11.00, 16.00 and 18.0011. Cows were drenched ,1t 
09.00 and at 16.00 11 with 10 g magnesium as MgCl? 
mixed with a pluronic-based bloat preventative. 

Siii~ip1117g i ~ 1 7 ~ f  I I I L ~ L I ~ L L I ( ~ ~ ~ I ~ ~ P ~ ~ ~  A sample of herbage was 
taken twice daily for DM determination by w e n  
drying at 100°C for 48 h Oil days 8 to 14 further 
subsam~les were collected and bulked tor 
determination of organic matter (OM), gross energy 
(GE), NDF, water-soluble carbohydrate (WSC), total 
N, soluble protein N, calciurn, sodium, magnesium, 
phosphorus and potassium. A further subsample 
was bulked fresh over the 7 davs for ~3lant snecies 
determination. Orts were weighed and sampled for 
oven DM deterininatioii after each feeding. 

At 4- to h-day inter~~als, herbage from paddocks to be 
cut iii the next 3 to 3 days was sampled by clipping 
to mower cutting height, dried at 100°C for 24 h and 
ground for total N determination. This was used to 
calculate the aniount of N to adnlinister to cows on 
treatment PR. 

During days 8 to 14 milk weights were recorded 
at each milking. For penned cows n weighted 
aliquot of milk collected on each of days 10, 12 
and 14 was analysed for fat, protein and lactose. 
Cows in inetabolism st'11ls were Inilk sampled 
daily for fat, protein 'ind lactose determination. 
Forernilk samples were collected from all cows at 
07.00, 11.00, 15.00 aiid 19.00h oil days 10, 12 
and 13 for urea determination. Samples were 
centrifuged at 1500 X g for 15 min and the fat 
free portion was stored at 4°C and bulked across 
days within sample times within cow. 
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Con s t\ ere eighecl  nil their b u d  t oiiditlon score 
(BCS) assessed on '1 scale f ~ o m  1 ( v e r ~  thln) to 10 
( \ t ' r \  fat) 'it tlie morning milk~ng o n  2 d a ~ s  
~ o n ~ e c u t l \ e l ~  at tlic sl'irt and end of each 14-dab 
p"lO<l 

IZuininal digc.st,l of metabolism co\vs w'is samplecl at 
OX.OO, 12.00, l ( 3 . 0 0  and 20.0(1 I i  on  lays 10, 12 ancl 11. 
Digcsta from \ 'JI .~OLIS sites within the rumen \~~; ls  
strained through clireseclotli diid subsanipled. I lit' 
pH LVCIS determined immediately, followed by 
aciclification with 9 mol/l sulphuric acid. The 
samples Lvere centrifuged at 1500 X g for 10 rnin and 
thc supernatant frozen. The 3 days' ~~ i inp les  for each 
cow were thawed , ~ n d  bulked within sampling tinie 
a n d  analysed for ammonia-N (NH?-N) and ~ o l ~ ~ t i l c  
fatty acids (VFA). 

Daily faecal output from metabolism cows mras 
weigheci and <In dliquot was bulked for each cow 
over days 8 to 14 and stored at P C .  Nitrogen was 
determined on fresh homogenized samples and 
DM, OM, and energy determined on dried and 
ground material. Daily urinary outputs were 
weighed and ~licluot samples acidified with 
6 mol/l HCI, bulked over days 8 to 14 and stored 
at 4°C until analysed fresh for N and freeze dried 
for energy. A s~~bsample  of the acidified bulk was 
stored at 18 'C  prior to allantoin a i~~~lys i s .  Uric 
acid was determined on a bulked unacidified 
sainple diluted 1 : 4 with distilled water and stored 
at 1 8 ° C  prior to analysis. In period l tlie possible 
loss of allantoin over 24 h in unacidified urine 
collections (Chcn <111d Gomes, 1992) was 
investigated oil each of 2 days by taking a sample 
of the first urine voided for each cow at about 
12.00 11, acidifying half (sample 1) and Iearring the 
reindining half opm-toppcd on the bench beside 
the collection buckets (sample 2). Sample 2 was 
acidified the followiiig day at the tinie of 24 h 
urine sampling (09.00 11) and both half samples 
were analysed for allantoin. The correlation 
coefficients of allantoin concentration in sample l 
rlc'rsns sample 2 werc 0.98 and 0.99 on days l ancl 
2 respectively. Regression analysis for day 1 
indicated a slope of 0.914 (s.e. 0.066), R' = 0.96. 
Corresponding values on day 2 were 0.923 (s.e. 
0.045) and R2 = (1.98. 'lliese results were taken to 
inclicdte that degradation of allcintoin was miii im~~l 
under the conditions of urine collection. 

l i l ~ i i ~ ~ ~ i ~  dc~~rilclirl~ilitii~s i!f DM clrid ilitr.i;yi3i~. I f i  sitn 
degradabilities of DM and N in pasture, casein and 
formaldehyde-casein were determined using three 
penned lumen-fistulated Friesian cows (one per 
treatment per period) on day 10 of each period. The 
procedure and results were described by Carruthers 
1.1 ill. (1996). 

'/'rill1 2: 1 1 7 t l ~  ~17c1111i011 

Coiil.; i711ii  /i'Oiltilll'ilfb. Fifteen Friesi'~n co~vs  rera raging 
161 kg LW (399 to 508 kg), ;lgecl 3 to i ye'lrs and 20 1 
DIM (177 to 23.3 days) \vrrr allocated to three 
treatment groups balanccd for LW and inilk ~rielcl 
during the tveck prior to the experiment. All coclrs 
were fistulatecl in tlie dors'11 rulncn '$lid fi\,e co~vs  
were common to trial 1 .  Thc treC1tn~ents and design 
were the samc '1s in trial 1 except that ME intake on 
PE M'CIS proportionately 1.15 of that 011 P. The 
treatments were imposecl during three I 1-dd y 
periods in MClrch and April but period 3 was not 
completed because pastures contained un,~cceptably 
high nitrate Ic\,cls (0.3 to 0.7 g/100 g LIM). 

I'ililr~ri~ iliiil ti~c~lii7:: l"~stures were ~iriji,~ted M ~tli  N 
fertil17rr dpplied '1s 111 trial 1 All aspects ot fccd~ng 
were the same ,is trial 1 except that cow+ a c l e  not 
drenched w ~ t h  Mg or bloat preveiitat~\ e. 

Si~ i~rp l~rrg  ilircl i ~ r c ~ i ~ ~ ~ ~ r c i i i c ~ i ~ f ~  Pasture, milk product~oii 
and composition, LW, BCS, rumlnal d~gesta, faeces 
and urine were measured or sampled as In trial 1 

A ilul~l f icnl  ~ ~ O C L > L ! L I ~ ( ~ S  

Organic matter in foods, faeces and urine was 
determined according to Association of Official 
Analytical Chemists (1983) methods. Nitrogen 
concentration of foods, faeces and urine was 
determined oil a micro-Kjeldahl digest (Model 16210, 
Foss Electric, Denmark) by reduction with alkaline 
sodium phenate. GE of pastures, NSC and protein 
mixtures, faeces and urine were determined using 
adiabatic bomb calorimetrv. WSC and soluble N 
concentratioiis were determined on frcezc dried 
niater~al by the methods of Bailey (1958) and 
Kr~shnamoortl~y el nl (1982), respectively. 

NDF was determined by the method of Goering and 
Van Soest (1970). I'hosphorus in dried foods was 
determined using micro-Kjeldahl digest and 
magnesium, calcium, sodiuivl and potassium after 
wet oxidation and digestion with nitric and 
perchloric acids. Urinary purinc derivatives were 
determinecl according to Chen and Gomes (1992). 
Milk composition was determined using a Milkoscaii 
1338 (Foss Electric, Denmark). Milk urea and 
ruininal amnioi~ia were determined using 
Boehringer Mannhcim and Raichcni Enzyn~atic test 
kits, respccti\~cly, ancl an Hitdchi 717 auto analyser. 
VFA concentrations were determined according to 
Erwi~i c.1 al. (1961) with an dutoinated GLC (5890A, 
Hewlet P'lckard, Avondale, I'A). 

Slot  istia~l i7iliil!lbis 

Trial l data were analysed as a Latin square using 
the MIXED procedure in SAS. One cow7 did not 
complcte period 3 (I'R treatment) '2nd her data n7ere 
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Table 1 Ciii~rriiciil i~o~ri~i i~s~i ior i  ig/ic:: ilry iiiiiitrr jLIMi1 illid 111 

\ ,~tri)  or,yi7111i- riri7ttrr. [OM) ifi,~r~~str/7ility (1VClMLl) ofllit> pli<tiirt7s 
iii tzi7ri~/ (lrii71 11 iirrlf liiti~ ilriiil 2 )  Ii7cliitioii 

Trial I Trial 2 

UI'Vl (g/kg) 146.6 I 6 l .3 
OM U02 89 6 
Nitrogvn (N) 

Total '17-5 29.5 
Soluble non-protein N 8.2 3.4 
Soluble protein N 2.0 2.5 

Neutral-detergent fibre 360 389 
Water-soluble carbohydrate 225 124 
Phosphorus 3.9 3- I 
Magnesium 1 .'l 2.7 
Calcium 5.4 6. I 
Sodium 1.2 3.5 
Potassium 31.5 32-5 
IVOMD 0.80 0.71 

excluded for this period. Trial 2 data were analysed 
as an incomplete Latin square. The analyses tested 
for square, cow, period and treatment and their 
interactions. Probability values are reported for 
pairwise treatment comparisons and for overall 
treatment differences (2 d.f.). 

A n l n l a l  carc 
The trials were approved by the Ruakura Animal 
Ethics Committee. 

Table 2 Daily dq-illnttpr iritakr (DMI) ,  d(lii,~! ;~roiii~ctiorl o f  
rt~ilk, fat, protilin i111d IUC~~IS I ' ,  C O Y I C P ~ I ~ I ~ ~ ~ ~ ~ I I S  it1 irrilk i!f hit, 
protrin nlld luc tos~,  llrlll challgc C I ~ ~ P I .  14 dnys in Irvc, i i~ri~yht (LW) 
niid bod~l ccorlditioii scorr (BCS)  for 24 coii~s oil pastuvc. (P),  0.85 
P + 0.15 yrotcin/rron-stri~rti~rizl uzrhol~?/duatc~ ( N S C )  riiislrrri~ 
(PR) ,  a i ~ d  1' + 0.1 N S C  (PE)  iii trio1 I (eilrl,~l Inctiitioll) 

Trcatment 

DMI (kg per cow) 
Pasture 14.1" 1 1.9-13-9" 0.13 
Protein mixture 0 0.5 0 
NSC mixture 0 1.2 1.1 
Total 14.1" 13.6" 15.0' 0.14 

Yield (kg per cow) 
Milk 21 .'Ph 21.6" 22.a7 0.32 
Fat 1.003" 0.9 18" 0-939" 0.0282 
Protein 0.718 0.698 0.722 0.0169 
I .actose 1.046 0-998 1.032 0.0231 

Milk composition (g/ kg) 
Fat 17.4" 45-1" 44.6l' 0.86 
Protein 13.7.' 33.9"" 33.2" 0.22 
Lactose 48.5" 48.1" 48.1"" 0.17 

LW change (kg) -6.5 1 . 8  2 . 3  4.61 
BCS change 0 -  17 0.00 0.15 0.094 

C'," Means with different superscripts differ at 1' < 0.05. 

Results 
Trinl  l : ~(7r/,t/ /i~I?17i ior i 
11ii.t c.oil~l)(~.irfioil. Pasture conccntr'itions (g /kg LIM) 
of ryegrasses (Lolirrrir prjriJiillc, L., L. ii~irlt~florrrrir Lam), 
grasses other than ryegrass (Pon  sp., Krorilns 
i o i l l i l~ i r i~ i~ l i i  Kuntl~.), wliitr clover, weed and dencl 
material averaged 881, 92, 14, 7 ,lnd 6, respectively. 
Chemical composition o f  the pasture is shown in 
Table 1. The NSC mixture co i~ t~~ ined  trace amounts 
of  N and minerals (0.0015 to 0.006 g/kg DM) and the 
protein mixture contained trace amounts of n i i i~e r~~ l s  
except phosphorus (v.8 g/kg DM). The calculated 
proportions (g/kg DM intake) of NSC (WSC in 
pasture plus the NSC mixture), NDF and CP in P, 1'R 
and I'E, respectively, were: NSC, 225, 287: and 282; 
NDF, 360,403 and 426; CP, 234, 253 '~nd 228. 

A l l  to-io5 fooci ri?ti?kc~ nnd lllllh J J Y O L ~ ~ ~ L ~ L O P ~  LIM intakes 
are shown in Table 2 Treatments PE and PR d ~ d  not 
differ from P in inilk yield (Table 2) All treatments 
were s~milar 111 their effects on piotem yield in milk 
but fat concentration of mllk decreased by 2 3 and 
2 8 g/kg in cows when on PR and PE compared with 
P, resulting in a decrease in fat yield There were no 
d~fferences in change 111 LW or BC5 over the 14-day 
treatment periods (Table 2) 

Milk yield, milk composition and yields of 
components for the nine cows used in metabolism 
stalls were similar to those for all 24 cows, and these 
data are not presented. 

Table 3 Dnily dr!/-ri~nttc~r iiitaki, ( D M l ) ,  LIM, ovgiiiiic lrintt~r 
i~rld prirr<gy iilppnrei~t digestibilili~s ( U M D ,  OMLI nnd DE), 
d~gestiblc orgarlic-irrattt~r ir~tilki, ( D O M I ) ,  dnil!! i ~ i f i r k ~ ~  of 
i~lc~laboliznhle ~ , I I~ , , ; c ! /  ( M E / )  iirld ME corrtc7i7t of thr dicpt firr ilinc. 
c.oros or7 pizst~rrr [l ') ,  0.85 P i 0.15 proti~iii/~ioi~-strir~~t~~~'nl 
nilrbohyiirnte ( N S C )  riirrt~rrc. [PR) ,  N I I ~  I' + 0 .1  NSC ( P E )  iir trial 
1 [early Inctiitioir) 

'I rcatment 

P I' R I'E s.e.d 

DMI (kg/Jay) 
Past~lre 
Proteln m ~ x t ~ ~ r e  
NSC lnlxturc 
Total 

DMD 
OMD 
LIE 
DOMI (kg pel cow) 
MElt (MJ per cow) 
ME (MJ/kg DM) 

Means with different superscripts differ at P < 0.05. 
t ME1 - gross energy intake-faecal energy-~~rinary encrgy- 
methane energy, where methane energy = 0-08 X gross 
energy intake 
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Table 1 1)iiiIii iii!io~;;i~ii iiifiiki2 (All),  N i i / ~ / ~ i i n > i i t  r ! i ~ ~ ~ ~ ~ t i l i i l r l ~ ~  

INLI), iiiiil!~ i,x~-ri,tii)ii of N iii /i1(~(.1~s, iiiiiii7 iiriii iriilk iirrtl RI 
i . i ~ / i ~ i i l i ~ ~ i i  fiiiliilci7 iiiiiiiii fiilznil. iii.iiiiir!i iiiii! iiiilli iVJ iiiii! iiiii-~oliiiil 

/ J Y ~ I ~ L ' / I I  ! l i i t l / i ' ~ i ~  i i i i i~ '  ~ ' i l i i "  011 //iistiiil '  / l 1 ) ,  0-85 P + 0.lJ 
/"vli~iii/iii~ii-s!riii~liir.iil nirlrolryi fnrt~~ (NSCJ i i i i ~ t i i r i ~  i l ' l i l .  iiiiii P 
+ 0-1  !VSc i l l t )  iii triiil 1 ii~iirl!! liictntii~ii) 

1 rcatnicnt 

P I'li ['F 5.e.d. 

XI (S F"' ""V) 

r"isturc 563 464 546 8-h 
I'rotein rniut~~l.t> 0 86 0 
Tot,ll 563 550 516 9.4 

Nr) 0.79.1 (1.78.3" 0-77" 0-008 
N (g pcr c o ~ t  ) 

Faeces 117 124 121 4.3 
Urine 291,' 291.' 258" 8.6 
Milk 117.' 112.' 12-11' 2-9 
lietention 3') 20 37 10.3 

Microbial protein 
synthesis 
S N per Jay 27 1 29 9 318 28.1 
g/kg DOMI 24.7 27.9 26.8 2.33 

'L'' Means with different superscripts differ at P < 0.05. 

Metubolisnz COZL~S, irztakes i7rid digl~stibility dntn. DM 
intakes are shown in Table 3. Relative differences 
among treatments in intake were reflected in faecal 
output (2.94,2.73 and 3.07 kg DM per cow per day for 
P, PR and PE respectively, s.e.d. 0.07; P < 0.001). DM 
and OM apparent digestibilities did not differ among 
treatments (Table 3). GE intakes averaged 284,269 and 
294 for P, PR and PE, respectively, (s.e.d. 4.3; P < 0.001). 
Output of energy in faeces, but not in urine, was higher 
for cows when on PE than when on P and PR (faecal 
energy: 60.5,57,6 and 64.0 MJ per cow per day for P, PR 
and PE, respectively (s.e.d. 1.7; P i  0.001); urinary 
energy: 13,8,12.4 aiid 124MJ per cow per day for P, I'li 
and PE, respectively (s.e.d. 1.02)). 

N intakes did not differ among treatments (Table 4). 
Apparent digestibility of N was reduced by 0.02 on 
PE compared with P. Concentrations of N in faeces 
and urine were higher for cows on PR than 011 P and 
PE (g N per kg faeces DM: 40.1, 45.8 and 41.3 for P, 
PR aiid I'E, respectively (s.e.d. 1.8; P < 0.05); g N per 
kg urine: 6.6, 8.6 and 6.6 for P, PR and PE, 
respectively (s.e.d. 0.3; P < 0.001)). Microbial protein 
synthesis was similar for cows offered PR and eitlier 
P or PE but was proportionately 0.17 liigher in cows 
on I'E tliaii 011 P (P < 0.1; Table 4). Microbial protein 
synthesis per kg digestible OM intake (DOMI) was 
similar for all treatments. 

l i l~~i ir irnl  rirrfabol~te i7rld rrzrlk 1irc.a dntil Runiiiial p H  
and NH,-N concentration showed d~sttnct but 
opposite dally trends (Flgure 1) Tieatments PR and 

s e d  

07.00 1 1 .OO 15.00 19.00 

Sample time (h) 

Figure l Rtiminal pH and ammonia concentration 
(sampled from nine cows) and milk urea concentration (24 
corvs) at four sa~npling times in cows offered pasture (l', W), 
0-85 P plus 0.15 protein/non-structural carbohydrate (NSC) 
mixture (PR, m), and P plus 0.1 NSC (PE, A) in trial 1 (early 
lactation). 
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'I'able 5 l < i i ~ i i ~ i i i ~ l  { ~ l l  iri i i l  i i i i r i~ io i~ i i r - "c INH; ,  ~ i i ~ i i i ~ / / l J ,  iiiilA riri2ii 

i i i i! i ic~// / j .  i i i i i i  l i ~ l i i /  i t ~ / f l t i / i ,  fiitt!! i r ~ 1 1 i  f l ' F 4 )  ~ ~ i i i i c ~ ~ i i l r i i f ~ o i i  

i i i i i i i i ~ / / I i  i i i l i i  ~ i i - o , l ~ o i . l r o i i  OiroI/lOO iiii11J of ~ i i i i i i ' i i i i ~ i i l  171-iiii i i i  

i~li i l l l! l i i /  f / l l i i i  i l i ' i ' f l i ~ i ' i i  ili'i'i fillcl' ~ i ? l i i , l l / i i l ~ ~  i l i ~ l [ ~ . i  tr i>il l  1 0 i l ) i  i>ii 

) u i > t i ~ f i '  ( l ' ) ,  0 87 1' + 0. 1-7 \ ~ i - c ~ l c ~ i i / i i o i i - i l r i i i ~ t ~ i i . ~ ~ l  ~- i i i . / l i~ l~~! i i r [? t i~  

i N S C )  i i i i i t i i i . i2  i l 'R) ,  iiii'l I' I 0.1 .\'XC f P 1 1  111 li.ici/ 1 i i 7 i i r / ~ /  

/ I?[  t i i t i i l ir)  

P I' l? I'E > d 

~~1 I (,-ogl 5.99" o o  0.02 
N H ;  21, 2d '  l clL 0-9 
Milk urea 8-5' 8.8" 7.1' 0.13 
\'FA 

Total 119-4' 163.C)" 151.4' 4.28 
,\cc%tcl tc (65.1 63.4 (31.7 0.8.3 
Propionate l 18.8 19.2 0.47 
Kutyrate 12.5 12-8 12- l 0-53 
1\ohutyrcltc 1.1"" 1.2" 1.1.' 0.09 
V;lltv-,i te l 1.8" 1-4.' 0.011 
I~o\ ,~l lcratc 1 .31  2.1" 1-5,' 0.37 

,"',' Mc'lns with different superscripts differ ,it P < 0.05. 

1'E decreased pH by 0.07 to 0.13 units cornparecl with 
P at 12.00 11 and 20.00 11 (1' < 0.05 to 1' < 0.001). 
Ruminal NH,-N concentrations were lower on PE 
than on P at all sample times and higher on PR tl~ail 
on P at 08.00, 12.00 and 20.00 h. Values averaged 
over all sample times are shown in Table 5. 

The concentration of  urea in milk was lower for cows 
011 PE compared with P ancl PR at all sample times 
(Figure 1). Concentrations were higher for cows 
when on PR than when on P at 11.00 h, 15.00 h and 
19.00 h. Average concentrations are s l~own in Table 
5. 

Total VFA concentrations were least , ~ t  08.00 h and 
highest at 20.00h, but did not differ among 
treatment groups at individual sample times. Total 
VFA concentration when averaged across '111 sample 
times was higher on PR than on P or PE (Tablc 5). 
The inol,~r concentrations of acetlite, propionate, 
butyrate, isobutyrate and isovalerate did not differ 
'imong treatment groups at individual sample times. 
Molar concentration of valerate was higher for cows 
when on I'Ii than on I' and I'H ( I '  < 0.05 to I' < 0~01 
for individual times). The proportions (mol/ 100 mol) 
of acetate, propionate and butyrate did not differ 
among treatment groups except for dcetate at 12.00 h 
(67.9, 63.5 and 66.3 mo1/100 mol for l', I'Ii and PE, 
respectively, (s.e.d. 1.62; P < 0.01)). There were small 
differences among treatments in proportions of 
isobutyrate, valerate and isovalerate when averaged 
across all sample times (Table 5). 

Table 6 i,i?iIl/ i i i . i / - i ~ i i i l i i ~ ~  iiilir/ii' i i l h l l ) ,  iIiii111 j ~ r i i i l i i ~ i t i ~ i i  of 
1iii111. h i t ,  j l r i~ t i , i i i  , i i i i /  Iiii-tiiii,, i . i ~ i i c - i ~ i i l i ~ r i l i c ~ i ~ i  /!I ii1111~ 111 l i i l ,  

/ I I ~ I / ~ ~ I I I  i i i i i i  / r i i lo* i7  t i i l i i  111ii1i;:i~ i ? i ~ . i .  l 4  ilr!!!~ /!I Iic'i' ,i~i'/;:Iil il-1l.l 
iriii/ Ililil!! i i ~ i i i i i t i i ~ i i  v i i i - i ,  iH ( ' 5~  i ~ i i i ~ i i ' ,  ilii j i i i ~ t i i r r ~  l / ' ,  0-S I I' t 

0 1.7 {i~i~lr~~~/iioi~-~Ii~~ilrii~iil i . i ~ r . l r ~ / ~ ~ l i i r i i r l .  ( S S C !  i i ~ i ~ l i i ~ i ~  ! l ' l < J ,  

iriitl l' I 0 . 1  5 S S C  ( / ' E l  i i i  t r l i i l  2 11i ih . I i i i  t i i t i r ~ i i i  

I )b11 (kg i7t'l. COT\-) 

l'aslu rt. 12-(7' 10.2" 11-7 0.00 
I'rotein mixt~11.e 0 0-32 0 
NSC rni\tu~-c, 0 0.0(3 l ..?l1 
Tot,il 12.0.' l l '  l 0-0s 

Yicld (kg per "U\\ ) 

Milk 10.3'' 0 1 1 -17' 0.25 
Fat 0-517' 0-520.' ~1.552" 0.11 l21 
Pimtein 0.358,' 0.179" 0.408' 0.008(7 
Lnctosc 0-497.' 1 5 . 3  (1-568'' 0-l1 155 

Milk composition ig/kg) 
Fd t 50-8,' 18  3" 48-0'' 0-70 
Protein 15.3 35.1 35.5 0.46 
Lactose 48.3 38-7 48.8 0.31 

LW changt, (kg) -1.03,' 1 7 . 8 "  c1.0.' .5.5<> 
RCS change -0.15 -0.25 -0.25 0.1'10 

Means with dikfcrcnt superscript.; dittcr at  I' .< 0.05. 

Tri~zl 2: l(~tc, ln(-t~1fi011 
Diet corll/~ositiorl. Concentrations (g/kg DM) of 
ryegrassw, g ras s '  other than ryegrass (Pi71ricuiri sp., 
Pnsp~luur disticlr~rvrr L., Agrostis c.(rjlilloris l,., Rrorrrr~s 
i~lillilc~~c~.ic~ii Kunth., Digitariii snilg~rir1a1i.s (L) Scop.), 
white clover, weed and dead material averaged 713, 
103, 18, 109 and 56, respectively. Cl~cmical 
composition of the pasture is shown in T h l e  l. The 
calculated proportions (g/kg DM intake) of NSC, 
NDF and CP in P, PR and PE, respecti\,ely, were: 
NSC, 124, 203 and 212; NDF, 489, 434 and 330; CP, 
183, 190 and 167. 

1-ooil iilti7kc ariii ~ i ~ i l k  prorlr~ctioi~. DM intakes are shown 
in Table h. Daily milk yield w ~ ~ s  0.6 kg and 1.3 kg 
higher on PR and PE, respecti\,ely, than on P (T'lble 
6). I'rotein and lactose concentrations of milk did not 
diffcr between treatment groups but fat 
concentration was 2.5 to 2.8 g/kg higher when cows 
were on I' than on PR or PE. Fat, protein ancl lactose 
yields were greatest on PE and least on  P. LW loss 
was greatest for cows on PR (Table h). 

Di~y(~~ti l l i l i t ,~l  iiotii. Apparent digestibilities of DM atid 
OM were higher 011 PR and PE than on I' (Table 7). 
GE intakes were 221, 213 and 239 MJ pcr cow per 
day (s.e.d. 1.5, P < 0.001). Outpnt of energy in faeces 
but not in urine WCJS lower for cows on PR than on P 
ancl PE (faecal energy: 62.5, 55.1, 64.7 Mr per cow per 
day for P, PR and PE, respectively (s.e.d. 1.5; 
P < 0.001); urinary energy: 14.6, 15.1 and 15.0 MT pcr 
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Mk ( ~ l / k g  LIM) I(l.hO~' 10.95" 10."r,l'' / >  O.ll7 

, l L '  Means w~itli different superscripts differ 'it I' 0.05. 

Table 7 , ,I /~/~lir- i~ii /  ~ l i ~ ~ i ~ ~ t i l r i / i l i i ~ ~  i i f  i1r.11 iiiiilii~r, or~yii i i i~ i i~ l i t t<~i .  7.0 
iiiiil r,iii>i.;;tl (LIhlL). ()!\l1 I,  [ ) F ] ,  iiiiil!/ i i i t i i l~i~ i t /  i i i ~ ~ ~ ~ l i l ~ l i ~  r~i:piiii~i- 

i i i ~ i l / i ~ i  i i )Cl \ . l / J ,  tirir/~/ iiiiiihi~ ,I/ iiii'liii~o/i:r~l~/i' i'iic'i;:~~ f . l l t l J .  iiiiti h -$  
h'lk i l ~ i l t i ' i i ~  l i t  t //i '  illi'f f i l l  iiIii5 I l l 1  ~ l i i ~ t i i i l '  ( l ' ) ,  0 $5 1' - 0- /; 
/ ~ ~ i i ' i i i : i ~ i ~ ~ ~ - ~ l i i i i / i i ~ t i l  i ~ i i i ~ i ~ / i ~ / i i i i i l i '  ('V'i'i'l i i i i \ /~i i i '  i I J / < )  ~ i i i ; l  l '  - (, (, 

+ 0.1 i VSC r l J i J  iii ti-ilil 2 iliitc2 I i i~ t i i t i i~ i~J  A 

L 
r 

I recl tnlcrlt ? 0.4 . - 
c- 
* 

1 ' I' R I't ' l  6.2 

r l ~ r l  0.70,' 0 .  1 . 5  11.1107 
O M D  

(1.0 
0 7h.' 0.78'' 7 7 '  000.5 

nr 0.7?~ 0.74~' 0 .77~ '  0.00(~ 

35 - 
cow per d'ly for P, PR d i d  PE, respectively (s.e.d. 
0.6)) Apparent digestibility of energy was similar for 3 30 - 
P and PE but proportionately 0.024 higher for cows 
oil PR than on P (Table 7). 

m 25 - 
.+ 

Apparent digestibility of N was higl~est on PR and 
lowest oil PE (Table 8). Concentration of N in faeces 
was higher on PE and  PR compared with P (30.5,32,6 2 
and 32.4 g/kg DM for 1', PR , ~ n d  I'E, respectively 
(s.e.d. 0.6; P < 0.01)) and excretion of N in faeces was 
least on PR and greatest on I'E (Table 8). Treatinents c 
PR and I'E did not differ from P in ~ ~ r i n a r y  N 

08.00 12.00 16.00 20.00 

- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
m I L I I 5.e.il. 

I I 

Table 8 Diiilbl i i i l r i ~ g i ' ~ ~  iirtiiiic7 (NI), N njl{~17vc~!rl i f i , y i~ . i f ih i l i l~~  

( N D ) ,  iliiil!/ c~s~.rc~tioii c?f N iri fiic~cc.~, i~i.irr(> iiiiil 111i1li ii17d N 
ri't~'iitiirii (iritnhi, riri~riii j i i ~ ~ n l ,  iiriirnr.!/ iiiiil ririllc N )  c711iI iriii-roliiiil 

/~vi~li,iri s , ~ / r i f / i i ~ s i ~ j > ~ ~  LYITOS (111 pi?sliirc. (P), 0.85 1' + 0.15 { ~ r i ~ t ~ , i ~ r /  

iioir-itriictirrnl i-iirlioli!/~i~.nti~ ( N S C I  iriirtirri~ i l ' l i ) ,  iiiiii I' + 0 1.5 
N S C  I P F )  iir friiil 2 iiiilr Iiicliilioir) 

Treatment 

P PR PF 5.e.d. 

NI (g pcr CCIIV) Y 
Pasture 354 302 317 4.0 .4 (1.5 - 
I'rotvin niixt~trt. (1 48 0 
Tot'il 154 350 348 1.7 6-0 

N L1 0.73.' 0.74" 0.70' 0-004 I 
N (g  per c o ~ v )  5-5 

Faeccs c) 7" 911> 105' 1.5 07.00 1 1.00 l 5 00 I L) .Oil 

I )C)MI ( k g  pcr CO\\.) 8.1.' S .  I,' 9.1" 0.05 5.8 
M E 1  (M1 per coit ) 127' 126,' l I .  I i)S 00 12.00 16.00 20.00 

liclention 1 2  1 8  2 0  - 9 
/ -3 

Microbial protein 
synthesis Figure 2 liumrnal pH dncl ,lrnnior~i,~ conccntr,iti~,n < ~ n ~ i  milk 
g N per dcly 3 111" 172" 11.5 urc'? cconccntration at ~ C ) L I ~  s,impling times rn offered 
g / k g  LIOMI 17.2 17..3 l').() 1-34 p ~ s t u r e  (l', m), 0.85 1' ~ ~ L I S  0.15 ~ ~ r ( ~ t e i t i / ~ i o r i - ~ t r i ~ c t ~ ~ t - ~ ~ I  

carbotiycirate (NSC) mixture (PR, m), and P ~ 7 1 ~ ~ s  0.15 NSC 
Means ivitli differe~it s t ~ p ~ r s c r i p t s  differ at  1' < 0.05. (PE, A) rn trial 2 ( l ~ t t .  l ,~ct,~tion). 
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Table c) I<II!!!I!I,I~ i ] t /  ~ I I I I I  i ~ ~ i l ! i r i r r i i , ~  \ 1  \ / l  ~ I I I ! I O / , ~ I  I I I I I X  i i i t 2 i i  

I I I I I I I  , i ! i i i  / i ~ l , i /  ; ~ 1 ~ / 1 i 1 1 / i ~  l l i l l i i  ( I L - I I ~  1 1  1 .1 ,  ~ o ~ r ~ ~ ' ! i i i - i i t i o ~ i  

~ r l ! l ! , l l  11 , ! ! l , !  ~ l l , ~ / ~ , ~ ! l l , l l l \  1 ~ l l i l / ~ l 1 ~ ~ ~  ! l l , l / ~  Ot l ~ ! i i l ~ ~ l , i l l i l l  ~ l , I , f ~  ! i !  

I I I I ! I I I I , I /  ! I i i i i i  r i ; ' i ' i * i y i , i /  otv! tii!ri  ~ i i ~ i i / i / i i i ; :  /IIIIL.- / i l l  i o i i 7 - .  O I I  

I I  I I S 1 -- 0- l ; ~ ~ i i ~ i ~ ~ r ! !  i i t ~ ~ i - ~ l r  11, t i / ~ r i /  I t i ! ! ~ i i l i ~ i ~ i i i i / i ~  

l . \  ii 1 : i ~ ~ . i i ! i i ,  I / ' / < I  r i i i i i  l' I 0 1;  \ \ C  1 1 ' 1 I  i i r  1 1 1 , i l  1 f / i i / i .  

/ t i ~ - / l l / l , ~ I l I  
- . ~ -~ -  - 

--p--. - -p-- 

I l (>'I1 l l l ~ ~ l l t  

I '  l ' l <  I't i e ~i 

171 1 1  5 0-4i1 h . 4 - l  0.115 
h H ,  71.) - '4" 1 Cl' 0-C) 
A 1111, L I  I-L~J 7.h' s.21' 7 0-24 
i ' r  

l O t < l l  l l S l l ' I  1 ?(>-V 4 1 ? 
.\L c.l.llc 71 i 21.2 711.') 0.77 
I'vopion,~ tc. I h -  I '  l 0 l 0-3S 
liu t! l 'l tcx '1.0 'l. l ' j . 3  l).(>? 
I\ i)hi~t) lab. 1.2.11, 1 .?l' 1-1.' 0.00 
\';llc,ra tea 1.3 1.4 1-2 0. l4  
l~c)\~<llcr<ltc~ I I I I 0-'1 0-0s 

" " '  hlcx,ins \\ ill1 ~iittcrc~~it supc3ric ripti ciif tel. ,it l' 0.05 

concentration a11d c~ucrc,tio~i. Microhi,~l protein 
syntliesis (Tciblr X) \ v ~ s  similar for co\17s on  I' and  I ' l i  
but LVCIS k7r0k)ortioin~1tely 0.24 higlicr \\,lien cows w w c  
oil I'E t1n,l11 on l'. Trecntnient h'id n o  effect oil 
microbial protein syntlicsis ycr kg  LIOMI. 

Rrlrircvl rrrc~till~olitc~ ililil iirilk 111.1~11 ililfll. Trends in p H  'and 
NH,-N concentr,ntion were sirnil'lr to trial 1 ,  except 

v.il11es were about 0.4 units higher in trial 2 
(Fig~11.e 2). l i ~ ~ n i i n a l  p H  was 0.12  n nits highcr for co\zrs 
on  P t h a i ~  oil 1'Ii or I'E at  12.00 h hut simil,ir a t  otlner 
times. R~lrnin'il NH,-N concentrations were generally 
I ~ > ~ l s t  on PE and grc3atc.st on  PR. Values ;l\,ercjgcd 
'1cros.i '111 scnniple times are sho~r11 in Tablc 9. 

Tllc concentr'ntioi~ of ure'l in milk \tras signific;uitly 
lo\\rer for I'll tli,in tor I '  at 07.00, 11.00 dnd 19.00 11 
(F'ig~~rc. 2). Conccntrativns of L I ~ C " ~  \vere higher for 
cocvs on PR than on P at 1 1 .OO < ~ n d  15.00 h. A\  erclgc3 
\ ,ll~les 'ire slio\vn in T'lble 9. 

Treiicls in totcll VI;R co i~cen t r~~t ion  ivcre similar to 
those. in tri'il 1 .  Trc~~~tmcmt groups clid not ditfcr in . . 

total conccntrcltioil at any samylc time o r  ~ l 'hen  
,l\.er<lged mrer  ,111 tiines ( T ~ b l c  9). Mol,lr 
cwn~cntr~1tions of i~iili\,idunl ,~cids did not differ 
xnol ig trcSdtnients, except tor propion;ite when 
;~\.eragerl over 'ill times (24.9, 25.11 and 27.3 mmol/l 
for P, PR a n d  PE, respecti\,ely (s.e.d. O.C1; 1' < 0.05)). 
'I'lie proportions of indi\,iclu,il acids did not differ 
'imong trc,atrncxnt g r o ~ l p s  ,it incli\ i d ~ ~ a l  s,lrr~ple times. 
W h e ~ i  aver<nged olrer ,111 times (T;thlc 9) tlic.rc cvcre 
small differences ~lrnong treatments in  proportions of 
protpion,tttl ,lnd i s o b ~ t y r ~ ~ t c .  

Discussion 
Spring i t  annt,iini~i:; /%SC ,md NDF 
c ~ o ~ i e ~ c ~ ~ i t r ~ l t t c ) ~ ~ ~  ot ?.30g/lq, '111ci 4(>0g/kg IIM, 
respecti\.el\-, ap1.~.ir(~1itly pun idtd acdeq11~i tc cncrg! 
tor microhial protein synllicsi\, '1s incrt.,ising tht. 
proportioi~ ot USC in I ' l i  licid n o  effc,ct on ruminal 
N H : - h  co~icentr;ition, n~icrohi,ll protein srnthesi5 or 
~n i lk  ic,lcl. Incrc~asing (tit, tot'il c,lrhotii,cir,itr : Cl' 
ratio, h>- i~icrc~lsing NSC intake in PE, incrc.<lsc~cl 
mic'roblal protein sy~l t l~es i s  hcit not niicrobial 
t,tticicinc~. 111 i~ontr,jst, in late lactation both PR '1113 
1'1: tre,itments i~n~rc'~ns(d milk and milk protein ! ic,lds 
a l t h o ~ ~ g l i  on14 I'E incre,ised microbi,ll protctin 

ntliesis. The jirc><ntcr procl~~ction response, tor PE 
than for I ' l i  in I'ite lact'ntion suggested tl1'11 on 
pClslurc \vitli NSC '1s low <is 124 g / k g  DM, tlie c o ~ ~ s  
respondeel to h(7tli incrcC~sc~d a\.ail,ibility o f  NSC <111d 
to incrc,>srd microbial protc,in supply to tlie small 
i nttxsti ne. I'rotein supply to tlie small intestine 
.~ptwarcd to l ~ r  limiting in 1,nte I~nct~itiori on pasture 
 lone. The) c.c>mrs \trert> in neji,iti\,e N bal,lnce on  all 
treatments in  late lactntion (trial 2), compcired with a 
positi\,c status in tl.ia1 1. 111 both trials tlie lengths o f  
tlie tre,ntn~ent periods were insufficient a d c q ~ ~ ~ ~ t c l y  to 
dsscss clicinges ill  LW ;uiici BC's and tlie possibility 
that loi~gcr  term feeding of the trecntnients might be 
associated with rc~spoi-rses in either milk solicis or 
hocly tissue cannot be excluded. 

I11 both trials pasture pro\,iclcd an excess of 
ruminally clegraded dietary CI', as ii~dic~ntcd by high 
ruinindl NI I,-N concei~tr~~tions.  The reductioii ill 
rumin,~l  NH,-N with addition of NSC has been 
obser\.ed oil both frcsh hcrhages ( I l e l l o ~ ~  ('1 al., 1988; 
Robertson and Hawrke, 1965) and total mixed rations 
(Cameroil i'f i d . ,  I99I), arising tllrough either 
incrcdsrd utilization of NH,-N by microbes or 
dccrcascd r~~rnin'il  Cl' degrad'ntion (Cdmeron cJf ill., 
19'11). Increased ut i l i~at ion is likrly to Iiclve occurred 
on PE because microbial protcin synthesis illcreased 
,incl r'ite of degradation of N froivi pasture \\.as not 
altered by c ~ d d i t i o i ~  of NSC (Car r~~t l i e r s  01 ill., 1996). 
Tlic liiglic~r NH,-N concentr,ntions on PI< cornp,lred 
with I' c ~ i ~ ~ l  tlie increased rate o f  clegr'ldation of 
c 'aein-N compared \vitli that of pasture ~ r l l e i ~  
incub,nted in the runien (Carrutllers c7t ill., 1996) 
inclic,~tecl t11~1t thc a\,ailability of N in the r1lmen was 
liiglicr and more r,ipid from the protcin ~n ix tur r  than 
from pnstturc. Cows o n  I'li in trial 1 also sliowcd 
incl-t1,ised N in f<neces rillcl urinr. 'The l~ igher  ruminal 
N dcgr;lclation m'iy li;i\,e cornproinised the cow's 
,ihilitv to respond to tlic incrt,;ise in NSC, ,nlthough in 
tri'll 2 a milk solids response \vas obsttr\,ed in I ' l i  
cows despite highcr ruminal NFi,-N ,1nd niilk urc,,i 
conc'cntratio~is th,nil oil 1'. C~limcron c7t ill. (1991) founcl 
thcnL urca s~~pplement~i t ioin i~lcre~nscd r ~ ~ n i i n a l  
ammonia concentr,~tion iv i t l io~~t  cid\,erse effects on  
milk yield a n d  fat yield. 
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' I ' l i t .  lack ot cl production response to tlie I't: dict 
~ o n ~ p ~ ~ r e c l  rvith 1' in trial I mac. indicati' thdt tlic 
cc>mhined un~drgradcd dic,t<lry protein ,111d microhi,ll 
protein suppl>' on  p . i s t~~re  o1i1~. \ \ a s  d i fc i l~~dt t  for 
11iilk production, ~ i l t t i o ~ ~ g l i  spc.citic ~~irnino 'jcids m;l) 
have bc1c.n limiting or energy ;und protein co-limiting 
in cnrly lactation c o ~ " s .  Kol\,t.r i3 f  01. (1Yc)F;) c ~ l s o  founcl 
that the cl ic~ngrs  in rumin;ll NH,-N and pH \\.hich 
a c ~ o r n p ~ ~ n i e d  tlic, syncl~roniza tion of tetd i ng 
concentrates ivitli p i s t i ~ r ~  wcrc not ,~ssociatcd ivith 
xi effect on milk solids production or N retention. 
COMTS rcstrictcd in intake and clrawing on body 
reserves showed production responses to r~ul l~in~il ly  
~mdegradcd  proti>in (@rsko\r c'f ill., 1981) hut 
production responses to s ~ ~ y p l c m c n t ~ ~ r y  ruminall! 
undegr'ided prott-in in pcisturc~-fed cows ha\.e been 
v,?riable (Kc~llc~way ,ind Porta, 1993). 
Sup~7leme1tatioi with fish mcdl did not increclse 
production in early lactation cows grazing pasture 
similar to that in trial l (Carrc~thers ~ i t d  Penno, 1995). 
The le\rel of production in trial l may have heell 
insufficient to show '7 response to incrcasrcl protein 
supply (Armentano cJf IT/., 1993). 

Providing additional NSC was d s s ~ c i ~ ~ t e d  with a 
decrease in total tract ~ l p p ~ ~ r e i i t  digestibility of N. A 
portion of the starch component of tlie NSC may 
have been digested post runiinally, stimulating 
caeca1 microbial protein syntl~esis and excretion of N 
in the faeces ((llrskov, 19941, or a greater content of 
ruminal microbial amino acids may have appeared 
in the faeces. Camerou c7f al.  (1991) observed a 
reduction in total tract N apparent digestibility with 
diets supplemented with maize starch, nlthough 
MacGregor rJt 01. (1983) observed increased ruminal 
protein digestibility when increasing the NSC 
concentration of the diet and apparent digestibility of 
CP was not affected. The increase in apparent 
digestibility of DM and OM on PI< and I'E in trial 2 
but not in trial 1, mav have reflected the addition of 
NSC to a pasture c o n t a ~ n ~ n g  only 121 g NSC per kg  
DM 

Ruminal p H  \,alues in cows on  spring pasture were 
relatively low. The optimal range of r ~ ~ m i n a l  pH for 
celli~lose digestion has been s~~ggestecl  to bc 6.4 to  6.8 
(Erdnian, 1988), yet r u m i ~ ~ a l  pH values in trial 1 were 
below 6.0 for much of tlie clay. Similar v'11ues were 
observed in grazing cows run  alongsicle trial l 
(unpublished dat,l). Low ruminal pH may lici\~e been 
associated with the high VFA concentrations 
observed, with inadccluate physically effective fibre 
in the diet (Allen, 1995), or with low buffering 
capacity of ttic tor'lge (Erdman, 1988). The l o ~ .  
values provide further support for the suggestion 
that spring pasture contains a high level of r e d i l y  
fermentable carbohydrate despite low m e ' ~ s ~ ~ r e d  
WSC levels. The efficiency of pl-otcin synthesis by 

lnixcd rumcn h;lztcria \\,,IS proporlion,1tel! 0-5 lo\\,t.r 
,I[ pH 5.7 tha11 ~t pH (3.7 (Strobe1 a n ~ l  lii~sst~ll.  lc1Sh). 
suggesting microl~ial ctticit,nc> ot p,lst~~rc,-fid C O \ \  5 

sl~oulcl LW con~pronlised at  the pH \,cilues ohsi'r\ c d .  

'This ~ 1 . ~ 5  not supported by tht. estirnatc,s of microhi,ll 
protcin S! nthcsis. R~~ssc,ll  '3nd Wilson (1Ycl.5\ suggest 
that cellulolytic bacteli,~ do not <~d,ipt to lo\z pH 
conditions a l t t io~~gh  ' I  lii.rion 1.1 ill. (1982) ccmsiilered 
tti,lt pH ,~lonc) m,as oi I c i ~  in~por t~ lncc  in determining 
shifts in bacteri,ll population in tlie rL1rnc.n tIii~n \\,cl.e 
a\,,iil'>biliticss of n ~ ~ t r i e n t s  in r i~ l ,~ t io i~  to suhstr,~tt' 
t -~rc fwc~nix~~ c ~ ~ ~ c l  ,~ffi~~itic,s of the c-oiiipeting bai,tt'rial 
st>ecit.s. 

In suil-uinary, results suggested that tlic. 1ne~l5~1ri.d 
WSC ~oncrn t r~ i t ion  of spring p,lst~lrc~ i n a d e q ~ ~ ~ ~ t e l y  
indic.c~ted the ,~\,,lil~lbilit) o f  readily ttv-mc~ntcihlc 
c ,~rbo l iydr~~te  for microbial protein syntllcsis. The 
I,ick of response in fermentation efficitmcy or 
production in early lactation to increasing the 
NSC : SC ratio was consistent ~ r i t l i  poor inilk solids' 
responses to grain supplementation ~ h e r c ~  the, 
suppleinent substitutes for pasture and intake is not 
increased. There may bc morc scope in late tli'i~i in 
e x l y  lactation for incre'lsing productio~i i l ~ r o u g h  
mC1nipulating tht. n ~ ~ t r i e n t  composition of pasture 
dict. 
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Eating quality of beef from different sire breeds 

Keywords: brc.fhrcc~u's, cllr~irie~i~l coiirposi/ioi~, o ~ ~ ~ < i l i ~ o l i ~ f ~ l i c  tririls. 

Introduction 
Major cl idngesl~a\ ,e  taken p1~1ce in tlie British beet 
industry over the ~ ~ 1 s t  20 years. C;enes from se\,er;ll 
continentdl breeds, with thc p o t e i ~ t i ~ ~ l  to produce 
larger and  leaner c'ircasscs h'lxre been introduced. 
~ l s i ,  writli almost two-thirds of clec1~n beef coniing 
from dairy herds, tlie extensive replacement ot the 
British Friesian by the C;ui~adi,in Wolstcin in thc dairy 
i n d ~ ~ s t r y  h,ls resulted in bcscf c~lrcasses tliat 11a1.e 
tenclecl to be 1,irger and have poorer c o n f ~ r r n ~ ~ t i o n .  
The trend towards heavier nncl poorer conformdtion 
carcasses is evident froin n~itional c'irc'iss 
~l~issif icat ioi~ statistics collected by  thc Mcat and 
Lixrestock Commission (MLC, 1995). 

Thc relationship between cliet and he'ilth is in,ljor 
factor in  the development of y r o d ~ ~ c t i o n  str'ltegies 
tor the British meat industrv. Consumers dcmand 
consistently ttlnclcr, t lnvour f~~l  11ie'li with lonr fat 
contents. I>OW or \ ' r~ r iL~ble  q ~ ~ ~ ~ l i t y  ill terms of major 
co1nt-7onc1its S L I C I ~  as  tenderness is not c~cceptc~hle. 
Tl~t>re are n o  rt\ct1nt published British d;lt,i to confirm 

overseas evidence on the rel,~tionsl~ip betvveen 
fatness and t\'~ting i l~~nl i tv  but there 'ire concrrnc. that . 
the trend tc~warcls Icirger and poorcr co~itorination 
carc~isses, associated \vitli hrcccl cIi,inges, is resulting 
in beef of poor eating qu.ility. Armbruster 1.t i i l .  

(1983) suggesteel that marbling (intr'~muscul;lr tat) in 
beet o n l \  a c c o ~ ~ n t s  tor ,I sm;lll ,~nnount ot thex 
\ari,ition in e'lting qu,llity. Other pc~blishccl 
e\,idence, niainl!. trom North Amc,rica ;ui~d Lleninark, 
inclicates th'it dt l o ~ v  le\,els of intr'imuscular t < ~ t ,  
tei~derness '1nd juiciness are less satistactor\ th,lin 'nt 
liiglit~r It.\ tlls (Dikc3rnan i.1 iil., 1979 ,111d Buclitel., 1986) 
ali.2 that thcrc is a lobvcr liil~it to ~ ' I ~ i c h  tatlit's:, cdti he 
recluccd without detriinent'il effects on eCnting 
iludity. I n  contr'ist Dikcm;uii (1987) ,lcllnitted that 
in,nrbling o i~ ly  c i c c o ~ ~ i ~ t s  for proportionatc~ly bct\vccn 
0.10 and 0.1 5 ot tilt. \,,iri'ition in bccf pc~lcl t~~bil i ty .  

'T1iel.e is also e\.icIence that h r t d  i n f l ~ ~ e ~ i c e s  the 
proportion of ~ndrbling in rc~latioii to s u b c u t , l n t ~ o ~ ~ s  
t'lt co\,er 011 the carc~lss (Joliiison, 1'187; Cundiff 1.1 ill., 
1994), c i l t l io~~gh ;I s t ~ d y  ~ ~ i r r i t ~ c l  O L I ~  by the MLL 
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I Iic'~-t~torc~, ,I t r id l  \\,;is set tip h! L1-i~. \II>C', in  
ioll,lhorC~tio~i \\,ith Gcntts, to c,\ alu,~te the, c,<lLing 
i i ~ ~ , l l i t !  ot progc.n> trom a r~inge c>t  \ l r t \  breeds 
'rossc~ci it11 c(>\ \ \  from tlic. daiq herd. 'The tri'il hacl 
txz-o ~n,ii11 objecti\.c,\. First, to ,is?c3ss the1 eating cqu;llity 
ol t \ \ o  I3ritish sircl hreecls '~ncl four continc~ntal sire, 
bretscl\ crossc,d \vith Holstc,i~i Friesi,ln cox\..; 'ind, 
secondI\ to t ~ ~ ~ i r n i n e  tlic effect ot t'ltnrss on eating 
illi.~lity ~2 itliin 'ind b < ~ t ~ \ ~ c ~ ~ ~ i  t'r~c~cis. 

Material and methods 
Four continent,il sire breeds, Limousin (LM), 
C'li,1rol,1is (CH), liclgian Blue (EL;) 'incl Pic~niontese 
(I'M) reprt,senti~~g two of the most \\,idely usecl bect 
sire breeds '~ncl t\vo recently inlporteci sire, breeds, 
th,lt nrcrc being evnl~iated as part ot Genus' progeny 
tcsting programme, ,lnd two British sire breeds, 
Abcrdccn Angus (AA) and Hereforcl (HF), were 
included ill the trial. All the animals were stccr and 
heifer progeliy from liolstein Friesia~; type darns ,iiid 
'1 cross scctioii of sires of each breed. They were 
finished on ,111 18-month beef yrod~~ct ion system. In 
se\,ercll instances cattle were bought specially for the 
trial. These were selected froin six different farms to 
t ' lis~~re that '1 cross section of sires were represented. 
All aniindls in thc trial were housed ,lt Warren Farm 
where they spent at least 3 mo~itlis prior t o  slaughter 
,111d were given grass silclge/cereal tor at le,ist 1 
month Iccicling up to slc~iigliter. 

Low,  ~ i v c r ~ ~ g e  d~icl high fatness le\~els for steers and 
heifers of  each brwd arcre determinecl in tcrms of 
MLC classification (MLC, 1995, n~liere t,itness Icvc4s 
'ire on the follo\wing scale.: 1, 2, 3, 41,, 4H, 5L and 5H) 
as belo~v: 

Fat class 

I ,onr A\ erdge l ligh 

Continental steers 2 3 4L 
.' xitish stcers ? 4L 4 H 

All 1ic.i frrs 9 11. 4H 

Two ab,ltto~r\ 1% crc chosen for slciuglitermg and wei e 
used cilter~iately e \wy  2 weeks. C'lttlr wcrc 
~ l ~ ~ ~ u g h t e r e d  bct~vccn April 1991 and October 1992. 
Carcasses were selected froin the total sent to 
s1aughtc.r on any gi\,en d'iy i f  the following r~lles 
held: a minimum of two breeds \\.ere reprcscntcd; 
one cdrcass of each breed had a conimon f,ltness 
le\,el; ,111d , ~ t  lcast two fatness levels were 
reprcsen ted. 

This gci\,r '1 mininlum of three mi\eci or singlc~-sc~\c.il 
c~irc~lise~s from a n )  ~L~lughtc~r clcl\. i n  adclition, h r c ~ d  
comp,lrison.; o n  '1 gi\.en tiCl\ ~\c,rc% monitol-ecl to 
cnsLtrc cattle o f  each hrc,cd ~ \ ~ c . r e ~  sl~iughtcrc~ci \\.it11 
e\ er! ot11c.r h r t ~ d  h!. the end oi tht trial. I \vent\ -ti\ c3 
stc.t3rs ci~id 7.i 11eitcl-s from each breed Lvcrc. required. 
It  ~\ ,~i. ;  anticipated tli;it 'lt l c < ~ ~ t  sc\ t,n o f  e,ich sci  a n d  
breed \voulrl hc prcwnt in e,icli of tlic, t'itnt3s.i groups 
(lo\\r, ,l\ erage ,ind high). 

Anim,ils \vcrc stc~nnrd lvith ccipti\~c~ bolt ,111d 
carcasses Tvere drcs.;cld to '1 st~i~lcl,lrd specification 
c\,itli no c'lcctrical stim~tl~ltioii. Attcr slciughter 
c~~rc~isses were cl1illc.d b), '1 proccss \vtiich ‘?\,aided 
~111y pjrt  of any muscle fdlling below 10'C \vitIiin 
10 11 o f  stunning. 

~ l l l ' ~ 1 7 ~ 5  1111~~7S11~1~111~~17/5 
The. follo\x~ing 'lttributes were ~1111011g those recorded 
on the) carc~isses: estiindted subcutaneous fdt 
proportion (SFtt); confori~i;ltion (MLC 15-point sccile); 
pH 3 and 2411 post sla~~glitel. in the loi~gissi~n~is 
fl1ori7cis c7t Iriiirbor~irrr (LTL) to gi\.e an indication of the 
rate and extent of rigor developnient; maxiinum 
width and depth of LTI> at 10/11 rib; fat depth at the 
.?/-l last rib. 

C)n the day after slaughtel. l ~ i ~ ~ d i ~ u , ~ r t c r s  were 
brought to M I L  and held in chilled storage (c~ptvox. 
3°C) for 8 days. Primal cutting was then carried out 
with the topside joint (ni. s c i i i i r i r c ~ ~ ~ r l ~ ~ ~ ~ ~ i ~ c ~ s ~ ~ s )  dnd 
sirloin (LTL) being retained for detailed assessment. 
Measurements of colour were made on the sirloin 
steaks using an EEL reflectonieter (Diffusion Systems 
I>td, Hanwell, London) and drip loss was measured 
by suspending ,I sirloin steak in CJ loose plastic bag, 
seded < ~ t  the neck, at 4°C for 48 h. After a total of 9 
ddys from slaughter topside joints and sirloin steaks 
were blast frozen nncl retained for seilsory 
e\ral~~ation.  Samples of the sallie clits were also 
ret,iined for cl~emical analysis. 

S17risor,t/ c'i~nlrlalioii 
At tlic sensory p;uiel scssions six sCimples of the same 
c ~ l t  type (i.e. joint or steak) were e\,aluated. 'l'lie six 
s;lmples evaluated in each session corisistcd of one 
from each of tlie six breeds, three from steers and 
tliree from heifers, representing each fatness level. 
Joints were cooked at 180°C, in a fan-'~ssisted 
domestic electric oven fitted with external 
temperature controllers, to an internal tcniperature of 
70°C. Steaks which had been cut to 20 mni thickness 
were grilled for 5 min each side under a gds grill set 
at 'high'. The timing was targeted to achieve a centre 
temperature of 70°C. 

Sainples nere  presented to s ~ x  tralned panellist\, 
from ,I pool of 12, tak~ng care to balance tlie o1de1 of 
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I able 2 1 i'ri.! ~ i l i i ~ i i i '  i i i ~ ' i i i i -  ti! i i ic'  r i t ' ( ~ i c i ; < i ~  I i ~ i i ! o i  i i i l i i i i ~ i i .  > i t i i ,  ;i'i'i;:iil t i i i i i  / i i i i r i , - .  / i ~ ; , l , /  cri i ' i i ~ l i  l ~ i ~ ~ ~ i i  

B1 <.i.<i t 
-. 

i\l Cl I lili l \ \ I I t  \.L,. S I ~ I I ~ ~ I C ~ I I I L < >  
..- p- - pp ~ 

L < I ~ L ~ I \ \  i~-<iit\  
1.1-1 : h.iO 5 4 (2.42 (77s (1.53 0.114 
p t l ,  - -7 , -5 77 5 72 S 5 84 7.75 0-04 
L ~ I  r r ~  C O I O L I I ~  -. I I , 73.7.11 71.( ,~.  27 1 , , ~ '  1172 
3.4 rib 1,1t depth (111111) 5 5( ,  h.7.5:' 4-SS.' 4 11 ;  ' ~).()4l 7.0 l ' , ,  (l.4(, , - -  

L I L \\.lcitll (111111) j 17.1 )I l .  13h,'" l 3 '  l 1 72, 1.4 , ~ 

I l l ~ l c p t h  (mm) (7 1, '  (3  l 65" (73 I '  .it i?'I I . l)  A S. 

l )rip ICY+ I g lkg)  1 4 4  4 I4.h 4 4  11-8 12-7 1.4 
Ioinii 

lu~cinc,hb 4 4 4.2 4--5 4 5  4 4  0.12 
l t>niierne5\ 3.8,) 4.0 1 4.51, 3.s.l j.8.1 ;.+ 1). 1 4  -. i 

licxet tl,i\ our  4 7  4.7 4 3  4 7  S 4 0.0s 
!\hnorm,~l t l ~ \  o u r  1.7 1 7 1-6 1-7 1.7 1-7 0-0s 

Ste,lks 
luicine.s\ 5 7  5 5.3 7 r)-i, 5-6 0.10 
renilerncsi 1.2 5-0 5-2 5-5 5.0 5.0 0 -1(~  
Kecf tl,i\.oirr 3 5- l 5.2 5.3 i- 1 5- 1 ().()c) 

i \ h ~ l o r r n ~ ~ l  tld\ O L I  r 1.7 [ - h  1-7' 1.7 1.7 1 . 6 0 - 0 8  

' l ' '  Mt>nn:. tvitli < i i t f e re~~t  iupc~ricr ipt i  arc  signitiwntl!, clifft,~.el~t ( I '  c O.05). 
t For hrecds see l 'lhlc 1 

Higher \.nlui,\ indic~tc.  lightvr ~ i i c ~ t .  

steal\s were rated '1s inore tender and  morc I L I I ~ ~  

th;ui~ steaks f i c m  ot1it.r breed crosses 

I'he rated juiciness of the sirloin ste'lks (and to '1 

lesser extent the joints) was dc,pc.ndent 011 fatness 
levcls, sex and breed. Figure l shows the cur\,ilinrar 
response of juicil~c>ss to iat~less by hreed allcl sex. T11c 

Hci tt.l.5 

20 40 ('0 80 l Oil 

Fstiru~teci SFc (g /kg)  

Figure I I<esponst, o f  juiiincss to 1ncrea5ing c a v c ~ ~ s \  I a t n t ~ h s  
(SFt,) h! L~I-red ~ n d  s e ~  

juici~less of t l ~ c  steers gener,illy increased with 
fatness, the continental steers all beha~~iiig in ,I 

similar way. The juiciness of the heifers was 
~ignific~~intly lower than tlic steers s\,erall and, with 
the exception ot the AA, generally decreased wit11 
fatness. 

rllerc \.2rt,re significant ditferenc~s between the breed 
crosses measured for cliernic,ll content and  tllerc 
werc signific'int fatness effects for thc lipid dnd 
moisture contcnts. Ncither coll,lgen nor soluble 
coll,ige~~ content of the stcdks depended on breed hut 
AA had ~ignific~lntly higher Icvels of tot41 colldge~l 
t1i,l11 t l ~ c  other breed crosses in the joi~lts. 'Table 3 
S ~ C ~ I Y S  the least-square meclins at each brrerl's aLrrrage 
t,lt~less, conforniatioi~ and side mreight. The AA h'ld 
less moisture ,mcl more lipid in the 1e'ln tissue of both 
the sirloins '~nd the joints. This appe'3rcd to  be psrtly 
'I breed effect ,~nd  part11 a carcass Fatiless ?tfect - 
t110 a\.erac7e AA being o\,er 10 g/kg SFe fatter t11;ul 
the BB O~FH. Howc\,cr when cornparecl at the. same 
f'ltness lc,\.el the AA still llad signifi~~i~it ly l~ighcr 
lipicl contents tli~lii tlie other two hl-reds. As the 
fC~t~less of the carcass il1creased tlie moi s t~~re  contents 
of both the steaks and thc joints decreasecl and- the 
lipid content increased. Tile dc~crease/increasc was 
greater for the stedks than for the jc)ints. Across ,I f'lt 
cl,lss, for example from 3 to AI-, the lipid increased by 
1.2 g/kg in thc ste,iks but only 2.1 g/kg in the joints. 
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Table 3 l ~ ~ ~ i z i - . ; j j i i r i i ~ i ~  i i i j > i i i i \  i;<//iyj i i l  / / i t ,  ii;lt,i.if;:tZ i ~ ~ i i / ~ ~ i . i i r i i t i o ~ ~  

i i i i i f  f ; ? i l l i ~ \ .  i l l  ~ ' i f i  i ,  1';l~l'li 
p-. ---p. - 

13 r t . t ~ i  t 
P- 

C H I ,\ \ i.~.. \~gnific,ince 

I o i n t i  
[\lol\t~trc. 737  738.' ""l' 3 .  1 - 1  , <  

I.ipld 10.2" l3.8l' 34.L' (1.70 - * *  
CC>] l<lgt~ll i..i.' 5.;' (,.()l' 0.14 . <  

Sol~ll~lc 
coll,ipw 0.70 0.711 0.74 ll !)l 3 

Stc,<lki 
\loi\ti~r-t. 7 74 1.' ' 1 2 
Lipid 20 7.' 15-(7'' 35-5' (1.83 +9. 

Col l,lg<vl 4.4 4 4  4.3 0 10 
Solublc 

col i,i,yc,n O h8 0.70 0.70 O~l130 

" '" h/l r .~ns \1,1t1) dittt>rent si~pc.~.s~ ripts ,lrc iigiiili~~illtlv 
ditteuent (l' ,c Cl.05) 
t For hrc.t.d\ w e  1,ible l 

Neither c o l l c ~ g e ~ ~  nor solublr collagen respol-tded 
sigi~ific~~ntly to ch'mgcs in f'itness. 

'I'ablc 4 shows the J'earson correlc~tions bctweei~ 
eating quality and c h e ~ n i c ~ ~ l  composition within 
session. l'erh'lps surprisingly all the c~r re l~~ t ions  
were low, espc~cially tor the steaks, dncl not 
significant. Conformation or side weight contributed 
little to explaining the variation in eating quality. 

Discussion 
While some differences between sire breeds were 
detected, little cvidence was fo~~ncl  to support the 
belief that eating quality has been discidv,lntc~ged by 
the change from traditional British beef breeds, as 
crossing bulls, to imported beef breeds. 111 fact at 
typical carcass fatness levels, BB joints were 
significa~~tly more tender than joints from other 
breeds but there were no signific'lnt differences 
hetweell tlie British brec~ls ~111cl the inost widely used 
coi~tinent~il brecds (CH nncl LM). Uytterhaegen c7t (71. 
(1991) found highly signific'lnt differences ill eating 

Table 4 Cor.iz~/~iiioii~. / i ~ ~ t i l l i , l , i i  51,iiiorg iliiii c.iic~~iiiii~/ iiiiiiIi/>is 

Sol~lblc 
Moisture I.ipid Clollagen col1,lgen 

Joints 
J~~ici~it~ss 0.03 0- 13 0 - 0 1  -0-03 
' I  cndt.l.~ic~..i 0- 15 -0.30 0 . 0 9  0-17 

Steaks 
luicinehs 11-07 0.14 (1-Oh 0-07 
Trn~lc~ ticss 0.14 0.0 0-0 -0.11 

i111ality ancl coll,igt~~i contcnt between sillfile ,ind 
double-m~~sclc~cl BB ~ n d  cornme11 ted o n  tht. txxtri,mcx 
rn~~\c~ll,>rit? ot the dolihlr-mr~sclc,d BR hrccd. PM 
xvere inclcl~ltd in this trial ,IS ,inother double-1uusclec1 
hl-ced. Altlio~~gh t1ic.r~ xvcis no e\,idenctl of tht~ PhI 
h<l\,ing ally r~dvr~~l tc lge   er the singlc-mt~scled 
breeds in terms ot thc e'lting q~i,ilit)- of joints, tlic~v 
producccl thc nlost tendel. stt.aks (altlio~~gli tli;, 
diffcrcl1cc. M ~ C I S  not ~igiiific~int). Carcr?sses LLS~CI by 
Uytterli~egen cJf (71. (1994) were much ]-tea\% tIi,in in 
this tridl ancl the clifference in conformation bctwccn 
the double- and single-m ~ ~ s c l c d  brcscds \v;ls much 
grr~it t~r than in tlic carcasses used here. It may be that 
in  this tri'll thc clouble-muscle effects of the PM ;ui~d 
BB crosses Mrere ~-ecluced bec'luse oi the Holstein 
Friesian type dc~rns usecl and lienct~ thcir full 
potenti,ll m,,is not demonstrated. C'had\vick ~ , t  i l l .  

(1979) tou~id littlt. t,\,iclcncc of e'lting quality 
diffcrcnccs bct\veen breeds, all mere jttdged 
~~ltisfactory tor tenderness, juiciness 'lnd f l~ i \~o~ l r  
although c l o ~ ~  bit.-ni~~sclcci breeils ~jverr not 
rcprcsented. 

Although some diftcrences were found betwccn 
breeds in tenderness there was nu c\,idencc that this 
was due to collagen. As in other trials the 
relationsliip between eating quality characteristics 
and tlic results from the cheiliical analysis were arery 
weak. There were indications th<~t  the somewhat 
better tenderness of the topside joints for the BB 
crosses might be explained by their having less 
collagen than tlie other two breeds but there was a 
very low correlation between collagen con te~~ t  and 
beef tenderness. Uytterhaegen 1.1 171. (1994) did find 
large significant differences between the double- and 
single-muscled breeds in terms of col1,igen. 

There was e\,idcncc that, irrespective of breed, the 
fatness of the carcass c o ~ ~ l d  affect eating quality, b ~ ~ t  
the picture was not clear with steers and heifers 
showing diffcrcnt responses to increasing fatness. 
Although the sensory panel found no relationship 
between increasing fatness ,ind tenderness they did 
perceive a relationship for juiciness. Increasing 
ca-cass fatness in continental cross steers produced 
more juicy meat whereas increasing carcass fdtness of 
tlic two British breeds represented, generally 
produced meat that was more juicy for both steers 
'ind heifers. This is somewhat contradictory to other 
1-7~1blishcd e\~idence. Berry and Bigner (1995) 
concluded that marbling did not affect percci\.ed 
juiciness of beef loins and Cross izt nl. (1973) 
concluded that increasing c~irc~lss fat was not 
associated ~ ' i t l i  ch;liige~ in juiciness or tcnderness. 

The results confirm that there is little to choose 
between the breeds investigated here in terms of 
cdting quality when selecting beef cross progcn) 
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trom they ~ l ~ ~ i r q  hcrcl. T11c positi\,c cstfctct at incl-easing 
tatnc.55 \\,IS rcl,ltivel\- small ,111cl \< . i l l  prohabl! n o t  
O L I ~ \ \  eigh the ~dern~lncl tor l o ~ v  t ~ t  p1.oducl.i on l i c ~ c ~ l t l ~  
grounds. 
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Estimation of the energy expenditure from heart rate measurements 
in working oxen 

Abstract 

Tlic~ Iil~lli~t r11t(> ( f ,  i711cf tlic, e,iicJr.~y~! i7xpc~iiilitlir~~ E )  c! f  sc,zlc,ti H i i i t (~ r .~ i l~~c~ / i i~~r .  (Bos t a ~ ~ r u s )  L! ri7~~;;Iit o.~-c,ii izii~f t l i i ~ ~ l ~  

zrl~ir iBos indicus) oscvi i/lc7rc7 iii('ti~iir.c'if, iilliilc' tllc' i~iiirliiils T1Ji'l.c' *tililifiii,y, i i l i ~ l k i i i ~  iliiil piilliii,y ii~ffir.('iit 1~1i11i~. 

l,;iicl[rr ~.t~;;r~~s.~ioii . i f ir  ill/ i7i!iilifl1s rl7/[7tii7;; L L tc1-6~ i111~r.i~ /i~<q/i[,l! sigil~f;c~fliit (1' < 0.001). y'/ic3 sIi7tidi1r.d ~ ~ r r . c ~ f ' s  !?f t/ii, 
i~stiriri~tc~ i~s,uri~.ssc~if (75 (7 /~crc.c~ii tn~r of t l l c~  iiic,ilir E E  ( P E )  r.ilrrgcd fi.orir +h.;"b lo i-1O..io,,. Trilo i1iiiii1i1ls ii'ifli 1jL 
+ l L3.7'i0 iiild k1 7.1 ' 'o ~i1c,r.c~ !7!>!/(111cf tlmt r.(iii;;~~. Otii, !jc>ilr. /ilt(>r, A, i l i i~ f  t E ~ ( ~ i ~ r e ,  ii1~~17siir.~,d (111  s1.y c ! f  tli1~ o~.i;; i~i~i/  . i L 7 ~ > c l i i  

H i ~ ~ t ~ ~ ~ i ~ l i i c ~ l ~ f i ~ ~  1 1 ~ ~ 1 1  i ~ l i i l ~  tlic, i ~ / / i i i ~ f l / ~  zilc,r.~ st f l i i~fi i~;;  i7i1~i ruiilIri17~y O H  (7 t~c~i7di11i11, 1111 t111, l e ~ 1 e ~ l  i i i i~i  i1t :;r.l~ifi~,iits of 
3"/,,, 6'';) 17i7d 9''{,. 111 t l i ~  two (~spi>riiiii~ilts iiiciiii slopt~ ~ ~ i l i i  i i i t>~~ii  i ~ ~ / c r c c , / ~ t  (!f t l i c ~  rc~ ,yr .~~ss ic~ t~s  o f  F E  (111 jH z ~ ~ e ~ r i ~  t l o t  

iliffirc711t iP > 0.05). I r r ~ ~ s y c ~ ~ t i z l r  c?f tlic, liiii~l o f n ~ o r k  (dr.nli,yllt ii1ork or. liftiii:; i[lor.k),.f,, i7llo.iils [ I  r('li11171r prrilictioil to 
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Introduction 
Measuring gaseous exchange to determine the 
energy expenditure (GE) of working c&tle under 
field conditions is techiiically difficult and can impair 
tlie animals' ability to carry out some tasks, because 
they have to wear a mask. Such techniques are 
suit'ible only for sl~ort-term measurements and a 
long time is required to train the animals. Tl?erefore, 
in several experiments EE has been predicted from 
11c~1rt r&e (f,). Subjects include hum,~ns (Ceesay et ill., 
1989), geese (Nolet i7t ill., 1992), sea lions (Butler c't A/., 
1 992), penguins (Bevan i,t nl., 1995), pine marten 
(Fisher 1.t nl., 1987), sheep (Brockway and McEwan, 
1969; Wcbster, 1967), reindeer (Nilssen c't I / / . ,  1984), 
cattle (Holmes rt izl . ,  1976; Yamnmoto c'f ill., 1979; 
Richards and Iawrence, 1984; Brosh 1.f ill., 1994) and 
buffalo (Richards and Lawrence, 1984). Richards and 
Lawrence (1984) were the only workers who 
demonstrated a rclc>tionship between EE and f, in 
working oxen. However Lawrence c't 111. (1991) 
considerecl this method to be inaccurate in drCiught 
aniinals. 111 default of any other suitable method to 
overccline the limitations of the mask-techniclue for 
determining EE ~ ~ n d e r  field conditions, the aiin of 
this project was, to test the suit,lbility of tlie f , ~ ,  for 
estimating the EE of clrd~~ght oxen wliilc doing 
diffcrcnt kinds of work. 

Material and methods 
Measurements off, and EE were carried out in 1992 
with seven Hinterwaelder (Bos tilrirlrs) oxen (body 
weight 494 (s.e. 16) kg, 22 to 26 months old) in 
Hohenheim, Germany and tliree zebu (Bos ir7dicirs) 

oxen (body weight 517 (s.e. 76) kg, 84 to 132 months 
old) in tlie Republic of Niger, at the I i~ternation~~l 
Crop Resexch Centre for the Semi-Arid Tropics 
Sahelian Centre. Measurements were taken while tlie 
anin~als were standing, walking and pulling different 
loads (experiment 1).  The Hinterwaelder oxen pulled 
,t sledgc on a tarmac circuit with a dr'iught force 
between 420 and 710 N. The zebu oxen worked on a 
sandy circuit and exerted 'I draught force between 
780 and 1000 N .  'The experiment comprised five 
stages, in which the work load was increased at 
every stagc. In 1993, f, and E E  were meclsurecl again 
oil six of the se\.en Hinter~jaelder oxen (body weiglit 
567 (s.e. 32) kg while the animals were standing and 
walking on a treadmill, both on tlie level and at 
gradients of 3"0, 604, and 9'%, (experiment 2) .  L ~ c h  
stage in the experiment lasted 6 min. After an 
;td<~ptation period, f,, ,  oxygen consumption and 
carbon dioxiclc production Mrere measured for 3 min. 

Gaseous exchange was determined using a mobile 
mask tecl~nique combined with a respiration 
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gasrneter follocvcd by analysis of a11 nlicluot s;ulnylc 
of expired air (Clar 1.t 111., 1992). The EE was 
calc~ilated from the oxygcn consumption (McLean, 
1972). The f, was measured with three electrodes 
,~ttaclied to the ski11 and coupled to an ECC-sensor of 
the type described by Rometsch and Becker (1993). 

, 6000 - 111 the regression ,in,ilysis, BE tvas takc.n ,is tlic 

Seven repetitions per Hinterwaelder ox and 10 per 
zebu were cdrried out while the animals were 
standing, walking and pullilig loads on the tarmac 
circle and 1 0  repetitions while the '~nimals were 
walking on the treadmill. The r c s ~ ~ l t s  were subjected 
to an analysis of norrnal distribution by the 
application of the SAS, PROC GLM, two repeated- 
measures factors program. Comparisons of slopes 
and intercepts were computed by CLM procedures. 

All the regressions were highly signific;liit 
(1' < 0.001). All coefficients o f  determination tor the 
respective regression line M~CI.C' above 0.88. For eight 
of the oxen, PE values ranged from ih,7'+, to i 10.5"L. 
Two oxen (no. 2 and no. 6) with *17.lUL ancl ?13,7'k, 
respectively were bcyond t l~at  range. 

clepmiclei~t 2nd f , ,  as  thc~ independent \.,i~.iahlc., sincc + +- 
a 
3 5000 

lwr the second experiment In 1993, wh~ch  used S I X  o f  
the same Htnterwaelder oxen, F~gure 2 shows ,I plot 
of EE (I/) ' 1  f , ,  ( l )  The oxen ~ r ~ ~ l k e d  0x1 'I treadmill, 
both on the level and at gradients of 3"1,~, 6",, and W, 

..S 

- ~~ ~ ~ ~~~~ ~~ 

. . .  
< l  ~ - ~ . ~~ .~ .  - 

The regressioi~ equations relating EE (,I/) to f,,. (.X), the 
1nea11 y \.alue, the coefficient of determination (I.'), 

the standard error of the estimate (S,,,) and S,,, 
expressed as a percentage of the mean value (PE) 
for the 1993 experiments are sliown in Table 2. 

L 

? 

Table l Rc~yrcssli~r~ of C V I C ~ ~ , ~ , I !  oxpc3i~cfitiir? (y) 1111 1 1 ~ r f  r i ~ t c  (X) i l l  S C ~ I ~ L ~ I I  l - f i ~ i l ~ ~ i ~ i o i ~ ~ ~ l i f ~ r  ( I I I I I I I I ~ ~ ~ >  l to 7) i ~ i i i {  t 1 1 ~ 1 ~ 1 ~  X ~ ~ I I  o ~ i , i i  fl1111i11ii1\ 

,Y ~ C J  10) st[~iidi~l;;, ii?i11k111;< /~oriz~i~~/i~ll,~/ 11i1~1 / I I ~ / / ~ I I ~  / ~ i ~ f >  

i\ninlal no. No. Rcgrrssion M a n  !/ \-,lluc r 2 t  S,, ,$ PE# (", I )  

. .  . the. aim \<,,is to PI-edict El< horn f , , .  

~~~-~~~~ 

. 

t 1.' = cocfticient oi determination. 
$ S,, , = ht,lndc>rd error ot estimate.. 
5 PE = st'lndard error ol estimate cxxprcs\ed ,IS percentage of mean 11 \-,~luc. 

3 4000 .- 
-5 

Results 
Tor the first c'xperimcnt c,irriccl o i ~ t  ill lC)Y2, Figurc I 

g 3()()() - 
~ ~ ~ ~ ~ ~ ~ ~ . , 

/ -- 
s h o ~ . s  '1 plot of BE (,I/) i l .  t , ,  (.I) tor se\.cn 

~~~~~~~ 

: . Pulli~~g 
- ~ ~ & - ~  ~.~. ~~~~~~-~~~~~~~ ~ ~ ~ - ~ ~ - ~ ~ ~ -  

Hinter\<.acllder and thrtc zehu oxcn ~vhilc the 
@2()0(1 
a . ;uiiirnals wcrc pulling 10'1cis. 

: loo0 -,'.'L!-~-~~. ~~~~ ~~~~~~~~~~~~~~ ~ ~~~~~~ ~ 

'. Walki~g Thr regression ecludtions rcldting BB (11) to f,, (.I), tht, 
0 l 

, Stanqiiig , I me~ln I/ \7,1lue, the cocfficient of determination (i.'), 

0 50 100 1.50 200 the stand,ird error o f  the es t im~tc  (S,, ,) ,~iid S,, , 
ticart rate (ht,ats per iniu) cxpessed a s  a percentage of the mean \.alue (PE) 

tor these oxen are sl~own in Tdble 1. Separate 
Figure 1 Plot ot cvergy crpc~~idit~~rc, (11) C,. Iit~cirt rate (I) (01. regressions are for inciividu,,l anin,clls, 
st3\.t.n 1 lintc-I-waelder (I) 'ind three Z ~ L ~ L I  oxen ( 1) while the different tri,,ls dnd over,lll sample,  
,~nirnnls \\ere standing, walking 'lnd pullrng diffcxrent loads. 
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... . . . . ;:<:. 
~~~~~ ~ ~~~ ~~ 

,. . , ,: .. . . lllcllllc~ 
. m a .  . 
: .: .. ' 

. $4:. :< . . i n < - ~ ~ n c ,  ..~. .%<?~ .. . ~~~ ~~~~~~~~~~~~~~~~~ 
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Figure 2 Plot of  t1nt>rgy e \ p ~ i d i t u r c  (!l) 11. lic~,is( r,itt. ( I )  tor 
six tiintel.wacldcr oxen while thc ' ~ n i r n ~ ~ l s  were >t,indil~g, 
walkirig o n  ,l tl-c~aciniill, both o n  the level ,ind ,1t gradients ol 
3"0. 6",, allcl Y",,. 

I()()() 

All the regressions were highly significant 
(1' < 0,001). All coefficients of determii~~~tion for the 
respective regression line were above 0.90. The PE 
values o f  individual oxen ranged froin ?8.0'!;, to 
*l 1.45,,. Between experiment 1 and experiment 2 the 
mean slope and inran intercept of tlie tot'il 
regression lines did not differ significantly according 
to the F-test (I' > 0.05). 

- + .  ~ 1 - ~ ~ ~ - ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~  ~~~ ~~~ ~ ~ ~~~~ -~ 

.:.QpJ. . . 
it,~nciing 

Discussion 
For the regression of EE upon f , ,  shown in Figure 1, 
the S,,, as a percentage error of the mean EE (PE) was 
only 14.4%. This was despite the fact that the data 
were taken from two sets of oxen of different breeds 
working under different conditions of climate, 
husbandry c ~ n d  nutrition. The PE found in eight out 
of 10 draught oxen was coil~parable to the results of 
Yamdnioto rt  (11. (1979) and Holmes r,f nl. (1976), who 
determined an crror between 7% and 1OU4. The PE 
for these oxen is also less than the 10";, suggested by 

0 l I I 

O 50 100 150 200 

Hc.nrt r,1k (btvts per min )  

Brock\va!r (1978) a s  being the maximum accept;thlc 
\ alurh tor n~~tr i t icm~~l  st~1~1it.s. Tlir regression line for 
the three ~ e h u  oxen is \cry siinil,~r to th,lt i)t Richarcis 
and I.a\t.rc.ncc. (1984) for Kr~ilirn~~n cattle (1'1' = 31.4 f , ,  
- 1453, no. - 56, r- = 0.88). Thc main differt,nct. 
brt\veen the t\vo regression lines i.; that thc 
\,c~ric~bilit) L ~ C I S  hig1ic.1- in their study than in tlie 
present one, bec,iusc numbcr of obser\ations \.rras 
l o w t ~  (no. = 56 , ~ n d  no. = 188, respectively). Wcbstcr 
(1'167) dctcrm~ncd ,In error less than 10"(1 in three out 
of four sheep, when EE ~ ~ 1 s  increaseci h! cold 
oxpos~~re  <111c1 by increased le\.els o f  food intake. 
Webster (1967), Holil-tcs ('1 i l l .  (1976) and Yamamoto 
1.t i i l .  (1979) concluded that frequent mensureinents of 
f , ,  '~ppear to offer '3 practical method fo~. tlie 
estimation of El: in free-range c~nimc~ls.  

Two oxen, no 2 and no h, dcmonst~ ated PF \ alues 
greater than I O 0 ~ i ,  at 17 1'70 , ~ n d  11 7"<,,  respect^^ elv 
(Table li  The h1r1-t PE of ox no 2 can be attr~buted to 

C >  

the unusually nervous clisposition of the anim,ll. He 
often showed sudden increases in f , ,  when startled. 
Temperaivlent thus secms to influence the 
relationship between f, and EE. Even during harcl 
work pulling heavy lo'lds, the effects of which 
should exceed those resulting from psychogenic 
effects, statistical parameters of the relationship 
between f, and EE were influenced by the latter. 
Such nervous reactions were also noted by Webster 
(1967) in sheep. He determined a PE of 6.8%) to 8.6% 
in three sheep. The fourtl-t sl-teep demonstrated a PE 
of 10.8'%1. After a longer adaptation period in 
experiment 2 ox no. 2 did calm down '1nd this is 
rcflectcd in his lower PE. 

One way to reduce the 1'E of tl-te overall sample was 
by scaling the regression lines from individual 
animals so that the EE of all animals at the average f , ,  
(130 beats per min) was the s'ime. 'This procedure 
reduced the PE by 2.5 percentage points to 11.9 in 
experiment l. 

Table 2 R I ~ ~ I Z \ ~ ~ O I I  111 i7i~~>i,:;!/ ~ ~ x ~ ~ r i ~ ~ l i f ~ ~ r i ~  (y) 1111 1/i>111.t r17t1, (X) ii~ \;T H i i ~ / ~ ~ r ~ o l ~ ~ ~ / ~ f ~ ~ i .  ~IXL~II s / i ~ ! i d i i ~ , y ,  i ~ ~ ~ ~ l k ; ~ ~ ~  1111 11 fri'(111!11111, l~ot11 0!1 t / i c  
/?t,iz/ 111111 111 ~ ~ r ~ ~ 1 1 1 ~ ~ 1 1 1 s  1?t.3(':), 6",) [? t i l l  9';,, 

Anirn'il no. No. I<egrc,ssion Mean ,L/ v,~lue r't < l ,  ,t PES (",,) 

Tot;il 31 1 11 = 311.17~ 12'14-7 217 1 .U 0.YO L364 i l 4 . 7  

t r' = c-oc,fficient of determination. 
$ S,, , = stnndC1rct error o f  estimate. 
5 ['E = st'indard error of estimate expressed as pc~-cc,ntdgt, of mean I/ \,ilue. 
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The .;lope ' ~nd  intercept in the, rel,itionsliip betvirec~n 
EE ancl f , ,  of thc  Hintel-w,lelclcl- anci r e h u  ohell \t.hile 
p ~ i l l i n g  a load (Figure l )  ,111cl. thc s lopc  ;~ncd intercept 
of the  relationship between EE 'ind f, ~vl i i lc  t hc  oxen 
\.\err lifting thcir o\vn l30clv weight  (Figurc 2)  as 
not significarltly clitfcrc.nt. 'I 'hereforc t h r  kincl of 
physical xvork the  ,iniinals d i d  had n o  i n f l ~ ~ c ~ n i ~ t ~  on 
the  r t~ lc~t ions l i ip  between EE a n d  f , , .  

not  interfere w i th  t he  c~ninia l ' s  i ~ , l t u r ~ ~ l  mo\.enient.  
The animal  can graze  hcc'ly. Using CI Iogg i~ ig   nit, 
the) animal can  '11so mo\.e freely. The animals  mus t  
bccoinc , icc~is tomed to  weal-ing '1 h'irness bu t  
otlier\vise no adaptatiorr to t h c  measur ing techllique 
is necessary. Tliercfore, in sp i te  of a PE of ()\,er 13'3,, 
i n  t he  relationship between f , ,  ,Incl EE for all oxen, 
the general  equat ion  l inking f , ,  t o  EE m a y  bc  uscd for 
estimating the  EE o f  work ing  oxen unde r  field 
conditions. If Inore precise c s t i n ~ ~ ~ t e s  of EE ,Ire 
recpired,  animals  can -be  individually calibr,~tcci to  
reduce  PE t o  10'h o r  lower  in tlie majority of cdses. 

According to  the data  in tlils htudy, tlie callbr,ltlon 
curve  for ally particular ammal  d o e s  n o t  tend t o  alter 
over time; the mean  s lope  a n d  intercepts of the  
regression lines for all ,lninials i n  t h e  2 years d i d  no t  
differ significantly according to  tlie F test. To  
emphasize  tliis point ,  a T test w a s  pe r fo rmed  which 
showed  tha t  neither the s lopes  n o r  t he  intercepts 
from the  six individual oxeii tha t  w e r e  u sed  both in 
1992 a n d  1993 s h o w e d  a n y  s ig~l i f icant  difference 
between the 2 years. Average  values  for s lopes  were  
39.9 ' ~ n d  41.5 for 1992 a n d  1993 respectively 
(P > 0.05). Corresponding values  for t he  average  
intercepts were  -1680 a n d  -1392 (P > 0.05). These  
results  strongly imply  tha t  once  '1 calibration curve  
h a s  been  m a d e  for a particular animal  it Inay b e  used  
wi th  confidence u n d e r  similar conditions for s o m e  
time afterwards.  
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Use of a stochastic model of a calving distribution for beef cows for 
formulating optimal natural mating strategies 

A L3 I'leas,ltits 
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Abstract 

/lc~ai!ic~r oldrr cnlr~r,s. 
Altrriizg tho fix1.d /1nrrrr7irtrrs it7 fllc. riiolfrl (z!ar.ini~rrs niid covnrinricr.s, prior cal.iliilg c l i s t r ib~r t io~~s ,  riiilti17~ pcriod) 
to nccri11~117oili7fc' thc, circlrnistnilccs c?f I~rrds  r . 1 ~ 1 7  ~ri~iir,r diffr.rcvlt corldifior7s i ~ i n y  prodlicr d i f f rrr l f  rrsr/ / fs .  Modrl  
str~lctlrrr nlloiiv cnsy i~ltrnrtiorl qf flirsr pl1wliirrtrrs 17i1d 1 1 1 ~ 0  f l i l~ i i l f r o ~ ~ l ~ ~ c t i o i ~  i fd i f f i r ( ' i i t  yr017ahilit~j distrih~ltiu?7s 
for soiric7 r~i7rinl71r~s. Tliis rlli:<llt 171, 1ic.crssar.y to riroclr~l ocJsfroils ~!/rrcl~rorlizatioi~ arlii ilrtificii~l irisc~11ii17a/iorl, i.;slic,s 
ilot co i i s i i i~~r~~ i l  i17 fhis j7np~~r. 

Introduction (1991). Howc\,cr, ~~noestrous, length ot thc ocstrous 
There arc a n ~ ~ m b e r  of factors w11icl1 determine tlic cycle, conception 'ind length of gestation <Ire random 
date tl1,lt a conr in a herd of cows will ca1L.e. I t  a cow v,lriables and the effect of these rartdom variables on 
has just borne a calf she will ha\.e period of sexual calving date should be assessed utilizing their 
inacti\.it (anoestrus) before resuming normal probability distributions. Bccduse the variables 
oestrous cycles. Iluring anoestrus a con1 cannot determining calf birth date are random, determining 
concei\~e. When normal sexual actil~ity resuines the optimal mating strategies requires knowledge of the 
coczr cxpcriences oestrus every 21 days on avcragc probability distributions. Cc~lculations by I'leasants c7t 
~lntil coi~ceptioii O C C L I ~ S .  Foll~wilig C O I I C C P ~ ~ O I ~  there 111. (1991) s~~ggestcd  that mating strategies designed 
is a periocl of gestation which nverages about 283 on the c~ssumption that \,'~riables acted 
days in cows of the British beet breeds (Angus, cleterniinisticC~lly woulcl not be optimal. 
Hereford, Shorthorn) before birth (I'reston and 
Willis, 1970). A deterministic modcl1 of cow In a ~nanaged cow herd the times when a cow can 
reproduction based on the relationsl~ip between concei\,e arc deterininecl by the herd manager who 
tliesc \,clriablcs w,ls constructed by Denham et (71. decides ~zrhen bulls will be introduced to the herd. 
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littcausr it is ~lesir~ible to timc c<>l\.ing in the, herd to 
coincide \\,it11 recli~irenients of marketing, mrork 
rosters, or p~lstul-e ,~\,~iil'ibilit!~, '1 restricted 111~1 tins 
periocl is us~1,>11y adopted. W1ic.n the ,>\,er,lge 
gestation is 283 clavs ni'iting should Lx,gin ~z'ithin 283 
d,iys of the tirne tile herd ni~unagcr ~ ~ ~ i s h e s  cc>l\,ing to 
bcgin. I f  ~irunual c'~lving is the aim, mating s t io~~ ld  
begin 82 days 'ifter thc planned start of cal\.ing in ,In 
annual calend'~r, i.e. 82 = 365 - 283. 

'rhe str~~c'ture of the c<~l\,ing distribution influeilccs ,l 

number of  ccononiic issues. The edrlier a cow calves, 
the hea\,ier the calf at mnrketing ciind the longer the 
con7 has to recover before the next inciting. Thus, it 
\h,ould be desirable to design ,I mating strategy tli,it 
ensured that the prob'>bility of 'I conr cal\,ing e<irly in 
tlie designated calving period wds e1ih;unccd. On thc 
other hand cows calv~ng too ecirly, before the 
design,lted calving period, would be a cost if  labour 
<ind fovd requirements were unavailable to support 
the cow at this tiine. In this context, a basic problcln 
for a hercl manager is when to begin mating, taking 
into account the random nature of the vxiables 
c~ffecting reproducti\~e performance in thc cow. 

In this paper a probability distribution for the 
calving date of a herd of naturally mated beef cows is 
derived from knowledge about the forms of the 
probability distributions of the variables affecting 
reproduction. This puts in analytical form the results 
of Azzarn ct al. (1990) obtained from Monte Carlo 
simulatioi~ from the appropriate yrobability 
densities. Also, these authors did not consider the 
relationship between prior calving date and the 
anoestrous interval which is included in the model 
constructed in this paper. Having a11 analytical for~n 
for '1 calving distribution has the ad\~antage of 
deriving results much faster than through simulation 
and it is easier to show the relative importance of the 
different variables operating. Results from an 
analytical forin are not dependent on any pdrticular 
realization of simulated variables. 

To illustrate the application of the model the 
problem of deciding when to begin mating in a herd 
of beef cows is investigated for a herd I~~iving a range 
of reproductive parameters common under New' 
Zealand pasture gr'izing conditions. 

The model 
This section outlines the constructioi~ of a callring 
frequency distribution for the naturally mated beef 
cow. Details on the mathematical construction of 
general birth-ddte frequency distribution (~rliicli may 
be uscd as a b,~sis to describe 'irtificial mating and 
also to cicrive a birth-datc distribution for other 

spcc.itts, e.g. sl~c,ep) are gi\ cn in Appendix l a .  The, 
spcc'ific i~i~itliein~itic~~l coi~s t r~~ct io~i  of CI c;11\.11ig 
irccluenc-y distribution for  the ii,~tur,ill\ matcd hc,cli 
cow is gi\.en in Appendix lb. 

Lest liiti he the prior birth-cidttl trequcncb distribution 
for 'I hcrd of CO\Z,S, \z'here f - 0 is the timc at \\~liicli 
the first COW i l l  the lic.rJ c,ll\,es. Let C(r)  hc) tlie 
prob'>bility dcnsit! for the Icngtli of gestdtion i.e. tlic 
probability that gcstation t'3kc.s time r.  Then the, 
proL7ability that a co~v cal\,es at a gi\.en times ~ v i l l  
d c ~ o i d  on (i) thc prohabilit tliat the prior c,ll\,ing 
occurrcd dt '1 p,irticular time, (ii) the probability oi 
oestri~s thcn conception occurring at '1 gi\.en time 
dter  calling ,incl during the mating period, ( i i i )  the 
probability of ge~t~it ion having C> pcirticular Ic.ngt11. 
Thus the follo\ving birth-date frequency distribution 
for the hercl [ H ( t ) ]  will be the convolution of prior 
calling distribution with the probability clistribution 
of ocs t ro~~s  occurrence during mating \vitl~ the 
probability distl-ibution of the length of gestation. i.e. 

where r and 5 are tlie duilunv vari,lblcs of ~ n t e r r ~ l t ~ o n  < 1 

with units o f  time which 'ire the arguments for each 
of the probability densities ii~vc>l\.ed. Each 
probability density is only defined for positive 
numbers. C,,(T) is the probability tliat conception in 
one cow occurs at time T during mating given by 
(Appendix la):  

P/O,/ is the probability of occurrence of the ith 
ocstrus after calving. The probability of co~lception 
to the it11 o e s t r ~ ~ s  is c,. Mating begins at time f , ,  and 
ends at time f#. 

Suppose that ,I herd manager plans to begin cdl\,ing 
at tiine f,, = 0, and that an individual cow in the herd 
calves at time I.  Following callring this cow will 
experience anoestrus before resuming sexual 
actixrity. Conditional on the calving cldtc of the cow 
(relative to the mean calving date of the herd) the 
length of anoestrus is 'I normally distr ib~~ted r,lnciom 
v<iriable (Morris, 1981; Morris and Cullen, 1988). The 
mean dnoestrus is between 50 and 80 days which 
depends on f'~ctors such as the nutritional-status of 
the herd (I'lecisants '111d Barton, 1985). But cows 
which cc31vc. later in the herd may 11~1ve shortcr 
;unoestr~~s (Morris, 1983; Montgomery, 1985) with a 
regression coefficiei~t of between O and -0.6 days per 
day. I f  oestrus occurs during mating the cow will 
conccivc with a probability that may depend on  h t ~  
nutri t ioi~~~l status (Steenkamp 1.t nl.,  1975). If this is 
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first oestrus the probability ot conception n ~ ~ y  also 
depend o n  the Irngtli of thct anoestrous period. First 
oestrus <~ftcr cell\ ing 11'1s bccn ~t>sc~r \ 'c~i  tc) l id \  c' 
In\vc,r conception if anoestrus is less than 60 dclys 
xvith ,l regression of 0.0005 units of probability per 
day ( P l ~ a s ; ~ i ~ t s  d i ~ c i  McCaII, 1993). 

I f  conce~7tion does not occur tlic COM, \vill  lid\.^ an 
oestrous cyclc, a randomly distributc~d normal 
lrariable tvitli '1 mean of 21 days before there is 
,~nothrr chancc to coi~ceive (PleC~sclnts ancl Barton, 
1992). A correl,~tion (-0.4 to -0.7) between the length 
of anoestrus and thc length of the succeeding 
oestrous cycle has been ohserrwl (Pleasants m d  
Barton, 1992; I'leasants and McCall, 1993). Following 
conception there is gestation, randomly distributed 
normal variable with a inem of 283 (s.e. 3) clays 
(Preston and Willis, 1970). 

Because anoestrous and oestrous cycle lengths are 
normally distributed random \,ariables tlic 
probability that a cow experiences oestrus at any 
given time after calving is a normal distribution 
conditional on the prior calving date of the cow. 
However, the probability distributioi~ of the 
unconditional time of conception for a cow, C,,,it), 
will not be a normal distribution because the non- 
normal prior calving distribution is also invol\led in 
the construction of this variable. That is, when the 
uncertainty involved in the prior calving date of the 
cow is taken into account the probability of the time 
of conceptioil for the cow will iiot be a normal 
probability distribution. The probability distribution 
P[O,] giving the probability that a cow experiences 
ith oestrus during a planned mating period takes the 
forin described in Appendix lb. 

The inodel presented here can be used to inrrestigate 
the effects of variation in a range of rcproductivc 
parameters and also to suggest optimum mating 
strategies that might be adopted by a herd manager. 
Strategies associated with synchronized oestrus in 
the herd and artificial insemination can be modelled 
in this format once the effect of these techniques 011 
the probability distributions of oestrus activity and 
conception rate are understood. 

Modcl i7pplia71 ii~lr 
The model of a calving distribution for a naturall~l 
mated herd of beef cows constructed in the 
appendices is applied to the problem of determinii~g 
the best date to begin mating for a herd of beef cows 
managed under New Zealand pasture grazing 
conditions. 111 this ex,lmple the usual practice of 
mating for three oestrus cycles or 63 days is followed 
and the aim is to maintain ail ai-ui~ual cdl\,ing perioci 
in the herd while producing as much calf live weight 
as possible. 

If the illeail gestation in a herd of cows is 28.1 cici\,s, 
then in order to m,lint,lin ,in a n n ~ ~ a l  cdl\ ing pcrioci it 
h,ls been kht, practice to t,lrget the beginning ot 
mating at 82 Ja\-s ,ifter the planned start of c<il\ ing, 
(assuming 365 c I ~ \ . s  par d n n ~ ~ ~ n ) .  H(>\\ c \ , c ~ ,  t h ~  
tollo\ving scenario is common in hrrt Iit3rds ,~nd  
czrarrC1nts con~icier~ltion of 0thc.r pr'icticcs. I f  t l ~ c  
,ivcr,lgc currc>nt c.al\,ing dntc in the herd is d,~!, 15  
(i.e. 15 days ,ifter c,ll\,ing is planned to begin) and the 
'Iveragc herd anot\strus is h5 days, then COM'S cdl\ ing 
close to the nIe'liI cc~lx~ing d'lte of the herd \vill show 
oestrus , i bo~~t  day 80, i.e. 2 Jays bcforo mating 
begins. Thcsc cows ivill ncccl to go througll a t~1rtht.r 
oestrous cycle before possible conception. I'liat is, o n  
a\rcrage, conception will not be possible until day 
101. This incans that these cows may ha\.e on 
average two C ~ ~ I I I C ~ S  at co~iception I-athrr than thc. 
thrcc chanccs givcn to corn/s which cycle soon after 
inatiilg begins oil day 82. It inay be that bettel. hercl 
proclucti\.ity w~ould be achieved by beginning 
in,lting ,l week exlier on daj, 76. This would ensure 
that the cows clustered around the average current 
calving date had an early chance at conception. 
However, an earlier mating date may result in an 
unacceptable number of cows calving before thc 
planned start of calving. This might disrupt farm 
management and incur unanticipated costs if  food 
supply was insufficient for these cows. This inight 
occur if feeding of the newly calved corn7 depei~ded 
on the seasonal supply of pasture. In this case cows 
calving early, before spring pasture growth wcls 
sufficient, would have to ha\,e supplementary 
feeding. 

A suitable mating strategy becomcs morc 
complicated when the relationship betw~een the 
length of ai~oestrus and the prior calving date is 
considered. Also the relationships between the 
length of anoestrus and the first cycle length allcl 
anoestrous interv,~l and conception to first oestrus. 
To investigate these issues the cal\ring distribution 
constructed in the aypenclices is generated for a 
range of parameter values commonly found in beef 
cow herds. 

The following parameter values are taken to 
construct a specific model for the ccll\,ing 
distribution. CleClrly other parameters could be 
adopted that described different circunistances in  
other lierds. For exL~mple herds of sonic breeds mav 
experience a loilgcr avcrage gestation length, or th; 
variation in anoestrus may be different. The 
following parameters 'Ire commonly founcl in Nen, 
%e,lland beef herds graz,ing spring pasture. (1) 
Mating begins on day 82 and ends on day 11.5, 
iueasuring froin day 0 as the stdi-t of the plaili~ed 
calving period. (2) The standard deviation of tlic 
nican lcngth of anoestrous is 2.25 days.  (3 )  Thc mcan 



orit1 115 c \  cle l i  71 d,i\ i L\ 1t1i 5tcind,~~d cle\ 1'1t1011 of 
the nlean ot 1 d,i\ (4) (,c5t,1tlon length Ii,li ,I me,in ot 
253 ci,i\i ,111d ,I itClndd~d dtl\ tdt~on of t h ~  llaerlla of 3 
d,i\ i (5) Corl elatlon betcl cc.11 tl~c, ; lnoestio~~i mtel al 
and the length ot the first oestrous cycle '1ttc.r c.cjl\,ing 
is -0.4. 

l o in\,c,st~g;ltc thc response occi~rring o\.er the range 
ot circumstances in which heef co\\.s are rut1 the 
model \vcis sin~ul,~ted hp changing the, nicljor 
pC>rc~tnctcrs most likely to bc cffcctccl bq nutrition in 
,I fC1ctori'~l design. In pC~rticular: (1) base conception 
rate - three le\.els, 0.6, 0.7 dnd 0.8; (2) anoestrous 
twric~d - ~ O L I I .  l t~\~t~Is,  55, 65, 75 '111rl X5 d ~ y s ;  (3) 
regrc.ssion coefficient between anoestrus and tlic 
current c,ll\,ing time of a c s ~ v  in the herd - four 
levels, 0, -0.2, 0 . 4 ,  -0.6 clays per day; (4) time at 
~vhicli m,lting hegins - f o ~ ~ r  Ic\rels, h?, 76, X2 ,lnd 90 
clay" atter planncd start of calving; (5) constant 
conctytion rate for e<~cla oestrus during mating, or a 
conccption rate of 0.3 on the first oestrus after 
calving if  this oestrus occurs during ni'>ting and 
follows C I ~ I  anoestrous period of less than 55 dclys. 
After 55 days of ,~noc>strous the conception rate to 
first oestrus increases at 0.03 units per day until the 
b,~sc conception rate is reached. 

To assess these effects prior cnlving distributions 
were cclnstructed by randomly sampling from the 
cal\ring distributions of herds of Angus and Hereford 
X Friesian cows described iia Pleasants and McC'ill 
(1993), (six herds having 68, 149, 365, 329, 219 and 
267 cows) and A n g ~ ~ s  cows described in Pleasants 
m d  Barton (1992) (two herds laaving 87 and 121 
C O M ~ S ) .  Rnndom samples (with replacement) of 
cal\ring dates were chosen from recorded calving 
dates for thcsc herds wlaere the sample size was 
rqi~al  to the number of cows in the herd of interest. 
Repe,lted samples were used to assess the response 
to changes in &erage herd conception rate, cxpccted 
calf li\ e weight at day 200 and the proportioi~ of 
COWS c,il\,ing morc than 5 days before the planned 
cal\,ing date (the outcome variables). Thus eight 
sCimples, one sequence of ~~l inpl ing for each herd, 
were usrd for e x h  coinbin'ition of conccption ratcs, 
anoestrous periods, regression coefficients, initial 
11iating dcites and conception rates following reduced 
~ ~ n o e s t r ~ ~ s .  The expected cdlf 1iL.e weight ntns 
cdlculatecl by assuming a calf li\,e-weight gain of 
O.Ykg/dd!. o\.cr thc period, i.e. a weighted 
expc~ct,ltion plus an expected calf birth xveight of 
30 kg: 

expected calf I I \  e weight at 200 d'ivs = 
2,IlI 

S,lmpllng o\cr different herds enablecl tlac 
cc~lculcltion ot a Iuwrer limit on \,~riation In the 

response t.,,iriahlcs duc to \ ariation in tlic torm of the 
prior cal\ ing distribution. 

C'alc~~lations ot the, probabilities for thc norm,ll ,lnd 
c.onditisnal norrn,1l prob'ihility clistrib~~lions reclu~rcd 
for the c,llculations tvas cxried out using the 
'jlgorithm of Scher\.isli (1984). This algorithm 
cCllcul,~tes the iluadrcltl~rc~ ot CI inulti\.,iriatc normal 
distribution [vitli gi\,cn covariancc hctvi~eeil given 
limits. 

In dssessing 111,lting strategies thc situ;ltic>n is otten 
that the prior cal\,ing distribution of the herd is 
known before decisions on m,lting dates 'Ire made. 
Thus, the known prior calving distribution c m  bc 
entered into the model eclu,~tions. To facilitate 
c'~lculdtions a polynoini~il rt~grcssion can he 
ca lc~~l~i ted  between the outcome \.ari,ibles generated 
by the modcl and each date (cl') of the prior calving 
probability distribution. Changes in tlie o~~ tcome  
variables C ~ L I ~  to changes in other modcl parameters 
such as the initial m,lting datc CCIII be included 2s 
other independent variablcs in the regression. From 
this equation the response of a cow with a known 
prior calving date can be predicted. 

This result is generalized to a herd with a known 
prior cal\ling distribution by calculating the expected 
\~alue of tlie outcome variables for each prior calving 
date over tlie prior calving frecluency distribution. 

Results 
The outcome variables (calf live weight at day 200, 
herd conception rate and proportion of cows calving 
early) calculated for the   no del parameters 
(conception rate to each oestrus, anoestrous intervals, 
and different initid1 mating dates) using samples 
from actual prior calving distributions are shown in 
Tdble 1. As expected, better conception rates and 
lower anoestrous intervals give better production. 
There was no effect of different regression 
coefficients o f  anoestrous inter\,al (111 the current 
calving time dncl neither n ~ a s  there any effect due to 
n reduced conception rate following a shorter 
anoestrous period. That is, variation in the prior 
cal\,ing distribution, which incli~des ari,~tion in the 
ine~lil prior calving datc, made these effects 
~~nimportant. Starting mating earlier than the 
traditional time of 82 days ,after the planned start of 
calving increases expected calf live weight and herd 
conception rate. It c~lso leads to an increasing 
pi-(>portion of cows calving earlicr in tlae herd. 

Cirlclrlnlioirsfi~r ~lssi~ssiir,y iirntirrg s tr i~tc~~yii~s 
Equations for the average calf 1ix.e weight in the herd 
at day 200 (c.io), herd conception rate (lrc) and the 
proportion of cowrs cal\,ing in the herd t days before 
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A\  <,1-~1gc~ C ~ I I I  I'ri1p01-tio~i ot CO\\.\ ~n l i i ~ ~ - ~ i  ial \  ills t l<'{-L1 i0tl~t\pt1011 
i\c~ight a t  cid) 700 mortl tIi,~n 5 il,i! i c,i~.I\ X LOO late X l l10 

-. -- - ~.. 

LSM <.c,  I sni h c% I .S\T 'l'' 

C'i)nccptii>~i 
rate 

0.h 1 ,374,' 0.47 7 (1 0-8 C) 3. 1.3 0. I 
0.7 142-7'' 0.47 7-0 0.8 <)(7.81- 0- I 
0.8 1-45.']' 0.4.7 7-0 0-8 'IS.')' 0 I 

i\nocitl-ous 
i ~ ~ t e r \  '11 
(d<ly\) 
55 
65 
7.5 
85 
Initi,ll 
111~1 ting date 
(dd4') 
62 135-2" O.hl 12..3" 1.2 ')6.'>' 0- I 
69 144.8"" 0-6 1 10-7"" 1.2 ~)(,.p" 0. I 
7 h 143-3" 0.61 5.2' 1.2 96-5" 0.1 
82 139.2' 0.6 1 0-5'' 1.2 '16.0' 0. I 
'10 133.1" 0.6 1 0.0" 1-2 91.7" 0.1 

i l i l  ' ,  ,' Variables with d~fferent suprrscripts are significantly different (1' < 0.05) lor rach d e p e ~ ~ d e ~ i t  \ ,11.iahlc. within e,lcli 

independent variable. 

the planned start of calving (early(t)), were 
constructed by fitting regressions to the model 
outputs generated by changing the initial mating 
date (S) as in Table 1 and the prior calving date (1-17). 
Here s and cp are independent variables. A range of 
prior calving dates from 0 to 60 were used. 

For this exercise a herd with anoestrus of 70 days, 
and a conception rate to each oestrus of 0.7 was 
assumed. This avoids complex regression equations 
but also a farmer knowing the expected performance 
of a herd in a familiar environment might also fix 
these variables with confidence. However, as many 
model parameters as necessary could be treated as 
variables at the expense of cumbersome regression 
equatiolis. 

With these assumptions the relationships are: 

where i i i ~ ( ~ , i j ~ )  IS the expected calf live wle~glit 1 1 1  the 
herd at day 200, / IC( \ , ( / ) )  IS the conception rate of tlie 

herd and early(f,i,cp) IS the proportion of cows m the 
herd calving t daqs before the planncd start of 
calving 111 the he1 d 

From these equations the predicted outcome for '1 

cow having a particular initial mating date ,~nd  prior 
calving date can be calculated. To calculc~tc results 
for a herd w7ith an initial mating dclte of 5 this 
o ~ ~ t c o m e  is multiplied by the proportion of the herd 
having a prior calving date of rp  then summed o\,t>r 
all prior calving dates in the hcrd, i.e. ,111 expectation 
of the outcome \,ariabltts o\.er the (know,n) priol. 
calvii~g distribution. 

The above ecluations show that cdf live xveiglit and  
herd conception rates increase (at decreasing r'itc) 
the earlier mating bc.gins in the hcrd. Tliere are 
several ways such a decision upon tlie valuc of 
carlier mating in the herd mcly be made. 

For examplc, if  tlie initial n ~ ~ ~ t i n g  date was to bc 
chosen so that it was cxpccted that, for exaniplt~, not 
more than 0.052 of the herd would cal~re more th,nl 4 
days before the planned start of  calving, then the 
start of mating is chosen to satisfy: 



\ l t e i ~ . i i l  i f  l o 7,v,~\ tc- ni;lxirni~c~ 
., ~ ~ ! ~ i ( ~ i l ~ t l i ~ l l  . ii-i tiw I1c.l-d \ \ . l l c ~ r c ~  i,ilf I ! \ ?  i\~c~iglit \\r,ls 

ortli $11 ~ C Y  l<g, ,111d c ~ i i z  s reni,lini~~:; uli111,ilccl , ~ t  tile. 
i:nci ot  Ilic m,~tiiig period cost $11 e,ich and c,ll\ing i 
iI,i\i hclori~ tlic plan11i.d start of n~~i t ing  cost $i.(t), 
i l i c ,~?  proci~iction ~voulil he mc~\imize~l b~ choo.;il~:; 
the \t,irt iiidting time so th,it: 

is ~il,ixiinireci. in this ec1u;ition e,iri\.( t,s,c-\~) reters to 
the. proportio~i c!t co\vs cal\,ing ccirl> hct\q,ccn tinies t 
'incl t-l bc~forc~ thcs plC3nnccl st'irt ol cC~l\,ing in the. 
liercl. I<e,lson,lble New %e,>l,lncl \.,ilues are 11 = $1.50 
per kg li\.r wi~iglit for cdlves, un~uated co~vs cost 17 = 

$150 c~cicl~, m d  the cost of c,~lving before the plaiineci 
bt,lrl of ni,itiiig is $5 per early cal\.ing co\zr pet- day 
mdking l . ( / )  - 5t .  Tlic dd\~'iiitrige per cow gcncratcd 
by mating eonTs earlier than 82 da1.s after the 
p1,inneJ st'irt of cal\ ing is given in T,~ble 2 for the 
hcrds dc,scribed ,ibo\,e. Under thesc ~ssumptions 
illere ,ippe~ir-s to be a11 cconolnic ad\.antage in mating 
co\z~s early. T~ILIS i f  mating began in the herds 
considered on day 76 the above constraint would be 
s,itistiid dnd bcnetit of c ~ b o ~ ~ t  $5 per cow ci,o~rld 
cnsLic (T'iblc 2). 

Discussion 
Ljilder the circunistc~rices coiiside~.t~ei in tliis study, 
thcl c.s,lmplc ccil\ ing distributions usecl suggc~st that 
~indcr n1'1ny ci~uii istai iws heginning ii~ating earlier 
confers an ad\~,lut,lge. 'The gain of a b o ~ ~ t  55 per cow 

Table 2 Alr  i r i i ,  iiiiii ~tirrriliiril izi.ror.i tor lirc i.i7s\1oiizi7 10 c~/riii1;;iii,y 
/ / / c 7  i i l i i l '  i i / i i ! i l i ~  i1c';;iiii ( l i l i ' i  i'i;;/it iii'/-ri\ :<iili'ii /il'l'ii i l i l l ' i i i ;~iz 

i i i i i ~ i , ~ t i i i r i ~  ot 70 i/ii,il.~ i r i i i /  ioiii.~'pIioii r i i l ~ ~  0.;. iiiiil !iic2 c > . \ / ~ l ~ c . t c ~ /  
l i t ~ i i i ~ / i !  iioiii\' <I!  i i i  1.i711-11117tr~i /I!/ ~'iiiiiitii~ir 1 l )  i l < i ~ ~ j i r ~ r i ~ ~  i7i.i. 

i , t j i i . i ' i ~ i , i /  i i i  ilo~~iiiiioiis troiii / l~~ ,q i i i i i i i i ,q  iiiiiliii;; 52 iiri!/.i iifii'i- iirl. 
/l/iiiiiii~ii i t i i - l  [I /  i~iiii'iii~ iii  iiir, /ii , i i i i  

.- 

k> : ; i i i  111'1titlg t i l i i c ,  Benefit ($ per CO\\,) 

(~i; i!  5 <~t tcr  pl~nuc~f h t , i r t  ol 
i , i l \  ill:; in tlic lit,~-d) hlecin \.c. 

tot- st,lrting un,iti!~g ,?t dd) 76 sl10\\ 11 in T,~hlc 2 I ~ C I ~  

he \ \c~r th \ \ l~ i lc~.  If the cost of ~rnm;ited co\vs 01- the 
i.,iliic, ot c,ilk li\,t> iscl~ght incr-i*ascd the. hi~iic~fit iii c~.lrly 
inciting \ t ,o~~lcl  ii~crc~~isc~ Similarl!, if (hi, cos1 of early 
c,~l\.ing co\i-s increased tlie Ilenetit \vouicI iIecrt~'lst'. 
CIctd~.l! tlicl del\ d~it~igc's rl11Ci ili>dCl\ ' ~ i l t ~ l g e  of 
diftert~iit Ir;rtegiei , \ r i l l  dekw~ici o n  tlie circ~irn~t;lnc.c.h 
ot '1 partic~iI<ir Iic~r~l. I liis \ s i l l  I I~CILICIC both financial 
considcrc>tions and  modificCitions of tlic. paraineters 
ill the n~odel d i ~ e  t o  rnan,igemrnt or n~~tritional 
c3tfcYts. 

Iht. parametc.rs in  thc~ inodcl c\,hic.ii ,Ires fise,d and 
tliosc~ it~liicli 'Irex \ <lri;tblc mar cliffcr depending on 
the cipplicdtioli. Iyor ex,irnplt~, in en\~ironmt~rits \vhicli 
,ire. mow \dridbli' the' hcrci ~n"~ndgc~r 111~1)' b~ less 
ccrtain dhc)~it the v<~lues o f  some par;uneters ancl 
\\~o111cl ~visll to k n o ~  Iiow tlie response changed as 
these p<~r;lineters changed. In some circuinstanct~s 
tlie \.,lriation in responst. will bc. of intcrc9st and this 
can bt. c'ilc~ilatcd by sim~ilating the rnodcl a nuinher 
of ti1nc.s ivl~ile sampling from clppropric3te 
probability distributions defining the paraincters of 
interest, e.g. the stmdard deviations (11 anoestrus 
and oestrous cycle length. 

Thc modcl may be operated iterati\.ely to investigate 
mating strategies over number of years. I;or 
cxdmplc~, a consistent policy of early mating will 
result in a different herd prior calving distrihutioi~, 
perhC3ps resulting in a11 unacceptable nuinber of  early 
calving comTs after several years of operation. In this 
case a policy of alternating early and late m,ltiiig in 
altcrn,~tc ycdrs may be inost economical ,ind could be 
iinrestigated by using the output of the model to 
produce a prior calving distribution for tlie next year. 
This option would require synchronization with 
other livestock acti\:ity on  a farm dcpcndcnt on 
scasoi~al pasture supply. The results presented here 
arc intencled to illustrate the potentinl of this model 
to guide decision making by herd managers, not to 
dr,lw gencrcil conclusions about herd managenicnt. 
The 111ost p o ~ ~ e r f u l  use of this rnodel is to apply it to 
part ic~~lar circ~~nistanccs as thc basis o f  a decision 
support c o ~ n p ~ ~ t e r  program. 

'l licl irisigni ticant rcsponsc to the, strength ot thr 
regressioii of anoestrous inte~.\~al o n  c ~ ~ r r e n t  cal\ring 
dclte is expected. This variable has the greatest effect 
on  cows c'il\,ing I;lte, sl?ortening the anoestrous 
inter\~<~ls o f  these cows. Hut rven \\,it11 shorter 
anottstrotis intcr\.als thcsc l d t ~  'dl\~ing COWS WOLIILI 
prob,lbl\ not experience oestrus in tiine tor early 
m'lting to lia\,e I I I L I C ' ~  effect. 

The reducecl conception rate for c o ~ ~ s  c>xpcricncing 
first O C S ~ ~ L I S  d ~ r i n g  mating ~ f l c r  ail anoestrous 
i ~ i t e r v ~ ~ l  of less than (70 d & ~ y s  l ic~s no measurable effect 
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on C I ~ !  of tlicy rcxsponses. This 1s bc~;i:15c' 50 tc,\t- i70\\.-; 
iii th t~  Iierds colisidt.r.c~d Arc. cflcctcd. 

Thc l l i ~ t h - d ~ ~ t c ~  distribution de\rt,lopctd i i i  ~i-tc, 
c~t'pcv~dices is  gc'nc'r.11. Ky modifying the ~~rohCibilik! 
distributions, b i r t h - ~ l ~ ~ t e  cl15tl-ibutions for. arlifici,>i 
brcsccling and for :)tlier spccic,s s~1c.h <is 5l1c.t.p i i ~ ~ d  
go,lh can he  c o n s t r ~ ~ c t e d .  In this casts tlie prob,~bilit!, 
distrib~rtion of the  first oc'stroils cycic of m<lting 
w,ould most likcll bc, ~ ~ n i f o r i n  o\,cr tlie length o t  the 
oestrous q c l e  of Ihc spcxcies o f  intcrctst. There) 'Ire 
also a n ~ u i l ~ b c r  of scenarios ot mating str,itc.gy ~ v h i c l ~  
c,111 bc c~x~iminecl with the mode l  dc\,elopcd here. 
Tn~es l ig~ i t ion  o f  ;In op t imum time to fillis11 inaling in 
t he  herd is ,111 ob\, ious extension. Using the model  a s  
<I basis for investigating oytiin'll ~ i i a n , ~ g c m r i ~ t  
strategies <IS in ~ e l , o r c n z o  r 7 f  ( 71 .  (1992), or  Jal\~ing11 i7t 
ill. (1993) is <1110th~,r possibility. Artificirll i n t ~ r \ , ~ n t i o ~ i  
in ,I cow's rcproducti\ ,e cyclc with clrugs coulcl ,ilso 
be exaruined. It would  be c,xpccted t11'1t strch 
intervention ~ r o u l d  change the n a t ~ ~ r e  of tlie 
prchability distributions ;111d the  base lnodel c;ui~ 
accommodate  such changes, t l ~ o u g h  the 
computational b u r d e i ~  inay be  high if o ther  th;ui 
normal  probability distributions occur. 
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Appendix l a  
hli~tl~r~iii~itiiiil~i~riii~~li~tiiiii ofii :.c~iii,riiI l~irliiiii~ic~ iliitrilliilii~ii 
Let the trme t l i . ~ t  c,ili.itlg is to cornnictirc~ \ < i i l i i ~ i  ,i ycX;il. be* t - 0. Let mating hegin ,it time t ,incl cnd ,it time t,. IIILI\, the 
rn,tting periocl i h  the ~n t~ r \ ,< l l  [l,,/,]. Let (7 1 ~ .  the e\.cnt ot thc 
itli oestrous c\-cltl ,~fter c~il\  ing. Let PIO] he tlie proh,ll-ilil! 
that the ith oestrous c\ cltx '~ttcr cal\,i~rg oci,ut i \ \  itliin the 
rn,tting perioci. Then tlic, proh,ibilit> th,it tht. col\, slio\vi 
oestrus in tht, mating p~,riocl is: 

where l ' [(  ) , r>O,]  is Llir probclbilit\. th,lt hot11 fii- \ i  ,ind wconii 
ocxstr~tst~\ ,ittet- iaI\ ing oic-ctr c i~~r ing the ilrfi~icxi pel.ioi1. 

Kecci~tsc. tlie occLlrrt,ncc of tlie fi r\t ,iriti third ocstl.usc\ a1 11.1 

c'~l\,ing in the 111,itin:; pt>r~ocl imply t11c c-xistenct> of tilex 



\ tY<li l<i  ~ l i L \ ~ l ~ l l \  , I t  1c>1- L JI\ 111g I l l  t l l<>  1 1 1 < l t l l l ~  pi,l-lo~i \ \  i, Il'l\ <,. <i<lte ~ l t  <l C O \ \  1s the ~ L l l l l  01 the prior c'll\lllg d'it<> p1115 tlli, 

tin1<3 to ionrcsption p1115 tile It.ngtli vl gri tat~on. ,Accounting 
1111 tht> ~lty3t~iiJt~ncc~ bet\vccn pr io~ c,il\in:; il'lte i l ~ l ~ l  
conception d'lte in t l i i .  i.oni.c,ption time, 131-oh,ihiliiy 
iiiiirihut~on C' ( l ) ,  ;ind \\-it11 prior c,rlvil~g frCililc~rlcv 
c l ~ > t r i l ~ ~ ~ t ~ c ~ ~ ~  L3(1), t l ~ ?  17i1-tl1 dC1tc, p~ -o l~~~ l~ i l i t !  cli\t1-iL311tio11 15: 

11 lit>~-t> 101 : ; i > ~ i c > ~ - ~ ~ l i t \  \v<, note t l l ~ t  l ) [ (  1 , l  15 J I I  iXnipl! v>t, 
tliei-etore a n \  intt%rst'ct~on 01 tliii wxt \ \ . i l l  alho ht. c.rnpt\ 

Since a co\\ rn~15t li,i\c. l i t 5 1  0<'\11-115 lilt<>~ ~iidti~ig begill5 
bc.torc, Il,>\i~lg iecond oestrous atter m,lting begins, ;lncl 
,ibbilmlng I ) ~ ~ \ ~ I - < ) L I ~  < . l < >  I('~igtlis r>~i '  i ~ idc~p<~~ic i (~~ i t  1-;111do1ii 
\ ,111~lhle5, t11c.n r t  conception is not possiblt,, ~t tor ewrnplcx, 
tlitxrt, 1 5  no hull p]-cwnt: 

I t  ionception c~iri occur to tlie it11 oestri~s <itter h1rt11 xvith 
pr~b~ihi l i t )  (0 I l), then the co\\ will not conccivc with 
prohnbility ( I  i - ) .  T ~ L I S  the proh'ibility of li,i\,ing first 'incl 
sc)cond oestru5 Cluri~ig the nlrlting perind is: 

C'clmhining (1)  ,111cl (2) the probability that a cocv tvill 
concei\.e during tlie mating period 

Tot- the prob,lbilit\ tli,lt a co\v rvill conceive at a p,iriicul,~r 
tinw r during tlie m'iting prriod tliis ecluation becomes: 

I f  tht. Icngtli ot gcst,ltion is inclcpcm~lcnt 01 tli' tinic. ol 
conception, t1it.n noting that tlie birth d,itt, 1s tlie LLlm of  tlie 
conic>ption date ,lnd the, length of gest,ition, thc birth d'ltc. 
prob,ibil~t\. d is t r i l~~~t ion tor 011e COM' \\.ill he gi\.en hy tlie 
rn,~tlicm,~tic~il con\~olut~on of the two density tunctions 
(treun<i ancl W,ilpole, I Y K O ) .  Ixt tht. prohabilit! density of 
tlw lengtl~ of gest,ition he G(/). Then the prob,~bility density 
111 the hil-tli d'itc. for ,I siliglc, co\t Y ( t )  \vith ,I given PI-iol- 
c ~ l \  i11g d ~ t t ,  i5. 

, ( t )  - I C' ( h )  C(t - i) '1, 

\\ lic~rc~ the, 1-<111gc ot the probabil~ty clcn5itlcs for tin~c. of 
conception <ind gest'ition langt. o \ e r  tlie positive ~-e;il 
ni~mhcrs. 

llie birth d'itt. distribution for a herd of cows ilepends on  
the. s t ruc t~~rc  ol tlie prim c,~l\,illg trequenc! distribution. 
1111s is bec;u~s' the time w~tliin tlie lierci on \vhich ,I cow 
c,ll\~t~s t,tt~,ct\ Llic probability of expressillg oestrus during 
m.~ting. 1,or ex,imple late cal\.ing cocvs mdy not ret~rrn to 
oc\trui until I,lter in 111,lting (Appendix lb) .  I'hus, the birth 

Appendix l b  
Ci!iiitrii~ti~!ii iii/i'iii$ liisli ili1111oir /c11 1 1 1 ~ ~  iii~iiiiiiii~/ riiril~~ii c,o,i) 
In h t ~ l  cows suckling c,ll\.c the tollo\v~~ig Iias becxn 
observed. 

( I )  Anoestroi~s tinle atter c,ilving tor a cow ( / I )  is .i norni,illy 
distributed random \,iri,ible linearly dept,ndent o n  the 
prior c'il\.ing date with st,lnd,lrd devicition cry C i ~ e n  
average 1iel.d anocstro~ls time i,, a\ er,ige prior cali ins date 
lor the herd i.F, the cow prior cC1lving dcltc L,}], and 
regression coefficient bctcvt.en anorstrolls time ,inJ cal\ ing 
date 11: 

(2) Tlic length of the oestrous cycles atter anoestrus are 
normally distributed r'lndorn \ariables with ;I rne'in p ,  and 
stand'ird dcvi'ition o,. Succeeding oestrous cycle lengths ,Ire 
independent, tlio~rgh if cows lose live nreight during 
~ ~ l ~ o e s t r u s  CI loiiger interval between first artd second oestrus 
ma) occur (Pleasants and Karton, 1992). I f  neccss~lry tliis 
c'in also be describecl by ,l regression equ,ition. 

(3) The probability of conception to the second and 
succeeding ocstruses after calving is a constant. l lowever, 
tvhen the first oe t rus  after calving occurs during mating 
the longer the anocstrus the better the conception when 
;~noestrus is greater tl1,ln about 55 days (M,icmillan and 
Clnyton, 1980; l'lcasants and n'irton, 1992; Ple,is,lntL and 
McC'all, IC)Y7). For anoestrc~us periods of 55 d,>ys or less 
conception is ,lbout 0-25, lvitli ,in increase of O.UO5 tor e,icli 
extra day ot ~inocstrus. This rt>sult may be, nssocinted xvitll 
the nutritional state of  the 

U,i\ed o n  these observntions spc~i l ic  pr~b~lbil i ty 
distributions tor a ~iiotic,l ot co~v  reproductron can be 
constri~~.ted 

The, prob'lhilit! that first oestrus occurs tvithin the detined 
~n~ i t i ng  time 'lfter cnl\ in2 gi\ v11 '1 prior c;il\ ing d'ite ( . / I  is: 

~ V I I C I - C >  (p(p,ol) is 1iotat1011 for CI 11or11idl pr~bdbilit) 
distril~i~tion wit11 me~ln, ,incl v'iriance o'. 
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L\ I ic~rc 11 15 the ~i\ t' r~gt ,  l t ~ ~ i g t l i  o f  JII oe>s t t -~ i i i  c\ c.lc', n i' i l i c  
co\,ariani.c. l lc, t \ \~~c,n , i~ ioest ru i  ;11111 tirst OC'I~TU\ c\.cIe' 
Ictngth ;incl \ 15 a pohsihlt. time, ol O C ~ ~ I - L I '  ,ii g i \  c11 iri 
t~qu.i t ian (5). 

S u c i t ~ ~ i ~ t i g  oc~ \ t rou i  cycle5 length. ~ r t .  a \ ~ i i r n e J  to be 
i l i dcpe l ldc~ i t  of tjacli o t l i t~ t -  a n d  the p o ~ t - p , i r i ~ ~ m  ,>nocslrils 

T h t ~  p r o h ~ b i l i t c  o t  l i a \ i l i g  bo th  oestri15 I  nil I + i ci i l rrng 
1liriting i\ tl ic prol>dl>i l i ty 01 l i ~ \  i l i g  o t > \ t r i ~ \  I ~ i i i ~ l i i p l i ~ ~ i  h! 

\\'l>ctrc I 15 tlic2 t ~ l i ~ c ,  01 o c c ~ ~ r r i > ~ i ~ . c >  ( 1 1  (IL%\~I-LI\ I c ~ t ~ c i  11 15 llic, 
time. o t  occurrenitT o t  e)t,it~-ii. I + I 1.r. II i \  \ , i r i ,~ l~ le  i n  tht. 
tirht 11or11i~l c I i \ t r ~ L ? ~ ~ t i o ~ i  < ~ t i c I  I i5  \ , ~ ~ ~ - i ~ ~ l ? l c ~  ill tlic, ~ c ~ t ~ t i c i  

11orm'il d is t r~hut ie)n In t l ic ,iho\ tT t>eluation. T l ic~ tactol- i I -I J 

ib ii icludecl to ,~ccoul>t  to^. tlic. prob,>bilit! o t  iollcc,1\ i11g , ~ t  
oc>slt-us I 'ind t l i t~rc~lot-e not  ii,i\ i n g  fur t l ie~~.  o e i t r o u i  , i i t i \  it! 

l l -~csc c ~ ~ l i ~ ~ i i i o t i \  ~ t c ,  ~ i i L ~ \ t i t ~ ~ t t x i  i l l to  c t l i ~ ' ~ t i o ~ i >  (7) ~ l i ~ i  ( 4 )  
abo\,t, to gi\,e '1 c , ~ l \ . i l ~ g  d ~ s t r ~ h u t ~ o l i  tor '1 herd  o t  co\v\. 



An evaluation of the Gompertz model in degradability studies of 
forage chemical components 

A La\ ren?i?', B. Stefanon' and  1'. Suiinrl 

Abstract 

'l 'lir, ill si ~ L I  ilry rrii7ttr7r ( D M )  irriii i i c ~ i r t r i i l - i l c ~ t c ~ r ~ ~ c ~ ~ ~  t fi1~r.r' (NDFI dc~radirliility Itirrc~fics of c~iglif forir~yr~s (foirr g r r l~s  
Ilirys 1711iffi1irr /c~,yri~nc I I I I ~ S ,  /~rlf'ilf~t('if i7 f  f i 1 ~ 0  d i f f r ( v i t  ~ i i i t ~ ~ )  T I ~ ( ~ I . L >  ( .~ i i ipnrc~f  to ~~sY(>s .s  tllr ,fitting iihilit,t/ c f i l  frrst- 
o r i l c ~  i r i i ~ i  ii Goiripc~i.iz ri~odc~l. 
Tlic~ C;oirif~rrtz iiioilc~l ,fittc,LI DM ilc~~yi.r7ilnllili~ iiiltii i i i  ir~rll 11s thc. f i r s / - o d c ~  irrodl4 irrld ~11fi~rr~i1cr.s hrtiuc~c'ir filicd 
n i l~ i  ohsc~rrlrd ~intirfor tlie~ ti1~0 rilodzls m 7 r r  vrry  sii1(111 11ilt thcl Coiir)~rrtz  riroil(>l /~r(!ilpil to i1c' ~fi i t is / irall ,~l  sir/~c~i'ior. fi)r 
tl~cr NUF ~icy<mrlrrhility iii;to, es;~c~rinl/~/  for thr. rvlrly l~ol/l:.; c!f i i~cubrztie~i~.  
A rrrir~rrric-ill llrrt not sigrrificrrilt differcilc-r rilns o b s c r ~ ~ r d  in t l i ~  ~sti i i lntc>~i ri?r~id/!/ i~r~nil~~DI(~frrrctioil  for D M  ~rrld 
NDF,  il~llicli rvi7s rc~syc~ctiutdy lo7~lrr irrlrarr 7~rzli1f's 24.4 v. 27.8'X)) irnd I~i~yhrr  (riirrrrl i~n1llc.s 5.8 v. 1.8'%)) iclith tllo 

first-ovd(~r rriodcl. Morr  yrorzolrnctd d i f f r r n a , ~  ivcrc, obscrzlrd for fhr r s f imn fe s  c$ total potcnfirrl iic~nrdrrbility qf 
N D F ,  iilllich icJcrr i?ftc~il sigrlificnr~fly lower i l~ i t h  thr~ Gompclrtz irrodrl ( i l~c'rn~yt~ aulr~rs for the eight f i ~ r f l ~ c ~ s  75.1 v. 
71.3'?0). 
Thc. .sigirioicinl sliizpr of fhr  Goirrpcrtz inodrl .iilns inouc biologicnlly approprinte to drscrihr t h t ~  initial p h n s ~ s  c?f N D F  
cic,~yraifirtiorz anrf .ions tlllls npplircl to the cclllrlosc~ 1711d I I C I I I ~ C C ~ ~ I ~ I O S ( ~  dc,gradability data. 
As thr llar7lcstirlg iintcl puc~grrssc~d tlrro1rgll fhc season, a drcvmsc of thc. irilrir~dintrly avnilczblr fracfioiz c!f DM and 
~ritrc;ycvr r ius ~ ~ I I P I . ~ / / ! /  obsrracd hrlt t h l ~  c fpc t  of Iznrvpsfi~zg ~iliitc z ~ u s  nof so r . i~ i i f r i~ f  f i r  f i h r ~  ficrc-tior?s; thr 
d i f f c~r~~rcc~s  iclithin forngc~s irlrrc a m /  low. C~rr t~ l i l t i on  c ~ t f f i c i ~ ~ i l t s  D ~ J ~ S U P ~ I I  l i gn i i~  c ~ ~ n f r r ~ t  atid total potential 
~ic:\.radnbilit!j q f f ibrr  iuert, nlzonys high (for N D F ,  r = -0.96; for hcrnicrllrilosc r = -0.95; fov cc~llzllose r = -0.79; 
P < 0,01)1), icllzilr fhr  ncid-drtcrCyeiit fibre coi~fcwt  i~if l~lcl iccd D M  and nitrogri? total potcrltial dc~~yrndrrbility (r = 

0 . 9 1  irrrii -0.82, rc~spr~c.fizlrly). 

Introduction 
A great deal of work has been performed in the past 
to char'lcterize the rumen degradability of foodstuffs 
for ruminant aninidls wit11 an increasing interest in 
forages, cell walls and their associated components, 
frecluently estimated with the Goering and Van Soest 
(1970) procedure. 

Jiumen degradability ddtd 'Ire often fittecl with the 
first-order model ot @rskov and McDon'11d (1979),  '3 
~uodcl which frequently produces negative estimates 
for the irnrncdiately available fraction (ri), especially 
for low quality foods and fibre fractions. Negative 
estimates for 11, which represent delayed availability 
of potentially clegradable substrates at the start of 
incubation, can be corrected by the introduction of a 

discrete lag phdse (McDonald, 1981). In  contrast, the 
Gompertz modcl (Bidlack and Buxton, 1992) does 
not allow ncgative estim'ltes for the immediately 
dvdilable fraction and is consiclered to be more 
biologically appropriate to describe the rumen 
degradation of foods (Snuvant c7t ill., 1'185; Van 
Milgen and Baurnont, 1995). 

The first objective of the present research was to 
compare the fitting dbility of two models for the 
degradability data of chemical components, i.e. the 
first-order model of Orskov and McDonald (1979) 
and n C;ompertz model (Ridlack and Ruxton, 1992), 
considering both statistical and biological aspects. 
The second aim of the paper was to apply the most 
appropriate model to s t ~ ~ d y  the degradability 
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p .~~ .~~rnc~tc~rs  ot the ihemii,il co~nponc~nts  \ v i t l ~ i ~ ~  
torciges in rc31cition to the I~,lr\~c~sting LLILL~. 

Material and methods 
~ ~ l l / l l l l l / ~  171111 / i l ~ i l / l ~  
7111 ee h5tulatcd 1t'iIl;in 51n1iiic~nt'iI co\\ 5 L\ clgli~ng on 
,I\ et age 701 (ih0) 1\g ,>nd httcscl L \  1t11 pc,rmc3nent 
I Llmcli c'innula5 1% crc u\ed C011 5 L\ e gi\ ell 6 kg 
tCdl te5cue ha\ 'ind ? k g  compound food (l-lect,~ 
U d ~ n e  - Itall, ~c>mint~rc~a l  denomina t~ol~  B51, IS0 g 
crude prote111 (C P) pcv kg) In t ~ 1  o ~ q ~ l ' i l  meCil5 (3 kg 
ha\ + l kg cornpo~lnd food) at 07 30 ,111d I h 30 h, 
\I ~ t l i  c ~ d d ~ t ~ o n , ~ l  m1nerdl5 (50 g) ontc  ,I d,ir Thc d1c.t 
L\ '15 ed lc~~l~ i ted  to CO\ er the enelgb and proteln 
~e~luner r ien t i  of rna~nten~lnce ( I n s t ~ t ~ ~ t  N ~ t ~ o n d l  d e  1,1 
Tieclierclie Agio i io rn~i l~~c~,  1988) ,111cl to hal'lncc the 
eiierg1-to-protein ratlo In t h t ~  lumen (Comm15sionc 
p l o t c ~ n e  nella n u t r i ~ l o n e  e nella al~nientazione dc.1 
p01ig~i\t1 lC l  (CI'N AI'), 1994) Tlie cilumals M ere gir ell 
the cllet 14 clcl\ s bcfore the \tart ot the 111 5rtrr \ t ~ i d ~ e \  

FL)~~Z~'L~S 17111i r11171c11 i t i c~ l r~~~l l io~~ 
I'lie for'lge species studied were tall fescue ('I'FH; 
Fi~slcrci7 i7rr.lriiilirlni'c'~7), It'llian ryegrass (IIiG; Lolirrili 
ii~~rlljflor.~rril), l ~ ~ c e r n e  (LUC; M~~dic-~/,yo si7ti;<1/) and red 
clover (RCL; Trifi~lilrrrl prnl~vlsr~). Each forage was  
har\,estcd at  two dates, a t  the end of March (111) , ~ n d  
at the beginning of M'ly (V), except for the last 
harvest of RCL which occurrecl at tlie end of April 
(IV). At both Ilarvesting dates, the forages were still 
in veget'1tir7e stages of growth. Tmniedic~tclp after 
h,lrvesting, forages were dried at  60°C in a forceci air 
oven ciiid storcd in dark room at  rooni temperature 
until used. 

For the iil .sit11 degradability study, forages were 
gro~lnd  with a haniiner ~u i l l  (Retsch, Gerni;uiy) with 
a 111esh of 4 m m  and weighed (5 (k0.2) g dry matter) 
into cluplicate polyester bags (9.5 X 15.5 cm closed 

d ~ n l e n ~ l n n ~ ,  pole 5 1 ~ c  4Opn1) g ~ \ l n g  an ,i\etage 
L \  t~lgIit-to-5urtc~ce I a t ~ o  ot 17 0 m g  cl1 rn<itte~ (DM) 
txv C 113 (C I'NlIP, IL)c)4) C,lcli to1 , ~ g e  12 '15 ~n iuh~i te i l  
tor 7, 4, X 16 24, 48 72 h, 1~lt11 ~ l l  tlie hClg5, cSxicxpt 
those f o ~  lh-li ~ncuh,>t~ons,  be111g ~ntloctuc cd 
~ininc~cl~dtel\  hciorc tlie Inol nlng rne,il, thc, l h-h h,lgs 
L\ et e ~nt ioducrd  rinnicd~,ltel\ bcfor c, tlie < ~ f t e ~ n o o n  
rncc3l 4ttel 1u111c~n ~ncuhation, the bag5 M C I \ T ~ I ~ I ~ C C I  
111 '1 \ \L>sl i~ng inclthrnc~ n1t11 'I cold ~ ~ i t ~ i  c ~ e l e  (15 
m ~ n )  ancl dr~ecl In '111 o\ cn to1 48 11 at (70 C, left ,lt 
loom t c t n p e l , ~ t u ~ c ~  to ~e e i lu~ l~bra te  <itlil ~1c~1:,'liec1 711~' 
same p r o c e d ~ ~ ~ e  L\ '15 u5ed to clrte~ lr l l i lc ,  L\ 'i\Iiing 
lo\5es (11) of thcs toocl 5~irnples 

c'/li'/llicll/ 17i11//1/s;s 
Foocl sa~mples and  pooled (by CO\\' ,3nci time of 
incubation) food residues '~fter incubation ~ \ ~ r l - e  
grouncl to p i s s  CI l -mm screen in '3 C ~ C ~ C I ~ C C  mill 
(Teecltor, Stvecleii) and  analysed tor IDM, ash, CP, 
neutral-detergent fibrc (NIIF), 'icid-dt.tergt.nt fibre 
(AUF) ;uiicl acicl-detergent lignin (ADL). IIM ~ v a s  
determined by drying the samples at 105°C for 3 h. 
As11 was determinecl by ashing ;it 525°C and \\,as 
r n ~ ~ ~ s ~ ~ r e d  only on food samples. Nitrogen (N) was 
deterinincd with tlie Kjeldahl procedure and Cl' 
calculated by multiplying N content by 6.25 
(Association of Official Analytical Chemists, 199O). 
Tlie NDF, ADF 'lnd ADL were determined 
sequentially according to Goering and Van Soest 
(1970). F3eniicellulose (HCELL) and cellulose (CH .L) 
were determined by the clifference between NDF and 
ADF and  ADF and ALIL, respectively. The cllemical 
composition of the forages is presented in Tablc I .  

Cn/cr~liitior~s iz1111 sti~tistici~l iiiri~l!/si~s 
Tlie degradability data for each time of incubation 
for DM ancl NDF were fitted with the exponential 
11iodel of Orskov and McDonald (1979): 

Table 1 Clic~iriiiiil co!ril~o.iili~)ri c!/ Iiii!is 1lzs{1i.c~ssc~ii i i i  :;//c;; iir~i iiiiittc,i-) 

Dr) mitter (DM) (g/kg Curage) 888 907 867 887 842 864 870 H87 
Org.inic m'ittcl- HL)3 'j2h 8% 'J2.3 854 892 811 1 XLJ9 
CI.LIL~C protein (Cl') IL)5 78 145 0 8 35') 185 297 2.35 
Neutr~iI-detc~1.gc.nt ti hrt, ( NLIb) 571 (18 I -q  >.>O 421 ZCJ I 428 217 - 3 77 / -1 
Acicl-dc%tc.rgent trbr' (ADF) 286 394 17 1 22') 707 317 I 72 178 
Acid-detergent lignin (AD1 ) 1 1  10 5 I I 78 (76 '10 23 
Hemicellulosc (HCEI .L) 28 1 283 158 192 83 112 75 98 
Cc~llulose (CELL) 272 351 I h(, 2 1 16; 25 1 142 I55 

t I l l :  lar,iges Ilar\ etec l  in the 1 ~ 5 t  10 da) i of M,lrch; V. 1or;lgt.s hnr\ cstcd in the f~rst 10 d'iys o f  Ma); IV: red clover h,ir\ i>sted 
in the 1,ist 10 d,i!,\ of April. 
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wl~c~rc: ! I  is ~ I I C  Irdctioi1 degraded at time, 1 ,  17 is the 
irnmecliatt~l! avai1,lble traction; 11 is thc potenti,illy 
clegrac1~~Lilc h-action ,111d 1 is the, constant r'ltc of 
eiegr,ldation o f  11. A gr,~pliical 'ipprC~isr~l of NDF 
~legr~idabilit! d'i t;i rt.\,calcd the presence ot a I'lg 
~.'liase, \t,l~icli \VCIS calc~~latecl ;~ccording tcj the 
modifit4 r c l ~ ~ ~ l t i o ~ ~  p~.oposcd h! McDonald ( 1981 ): 

where the p~lr~inieters 17, 11 ,~iicI (- are the same as in 
ecli~~~tion (1 )  and l. is the 1,1g pli'jse for tlir beginning 
of the clegradation. The expression (17 + 11 - i i ' )  is tlie 
potentially degradable fraction, l]'. The 11' is thc 
washing loss value and ~ ' 3 s  0111y used the 
determination of the I'ig timc of NDF d~gr~ldability. 
'I'he washing losscs were not considertd tor the 
calculation of the DM degrciclability bec'i~~se, 
according to Cockburn cf 171. (1993), physical losses of 
food particles from the hags occur during tlie 
washing mdchine procedure, leading to a great 
overestimation of DM solubility and a11 inflation of 
the estimates of tlic extent of degradation. 

DM, CP, NDF, CELL and HCELL degradability clatcl 
for the various times of incubation tor each cowr and 
forage were also fitted with the Coinpertz rnodel 
(Ridlack a i d  Buxton, 1992), w~ithout considering the 
washing losses: 

y = Be-" l '  ( 3 )  

where I/ 15 tlie frclction degraded dt time t, B 1s the 
asymptot~c \ alue of the component (total potei~tially 

dcgraclable fraction) ; ~ n d  C' is tlie rcldtive 
clcgradation ratt. as 'lffectrd b! 'I constant factor ot 
microbicil t~ffiiiei~cq (. 1).  

C7ur\e titting ,Incl para1~iete1- \ , c ~ l ~ ~ e s  tol- both thtx 
models \hr,ri.  estim,itcd bq the, Marqi~arclt 
compromise ot a 11011-l ine'i r rcsgrcssion ~nethocl, 
 sing I'liOC NLIN ot tht~ SAS sof t~r ,~re  (St,ltistical 
An,llysis S!,stc,ms lns t i t~~tc  (SAS), 1988) 

The goodliess oi fit tor thc cicgrC~dahilitq dc1tcl iz,as 
e\,ali~ated in terms of coc~fticic~nt of dt.tcrmin,ition (l. ')  

, ~ n d  residi~dl stnndarcl error. 

Ihc comparison of model par'lmcters was only 
performed tor: ( l)  the disClppc;lr;ui1ce of chemic,~l 
components ,lt tirntl rcro, c,stimated by ir (IIM) and 
w,lshing losses (NDF) in the first-order moclcls ,lnd 
~~i lc~l la tcd  h), setting t eclu,ll to zero in the C<ompert~ 
modcl (immediately n\,ailable trac.tion (I  AF)); (2) 
total potential clcgrc~ciability, estirn,lted h> ii + 17 ancl 
/3 in the first-ordcr artd C;ompertz mociels, 
respcctively. 

The effect of maturity on the C;ompertz moclel 
dcgradability parameters of c<1cl1 cl~einical 
compo~it~rit within forage specics was estimated with 
the Student T test (PROC TTEST; SAS, 1988). 

Results 
Mnth(3ii~atia~l ( ~ I ~ I I I L ~ I ~ ~ ~ O I I  qf t l i ~  DM 17tid NDF c~rrr1c.s 
The values o f  the kinctic paramt,tcrs for the first- 
order n~odel (17, L7,  c, n + 11 and 11' and /?', ecluations 1 
and 2) and the Gompert7 model (A, B, C and TAF, 
ecluation 3) are reported in T,tbles 2 and 3, together 

Table 2 Dr.,~-iiiiittc~r. ili~~:riiiiribili/,~/ I<iiirtii, pii~~iiircli~r.~ i ~ i t i i i i r i t o i l  ~ i v f l i  l/i,~,fiist-c~r.iii~i iiririii>/ of lrli.~ki~il i i i r i i  Mcf)o1117/~1 i797i)J i i i r i f  i i~i t i i  t/rc> 
C~orripc~it~ iiioiiiz2 IRidliic-X iiircl Hii~.toir,  1992) 

@rsku\, and McDon'ild model (;ompertz model 

l<esidual Kesiducll 
Foraget ii h C ri + 11 s.c. R' lAF$ l< (~ A s.e. l<? 

TFE-I11 l ( ~ 0  72-2 0.065 88.2 11.5') 0-995 21.2 868  4 0.0'12 (1.48 (1.994 
TFE-V 16-5 50.4 0.048 66.9 0.32 (1.996 18-4 65.2 1-26 0.070 0.30 0.997 

**t X 1  

1liC;-TIT l 58.9 0.127 95.0 0.44 0-9'13 43.0 05.2 0.80 (1-125 0.40 0.9X'j 
R - '  31.3 57.7 [l-088 8'1.11 11-36 0.9Y5 332 88.7 0-')S 0.114 ()-?H O')94 

*** 
LUC-111 22-2 62.7 0- 1 13 $4 '  11.68 0.'184 2(7-0 84.5 1 - 18 0.147 O.h? 0.')85 
T.UC-V 21.1 49-7 0.084 71.0 0-83 0.'168 22.1 70-8 1 . 1  0.107 0-77 0.985 

*+? 

KCL-I11 27.1 61.3 O - I O f ,  88-4 ().h5 0-987 3O.Ti 88.6 1-07 (1.136 0.54 0.982 
RC'L-I\" 25.1 67.4 0 095 92 5 11-79 0.984 28.3 92.1 J .  18 ().l?(, 0.71 il.LC31 

Y* *  

t TFE, IKG, LUC anci  RCL denote tall fescue, Itali'ln ryt'gr~iss, lucerne ,inJ recl clover, respecti\,c.l); 111, V and IV r'trr to 
harvest date (M,irch, Mcly and April) -see footnote to lable I 
$ IAF = c,ilc~~l,itcd immcdi,ltt~ly availclL?lt. fr'lction. 
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Table 3 V i ~ i i l r i i / - i l l ' t ~ ~ i ; y c ~ i i l  ti111(, i i t ~ ~ i i 7 i f i / l 1 1 / 1 t i /  k111i'tii j i i i i i i r i i i ' t i , ~ ~  i ~ ~ i i i ~ ~ i i t i ~ i l  i i3 / t / i  tiicz t ~ r ~ l - i ~ ~ i f c ~ r  ~ i l c r t l i ~ l  111 i ? r sAi l i )  i i i i i i  A l i l ' o ~ ~ i i l ~ f  f 1'); ')) 
i r i l i l  i i ~ l i l i  ilit. C o r i i \ ~ c ~ r I ~  11io1ii4 ( R i i i l i i i k  iitiii R t i ~ t o i l ,  1!)921 

~ 

Res id~ l~~ l  I<e \~ i l~~a l  
l 17 ' 11 ' i  ' I '  + 1 '  1.15 C .  I<' ' 4  14 i' .,I i t ' .  R '  

t$ Scc T'ihle 2 

with the coeffic~ents of deterrnlnat~on (R') and 
residual standard errors. 

The compariso~i of the statistical parameters 
obtained with the two models did not show 
consistent differences for DM degradability in the 
eight forages; for NDF degradability, the first-order 
model fitted the data better for grasses than for 
legumes. 111 both models, the coefficients of 
determination for DM and NDF were always higher 
than 0.840. 

The shape of the curves produced by both models for 
DM were very similar (reported in Figure 1 for IRG- 
111) and allow7ed the calculation of very similar total 
potential degradability values for DM (a + b and h' 
for the first-order and Goinyertr model, respectively, 
Table 2). Significant differences for total potential 

d~grad~~b i l i ty  estimated with thc two models were 
only observed for TFE (P < 0.05). Higher absolute 
differences between models (n and SAF, for first- 
order and Gompertz model, respectively) were 
observed for the immediately available fractions of 
DM, although these were significant only for LUC-111 
(P < 0.05). For TFE and SRG-111, the differences were 
only significant at P < 0.06. However, the estimated 
soluble fractions for the Gompertz model were 
always numerically higher. 

The NDF degradation kinetics differed more 
between models than DM; as an example, LUC-V 
NDF degradability data and the curves obtained 
with both models are presented in Figure 2. The 
calculated total potential degradability of NDF was 
always lower with the Gompertz modcl and the 
values were significdntly lower for TFE (P < 0.01), 

Incubation time (h) Inc~ib~ition time (h) 

Figure l C?Lx=,t.r\ ed degr'ld'lbility (0) and interpolated Figure 2 Oh.;cr~ ed degradability (m) and interpol'lted 
degrciclc~tivn curle5 tor clry matter (DM) of Italian ryegrass degradation curves for ncutral-detergent fibrc (NDF) of 
cut in March fitted with the first-order niod'l of 13rskvv lucerne c ~ ~ t  in May (LUC-V) fitted with the first-order 
'incl McL)o!icild (---I-) ancl with the Gonxpert~ model model with a discrctr lag phase of  Drskov and McDonald 
(+I. (-m---) '~ilci ivith thc (;otlipcrt~ niodel (h). 
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1IIC;-V ( P  < 0.05) and IIC'I>-TV (P < 0.05). Higher I A Ps 
ot NDF \\,ere rstimatcd czritll the tirst-order modcl 
(froni 1.2 to 10.4"0), ap<~r t  from TFE-V, but none oi 
tlic cliffcrences was ~ignif ic~~nt .  With the Cornpert/ 
model, the \ariation of IAF \,slurs between for'3ges 
lvas numer ic~~ l l~  small (0.2 to 2.11'%,). 

111 order to c\ aluate furtl-te~. the models, a regression 
between predicted and obscr\,cd degr<~ddbility 
\,alues was c'~lcul'~tecl at each incubation timc clrithin 
ecicli modcl (Table 3) .  Thc accuracy of the 
~nathcmatic~~l titting increased with time of 
incubation for both models and \vas not xrery 
different between models for DM, but for NDF 
degradability tlic Chmpertz model pro\& to bc 
superior ~lntil 16 11; , ~ t  24, 48 and 72 h of incubation, 
thc accurxy of the mathcn~atical fit for the two 
models was \,cry similar. 

Dr:yr~1~1'11/?ilit!/ of c-llc,iilica/ corriporrc7i~ts illit11 tlic7 C o i i l p c ~ t z  

i r i o d ~ l  

Once the suitability of the C;ompertz model to fit thc 
degradability of different chemical constituents (DM 
and NDF) had been demonstrated, the model was 
also applied to describe the degradability data for 
CI', CELL and HCELL. The curve fitting parameters 
for these chemical components are presented in 
Tables 5 and 6. The coefficient of determination for 
the CP degradability kinetics of the forages ranged 
from 0.985 to 0.996 and tlie residual standard error 
was always lower tlian 1.00, ranging from 0.36 in 
TFE-V to 0.75 in RCL-IV. For CELL and HCE121d, the 
R' values ranged between 0.970 and 0.997 and from 

Table 4 Rriatioiis/ i i /~ brtiilc,rii t11p q1i17111y offif of tic10 iiioifrls 

niid 11117 ohsc~rilc~l rri11ro.s 

Neutral-detergent 
Llry matter fibre 

Incub,~tion Resid~1'11 Residu'll 
tinic (h)  Modelt R' S.C. l<' S.<'. 

2 EXP 0-906 0.85 0.054 0.63 
GOM 0.893 0.91 0-495 0.50 

4 EXP 0-067 0.67 0.038 1.22 
C:OM 0.962 0.72 0.572 0.81 

S EXP 0-980 0.69 0.862 1.32 
(;OM 0.991 0-46 0.953 0.78 

l (7 EXP 0.994 0.42 0.965 1.09 
(;OM 0.9'J4 0.41 0.993 0.48 

24 PXP ' 1 9  0.08 0.983 0.83 
(;OM 0.998 0.23 0.99 1 0.58 

48 FXI' 0.999 0.15 0.'196 11-37 
GOM 0-999 0.1 l 0.998 0.29 

72 €XI' 0.998 0.18 0-995 0.10 
GOM 0.'1'18 0.18 0.997 0.33 

t EXI' - exponenti,il (first-order) model; GOM = Gompertr 
mocit,l. 

Table 5 Criiiiiz / ~ i ( ~ t i , i i i  i / c~;~r i i i / i i l~ i l i /~~  Ai!io~tic jli!i-iii!io,tc'i'~ riiiii 

i3f/i'ct ofliiirr'czsfiiig diiic7 

Rcsidu~~l 
~ ~ ~ . ~ ~ ~ ~ . t  II\F$ n - A i.e. R ' 

0.964 and 0.993, respectively; these two fibrous 
fractions had slightly higher residual standard errors 
tlian those of Cl', falling between 0.55 and 1.41 and 
0.59 and 1.63, respectively. 

The calculated IAFs for the DM (Table 2) In legumes 
ranged from 22.3 "41 in LUC-V to 30.5"L In RCL-I11 and 

Table 6 Ccll~rlosl~ iiriii l ~ ~ ~ ~ r ~ ~ ~ o ~ l l i r l o s ~ '  di~tyrncli?bilit// iciiio~iic 

pi~mr~ic~tc~rs arid o f f i c - 1  of hnrvt3stiiig dntc 

Rcsidual 
Foraget IAFS B C R s.e. R' 

Ccllulosc 
TFT I11 0 4 84 7 
Ibb-V 0 5 52 8 

X* *  

I - I  0 3 92 1 
IRG V 1 0  83 8 

* *** 

IUC-Ill 4 0  795  
LUC-V 0 h 50 5 

X*  *X *  

IZCL-I11 4 2  82 5 
RCL-IV 1 0  8 9 7  

*** * X *  

Ht.rmtcllulose 
TEE-I11 4 5 h3 7 
TFE-V 4 0 58 7 

* * X  

11-111 2 9 89 9 
IRG V -l 2 78 '1 

*** 

LUC I11 h h 69 5 
LUC-v 0 9  49 l 

*** 

KCL-I11 2 1 71 1 
RC L-IV 2 5 82 2 

* ** 

t$ See T'ible 2 
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\vt,rt. hettveen thoscs ot grasses (18.1",1 TFE-TIT and 
43.11",) in  112C;-111, rcspc~cti\~ely). High TAFs (al~vavs 
higher tl1~11i 28",)) etere ,jl\o observed tor Cl' (~ablc ,  
5), cxctxpt tor the IRG-V, cvherc. tlic TAF tor C'P \\.'?S 

n~uch  Ioc\~c~r (h.Oo,,). The IAFs tor NDF, Ctll.1-. ,111cl 
tHCELL (T,iblc~s 3 d~id  6 )  wcrc n~~meric~~l lq  le>e\. ,ind 
cxcccdcd 5.0",1 only tor the l-{CELL ill  1-UC-111. 

With acl\~ancing h'ir\.esting clate, the IAFs for IIM 
(Tnblc 2) signifi~~lntly clecre'ised unl!. in g r ~ l s s c  
(1'<0.05), ~vhilc in legunics thr dt.creClsc \tr,ls not 
signiticant. Similarly, the lAFs for Cl' (T'~ble 5) 
decreased significantly in IIiCG (I' < O.C)C)l), I ,UC 
(P < 0.01) cllld RC'L (P < 0.01) samples. In contrast, ,l 
smc~ll and non-significant increase with m,lturity in 
the IAF of CP was ohser1,cd tor the '1-l;E s'~niples. 

The IAFs for NDF, CELL and HCELL did not always 
decrease with advancing 11arl.esting date. The TAF 
for NDF decreased in Icgume and TFE samples, but 
the decrease was only significant for the TFE 
samplcs; for IRG samples, the increase in 1AF of NDF 
wds not significant. The CELL IAF of legume 
samples dccrcased significantly (P < 0.01 and 
P < O.00 1, for LUC and RCL samplcs, respectively) 
with advancing harvesting date. In contrast, in 
grasses the CGLL TAF increased slightly; the only 
significant difference was observed in TRG sainples 
(P < 0.05). The HCELL IAFs of LUC samples 
decreased significantly (P < 0.05) with advancing 
harvesting date. 

T11e total potential degradability (K)  of DM and CP 
varied between 65.2 and 95.2'Xj and between 63.h0L, 
and 95.3'%1, respectively (Tables 2 and 5). In all 
forages, total potential degradability of fibre 
fractions (Tables 3 and h) were lower than their 
respective values for DM and CI' (Tables 2 and 5). 

Tot'll potential degradability of DM and cheinical 
components significantly decreased nritli advancing 
harvesting date (P < 0.01) in all forages except RCL, 
which had smaller differences for CP (0.Xo0; I' < 0.05) 
and higher differences for HCE1,IL (11.1"0; P < 0.001). 
Thc strongest effect ot harvesting date was obscr\.rd 
for TFE, with absolute ciifferences of 21.6':; for DM 
and 31.9'?/;, tor CE1.I ,. 

Relative clegradation rates (C) o f  fibre fractions were 
higher than those of UM and CP in all s,lmples. 'l'he 
relativc degradation rdtcs of DM l~aried between 0.80 
for IRG-I11 and 1.26 for TFE-V (Table 2) and were 
generally slightly higher than those of CP, which 
ranged from 0.67 for TFE-V to 2.64 for IRG-V ('T'able 
5). 

With cldtancing harvesting date, I-elati\,e 
cicgradation r'ltes of DM aild CP significantly 

dccrc3ast.d onl! in TFC (P<0.01), ~ l i i l c .  i n  other 
s,lmplcs these gencl.'~ll\, incrc.ascd. In m o ~ t  \amples, 
the relati\c dt.grad,ltion rate of NDF increased \<,it11 
<~d\,ancing harvesting d,ite, \vith the difference only 
being signitic,lnt f o r  RC1 . Thc rcl'~ti\.t~ degr,ld'ition 
r'ltt. ot lR(; CF;L,I_ dccrcased (P<O.Ol) and in 
legunics incre;lscd (P  < 0.01); ior HCELL, tlic rclati1.e 
degradation rates incrcc)sccf signific;lntly o111y in LUC' 
(P < 0-001). 

Tht~ const,lnt tdctors of microbial efficicnc! ( A )  ot L)M 
and C'I' \verc3 genc.rally lower in grasscs than in 
legumes (Tables 2 ,~iicl S), with the only exception 
being Cl' for 1RC;-V. High \.c21~ies of A tvere also 
observcd for NDF (0.201) c~ind CEI>I. (0.205) of TRG- 
TIT. 'J'he diffcrrnces between A for NDF, CGLL ,liid 
HCELL in thc other food sdniples were not \,cry 

hi g11. 

With c~d\,clnci~lg h,lr\,esting date the A \ralues of DM 
and CP (Tables 2 and 5) decreased significantly in 
TFE and LUC (P < 0.05), while the microbial 
efficiency factor of CP increased (P < 0.01) in 1RC;. A 
decrease in this factor with maturity was also 
observed for NDF in IRG (P<O.05), while a 
nunnerical increase WCIS recorded in RCL. A 
significant decrease of A with maturity was recorded 
for HCELL (Table 6) and TRG CELL; for RCL, the A 
of both CELL and F-ICELL increased (P < 0.05). 

A correlatioii analysis between fibre fractions and 
degradability pararneters was conducted and, for the 
sake of simplicity, data are reported only for the B 
parameter (Table 7). Significant correlations between 
fibre fractions and B were always negati1.e: ADF 
content was highly correlated with DM and CELL, 
and ADT, content had high correlations with NDF 
and HCEIdId. Slightly lower correlations were also 
observed between CEI,L content and CP. The NDF 
'und HCE1,L contents were only weakly correlated 
with NDF, CELL and HCELL total potential 
degradability. 

Dbl Cl' NDF C F I I  HCkLL 

NDt  -0-h8"** --0.82*** -0.28 -O.hSW -0.30 
h D F  -().C)] *** () .8?*" -().(33*** ().~;8**"().(35*** 
ADI. -0.77""" 0 . 2 0  -0.9h""" --(1.79*** 0.95""' 
CELL -0.80'" -0-86"'" -0.45* (1-76*"* 0 4 7 *  
HCPI>I_. -0-3.5 -0.6')""* 0- 10 -0.30 0-08 

t For abhreviatio~is see l , ~ h l e  l .  
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The coc~fficicnts ot correlation het\veen fibre 
compnnc,nt contents and TAFs (d,it<i not shown) 
rc\,v<~lecl only rnocit~rat~~ rcl,~tionship~, \\.liicli \x<.rcs 
onl!. signitic'lnt for LIM (v = -0.59, -0.74, -0.62 and  
-0.66 tor NIII:, r\lIF, ADId and CEILI., respecti\,tll)) 
,III~I CFI I I AFs (-0.57, -0.45, -0.54 ,~nci -0.61 for 
NDF, ADF, CELL and I lCETdId, rc,specti\.el!.). 

The C' \~~i lues  c\.ctrc, poorly correlated with thc fihre 
fractions and sigi~ific~int correlations ~4,el-t. on14 
obt<~ined Lwt~reen the HCELL contont ,n-td C for 
CELI. ( 1 .  = 0.57, P < 0.01), AIIF or CELL contents aiid 
C for DM (1.  = 0.53, P < 0.01 '1nd 1. = 0.50, P < 0.05, 
respecti\,eIy). Fibrc contents (except ADL) of foods 
were highly correlated with A for LIM ( 1 .  = -0.78 to 
-0.86, P < 0.01). Significant correlations tor thc A 
para~neters czrcre found between ADL content ancl 
T-TCELL (r .  = -0.74, 1' < 0.001) and between ADF 
content and CELL (r .  - -0.65, 1' < 0.001), CP ( I .  = -0.53, 
P < 0.01) artd NDF ( r  = -0.51, P < 0.05). 

Discussion 
The study of rumen degradability with growth 
(sigmoidal) models are not very common and 
published reports art, limitecl. Moreover, Sauvant L'/ 
01. (1985) ~ ~ s c d  the Gomyertr model to fit the 
degradability data of 24 foods, only one of which 
was a forage, and Van Milgen and Bauinont (1995) 
reported a statistical comparison only on tlie fitting 
ability of '1 modified Compertz model (Goinpertz- 
like model) with a logistic model and a first-order 
niodel with a discrete lag phase. Thus a comparison 
wit11 published data obtained with the Goinpertz 
niodel for forages is limited. In the present paper, 
degradability data of DM and NDF were fitted with 
Gompertz and first-order models in order to 
compare thein from statistical (i.e. l<' and residual 
s.e.) and biological (i.e. parameters) points of 

The Gompertr model fitted the DM ciegrc~dability 
data as well as the first-order model (Table 2 and 
Figure 1) of @rsko\, and McDonald (1979) and 
differences bctwecn fitted and observed data for the 
two models were very small (Table A), tlie only 
clifference being observed in the rapiclly available 
fraction estimates of LIM, wIiic11 could be '1 

consecluence of the model 'structure'. A good fit ot 
DM degradability data with the Gonipertz model 
was '~lso reportcd by Sau\.ant c7t ill. (1985) and Van 
Milgen and Baumon t ( 1  995). 

The use of a first-order model to fit degrc~clability 
data of low cluality foods and fibre frc~ctions often 
p r o d ~ ~ c e s  negative estimates for the rapidly S ~ I L I ~ I C  
fraction. The negative estimates can bc ascribed to 
the clelaycd a\,ailability of potentially degradable 

substr'itr 'it tlic' start ot i i~c~lb~t io t i  (S ' i~~\ant  1'1 U / . ,  

1985) and  ,Ire oftc.11 corrected by tlic introcluction o f  a 
discrc,tc lag ph,ise (Mcllonald, IC)81), during \vhic.li 
degr,?dc~tion does not occur due to limitcd li~clrc~tion, 
1nicrobi;ll att,ichmeiit and colot i i~~~t ion ot tlie 
suhstr,ite. ' I  Milgcn ci~id Bnumont (19Y5) 
considcrcd thc 1,1g phCise to he 'I non-biologic~il 
p'~r<~meter, because it is quite unlikely tli'it 
instantaiieo~~s hydrcitioii x ~ d  coloniration of tllc 
substr,~te occurs ,it the end ot it. It is more likely that 
tlie process of degradation starts in~inedi~itely dfter 
inserting tlic bags into t11c rumen and '3s time of 
incubation proceeds, tlie degrad,ltion beco~ntts fastclr 
~ ~ n t i l  the time that the s ~ b s t r ~ ~ t e  becomes a limiting 
t,~c.tor. This p;lttern of degradation is typicc~l of fibre 
frc~ctions and can he followed better \;\Tit11 '1 model 
which has '1 sigmoidal shape, such as the Cioinpertz 
model (Table 3 a i ~ d  Figure 2). Thc superiority ot '1 

sigmoidal sliapccl model over ,I first-order model for 
NDF is also clex from tlie better fitting at the 
beginning of incubation observed wit11 the Gomper t~  
model (Table 4). Eve11 though the clifferences 
between models for the generated parameters were 
statistically rele\,ant only for the total potential 
degradability of NDF, the use of the Gompertr 
model for the DM resulted in i~umerically higher 
estimates for the immediately soluble fractions and 
similar total potential degradability. The IAF and 6 
values for NDF were lower than the respecti\/e a '  and 
n' + b' coefficiei~ts; considering that NDF does not 
have soluble fractions, the higher (1 '  estimates 
obtained with the first-order model could have been 
due to the physical losses of particles from the bags 
with the washing machine, a procedure required to 
avoid negative estimates of the il parameter 
(McDonald, 1981; Cockburii cJt nl., 1993). 

The IAFs of DM and CI' generally decreased with 
increasing harvesting date (Tables 2 and 5), and this 
was also observed by Balde t3t al. (1993), Hoffrnc~n c? 
i l l .  (1993) dlrd Babnik (1995), even tliougl~ they used a 
first-order model. The effect of n~aturity on TAFs for 
the fibre fractions was not as constant as for DM and 
CP (Tables 3 and 6) but the absolute differences 
within forage were very low. 'l'liereforc it c , ~ n  be 
assumed that tl~ese differences were not nutritioi~~llly 
important and that they derive more from the bias 
due to cur\.c fitting than from a t r ~ ~ e  \ , c ~ r i a t i o ~ ~  of 
solubility. 

The) poor ~or re l~~ t ions  between fibre fraction contents 
and IhFs of cheinic,Il components (data reported in 
the Results section) s ~ ~ g g e s t  that the concei~tr~~tion of 
fibre components did not affcct solubility. 

When potc~itial degradability of individu'd cheinical 
components were co~npared between Iiarvcsting 
dates, a significc~nt decrease was observed in all 
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torages, except in RCIA, whert the potential 
degrcld,ibility of individual chemical coniponents 
increased; this different effect of niaturit~ in gr'isses 
and leg~~rnes  agrees with p~~bl ished data ( ~ o c e k  and 
Russell, 1988; Kuxton, 1989; Buxtoi: ,ind Braschc, 
1991; Hoffman iJt ill., 1993). The increased total 
potential degradability with maturity obser\red in 
RCL w,is probably due to a decrease ill ADL content 
(Tablc l ) ,  a major factor affecting cell w~all 
dttgradability (Akin and Chcsson, 1989). It is 
generdlly accepted that ADL content incre'iscs with 
advancing maturity, but the present results (Tablc 1 )  
and those reportcd by Kidlack and Buxton (1992) 
indicate that the \,ariation of lignin content in RCT, 
can be small. Moreover, Brink and Fairbrother (1994) 
reported cyclical changes in ADL content during 
spring growth, even under well controlled 
environmental conditions. The importance of ADL in 
determining the fermentation of fibre is also el'ident 
from the negative correlation coefficients reported in 
Table 7. L,ignin links to hemicellulose by a number of 
covalent bonds (liyama t7f al., 1994) and this is in 
good agreement wit11 the high correlation of ADL 
content with the potential degradability of 
hemicellulose. Chesson (1993) reported that during 
ruinen digestion, lignin concentration on the surface 
exposed to micro-organisms increases, providing 
physical protection from degradation for all the 
underlying components. However, the concentration 
of lignin has not always been reported to be l~ighly 
correlated with the extent of NDF degradability. 
Ford and Elliott (1987) suggested that the structural 
arrangement of chemical -c~mponents wi th~n plant 
cell walls has a greater limiting effect than the 
concentration of these components alone. 

applications of tlic. Gompertz model t o  ' 3  larger 
nuinbcr of for,lges, dilfcring ill chc~mir,ll coi~~position 
and  age, arc  tli~is requirccl. 

Coil(-i~iiini~s 
The use of thc Gornpert~ model was statistically 
satisfactor!. for describing the dc>gr'~dahility of DM 
and  other chemical compont.nts in for,igi~s. Moreo\,er 
thc model described the initial phases of 
degr<~dability better fol. slowly fermenting substratcs, 
such ,IS fibrt fractions. Furthermore, the modcl 
partitioned the soluble ,ind potentially degradable 
pools of 11~1tritionally rele~rant compounds 
differently to thc first-order model and so was 
coi~ccptu~illy more correct from d biological point of 
\riew. 

'The estimates of the  mount and the efficiency of 
r ~ ~ n j e n  microbial growth obtained with the 
Gon1pert7 model need to be evaluated a n d  
considered with care. 
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Effect of ammoniation or protein supplementation of barley straw on 
digestion and purine derivative excretion in sheep 
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Shriiiilrlr~ I : M I C J ~ > ~  v t y ,  Fllc1/1;1/ of Agr rc~tltirvc~ h/lnt5111~, Shriirnirc 690, J~pil i l  

Abstract 

A u  r ~ p " r i v z u i f  ti]il\ ~ o ~ d i / c t e d  t~ L ~ X I I Y ~ I I I I I ~  thc r ; f f ~ ~  t o f  aiiliiioilia t iratrri~ii f  OY 5o~~iz-beair irrei7l ~~~yp /~r i~r~r1 t i711o i i  ( j r 7  

rurnr'n izriii lo7 i~~r  tiact drgestion and ~rrlizni y ~7~rllr7r ilrrlvntir1r cucrc~t~oii 117 5lirt.p glzlur bailey ~til7i11-b0\td drt,t\ 
Fout wethcrs eachfittcd 7 ~ 1 t h  s~iizplc I I L I I I C ~  i7izd duodennl cizrinular (vrre rmzdorrrly allo~llted to four d lr t i  i n  a 4 X 4  
Latrli sqlrarr desrgri The  d v t s  U J ~ Y C ,  llrztreatcd bar /py 5tra.ru + nzola\scs ??real (dirt l ) ,  aiiinronia tri~atrd bar ley straiu 
+ rrrolussc\ rnral (dlct 2) ,  iriitrrntcd barley i t raw  + soya-bean nrcal + niolasscs rilrirl ( r l i ~ t  3) ilnd arnmoiila trrntrd 
barlpy straev + soya bean i7zeal + ilzolns5~5 M I P ~ ~  (dret 4 )  Dry-nzattcr ( D M )  zntake, total tract nr~rtral  nizd ncrd 
dctergentfibrc apparent dlgebtibrlity and faccal izitrogtJii (N) 014tput were highcrfoi diet5 2 and 4 Microbial profe117 
yield, de t c rn~~nrd f ronr  total urinary pur1nt~-drrzvatiz1e r7xcretzorz, was also 111<yh 111 sheep oti diets 2 atid 4 HOU~P~)EY ,  
s ~ ~ p p l e m c n t a t r o ~  i ~ l t h  ioya-beau meal in dlet 4 reduced UM aizdfzbre digestion but irzcreased intake nizd i?zicrohznl 
synthesis Despite the lozurr nizcrobial protein syntl lesisfor d z ~ t  3, total tlnct N d~gestzoir 7uas h igh for  the dw t ,  nn  
rndrcation of higher nutrient  a b s o ~ t i o n  in the lower tract Tlze abovc resirlts indicated that tlierc was a s u b s t a n t l ~ ~ l  
increase ztr rumen  microbial N yrrld from ai7irrion7utcd straw based d ~ e t s .  Hosoever, not all the N suas rnndc 
avnilablp to the anzwzals Somr of the irzzcrobinl N absorbed iiz the lower tract m a y  have been overeitirnated b y  tlie 
use of the pzlrrne dcrzzlatzvc-mzcrobzal N evaleratzon i~icthod O n  the otlzrr hand, when   rotein in s i~pplc inrnts  zorre 
g iven  the airzo~~rlt of i ~ l ~ c r o b ~ a l  protein az]ailable to the rt~rnrnant through absorptzon iri the lower tract m a y  have 
been under estimated by  urinary purme derzz~ativt~s. 

Keywords: ummorzza treatment, protein supplemerits, purincs, s h ~ e p ,  s tmm.  

Introduction 
Ammoniation of cereal straws. a ~ a r t  from beine a 

, 1  <G 

source of nitrogen (N), also improves the 
digestibility and intake. The chemical action on fibre 
by alkali treatment has been widely reported 
(Sundstd cf al., 1978; Fahmy and Orskov, 1984). 
Direct supplementation o f  straw with proteiii-rich 
food and non-protein nitrogen (NPN) (including 
soya-bean meal and urea respectively) also increase 
intake and digestibility of straw (Church and Santos, 
1981). At rumen level, energy and N substrates made 
available through digestion result in increased 
microbial biomass yield and thus microbial N supply 
for absorption in the lower tract (McAllan and Smith, 
1970). Determination of microbial yield from both 
ammoniated and protein supplemented straw can be 

achieved indirectly from purine derivative (PD) 
measurement in urine as there is a strong 
relationship between microbial nucleic acid- 
concentration in the rumen and PD excreted into the 
urine of sheep and other ruminants (Topps and 
Elliot, 1965; Fujihara et al., 1987; Cheii c>t al., 1990). 
Balcells et al. (199313) reported that PD excretion can 
provide a reliable estimate of microbial yield and 
that it is sensitive to variations in rumen 
fermentation induced by changes in the basal diet 
and by the source of supplementation. However, 
Puchala and Kulasek (1992) reported a long delay 
between the absorption of microbial purines and 
excretion of urinary I'D and that this could affect 
microbial protein estimates from I'D. Such delay 
could mainly be due to digestion and absorption of 
~ u r i n e s  in the lower tract. Microbial ~rote i i i  
estimates from PD could also be affected by 
differences in metabolism of NPN and conventional 

t Present address: Facult" of Anirn'll Science, Anda1,ls protein sources. However, there is little information 
University, Padang, Indonesia. 011 the metabolism of inicrobial N produced from 
$ Corresponding author. diets of varying N sources in the lower tract. The 
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ohjccti\ c o f  this stc~d! w ~ s  thtlrefore to in\.estigale 
h e  effc,ct of runlcii fcrmentation of ,~rnnioni,~-treated 
. ~ n d  prc'tein-supple111e11tec-I str,i\t on urinxy I'D 
c~icrc~tion c ~ t ~ c l  the cffect on the ,i\~,iilability of 
microbial N in the lo~ver tract of sliccp. 

Material and methods 
,41iiiiioiiiil ti.i~i:f~irc~irt 
S t r ' i~~  \%,as choppwd to 3 cm using an electric cliopper 
, ~ n d  then tre'lted with 770 nil solution containing 
250 g/kg of ,>cl~~t\ous arnmoni,l. Treatment was clone 
in airtight polythene bags (130 X 170 cm in sire) witli 
a capdcity of 5 kg s t r a ~ ~ .  A \,acL~um pump was uscd 
to c>\acuatc air from the bags before mixing tlie 
ammonia solution with the stracv to provide 35 g of 
'~mmonia per kg dry matter (L>M) of straw. The bags 
were then securely tied witli a cord and stored. 
During storage thc minimum and maximuili ainbicnt 
temperatures were C) '3nd 15°C respectively. After 8 
weeks the hags were opened a i d  straw aerated to 
dispersc the excess arnmonia before the s t x t  of the 
experiment. 

LIic2ts 
Four experimental diets were formulated based on 
ammonia-treated ancl untreated straw. They were: 
untreated barley straw + 180 g molasses meal (diet 
l), ammonia-treated barley straw + 140 g molasses 
meal (diet 2), untre'3tcd barley straw + 100 g soya- 
bean meal -t 66 g molasses meal (diet 3) and 
ammonia treated barley straw + 30 g soya-bean meal 
+ 70 g molasses ineal (diet 4). Diets were formulated 
to meet the maintenance requirements of sheep 
(Agricultural and Food Research Council (AFKC), 
1993) and contained equal amounts of nictabolizable 
energy and N. Table 1 shows the chemical 
compositioi~ of ammonia-treated, untreated straw 
and other food ingl-edients used in the formulation of 
tlie diets. 

Airirrrizls nrrd tlzc7ir r~inil~rgorrcirf 
Four Japai~ew Corriedale wethers with ail average 
body weight of 41 kg, fitted with simple rumen and 
duodenal cannulac as described by Smith and 
McAllan (1970), were used. The cannulae ~ ~ s e d  were 
of a wide mouth-type designed to cdllse total digesta 
di\,ersion through the caniiula, allom~iiig collection of 
truly representative samplcs. Each animal was 
placed in a metabolism cage housecl in a wcll 
ventilated builcling. During the 10-day adaptation 
period, foods were offered to the animals in exactly 
tlie same routine '1s during subsequent experinieiital 
periocls. Straw was offered each day after adj~~st ing 
thc amount to proportionately 1.1 times that of the 
previous day. Fresh foods were offered in equal 
amounts for tlie morning (09.00 h) and e\,ening 
(2 1.00 h) fccding, allowing proportic~nal refusals of 
,1bo11t 0.20 of that offered. Supplements were offered 

on a restrictecl basis and animals had frcc access to 
cv~ter. Animals were also alloived free access to a 
multi-ruiiier,ll salt block (Nippon Z C ~ I I ~ ~ ~ U  Kogyo 
Co. I .td, F'uk~~sliima, Japan) which was placecl in 
cach food box. Required vitamins (AFIIC, 1993) were 
pro\.ided together with supplements. Food refusals 
were collected before eclcli feeding, weighed, hulked 
(per "nirnal) ,lnd stored for s~tbscquent chemical 

L~-/~c~riiirc,irfi~l ~icsi,yrl 
I lie four sheep \\!ere randomly allocated to the four 
dicts in a 4 X 4 Latiii-scluare design. The cxpcrimcnt 
firas carried out in four periods each comprising CI 10- 
cl'~:j dddptatioi1 and a 7-day experimental period. 

M(irI<i,r ir~liiiiiristrfrtii~i~ 
A11 a q u ~ o ~ ~ s s o l u t i o n  of ytterbium chloride (YbCl) 
was dosed directly into the rumell as a particulnte 
marker, '~ t  a rate sufficient to maintain an estimated 
0.05 g/kg LIM. I'olyethylene glycol (PEG 4000) was 
made into pellets with the molasses meal and offered 
at a rate of 6 g/day (i.e. 3 g at cach feeding) as a 
liquid marker. Before marker administration began, 
each animal was given a prime dose of 5 g PEG and 
l g YbCl on tlie 10th day. Both markers were 
administered before each feeding from the 10th to 
the 15th day of each experimental period. 

R L ~ I ~ I ( v ~  l?il(i d~~odrirnl ~ ~ z i n p l r r ~ ~  
A smgie duodenal sample of about 30 m1 per animal 
per day M. as collected for a per~od of 4 days (from the 
11th to 15th days) for marker stabillzatioi~ 
assessment. Actual sampling commenced on the 15th 
day. About 50 ml duodenal digcsta was collected via 
the 'T' cannula at intervals of 3 h, i.e. 0, 3, 6 ,  9, and 
12 h after the niorning feeding. This was repeated on 
the 16th day at 0, 2, 5, S and 11 h after the morning 
feeding. On the 17th day, the salne amount of rumen 
samples was also collected at 0, 1,2, 3, 5 and 7 h after 
the morning feeding. Duodenal samples from each 
animal were bulked, subsainpled and centrifuged at 
15 000 g, for l0 min. After separation, the liquid 
portion was stored at -10 "C while the particulate 
matter was lyophilized and stored at 3°C for 
subsequent analyses (Faichney, 19 75). Before 
freezing, rumeii fluid froin each animal was 
immediately strained through six laycrs of s~~rgical  
gauze and a drop of mercury I1 chloride added to 
prevent further bacterial fermentation. 

I11 vi\,o i7 ppnrrJir t iii~i~stibilit~j 
A1-7parent digestibility was measured for each food 
witliin the snnie experiinental period. During the 
latter part of the preliminary period, diets were 
offered dt proportionately about 0.90 of the ail libihlirr 
level of intake for 4 days, after which total collection 
of urine and faeces was done beginning from the 
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11th to the 15th day ot each experimental period. 
Faeces \vere ininicdiatcly dricd in a forcrd 'iir o\.e11 
at 60 'h' tor 48 h after n~hich the!, were thorouglllq 
mixed ;utd bulked for each anim,tl and '1 

representati\,e sdmple obtdincd. The samples \yere 
then ground througli '1 1-mm niesl-r for 
determination of '~pparcnt digcstihility of IIM 
(DMU). Urine was collcctecl and prcscr\.cd in 
containers cont,lining about 100 1111 suiplluric acicl 
(0.1 mol/l) to prevc3nt N loss. Urine volume w,ls 
ineasurcd each morning and a sample taken which 
was later bulked with other samples taken during 
the same period and a subsample taken per animal 
and stored at -10°C for f ~ ~ r t h e r  anzlysis. 

Ai~i~l!lsc~s 
DM and ash for all samples (except urine) were 
determined according to the Association of Official 
Analytical Chemists (AOAC, 1984). Crude ash 'mcl 
crude fibre for foods and refusals were ,ilso 
determintd according to AOAC (1983). hT in all 
samples was determined by the Kjeldahl method. 
Neutral- and acid-detergent fibre (NDF ancl ADF) 
were determined according to the method of Goering 
and Van Soest (1970). Ammonia-N in rumeii fluid 
and the liquid portion of duodenal digesta were 
analysed according to the procedure of  Oser (1965). 
Volatile fatty acids (VFAs) in rumen fluid were 
determined by gas chromatography (Erw in r t  ill., 
1961). Ytterbium (Yb) concentratio~l in the particulate 
portion of duodenal digesta was determined using 
an Inductively Coupled Plasma Emission 
Spectrophotometer (TCPS 1000, Shimadzu Co., Japan) 
and PEG concentration by the procedure of 
Morimoto (1971). Allantoin was determined by the 
method of Young and Conway (1942) while 
xanthine, hypoxanthine and uric acid were 
determined according to Fujihara 1.t nl. (1987). 

c1711~!/117t;111!~ 

Marker st,tbili~dtic)n L\.,IS rns~~reci  h!, monitor~ng its 
conccwti-~tio~i in duodenal cligest,~ s;lmpieb tzkc.11 
bctwccn thc I I th and 15th days ot each experitiiental 
period ancl \v,~s founci to ha\,c rcciclicd '1 s t ~ d d y  b t ~ t t ~  
hv the 13th J'ly. [)MU ancl DM intake were hot11 
cc~lcul,~tecl b! ciifferc~ncc.. UM flo\t, (g/cia)) 'it tlie 
duodenum WCIS c,~lcul~~tecl by clividing thcs d'lil! Yb 
dosage ig/d'~!,) by Yb concentration in d~~oclen~il  
digesta for each animal. Flo\v of each n~itrient 
(g/d'iy) was then calculated hy multiplying DM flu\\ 
at thc d u o d e n ~ ~ m  by tlie concentr'ition of the gi\,en 
nutrient in duoden;ll digcsta. Duodcnal tluid fio~z 
(l/day) was sin~ilarly deter~nined from PE(; 
concentration. N in duodendl fluid and ammonia-r\l 
flow at the duodenum (g/day) were t l~en cC~lcul,~tcd 
by ~ n ~ ~ l t i p l y  ing their concentration (g/l) by fluid llow 
(l/day). Total N conccntration in d~~odend l  cligcsta 
wds calculated as the sum of its concentratio11 in 
fluid and solid portions of digesta. 

Microbial purincs absorbed (X)  were determined 
from total urinary PD (Y) using the ccluation 
proposed by Chen (71. (1990) thus: 

where 0.84 represents the slope (PD recovery in the 
urine) and M o 7 t h e  metabolic body weight. Microbic~l 
N supplied to the animal was calculated 'is 0.73 X, 
assuming an 830 g/kg DM digestibility cocfficicnt 
for microbial purines (Chen r t  ill., 1992). 

Stntistiral n~~nl!ysis 
Data were analysed with analyses of variance using 
the general linear models (CLM) procedure of 
Statistical Analysis Systems Institute (SAS, 1985). 
Where necessary, differences betweell means were 

Table 1 Cli~iriiial ~oriipoiilio~i of food irryic~~lic~riti i7iiii of l/ic, i Z \ / ~ c ~ r  iriiciltii/ ific,ti i l i ~ /  iliiittc I J 

Ammon~a 
Unti eated treated Illet\$ 

barlcq bailex 50) a-bran Mol,i\\e\ - 
Con\htuent straw \tra\% mcnl me,il t 1 2 1 J 

Dry mdttcr 913 898 836 7b3 908 891 9 04 8'12 
Organ~c mat te~ '126 925 '11 l 876 957 c)47 C ) l H  
Nitrogen l 5  75 443 105 40 0 I 92 9 5 
Cr~ tde  frbre 184 412 4‘) 116 
Neutral-detergent fibre 746 734 126 236 011 634 60 1 63') 
Acld detergent f ~ b r r  518 510 84 141 432 4h2 415 4(7'~ 
Celluloie 416 458 62 111 
Hem~cell~~Ic>\e 228 1 74 42 '12 I c)') 172 186 I70 
L ~ g n ~ n  82 72 13 

t Molasses meal constituents (g/kg DM): molasscs 450, shc' in~~t c'ike 80, copracakt. 1(!0, rice br<ili 70, corn j'iln ~ n c , ~ l  40, 
calcium c'lbon'itc (70. 

See text for det,iils. 
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compared using I l ~ ~ n c ~ ~ n ' s  multiple rangCS tfst sheep on diets 2 and 4 (P < 0.01) ancl cfficic~ncy of 
(Dunc~~ii  1905). microbial N synthesis was significantl>- higher ill cliet 

4 csmpc~red 1% ith the rest of t11c diets (P < 0.05). 

Results 
Clieiniccil compo\~t~on of thc cuper~ment,~l food 
ingredients and d ~ c t s  arc, gir en 111 Table 1 The DM of 
the food ~ngredienti r,lnged froni X92 g/kg L)M In 
dlet 4 to 908 g/kg DM 111 diet l An1moni~ltioi1 
incleased N concentration In the untreated s t ~ a w  
from 15 to 75 g/kg LIM The N conccntrat~on In the 
diets langed from 40 to 95 g/kg DM 111 diet 1 and 
d ~ e t  4 respectively NDF ~anged  froni 601 to 639 g/kg 
DM and ADF from -115 to 369 g/kg DM m dlets 3 
and 4 respecti~ely 

T,~blc 2 shows that there were significant differences 
in mean daily DM and fibre intake between diets 
(1' < 0.05). Ammonia treatment significantly 
enhanced DM intake of animals on diet 2 (P < 0.05). 
DMD and fibre digestion was significantly improved 
by aminoniation, both in the rumen and in the total 
tract (P < 0.05). 

Table 3 shows that total tract N digestion was 
significantly higher (P < 0.05) for diet 3 (696 g/kg N) 
than for all other diets. Total N, ammonia-N and 
non-ammonia N flow at the duodenum were 
significantly higher on diet 4 (P < 0.05). Net gain in 
recycled N in the rumen was observed only on diet l .  
Ammoniation of straw resulted in higher N retention 
and total urinary purine derivative excretion by 

' I  ,lble 4 shows th;it total VFA concentration was 
significai~tly higher in ,111irna1s gi\,cn diets 3 and 3 
(56.0 2nd 74.0 mmol/l respectively) conipared xvitli 
the other two diets (1' < 0.01). Unlike ~cet ic  '~nci 
valeric acids, propionic ;~ i td  butyric x i d  
concentrations were not significantly affected by 
arnmoniation (P < 0.05). 

Discussion 
Treatment of straw wltll Jminonia ~ilcreased DM 
intake and DMD, both in the ruinen c~lld 111 the whole 
tract, as has been reported by Sundstvrl ct ill (1978), 
Van Soest r t  a1 (1984) ,111d Fahmy and Urskov (1984) 
Soya-ben11 meal supplementation in diet 3 improved 
intake and apparent digestibility of untreated straw. 
However, DM intake and total tract DM and fibre 
digestion were not affected in comparisoi~ with diet 
2. This is in agreement with the previous report of 
Mawuenyegah nl.  (1994). This could possibly have 
been due to the excess N and low eilergy made 
available from ammoniated straw. Satter and Roffler 
(1981) reported NPN to be poorly utilized in high 
protein and low energy rations due to excess 
ammonia which is not efficiently converted into 
microbial protein. The oversupply of N in diet 4 was 
reflected in high rumen ammonia-N concentration 

l 2 3 4 s.e.d. Significance 

Intake (g/day) 
L)M 588 716 6 2  69 9 36.95 
NDF 370 45 1 379 447 29.97 
ALIF 254 .?3 1 262 328 25-61 

Duodenal flow (g/dny) 
DM 3.37 400 390 420 26.83 
N LIF 219 237 -. 752 2.52 16.4 1 
ADF 151 185 173 1'15 12.04 

Apparent rL111irli ~iigcstibility (g/ kg) 
DM 325 380 317 368 9.50 
NDF 317 420 394 311 5-53 
ADF 3W 4 17 310 .38 1 2.96 X 1  

Apparent lo~ver tract digrstibilitv ( ~ / k g )  
DM 182 210 238 201 8.90 ** 

NIIF 189 206 161 186 2.50 
ADF 85 8 6 X2 83 2.98 

Apparent total tract digcstih~lity (g/kg) 
DM 507 590 595 569 2.3.5 ** 

N DF 500 626 555 600 2.38 ** 

ADF 394 503 3'12 461 2-07 ** 
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Table 3 Nifi.(;y('ii ( N )  iiitiikr, npprirc.ri1 iii,yt~stibilify, floiil l i t  diiodrriiii~i, lii1101ic~(~, ii~iil jiliriri~, ii~~rir'iitii~l~ il'li! ~vi-r~~tii~ii  i l l  sii:~z/i :<fi7~'u 
iiii~~~li~riiiiti,~i or ~ ~ ~ ~ o f ~ i ~ i - ~ i i ~ ~ p l ~ ~ i ~ ~ ~ ~ i ~ I i ~ d  linley ~t i . i i i i1  

Dict 

Intake (g/&)) 5.10 '1.12 '1.18 l0-Lc) 1.17 
Total tract N 'Ippnrent digestibility (g/kg) 430 610 70(1 650 4.31 
Total N flow (g/day) 5.83 8.75 8.21 9.10 (1.56 
Ammonia-N flow (g/day) 1.28 3.93 3.27 4.01 1.31 < S  

Non-ammonia N tlow (g/day) 1-54 4.81 5.00 5.10 0-54 
Rumen ammon~a-N con~~n t ra t ion  (mmol/l) 3.60 1 1.90 14.80 14.10 1.90 
N recycled to rumell (g/day) 1.80 -0-40 1 . 3 0  1 - 1 0  0-5 1 
Faecal N excretion (g/day) 2.31 3.33 2.82 3.69 0.50 - z +  

Urin,lry N excretion (g/day) 1.81 3-62 4.60 1- l0  1-00 *-i 

Retained N (g/day) -0.10 2.2U 1.82 2.72 1.01 ** 
Allantoin (mmol/l) 2-50 5.25 1-59 6-03 0-95 
Xanthine + hypoxanthine (mmol/l) 0.26 0.35 0.13 0.15 0. 16 
Uric acid (rnmol/l) 0.94 1.20 0.90 1 -05 0.45 
Total I'D (mmol/l) 3-70 6.80 5.62 7-23 1-87 *S 

Microbial protein (g/*) 2.19 5.56 4.39 5.94 1.43 ** 
DOMlt (g/day) 283 395 335 356 31 * 
DOMRt (g/day) 178 25 1 201 227 1 9 
EMNS# 12.90 22.34 22-50 26-0 2.56 

t DOMI: Digestible organic matter intake (g/day). 
$ DOMR: Digestible organic matter fermented in runien = 0.65 X DOMI. 
5 EMNS: Efficiency of microbial nitrogen synthesis = g microbial N per kg DOMR. 

(Table 3) and the high levels of N recycled through 
the rumen wall into urine. 

Although the level of total purine-derivative 
excretion reported in this experiment was low 
compared with those reported by Abdulrazak cf al. 
(1992), similar levels were reported by Chen et al. 
(1992). The PD excretion values reported for 
ammoniated straw-based diets (Table 3) were also 
similar to those of Balcells ct 01. (1993a). In their 
study, the latter authors reported that ammoniation 
of barley straw resulted in higher urinary PD values 
compared with urea supplementation. 

Microbial protein synthesis and yield were 
significantly influenced by DM and fibre intake, 

Table 4 Volirtili~ jntly iicid (VFA) conccr1tri7tion iii shccp givc,rl 
arnnlonlu-tri~atc> allif ulitrt~tcd hnrlc!y stmso iis basnl dit't 
iirrrrrol/l) 

Diet 

ruminal and total tract apparent digestibility for 
diets 2 and 4 (P < 0.05). Lower tract DM and total 
tract N digestion were higher for diet 3, although its 
urinary PD excretion and DM digestion in the rurnen 
were lower than those for diets 2 and 4. This 
indicates that for ruminants given ammoniated- 
straw diets, a certain proportion of the synthesized 
microbial N is not absorbed in the lower tract. As 
shown in Table 3, a relatively high amount of N was 
excreted in the faeces for ammonia-treated straw- 
based diets. According to the report of Cann p t  N I .  
(1991) a high portion of faecal N from ammoniated 
straw diets is of microbial origin. Under such 
situations there could be an overestimation of the 
microbial protein available to the ruminant when PD 
excretion values are utilized in its calculation. On the 
other hand, urinary N content was high in diet 3 and 
faecal N excretion was low for the same diet. This is 
in agreement with a previous report on faecal N 
excretion (Warly et al., 1994). The latter authors 
reported no change in faecal N excretion with 
increased protein supply. 

1 2 3 4 5.e.d. Significance The high digestible organic matter (OM) apparently 
fermented in the rumen (DOMR) indicates an 

Acetate 33 35 38 52 5.10 * 
** improved microbial protein synthesis. At higher DM 

Propionate 11 12 12 15 1.4 
Butyrate 4.0 5.0 5.0 6.0 0.9 

intake, there is a tendency for DOMR to be low 

Valerate 0.2 0.3 1.0 1.0 0.2 + (Chen ef al., 1990). Therefore, OM content in 
Total VFA 48.2 52.3 56.0 74.0 5.1 duodenal digesta was used to calculate DOMR in 

this experiment. This gave similar values for 
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c~fticicni:!, c , t  niicrobic31 nitr0gc.n s\,ntlit,sis (FMNS) for References 
Jit>ts 2 , ~ n d  3 but a higher aiuc for diet 4, an Abdulrazak, S. A., Chen, X. B. and Orskov, E. R. 1991. The 
I t id i t  ation t17at ,ill ,~ol,i,itiolI ,Incl protcill ~ f f ~ t  o t  s ~ ~ p p l e n i ~ n t i n g  dn~rnoni~l-trc~itd stra\\ \v!th sugar- 
i,,pl-,lelllell~;ltion rcsLllt ,,, microb,di proteill yield h t ~ t  pi11p or barley (31) ruinen kinetics and ~nicl.obial protein 
,\ iki l  h imi ld , .  H ~ ~ ~ ~ , ~ ~ ,  LvllelI c,lnmoniated pfi'dllcti()li- Ai i i~ i~n l  P~.oifiiitioii 54: 506 (abstr.1. 

dic.t sLlpplemented, E M N ~  v ~ l l u e s  further Agricultural and Food Research Council. 1993. f irc'i;y,~i iriiil 
t.mp~,asiac ,hc of o,.crestill,at~c,n microbid ,  /lroi?iu r i ' i /~~w~'ni i ' " f i  o t  ~ U I I I I U ~ I I / ~  .4blZC 'Icchnical 

prutt~in by 1'Ds. C'oruinittec on lie\ponst,s to Nutrieiits. CAB Intern,~tlonni, 
W~~llingtord. 

i x k  ot ,in)- ,~pp~-eciahle increase in total VFA 
concc~ntration by amrnoniation in diet 2 (Tc~blc A), 
conflicts ~j.it11 th(. higher microbial protein synthesis 
associ,ited with tliib diet, but this is in agreement 
wit11 0thc.r rcports (Fondrviid c J f  U/ . ,  1994). T11esc 
, i ~ ~ t l i ( ~ r s  ,~ttributed this situation to reduction in the 
(~)Pvl tcrmented in the rumen and the high rurninal 
fluid clilution rdte d ~ ~ e  to amnioniation. 

N aclcled b y  supplementation had a higher apparent 
digestibility than that added by ainmoniation and 
n~itrient ,ibsorption in the lower tract was 
signific,~ntly higher (P < 0.05) for ~mtreated straw 
s~~ppleniented with protein. This could be partially 
dttributcd to the amount of N loss in faeces of 
animals 011 aminoniatcd straw-based diets (reported 
to be mostly of microbial origin) being fairly high 
compared with that from supplemented straw diets. 
From the above discussion, it is therefore concluded 
that part of microbial N (estimated from urinary PD) 
in the rumen of animals given ammoniated straw- 
based diets, is not utilized by the ruminant. Both 
an~moniation and protein supplementation of the 
straw had similar efficiencv in as far as microbial 
protein yield was concerned. However, exogenous 
supply of N to sheep given ammoniated straw 
resulted in the excess N being efficiently converted 
into microbial protein. There is therefore a need to 
supplement high-prod~~cing ruminants given 
ammoniated straw with protein rich foods to take 
.~d\,antagc of this metabolic activity. Although direct 
measurements of digestibility were not made ill this 
study, microbial N was calculated using a 
digestibility coefficient of 830 g/kg for inicrobial 
p ~ ~ r i n e s  (Chen p t  ill., 1992). It may also be necessary 
to include a correction factor in the calculations to 
acco~lnt for faecal microbial N losses when 
ammaniated straw diets are offered. This needs to be 
confirmed experimentally by measuring microbial 
mass at both duodenurn and in the faeces of anin~als 
consuming a~nmo~liated straw diets. 
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Effect of ammonia treatment or protein supplementation on 
rumination behaviour in sheep given barley straw 

I' 0. Mawuellyegah, I, Warlyt ,  T Il,lrumoto a n d  T. Ful~har,l$ 
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Abstract 

A .stud!j i o i ~ ~  corlilrrctril f o  compare thr c~ffirts o f  a~nvr~or~ii~fioir n r ~ d  prott~irr suyplcri~rrrtation of llilrlty strazi! 011 

r.ui~rilzntio,t br/rni~io~lr i f  slr~~ttp. For~r. i~?l? th[~rs  z u i ~ c ~  nlloc-nfrd tofolir  i l i ~ t s  i~ffr .ci i  a d  libitum in a 4 X 4 Lafin-sq~rrrri> 
design. Tlrcr diets ivrrr, ~~r l t r t~n t cd  b n r l ~ y  sfrLli1J + i~rolizsscs meal (dit71 l ) ,  iir~treated barlcy s f raw  + soya-bean rncizl + 
rrlolasscs mcnl (dirt  2) ,  nirrrrionia-trratrd barir!~ strnsl~ + i~rolasses mral idict 3 )  1711d ar~~ t t z i~ i l i a - f~ea f ed  barley strniii + 
soyn-hcnrz meal + rrrolasst~s rnrol ( [ l i f t  4). Arrir~zals ilJcre kept in ~nctabolisin crates througlrouf rnch 16-day 
r x p i ~ i r n r t ~ t a l  period arlil olle~~ueii fir? accrss to iuafrr and a rni~it~r.nlizi~d ,salf lick. T h e  first 71 [lrlys of racll period 
iocrr fbr a!lnpfntiotr t o  t h ~  Irnnlr~ssrs nnd ilirts i ~ l ~ i l t ~  t h ~  last 5 days iclrrcT iisrd ,for rlrlnirrntion s tu~l i rs .  Aninlrils 
giarn diets 3 and 4 had sloi~t ,r  cn t i i~g  rates corrrpnred wi th  tlrose X ~ U P ~  diets 1 and 2 .  Rumi t~n t ion  inliex rznd 
drrrnfion o frach r ~ ~ i n i n n t i o n  p t ~ ~ i o d  was loiueufor s h ~ e p  conszinling diets 3 and 4 tharlfor thosr on  diets 1 and 2 but  
not s i g~~ i f i cnn t l y  so ( P  > 0.05). R u i n i ~ a f i o i l  tirne per 7 0 0 g  ~zeufrrr l -d t~tergc~~f  fibre (NDF)  infake runs sigizificantly 
luzucr ( P  <: 0 .01 ) fo r  diets containing anrmoninted strclw. Aniinals given a~innoniate~l  straw diets also regurgitated 

,@~LIPP boli4so~s ;ICY urrit NDF ititak~' than did those on tintrcattd sfuazu d ir f s .  The  uesults shozurd that increr7sc~d intake 
and digestibility, which is usually associated iu i t l~  arilrnorliated sfraius, was due  f o  sheep doing less zuork per uni t  of 
t ime to break dozun stnzzufor digestion. Iiz flris zuay, p o f ~ n t i a l l y  digestible tissues wi th in  n gizjen amoun t  ofstrazu is 
nzoue rea~f i ly  ( 'xpi~srd.  Tlleforqyoirzg suggesfs that ammonia treatmcfzf results i n  lrss uurninafion so thrct rurrrirrnrrts 
gizlrn arr~17~onia-tr~~ztt'd strazu diets do less work rtlrninntirrg. 

Keywords: arnrnonrn frratrncnf, protern s~ipple~rneilt, rurn~natlon,  s l r~ep,  straw 

Introduction 
Fibre-residue load in the rumen o f  animals given low 
digestibility roughage is a niajor factor restricting 
voluntary food intake. The competitive processes of 
reduction in particle sizc and passage of small 
particles determine fermentation time and are 
modulated by the animal, allowing it to respond to 
different dietary conditions (Wilson and Kennedy, 
1996). To meet niainte~iance and production 
requirements, ruminants given low quality roughage 
diets need to be supplemented with concelitrates or 
be offered alkali-treated roughage. According to 
Harunioto and Kato (1979) and Fujihara and Nakao 
(1984), the process of rumination plays an important 
r61e in reducing the particle size of the food eaten, 

t Present address: Faculty of Anim'il Science, And'llas 
University, Padang, Indonesia. 
S Corresponding author. 

thereby also enhancing microbial degradatioii and 
rumen clearance. For animals given straw diets, the 
purposes served by comminution or chewing during 
eating and rumination is to reduce the sizc of large 
digesta particles so that they can be incorporated into 
a bolus and swallowed. This also helps to release 
soluble nutrients for fermentation through exposure 
of their internal structures for microbial invasion. 
Microbial digestion per sc, does not contribute to 
particle size reduction of rumen digesta (Dulphy ct 
al., 1980) but assists in weakening the internal 
structure of the plant cell-wall material in the rumen. 
Protein supplementation affects intake and rumen 
characteristics of straw while ammoniation also 
affects its physical (Zorrilla-Rios et al., 1985) and 
chemical properties. Although there is much 
informatioi~ on the effect of protein supplementation, 
there is little information on the effect of ammonia 
treatment of straw and its comparison with 
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5~lpplement~1r~ teecling ot proiem, regard~ng thc~r 
ekfcct on ru r ru~~a t~on  b e h a  lour o t  51iccp 

Tlie ohjeitivc.~ of the study wt\~-e to ex;lminc thc effect 
of ammonia tre'itmcmt &!cl protein supplementation 
o n  rumin~ition beha\ i o ~ ~ r  of sheep. It 1 ~ ~ 1 s  postulated 
th~L such information could help explain furthel- the 
cl~fferenccs in int'~ke, digestibility and eating 
beha\.iour associ,ited ~vitli treating or supplementing 
s t r~ lu .  

Material and methods 
Ar i r r~~or i~ i i  tr1~i7tii~crzt 
Barley straw was choppcd to 3 cm and amnioniated 
In pol~thcne bags (130 X 70 cm) each Iioldmg 5 kg 
\tram7 Aaueous ammonla was added to the contents 
of the bag unclcr vacuum to provide 35 g ammonia 
p r  kg straw dry matter (DM) allowing a 0.1 
proportional loss of aminoliia through volatilization 
while handling. The bags were kept tied for 8 weeks 
after which they were opened to disperse the excess 
ammonia before the start of the experiment. At the 
time of treatment minimal aiid maximal ambient 
temperatures were 9 aiid 15°C respectively. 

Dic,ts 
'The four diets formulated and used in thc 
experiment were: untreated barley straw + 180g 
molasses meal (diet l), untreated barley straw + 
100 g soya-bean meal + 66 g molasses meal (diet 2), 
ammonia-treated barley straw + 140 g molasses meal 
(diet 3) and ammonia-treated barley straw + 30 g 
soya-bean meal + 70 g molasses meal (diet 4). Diets 
were formulated to meet the maintenance 
requirements of sheep (Agricultural and Food 
Research Council (AFRC), 1993) and contained e q ~ ~ a l  
amounts of metabolizable energy and nitrogen (N). 
Table 1 shows the chemical compositioi~ of 
;ui~i~nonia-tredted, untreated straw and other food 
ingredients used in the form~~l~i t ion  of the diets. 

Koglw Co. Ltd, Tokyo, Japan) through an dmpliter, 
according to the procedure of Harumoto a11d Kato 
(1978). The recording chart was set 'it a speed ot 
l cm/miii to measure the number of rumination 
periods per clay ancl the number of boluses per 
runiination period. Rcadings werc takcn 
contin~~ously for 96 h after ~vliich the recording 
speed was changcd to 6 cm/min for thc remaining 
23 h, in order to measure the number o f  cliews per 
bolus and chewing ratc. ' lhe information recorclcd 
allowed the calculntion of the time spent eating, 
eating ratc, rumindting time, idling time, duration of 
each rumination period, 11~1mber of ruminations per 
day ,  number of boluscs regurgitated per day, 
number of boluses per rumination, bolus time, 
nc~mber of chews per bolus and chewing rate. 

,41lilll/\c\ 
DM,  crude f~bre and ash for food ~iigredients were 
determ~ned according to the Association of Off~c~al  
A~ialytlcal Chemists (AOAC, 1984) N h a s  
deterrn~ned by the Kjeldahl method Neutral- and 
ac~d-detergent f~bre  ( N W  and ADF) were 
determined according to the method of Coer~ng and 
Van Soest (1970) 

Statistic~~l nnnlk/sis 
Data obtained from the experiment were subjected to 
one-way analysis of variance using the general linear 
model (GLM) of the Statistical Analysis Systems 
Institute (SAS, 1985). Where differences between 
means were significant, comparisons were made 
using Duncan's multiple range test (Duncan, 1955). 

Table 1 Dvy iiiilttcr ( D M j  js/k(yj nild ckcirriciil conipos~tiori of 
DM (g/k:: DMj  of irrrtn~i7fc,rl bizrlr!/ strii.ii1, nir~~rloi~iii-lr'a~tcd 
hilrliy strii~cl, soyil-bei711 rrrc~ill nr~d tnolnssrs rirc.r?l 

Arn~noni~l- 
Untreated treated 

C ~ y ~ i ~ v r r r l ~ ~ r ~ t i z l  pvoccdlrrc~ bdrlev barlev Sovn-bean Molnsws 
Conshtuent Four wethers were allocated to the four d ~ e t s  in a 4 X straw 5traw meal mcalt 

4 Lat~n-square desigii exper~ment Each exper~mei~tal Dry Y 13 89 8 876 783 
period cons~sted of a11 11-day adjustment per~od to organ,, m,ltter 926 925 931 876 
allow ciccustomiz,~t~on to hainess and food followed Nltrorcn 15 75 41 3 105 
bv, from the 12th day, a 5-day per~od 111 which 
recordings were made On the 12th dav of t h ~ s  16- 
day total period cach wether was placed In a 
n~etabolrsm crate m here ~t was ma~ntdmed for the 5 
days The crate5 were placed m ;I well Ilt and well 
ventilated building and were constructed such that 
they allo\.ved eating, drinking and other possible 
aninial mo\ements, except turning around, during 
the recording of jaw movement. Strain gauges were 
attached to the lowcr jaw of each animal. The gauges 
were connected to pcn recording chart (Rikadenki 

~rudgfihre 184 412 -1-9 16 
Ne~rtral-detergent 
fibre 746 701 I26 236 

Acid-detergent 
fibrr 518 530 81 144 

Cell~rlose 135 158 h2 9-4 
Hemicell~~lose 228 1 74 42 92 
Lignin 82 72 50 

t Mol'lsses meal constit~rerlts (g/kg DM): molasses 450, 
sliennut cake 80, copra cakc 300, rice bran 70, corn j,~m rncal 
40, c,ilcium c'>l-bonnte 60. 
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Results 
Chemical composition of the expcriinental food 
ingredients are gil~en in Table I .  The IIM content of 
the food ingredients ranged from 836 g/kg in soya- 
bean meal to 783 g/kg DM in molasses tileal. 
Animoniation increased nitrogen concentration in 
the untreated straw from 15 to 75 g/kg DM. The 
rest of the chemical composition values were as 
indicated in Table 1. Data on VM, NDF and N 
intake, eating and rumination measurements are 
presented in Table 2. An increased DM intake was 
observed for diets 3 and 4 but this was not reflected 
in the time spent eating. N intake for the diets 
ranged from 5 to 10.5 g/day in diet l and diet 4 
respectively. Animals given diet 1 spent a longer 
time eating followed by animals on diet 2 and diet 3 
but the differences between diets 2 and 3 were not 
significant (I-'> 0.05). Eating rate was accordinglv 
slower for animals on diets 2 and 4 than for those 
on diet 3. The number of rumination periods per 
day ranged between 16 to 18 for all treatments and 
there were no significant differences observed 
between treatments (P > 0.05). The duration of each 
rumination period was longer for diets 3 and 4 than 
for diets 1 and 2, but differences were not 
significant (P > 0.05). The total time spent 
ruminating per day was higher for wethers on diet 4 

Table 2 L3vy rllilttrr ( D M ) ,  r ~ ~ l ~ t ~ n l - d c ~ t t r g t n f  fible ( N D F )  arid 
ilrtrogi~r~ (N) rrltukc, rntl~zg nrrd runllnntloil rircu5rrvc~i?lcr1t5 r r z  
5ht.tp ~ I P L ~ I I  ~ i ~ t n w t c ~ d  ni~i l  i~~~~irror~rn-tri~~~tr'il  i w ~  1e1/ 5tri~iil 115 bi75nI 
drpf 

Dlett 

DM intake 
(g/d'ly) 528 628 692 694 35.00 

NDF intake 
(g/day) 369 379 451 447 16.01 

N intake (g/day) 5-40 9-12 9.18 I0.4c) 1.47 
Time spent eating 

(min/day) 278 346 337 39.1 17-02 
Eating rate (g DM 
per "in) 1.90 1.81 2.05 1.77 0.35 

No. of rumination 
periods per day 17.40 17.40 18-25 16.05 2-35 

Runiination period 
time (min) 26.72 26.85 30.20 27.08 3-16 

Rumination time 
(min/day) 4.17.83 159.15 473-78 486.92 21.77 

Fibre vumin,ition 
index (min)$ 131.40 121.09 108.06 108.82 4.80 

Rumination index 
(min)s  82.85 73.07 68.51 70.21 2.15 

t In this table and T,iblc 3 see text for details ot diets. 
$ Rumin'ltion time per 100 g NLIF intake. 
jj Rumination time per 100 g DM intake. 

thaii for those on dict I (I '  < 0.05), but \,alucs for the 
othcr diets were not significantly different (I' > 0.05). 
Rumincl tion index (time spent 1-11m inating per 1110 g 
DM intake) was not different (1' > !).05) bet~veen 
tredtmeiit diets but time spcnt ruminating per 100 g 
NLIF intake were clcdrly lower (P < 0.05) for 
ammonia-treated straw diets (diets 3 ~ n d  4) than for 
diets 1 and 2. 

Table 3 shows the bolus and chewing characteristic~s 
of sheep on the experimental diets. The numbcr o f  
boluses regurgitated per day decreased in thc order 
of diet 3 < diet 4 < diet 2 .: diet 1, but the differences 
were not significant (1'>0.05).  The n~linber of 
boluses per ruminatic~n period followed ,I similar 
trend to the number of boluses per day but dict 4 had 
the highest (P .: 0.05) value. Animals on diet 4 also 
had the highest (P < 0.05) values for bolus time dnri 
number of chews per bolus, which both measure the 
efficiency with which the bolus is chewed, wl~ile 
those on diet 1 had the lowest valucs. The v'11ues 
obtained for diets 2 and 3 did not differ significantly 
(P > 0.05). Chewing rate was faster for diet 4 than for 
the other diets (P < 0.05). Cyclic rate, which is the 
daily time spent ruminating per number of boluscs 
regurgitated, was found to be lower for diets 
containing ammoniated straw but not significantly 
so (P > 0.05). 

Discussion 
Changes in chemical composition of straw, due to 
ammoniation and those of other food ingredients 
were the same as those reported in a previous 
experiment (Mawuenyegah pt al., 1995). The time 
spent eating the diets used in this experiment agrees 
with the observation by Dulphy tJf (11. (1980), who 
indicated that shcep normally eat for 200 to 400 mill/ 

Table 3 Holl;s l7irii c-lic~iilii~:< i~lri~uac.tr~ristic~s iir slrc3c3[i , i ' ~ l " i i  

nr~r~icoiliii-trc~iitc~l 1711~7 irr~tri~irfcd biirliy striliil iis hasiil iiii.1 

Lliet 

No. of boluscs 
per day 120.93 416-81 501.08 176.83 

No. of boluscs 
per rumination 
period 25.83 26.7C1 27.317'' 28-60 

Bolus time ( S )  46.00 52.45 52.13 5.7.73 
No. of clicws per 

holus 56.33 64.70 66-OO 71.45 
Chewing rate 

(per min) 73.65 74.55 75.75 80-25 
Cyclic rate(s)t 62.40 (31-70 56.711 59.30 

t Daily t ~ m r  spent ruminating per number of 
regurgitated. 
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day. Differences in eating time could however, be 
due to the slower eating rate recorded for diets 2 and 
4 compared with the faster rate recorded for diet 3.111 
the present experiment, sheep given diet 3 reduced 
the time spent eating compared with the soya-bea17 
meal-supplemented diets (i.e. diets 2 and 4). Fujihara 
and Nakao (1984) s~~pplemented a hay diet with 
casein for sheep and observed a decrease in time 
spent eating. However, in the present experiment, 
animals on diet 4, which had the highest protein 
content, spent a longer time eating compared with 
the other animals. Time spent eating therefore, 
seemed to be affected by other factors including 
intake and nature of supplement. The number of 
rumination periods per day was similar in all the 
diets. Campling ?t al.  (1962) and Fujihara (1980) 
found that the number of rumination periods per day 
in cows and in sheep were almost the same for both 
silage and hay, irrespective of intake. Harumoto and 
Kato (1978) also found that the number of rumination 
periods per day was a relatively stable parameter for 
sheep, irrespective of the level or type of food. In the 
present experiment rumination index (time spent 
ruminating per 100 g DM intake) could be considered 
a better indicator of rumination efficiency than total 
time spent eating, for ammonia-treated and untreated 
straw' diets. ~uminat ion index, being the true 
indicator of the amount of work done in 
comminuting a diet (Fujihara, 1980), was significantly 
lower for the ammonia-treated straw diets (I-' i 0.05), 
possibly because of increased DM intake (De Boever 
et al., 1990). The lower rumination index could also be 
due to the fragility and concomitant increase in 
digestibility due to ammoniation (P. O. 
Mawuenyegah et al., unpublished results). 111 a 
previous report (Mawuenyegah et nl., 1995), it was 
observed that apart from intake, rumination index 
depends on the protein as well as the fibre contei~t of 
the diet. The above results were further confirmed in 
the present experiment by the shorter time spent 
ruminating per l00 g NDF intake for animals eating 
ammoniated straw diets. 

The higher number of boluses per rumination 
period for diet 3 could have been due to a higher 
intake (Luginbuhl p t  nl., 1989). Although similar 
responses have been reported for sheep (Harurnoto 
and Kato, 1979), the lower number of boluses per 
100 g NDF intake in the present experiment shows 
that animals on the ammonia-treated straw diets 
regurgitated fewer boluses per unit NDF than those 
on untreated straw diets. According to Zorrilla-Rios 
r t  al .  (1985), a greater extent of comminution 
during mastication of the more fragile ammoniated 
straw could result iri a larger rumell pool of small 
particles. Small particles, being cleared at a faster 
rate from the rumen, results ill a reduced amount 
of undigested particles in the rumen, thereby 

causing fewer number of boluses to be 
regurgitated. T11e higher chcwing rate and 
run~ination time observed for the nmn~oni~~-treated 
straw diets in this experiment shows that the 
nuruber o f  chews pcr min ruminating time 
increased while the number of boluses per mill 
runlinating time decreascd. This indicates 'I greater 
comminutiol~ for fewer boluses. According to I'ond 
et ul. (1984), the effect of mastication is the 
exposure of more potcnticllly digestible tissues 
prexriousl y encompassed within indigestible 
'barrier' tissues. In an earlier study (Mawuenycgah 
ct al. ,  1995), it was suggested that improved 
digestion and improved production of rumen 
fermentation products were due to increased 
consistency 11 chewing during eating and 
rumination. 'l'his may have increased the supply of 
substrate for rumiilal fermentation. McLeod and 
Smith (1989) asserted that the ease with which the 
forage is eaten should be considered as the major 
factor influencing intake. Greater comminution of 
ammoniated straw pro\;ides more energy for 
microbial synthesis, compared with untreated 
supplemented straw. This could be another reason 
for the increased intake and digestion usually 
associated with ammoniated straw. 

Cyclic rate is expressed as the total ruminat io~~ 
time per number of boluses regurgitated during 
rumination (Gordon, 1955). In the present 
experiment, cyclic rate tended to be shorter for the 
ammonia-treated straw. According to Gordon 
(1955) and Fujihara (1980), a short cyclic rate 
implies a faster rate of reticulo-ruminal contraction. 
Whether this contributes to the faster rate of 
clearance of ammoniated straw is uncertain. 
According to Okine and Mathison (1991) however, 
the frequency of reticulo-ruminal contraction is not 
an important indicator of passage from the retic~~lo- 
rumen. Cyclic rate is therefore unlikely to be 
responsible for the increased intake of ammoiliated 
straw but rather an indication of a reduction in the 
work done in comminuting straw. Considering the 
greater comminution of ammoniated straw 
observed in this experiment, this needs to be 
further investigated by st~ldying the dyiiamics of 
ammoi~iated straw particles in the rumen. If the 
efficiency of rumination is defined as voluntary 
intake per unit of rumination time, and the quality 
of rumination is measured by the number of chews 
per bolus, then the foregoing discussion suggests 
that ammonia treatment results in less rumination. 
Thus ruminants do less work ruminating when 
given ammonia-treated, rather than untreated, 
straw diets. Considering the greater comminution 
of ammoniated straw, the relationship between 
ammoniation and particle size reduction needs to 
be investigated further. 
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Evaluation of the efficiency of alternative selection schemes and 
breeding objectives in dairy sheep of Greece 

A. Kominakisl, G. Nitter', D. Fewson' m d  E. Iiogdakis' 

Abstract 

Thc grriclf~c arid c~cniioinr~ ~flicio~ncy Of alfrr I I ~ I ~ I C ~ C  5cd~cfrc1n ~ C I I L ~ I I I L ' ~  trrid 11ro~~drrig 0111c~~fro~~5 f i r  flro, Kizri~~e~lrrlrk~ 
dali y shrrp 1r1 Grcetr 7ua5 rnr1cstrgrntrd by rnodrl c n l r u l a f l o ~ ~ ~  Crrfc~r in o f  ~ I ~ ~ ~ L I P ~ I L L J  turrr fl l(~ arzni~al geirc~f1( ~ [ z r r l  f0i 

the nggr t~a te  br~rdlilg oalue, the profIf yiJr rwt1 111 fhc populatlori r~rril fhr i~iinlrnl 5r~lccfiot1 icJ\porr\ri for 5 1 1 1 ~ 1 o '  

tralfs T h t ~  ~ n f r o d u ~ f l o n  o f a  fzuo f1c71 sclectroti \clienre, iuh~rc  thc re~e~r~ird  C7l1lJ5 arcJ 5cparnft~li n ~ f o  iz ri~~clrlrs nnd a 
p r c - n u c / f ~ i ,  wasfoilnd iupr7r~or In both ~ V I P ~ ~ C  [znd e~oiiilrnlc f~rrns  for iz brcciirtlg oh]rcfrvf~ colnpr 151rig f/lc flaif5 
wnlk y~eld and nuiiibcr of lninbs weaned pt7r ewe per orinurn Hlghrsf tafei  f01 ar1~11ia1 g ~ r l t ~ t ~  gnln iznil s ~ ~ l e ~ f l o i l  
response5 WPVC obtalncld when the rrucleni slzc u1as proportronat~ly O 05 of thc ~1op~ili7f1011 (200 000 rti1r5), thc \rze1 
c$ the test maflizg5 O 50 to 0 60 of fhe size of thc prc7 nucleus ~lrllt (0 1O o,f fhr popu1atrorr) and fllr riirinl~~~r of 
dnughfers per test rarrr 40 Openlizg fh t~  nu cl ell^ to n~placernerlt P W ~ S  fro111 the lo.iuer frrr did not ~ I f f i ~ f  ~ O \ ~ ~ I ~ J C / L J  tht' 
annual geneflc ~alrr  and the selectron r ~ ~ p o n s e s  Furfhernlorr, a hrecdlng objrcfrvt~ L O I I I ~ Y I ~ I I I X  t h ~  tiarf5 faf 1/1t>1il 
and nurnb~r  of lambs zueaned pt7r c7ue and ppr annurn zuaifo~rnd very c;fficirrif In both g e n e f l ~  and rLononric term. 
zuhrle selection 0 1 1  grozufh and carcass trarfs did not seem to bcluitlfied 

Keywords: breedtng prognlnzmcs, daz~yzizg, Greece, sel~ctton prog~annne, sheep 

Introduction most well known being the Feta cheese. The lambs 
In Greece, about 10.5 million sheep are kept which are weaned at about 42 days and slaughtered at a 
can be classified into various breeds and types. One live weight of 9 to 14 kg. Only a small proportion is 
of the most numerous indigenous breeds, being kept retained for fattening to heavier weights. Al t l~ougl~ 
on the lowland areas of central Greece (Thessalia), is consumers are considered to discriminate against fat 
the Karagouniki breed. It is a medium-sized animal deposition there are no official standards of cj~~ality 
with adult ewe weight between 40 and h0 kg. assessment at any carcass weight. The main income 
Despite the extent to which the Karagouniki breed of sheep farming comes from milk and meat. The 
has been crossed with other indigenous and 'exotic' wool produced is of medium to poor quality and 
breeds there still remain about 200 000 purebred therefore of 110 economic interest. 
sheep in this region. The main objectives of current 
selection are the maintenance of hardiness and In the past, there has been some importation o f  
adaptability and the improvement of fecundity and 'exotic' dairy breeds in Greece, especially of the 
milk production. However, there is no organized and German Friesian milk sheep. The difficulties of 
consistent breeding policy being applied. About maintaining this breed are its poor adaptability 
20 000 ewes are milk recorded on an A-type under Greek conditions and the unsatisfactory 
recording system (monthly recording of the two performance of its crosses with the Cliios breed 
daily milkings). The mean milk yield of the recorded (Zervas ct al., 1975; Kalaisakis 1.t nl., 1977) indicate the 
ewes is 144 1 per lactation after the weaning period usefulness of developing modern, consistent 
(Rogdakis r t  al., 1988) and the prolificacy 1.4 lambs purebreeding selection schemes for indigenous 
per ewe per annum. The milk produced is almost breeds. The development of selection schemes in 
entirely used for making traditional cheeses, the pure breeds has the important advantage of 

453 
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halancing the genetic impro\.ement of trdits with 
other csscntial q~i'11ities sucli '1s cldc~ptcitii~~i to the 
en\.ironment ;lnd tlic, loc<~l production  stern. This 
~ C I ~ W  cled Is \;\.i tli '~spects of  genetic '111d econornic 
efficicnc!, ot \,ariocls \election schemes '11nd breeding 
ohjecti\ es for the dairy sheep o f  C;rcclcc,, t;iking the 
K,lr;igounik~ breed '3s '111 example. 

Table 1 Ecoiioi~iic i'i1iiil7.i i tC l l i J ,  :'ciic~Iic- striiiii'iirii iii~i'iiiiioiii 

(S ,l, iiioiii'ii7r.11 ::c.iic7tic. iiczi~iiiiioiis i ,.L.) i i i i~l  iiiiit o f  i l~~~~isi ir i ' ir i i ' i i i  

c l /  ilic' li.iiit5 i i i  tlic2 1lr~'i7iiiii~< c ~ h j t ~ ~ t i i ~ i ~ , ~  

Genetic 
Economic stnndarci 

1 ,~ lue  tic\ i~ t ion  
Tra~ts IFCL>) ( i  ,) > ,  c )  

Material and methods 
D i 7 j 5 f f i f i o ~ l  o f  t l l ~ ,  L l r ~ , ~ , ~ f i i ~ ~ y  ~ ~ I ; L , L ~ / ~ T J ~ , S  flil~i ~ ~ ~ / ~ ~ . t i o i l  ~ , r i t~>r i i7  

Tht- first component of  the ex,al uation of the 
efficiency of alternati\,e breeding schemes is the 
definition of the breeding objecti~res, i.c. the choice of 
traits to  btl genetically improl-ed b e ~ ~ ~ ~ ~ s e  they 
influence the producer's income. As market 
demands change over time, all breeding objectives, 
,Ire, to some extent, speculative. For this reason, three 
possible breeding objectives were examined. 

Ollj~ac-tiili' 1. This objective comprises the traits milk 
yield and number of lambs weanecl at 42 days per 
ewe per annum. This objective reflects the current 
production and marketing system. 

0bjt.c-tiilc 2. This objective con~prises the traits fat 
yield and number of lainbs weaned at 32 days per 
ewe per annurn. 

Objcctiilc~ 3. This objective comprises the traits fat 
yield, number of lambs weaned at 32 days per ewe 
per annum, daily gain under field conditions and 
carcass fat depth. In objective 3 it is assumed that the 
breed may serve as a dual-purpose sheep for 
producing both, inilk and meat. In that case, market 
demands may lead to an earlier weaning age of 
Iclmbs, say at 32, in contrast to 42 days, allowing 
earlier exploitation of ewes' milk and fattening of 
lambs to heavier weights. In such an alternative, both 
fattening traits, such as daily gain from weaning to 
slaughter age (about 112 days) and cdrcass 
characteristics, such as carcass fat depth, are 
expected to pldy an economic r61e and tliereforc have 
to be incorporated in the breeding objective. 

The economic values (v) of the various traits (Table l )  
nrcre calculated as marginal profits per unit of 
improvement for each trait in the aggregate breeding 
value, i.e. by subtracting the marginal costs from the 
marginal returns ( ~ o ~ i i n a k i s ,  1991). The relative 
iniix)rtance of the I'arious, milk, reproduction, 
fattening and carcass traits within each breeding 
objecti\re is given by its relative monetary genetic 
deviation, "Os, r1. (Table 2). Milk production plays a 
predominant rcile even within '1 dual-purpose 
objective. In contrast, reproduction as well as 
fdttening and carcass traits arc of minor importance 
across the three breeding objectives. 

Mllk tra~ts 
Milk yield (kg) 0.57 14.4 8.2 
Felt yield (kg) 0.50 1.1 I04 

IZcprod ~ ~ c t i o n  traits 
No. of lambs L\ ealied 
at 42 da1.s 31.70 0- 1 3.5 

No. of lambs ~4 caned 
at 32 days 22.70 0- I 2.3 

P'ittening , ~ n d  cdrcass tr'iits 
Daily gain (field) (g) 0.066 15-5 l .il 
C"~rcass fat depth (rnm) -6.00 U 3  -3.0 

Selection criteria in objective 1 are milk yield and 
nuinber of lambs born per ewe per annum, in 
objective 2, fat yield and number of lambs born per 
ewe per annum and in objective 3, fat yield, number 
of lambs born per ewe per annum, daily gain 
measured in a station and ultrasonic fat depth, 
measured by ultrasonic scanning. 'These traits were 
chosen because their recording is already applied, 
e.g. milk yield, or is feasible on-farm, e.g. number of 
lambs born and because of their high heritability and 
genetic correlations with the traits in the aggregate 
breeding value, e.g. ultrasonic and carcass fat depth. 

Mo~irl cillc~~lntloni, population irrid gcizet~c pizvamctcu\ 
The model calculat~ons were carr~ed out usmg the 
computer program / i l r  A V  (Karras, 1984, Nlebel r t  01, 
1989) Based on genet~c, biological and economic 
lnput variables, the program  calculate^ the annual 
genct~c gain for the aggregate breeding value, the 

Table 2 Moiic>tiity ,yrii~,tii. ilciliiltioirs i",, S,\.\,) o f  t/ii> i>iirioirs 

trflils i i ~ t l i i i i  tiir tlircc i~rc~drri,y ~bji,c-tii~czs 

Breeding objectixrc 

Tr'iits Objective 1 C)bjective 2 Objcctivc. 3 

Milk 70 75 6 1 
Reproduction 30 25 14 
F'itterung and carcass 25 

Objective l :  milk yicld i number o f  lambs weaned at 12 
days per ewe per annum. 
Objccti\e 2: fat yield + numbcr ot lambs weaned at 42 days 
per ewrc per .l~inum. 
Objective 3: fat yield + number of lambs we'lned at 32 days 
per ewe 1-7" annum + daily gain (field) + carcass fat depth. 
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annual response for each selectioi-t and correlated 
trait defined and the profit per female anin1'1l in the 
population by subtracting breeding costs from 
returns. The calc~ilations assume unchanged 
selection str,-ttegies and constant genetic, biological 
and tecl-tnical parameters during the investment 
period. The gene flow method approach is uscd and 
only the effect of one round of selectioii on the 
performance of succeeding generations is accounted 
for. Maternal effects, reduction of genetic vari'111ce 
due to selection and inbreeding depression are 
neglected. Classical selection indices are calculated 
for breeding '~l-tirnals and order statistics are applied 
to get adjusted selection intensities for populations 
with finite sizes. 

A total population of 200 000 ewes is considered and 
the size of the breediizg unit, where milk recording is 
applied, is 0.10 of the population. Important 
parameters for the population structure are the 
proportion of the test matings which is assumed to 
be 0.35 of the breeding unit and the number of the 
daughters per test ram which is 40. The heritabilities 
used as well as the genetic and phenotypic 
correlations among the traits in the aggregate 
breeding values, the selection criteria and some 
correlated traits of interest (Table 3) were derived 
from literature (Purser, 1965; Cl-t'ang and Rae, 1972; 
Forrest and Bichard, 1974; Casu et al., 1975; 
Mavrogenis et al., 1980; Wolf et al., 1981; Cameron 
and Smith, 1985; Atkins and Thompson, 1986a and b; 

Barillet and Boichard, 1987; Siinm cJt al., 1987; I'arratt 
ct a / . ,  1987; Barillet r t  ill., 1988; Simin and Dingwall, 
1989). I11 some instances the information a\,ailable 
was very limited '1nd some ass~~mptions had to be 
made. Where a phenotypic corrclatioi-t was found but 
not a genetic correlation '111d ilicr~ iJi'rsll, the genetic 
estimate was c~ssumed to be 1.15 times greater than 
the phenotypic estimate. 

Biological coefficients were 1.5 to 1.3 for litter size 
across the various tiers, age at birth of first offspring 
between 1.4 and 5.0 years, according to the point of 
time that selection of animals occurs, r,lm/ewe ratio 
1 /20 and 1/300 for na t~~ra l  mating and artificid 
insemination, respectively, two inseminations per 
successful pregnancy and anliual survival rates of 
rams and ewes bet~ieen0.90 and 0.95. 

For the profit estimation the following cost 
components were calculated. The required fixed 
breeding costs of a breeding unit with sizes 10 000 
and 80 000 ewes are 28 300 and 75 500 European 
currency units (ECUs), respectively. Furthermore, 
costs for milk recording are 10.0 (milk yield) and 15.0 
(fat yield) ECUs per ewe and year, respectively, for 
artificial insemination 2.0 per insemination, 410.0 
ECUs for each waiting ram and year until progeny 
records are obtained and 125.0 ECUs for each tested 
ram and year for recording fattening performance ill 
station. Other variable breeding costs are: recording 
of litter size 0.5 ECUs per ewe and year, planned 

Table 3 Hcritabilitii~s (on the d ia~~ot ia l ) ,  gcn~~t ic .  corrrliztions (brlorcl the iiiilgoiinl) i~riil [ J I I P I I ~ I ~ ~ P ~ C  ~ o r ~ t ~ l f l t i ~ i ~ ~  ( f l b ~ ~ ~ i '  tlli' dingor~nl) of 
soinc milk, rcprodi~ctioii,fattttiii11~y arid carcass traits ill sheep (nvt~rngr litt,ruturc. i~sti?rri~tc,sl 

Traits 1 2 3 3 5 6 7 8 9 10 11 

1 .  Milk yield 
(kg) 0.25 0.80 

2. Fdt yield 
(kg) 0.80 0.30 

3. Protein yield 
(kg)  0.80 0.80 

4. Fat content 
-0.30 0-30 

5. I'rotein content 
(g111 -0.35 0 

6. No. of lambs 
born 0.05 0-05 

7. No. of lambs 
weaned 0.10 0-05 

8. C'1rcass fat deptli 
(mm) -0.30 -0.25 

9. Ultrasonic &it 
denth (mm) -0.25 -0-25 -0.10 0 i) 0 0 0.65 0.20 0-20 0.1 5 

L < ,  

10. Daily gain in 
station (g) 0.10 0.10 0 0 0 0 0 0.30 0.25 0.30 0.90 

11. Daily gain in 
field (g) 0.10 0.10 0 0 0 0 0 0.20 0.15 0.75 0.15 
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niatings 1.0 ECUs per ewe dnd year. The costs are 
assumed to be discounted at '1 rdte of 0.03 and tlie 
returns at a higlicr rate of 0.05; the in\ estnient period 
is considered 25 years. 

S~~li'c~tio~l sciii'/~ii~s 
The gcmetic arid economic efficiency of three 
selection scliemcs was investigated for objective l; 
these were devised by accounting for applicability 
and limited use of artificial insemin'ition (AI) under 
current conditions of the Greek dairy sheep industry. 
The first selection scheme (Young Ram), assumes no 
progeny testing of rams, no use of AT, while selection 
of ewe lambs is based on pedigree information and 
of young rams on pedigree and paternal half-sib 
records. The second selection scheme (Old R,lm) 
presumes progeny testing of rams for milk 
performance, selection of ewe lambs is based on 
pedigree information, of young rams on pedigree 
and paternal half-sib records and of the progeny 
tested rams on pedigree and progeny records. 
Furthermore, AI is used for accomplishing the test 
niatings. The third selection scheme (Nucleus) is the 
same as the preceding but here the breeding unit is 
separated into two tiers: a nucleus (0.005 of the 
population) formed by 'elite' flocks, where ewes are 
sekcted on two successive lactation records and a 
pre-nucleus (0.095 of the population) where ewes are 
selected on pedigree and first lactation records. 
Males are selected as in the Old Ram scheme. The 
pre-nucleus serves as a basis for screening superior 
ewes for nucleus replacements, to provid; the 
capacity for progeny testing and to operate as ram 
multiplier for commercial herds. In this selection 
scheme, AI is used for both planned and test 
matings. Furthermore, assuming standardized 
environmental conditions in the nucleus flocks, the 
heritabilities given for tlie selection traits can be 
higher, assumed to be 1.25 times. It is assumed that 
the breeding unit where milk recording is applied, 
has the same size across the three selection schemes, 
i.e. 0.10 of the population. In both the Old Ram and 
Nucleus schemes, the size of test matings is 0.35 of 
the breeding unit and the number of daughters per 
test ram 40. The nucleus is 0.40 open, i.e. 0.40 of the 
annual ewe replacements in the nucleus is coming 
from the pre-n;cleus. 

Variutiorl rftlle populnfiorl and biological p~n~ilrrrctpr:: 
The effect on annual genetic gain of altering four 
population parameters and one biological parameter 
was investigated. The four population parameters 
were: nucleus size in relation to the pre-nucleus size, 
proportion of the test matings in relation to the 
number of daughters per test ram and degree of 
opening the nucleus to replacement rates from the 
pre-nucleus. Nucleus size was varied in three levels: 
0.005, 0.01 and 0.05 of the total population in relation 

to tour pre-nucleus sizes: 0.10, 0.20, CI.3CI and 0.40 of 
the popi~lation. Test matings were assunled to be 
0.05 of thc prc-nucleus ancl the number of claughtcrs 
per test ram was 40. The degree of opening the 
nucleus was 0.10. 

Thc proportion of the test niatings was 1 dried from 
0.20 t o  (1.60 of tlie pre-nucleus and the number of 
daughters per test ram was varied from 20 to 80. The 
nucleus and pre-nucleus sizes were 0.005 and 0495 
of the population, respectively and the degree of 
opening the nucleus was 0.40. 

The degree of opening the nucleus ~ ~ ~ 1 s  varied from 0 
to 100°4, replacement rates from the pre-nucleus. The 
nucleus and pre-nucleus sizes were 0.005 and 0.095 
of the population, respectively, the test matings were 
0.60 of the pre-nucleus and the number of daughters 
per test ram was 60. 

The effect of the biological parameter investigated 
was the productive lifetime of the various selection 
groups These animal groups were: sires of sires and 
sires of dams (variation of productive lifetime from 1 
to 2 years), dams of sires (variation of productive 
lifetime from 1 to 3 years) and dams of dams 
(variation of productive lifetime from 3 to 4 years). 

Results 
Compnvlwn cf the cconomlc and ycnPtzc effi~~eizc~/ of t h ~  
thvec 5elcctlon sclzernc5 
The economic and genet~c efficiency of the three 
select~on scheme5 is discussed in terms of annual 
genetic gain, prof~t  per ewe in the population (in 
ECUs) and annual select~on responses (Table 4) 

Results reveal a clear superiority of the Old Ram 
scheme over the Young Ram in terms of profit 8.92 sl. 
5.17 ECUs) and of annual genetic gain (1.64 z ~ .  0.86 
ECUs). Proportionally higher rates of annual 
selection responses, between 0.10 and 0.32 in the case 
of reproduction traits and up to 0.92 for milk traits, 
were also obtained. This can be attributed to the 
progeny testing of the rams. However, the Old Ram 
scheme has higher variable breeding costs (0.24 71. 

0.05 ECUs) arising from the costs of keeping the rams 
until their progeny records are obtained and the use 
of AI for accomplishing tlie test matings. Contrasting 
the Nucleus scheme to the Old Ram one, 0.65 higher 
genetic gain was attained (2.71 v. 1.64 ECUs). 
Furthermore, 0.60 higher rates of annual selection 
responses for milk traits and up to 1.60 to 2.00 for the 
reproduction traits were also obtained. This can be 
attributed, apart from progeny testing, to the 
planned mat~ngs and the higher selection accuracy of 
nucleus ewes. However, returns and prof~t were 
smaller compared to those achieved in the Old Ram 
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Table 4 Eioiio11iii. i i i i i i  ~ciic'iic- i . f f ic i~~ric . t /  of tlic' t/ii.c,c, sc~/i7c~lioii 
~c ' / lc ' l l i l ' i  l l l l i f l ' l ~  i~b;~'e'ili'i' 1 

Brcding schciiie~ 

- ~ 

A n n ~ ~ a l  genetic 
gain (ECUs) 0-8t 1.64 2 71 

Returns (E( UI) (3.33 10-27 9.57 
Costs (ECUs) !.l(> 1.35 1-07 
Profit (ECUh) 5.17 8.02 8.20 
Aruu~al selection 
response per trait 

(a) in the aggreg'lte 
breeding value 
Milk y icld (kg) 1.1 2.7 1.3 
No. o f  lambs weancc1 0.002 1 0-002Y (1.0075 

(h) corrrl,~tcd 
Fat yield (kg) 0.081 0.1 h9 0.2(17 
Protein yield (kg) 0.0h I 0- 121 0.195 
Fat content (g/I) -0.10 -0.20 0 - 3 2  
Protein content (g /  l )  -0.07 0 - 1 5  -0.24 
No. of lambs born 0.0(133 0.(1036 (1.0 122 

scheme (9.57 r l .  10.27 ECUs) due to the limited size of 
nucleus and to the longer time lag required to 
disseminate the genetic gain from nucleus to the 
production unit as a result of the iiivolvement of tlie 
p re-nucleus. 

V~zriatic~n o f ' f /w SIZC o f f l i ~  ~ L I C ~ L V S  

A change in s i ~ e  of the nucleus from 0.005 to 0.05 of 
the population was associated with positive effect on 
annual genetic gain (Figure 1). 

I 

0.5 J 5 

Slze of the nucleus ("0 of the population) 

Figure 1 Annual genetic gain (ECUs) in relation to the size 
of nucleus. 'Test matings: 0.35 ot the pre-~iucleus. Nulliber of 
d,i~cghters per test ram: 30. Degree of opel~ing the nucleus: 
0.40. I're-nucleus: 0- 10 (-a-), 0.20 (-m-), 0.30 (-X-), 
0.1(1 (&) of the population. 

20 30 30 50 60 

Test matings ('h of the pre-nucleus) 

Figure 2 Annudl genetic gain (ECUs) in relation to the 
proportion of the test m,ltings and the number of d,iughters 
per test rani. Popul,~tion size: 200 l)00. Nucleus s i ~ c :  0.005 of 
the population. Pre-nucleus size: 0.095 ot the popul,ition. 
Degree of upwing the nucleus: 0-40. Nunlber ot daughters 
per test ram: 20 (U), 30 (m), h0 (U), 80 (m). 

V i ~ r ~ n f ~ o u  of the, jlioportioir cf tl~r. fcz5 f  n l ~ ~ t ~ i i g i  i~ild f l v  
rzuirtbci of ~ f a u ~ l i f ~ ~  5 pt'r t c i f  ri7m 
The Increase m the number of the test mati~igs had a 
po5ltlve effect on the annual genet~c gain (F~gure 2) 
Increasing tlie number of daughters per test ram had 
also a positive effect on the annual genet~c galn 
However, the latter Increase is not proport~onal, so 
that for small proport~ons of test mat~ngs (20 to 30%) 
of the pre-nucleus), increasing the ~iumber of 
daughters beyond 40 does nut affect the annual 
genet~c gain 

DCSYPL~ of opciliilg the nlrclcw 
Opening the nucleus by screening some of the female 
replacemei~ts from the pre-nucleus does not have a 
positive effect on the annual genetic gain (F~gure 3). 

Figure 3 Annual genctic gain (ECUs) in relation to the 
degree of opening the tiucleus. I'opulation size: 200 000. 
Nucleus size: 0.005 of the popuhton, Pre-nucleus size: 0.095 
of the population. 'l'est matings: 0.60 of the pre-nucleus. 
Numbcr of daughters per test ram: 60. 
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Table 5 Aiiiiiiiii ;;czii~ztii- ,yniii (CC) iii ECII,, iii r.c.iiitioii to t/!iz 

/ ~ r c ~ t i ! i c ~ / i ~ ~ i ~  11 f i t 111 i~~  of o!rr~oi!h w / ~ ~ ~ . t / i ~ / i  ;;r~ii/ is  1 1 1  t l i i ,  I I I / ~ - / C I ~ S  

I'roclucti\ e Producti\ c 
l i  tetime I'rod~~ctivt> lifctirnt. (4  ear:.) 
(ye,>rs) litetime (ye'irs) crt ot iires to breed il,>ln\ 
of sires clams to hrccd 
to b~-txtx~i I 2 
sires 51re. dams ( ;C;  (ECUs) C;(; (FCUs) 

Vrlrimtiorl ~V't l lr  prai(lrcfi/le lif7firnc 
Shorter productive lifetimes for the various selection 
groups resulted in increased annual genetic gains 
since it is linked to shorter mean generation intervals 
(Table 5). 

Conipnvisofr qf thr u~lafiac, cfiicicncy of the fhvce h v ~ ~ r d i ~ l g  
ol~jecf ivt.5 
The comparison of the relative efficiency of the three 
breeding objectives showed that the genetic and 
economic efficiency of objective 2 is about 0.97 that of 
objective 3 (Table 6). This figure implies that even in 
case where it would be necessary to define a 
breeding objective like objective 3, defining 
alteri~atively a breeding objective like objective 2 
would result in about 3'% losses in efficiencics. l'he 
11igli efficiency of objective 2 is also reflected in the 
high annual selection responses of single traits in the 
aggregate breeding value (Table 7). When comparing 
objective 2 with 1, losses of selection responses for 

Table 6 Ri~lirlii~c. ,ycrilZlii. oilif c~coiloiiiic- c~ff7cic~r1c.y i f  t l i ~ .  t1ii.c.i- 

bl.i~i~fiii;: objrc.tiuos 

Alternative breeding objective 

Defined Objectibc l Objective 2 Objective 3 
brec~ding 
objective G C t  I1l.otit GG Profit GG Profit 

C)hjectivr 1 100 100 4 81.0 85.5 83.7 
Objective 2 8 1.7 79.1 100 100 9'1.U '19.8 
Objective 3 80.8 77-4 97.6 96.5 100 100 

t Annu'll genetic p i n  (ECUs). 

Table 7 Ariiiiriil ~1it . t ioii  rz~sjloi!~iZ o/ /i.irit. iii tiic~ ii,q,yri;yirti~ 

lli.~'i'iiiii~< i~iiliirs f c ~ r  / / / c ,  tiii.c'i~ 1111~c~iiiii;~ i~bji~c t i i ' i s t  

Milk ield (kg) 5-6 (4.9) (5.0) 
F'lt yield (kg) (0.35) 0-4h 
WO. ot I,~mhs ~~c,,inecl 0-0102 0.0071 0.005 l 
Daily gain (S) (0-61) (0-65) 0 74 
c, aic,iss . - t,it depth (mm)  ( -0 .0h5)  (-0.057) 0 . 0 7 2  

t Numbers in p,~senthescs denote no emergence of the 
traits in tlic, aggregate hrveding valuc. 

milk yield (5.6 i l .  4.9 kg) and for the number of lambs 
weaned (0.0102 rl. 0.0071) are observed. This can be 
attributed to the smaller relativc importance of 
reproductio~~ traits in the second objective (sec Table 
2). In contrast, gains of selection response for fat 
yield (0.45 ii. 0.35kg) were found due to the 
favourable relative importance of milk traits (fat 
yield) in objective 2. In objective 3, responses for the 
reproduction traits were further reduced because of 
their smaller relative monetary genetic variation. In 
objective 3, relatively higher rates for daily gain, 0.74 
71. 0.65 g (objective 2) and carcass fat depth -0.072 71. 

0.065 mm (objective 1) were achieved as a result of 
selection on these traits. 

Discussion 
Usually in establishing a breeding programme 
compromises have to be made between achieving a 
certain degree of selection accuracy and minimizing 
costs. The compromise is reflected in the extent to 
which milk recording and artificial insemiilatioil 
services can be operated and adapted for use in 
animal improvelnent (Hinks, 1978). In dairy sheep 
both activities are associated with either high costs or 
certain technical constraints, respectively. Costs of 
Inilk recordiilg for ewes, per unit of milk quantity, 
are significantly higher compared with other dairy 
species (Flamant and Barillet, 1982). Until now, milk 
recording in the Karagouniki ewes has been carried 
out with the official method, A-type. Results have 
showed that even in the case where the selectioi~ 
programmes are charged with high variable 
breeding costs such as the recording of milk fat, 
genetic improvement in the Karagouniki breed could 
be coupled with respectable profit (20 to 30 ECUs) 
17er ewe in the population. It should be pointed out, 
howe\,er, that these figures were attained under 
optimal population struct~lre aiid selection strategies. 

Another important constraint also to be considered is 
the use of the AI technique in combination with the 
synchronization of oestrus. Due to intensified 
research and technical development in recent years 
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these tecliniclues  ha\^ grc'ltly advanced in countries 
of mrestern huropc. (c.g. France) where there is a I~igli 
density of shcep. The inseminations ,ire mninly 
cxried out with chilled semen. This, l~owe\rer, 
allows the use of the semen only within a r ~ d i u s  of 
200 to 300 km around thc AI centre. Although results 
are satisfactory, two inseminations are needed to 
c~chieve high rates of  fertility. This makes AI in dairy 
sheep an expensive nietliod and explains why it is 
not wideswread. On the othcr hand. mrl~ilst the 
freezing process is simple and efficient there are 
some practical problems preventing the use of 
deep-frozen semen of progeny tested rams on '1 

larger scale. This limits the efficiency of scrnen deep- 
freezing and makes it a11 expensive activity justified 
and reserved only for the best sires (Collas, 1979). AI 
in the Karagouniki breed is already being applied 
using fresh semen. In 1988, about 14 000 doses were 
used and thus about 7 000 ewes could be artificially 
inseminated ver vear. Since a certain amount of 

1 ,  

expertise is already achieved, a potential increase in 
the use of A1 in breeding call be regarded as possible. 
This increase would, however, require high 
diversification of A I  facilities and expenses. 

As the first breeding scheme (Young Ram) showed, 
genetic improvement may be attained witl~out AI. 
However, in order to achieve high rates of annual 
genetic gain, of profit and selection responses, the 
use of AI has to be introduced and diversified. Only 
AI enables the adoption of selection activities like 
progeny testing and planned matings in a most 
efficient way. This fact is clearly demonstrated by the 
high genetic and economic efficiency of the Old Ram 
and Nucleus schemes. Progeny testing of breeding 
rams can be carried out by natural mating, as 
practical experience in Italy and France has proved 
(Barillet 1.f al., 1986), but it is linked with some 
disadvantages. Only a small number of daughters 
ner test ram. dis~7ersed in a few herds able to ~ r o v i d e  , I 

testing facilities, can be attained. As C? consequence, 
high selection accuracy of progeny tested rams 
cannot be achieved and possible genotype X 
environment interactions may lead to biased 
estimates for the breeding values of rams. 
Furthermore, in order to achieve high selection 
responses about 0.60 to 0.70 of the ewes in the 
recorded population should be mated with tcst rains 
(Barillet ct al., 1986). 

Thus, a first step for developing a modern selectio~~ 
strategy for the Karagouniki breed could be to 
organize and diversify the test mating prc~cedure by 
increasii~g the number of the tcst ~ndtings and 
recording up to 40 daughters per test ram. 

A second step should be the est,~blishment of a 
nucleus. The nucleus displays the ,~d\rantage of the 

standardized en\,irol~mental conditions which ,tllo~v 
the increc>se in thc ~Iccur~lcy of the estimation ot the 
breeding \ alues o f  breeding animals. The c~d\,antage 
of the open n~~c leus  hy screening female animals 
from a larger basis and thus ,ichieving a higher 
selt~c.tio11 i~ltelisity for the nucleus female 
replacements docs not apply here. The reason tor this 
c m  be found in the lower selection accuracy o f  tlie 
females outside tlie nucleus. 'The nucleus could 
therefore be kept closed to avoicl costs arising from 
transferring larger number of animals from pre- 
nucleus herds. This is also found in other literature 
references regarding meat and wool sheep (Jackson 
and Turner, 1972; Hopkins, 1978). An increase in the 
size of the nucleus from 0.005 to 0.05 resulted in 
increascd annual genetic gain. This result can be 
ascribed to the increased selection intensity of thc 
elite ewes taking part in the planned matings and of 
the test rams to accomplish the test matings. The size 
of the nucleus should be large enough (about 0.05) of 
the population because of t l~ree reasons: (i) it would 
provide the whole system with rams of superior 
genetic qualities since only progeny tested rams 
would breed in the nucleus and young rams, 
offspring of the progeny tested rams, would mate in 
the production unit on a natural mating basis; as a 
consequence, the time-lag required to disseminate 
the genetic superiority of the nucleus to the 
production tier could be substantially reduced, (ii) it 
forms a wide selection basis for selecting the ewes 
taking part in the planned matings and (iii) it 
minimizes the rates of inbreeding. A larger nucleus 
may be also profitable but in such a case the limiting 
factor might be the associated higher costs. 

The nucleus may be first introduced oil institutional 
herds (supervised by the Ministry of Agriculture) 
and developed gradually over a certain period. This 
would also favour close supervision, continual 
monitoring and demonstration of techniques. As 
experience improves and profits accrue, the nucleus 
could be extended in size. Another possibility is the 
establishment of a nucleus in the form of a small 
enterprise. This enterprise could be funded by some 
of the breeders already participating in the milk 
rt,cording scheme. 

Results have also demonstrated that a breeding 
objective comprising fat yield and number of lambs 
weaned per ewe per annum represents a xrery 
efficient and realistic breeding objective for the 
Karagouniki breed. However, in order to achieve 
such a breeding objective, selection should be based 
on the traits fat yield and number of lambs born per 
ewe per annum. In such a case, l~owever, recording 
of fat content has to be introduced widely to the 
whole recorded population. Alternatively, this could 
be achieved rationally by adopting simplified 
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recording mcthods, for instance, by reducing the 
number o f  samples (two to threc) tested on fat 
content per ewe and lactation periocl. While the 
possibilitv of widespread use of fat recording sccms 
rather ~~nre~ilistic at least for the next 5 to 10 years, 
this proposal could serve as ,I guideline for distant 
f u t ~ ~ r e  breeding activities. Selection on tat yield has 
the important advantages of n o  loss of protein and 
fat content and of an increase in fat and protein 
yields. These responses have an iinpnct on  the cheese 
production efficiency and therefore are of major 
importance for the regional creameries. 

The incorporation of daily p i n  and carcass fat depth 
in the breeding objective did not prove to be mucl1 
more profitable or genetically efficient overall. This 
result is in agreement with other literature 
references. In proposing a general improvement 
strategy for dual-purpose sheep Barillet et ill. (1988) 
examined several selection schemes comprising 
selection on milk yield alone, on milk yield and 
prolificacy and finally on milk yield, prolificacy, 
growth rate and carcass traits. AI in the recorded 
population combined with natural mating in the 
commercial flocks was '~ssumed. Results in this work 
showed that selection on fattening and carcass traits 
leads to increases of only about 0.08 for the 
discounted returns. It is, however, not clear whether 
the various proposed selection schemes shared the 
same or different breeding objectives. Furthermore 
the authors have concluded that in breeds with small 
adult weight (40 to 60 kg), such as the Manech and 
Sarda breeds, selection should be restricted to merely 
milk performance while big-sized breeds, such as the 
Lacaune and Manchega, with adult body weight 70 
to 80 kg, combined selection on milk and fattening 
performance may be justified. 

In the Karagouniki breed there are three types: the 
Kardista, Trikala and the Palama type. The latter one 
represents a heavier type than the other two. In cases 
where the production system changes to fattening 
lambs to heavier weights, selection on fattening 
performance and carcass composition could 
concentrate on this type. Genetic improvement is one 
of the most useful strategies for effective change in 
carcass composition, since it is permanent, 
cumulative and usually highly cost effective (Simm 
and Murphy, 1996). A number of selection 
experiments have been conducted involving 
divergent selection on measurements of ultrasonic 
fat depth, adjusted for live weight (Bennett c>t id., 
1988) or on indices based on live body weight and 
ultrasonic fat depth (Cameron and Bracken, 1992; 
Bishop, 1993). The ii~dices were designed to alter 
body composition without a corresponding change 
in live weight. In all of these experiments rates of 
genetic change in excess of proportionately 0.01 to 

0.04 per '111nuni for ~l t r~isonic  backfat and lnuscle 
depths, increased carcass Iran weight and proportion 
and decreased fat weight and proportion, ha\,e been 
achieved. 

Another strategy, which allows rapid adaptation of 
the productio~~ system to changing market clemands, 
is crossbreeding the cwes not needed for herd 
replacements in the hill and mountain regions, 
rvlostly sni,~ll-si~ed '~nimals, with rams of specialized 
meat breeds or with rams of heavier breeds 01. types. 
There is enough evidence that fattening performance 
of nati\,e meat ewes can be improved whcn mated 
witli rams of exotic breeds. Crossing Suffolk rams 
with Gliezel (a fat-tailed Iranian sheep) ewes, 
resulted in improved birth weight, daily gain and 
final weight (Taleghani p t  al., 1975). l'omov (1969) 
reported that crossing Dobricka ewes (a Bulgarian 
native breed) witli Hampshire, Oxford, Suffolk and 
Clun Forest rams increased birth weight, weaning 
weight '~nd post-weaning daily gain. Makarechian 1.t 
ill. (1977) in a study o f  crossing three fat-tailed 
Iranian ewes with Corriedale and Targliee rams 
found that crossbreds were superior to purebreds, 
7'%, in pre-weaning average daily p i n  and up to 
18.4'Yiu in the post-weaning daily gain. Such a 
strategy, however, may be linked with certain 
problems, the most important being the poor 
adaptability of exotic rams ~lnder the harsh 
environmental conditions in Greece. 

Acknowledgements 
'The research was supported by an award of the Greek State 
Scholarships Foundation. 

References 
Atkins, K. D. and Thompson, R. 1Y86a. Predicted and 
realized responses to selection tor a n  index of bone length 
and body weight in Scottisl~ Rlackface shecp. 1. Responses 
in the index and component traits. Ar~rrriizl I'roiluctioll 43: 
421-435. 

Atkins, K.  D. and Thompson, R. 198611. Predicted and 
realized responses to selcction for ,In index of bone length 
and body weight in Scottish B l a ~ k f ~ ~ c c  sheep. 2. Correlclted 
responses in lifetllne productivity. Aiiiinal l'ro~i~iclioii 43: 
43-34.' 

Barillet, F. and Boichard, D. 1987. Studies on dairy 
production of milking ewes. I. Estimates oi genetic 
p'iraneters for total milk composition and yield. (;i>rrc.tii.s, 
S~'ic~ctioi1, Evoiiit ioii 19: 450-474. 

Barillet, F., Elsen, J .  M. and Roussely, M. 1986. 
Optimization of ,l selection scheme for milk composition 
and yield in milking cwes: example of  the Lacnunr breed. 
Procc.c,diilgs of thcz 111iril i110i.ld c-oii$rcss oil gc'iic'1ii.s iipplic2il to 
l i i l i ~ ~ t ~ ~ k  [~rc)tiiic-liorl, Liiic-olil, vol. c), pp. 658-663. 

Barillet, F., Elsen, J. M., Roussely, M., Belloc, J. P., Brios, 
M., Casu, S., Carta, R. and Poievy, J.  P. 1988. Selection 



Selection schemes for dairy sheep 461 

lait-\ iande en brebis Iciiticrcs. l'roe~c~c~tii~r~s of tirc. iliirii iilorlii 
co~igr~ss oii i l i l a i y ~  i r i i i l  11c.c.f c-iittlc~ liri~oiiiri,y, IJi7iis, i'iii. 1. pp. 
46~-490.  INRA, P'iris 

Bennett, G. L., Meyer, H. H. and Kirton, A. H. 1988. Effect5 
oi selection tor divcrgcnt ultr,~sonic fat depth in r,lrnh on 
progeny tatnes5. Aiiirriiil Pio~iiiitioir 47: 37L)-786. 

Bishop, S. C. 1YC).3. Selection for predictccl carcas le,in 
content in Scottish Blackface sheep. A~iirriiii Proiiitrlrciii 56: 
379-386. 

Cameron, N. D. and Bracken, J. 1992. Selection !or c'lrc~lss 
lean contcnt in a terminal sire b r e d  of sheep. Aiiiiiiill 
Prodrri.tiori 54: 367-377. 

Cameron, N. D. and Smith, C. 198.4 Estin~~ition ot carcdss 
le,~nness in young rams. Ariii~riil IJrodirclioil 40: 70.7-308. 

Casu, S., Carta, R. and Flamant, J. C. 1975. Amelioration 
geneticlue de la production laitiere dcs brebis Sardes. 1. 
Heritabilites et correl,ltions entre caracteres. Gr~ll'ti~.s, 
Si~l~cliori, Eriolrrtior~ 7: 73-90. 

Ch'ang, T. S. and Rae, L. A. 1972. The genetic basis of 
growth, reproduction and maternal environment ot the 
ewe. Airstrt7lia11 fi~rrrr~til of A,yric-lrltrrrc, Rcsn7i.c-11 23: 149-1 65. 

Collas, G. 1979. Fertility in the ewe after artificial 
insemination with fresh and frozen semen at the induced 
oestrus, and influence of the photoperiod on the semen 
quality of the ram. 1.iur.stock Prodrictiorr Scicrlc~ 6: 153-166. 

Flamant, J. C. and Barillet, F. 1982. Adaptation of the 
principles of selection for milk production to milking ewes: 
a review. Liivstock Protllrction Scierlcr 9: 549-559. 

Forrest, P. A. and Bichard, M. 1974. Analysis of production 
records from ,I lowland sheep flock. 3. Phenotvpic and 
genetic parameters for reproductive performance. Arliiiriil 
Prodrrctioi~ 19: 33-45. 

Hinks, C. J. M. 1978. The use of centralised bwccling 
schemes in dairy cattle improvement. A~ii~wnl Rrl~i~rfii?,y 
Abstrncts 46: 291297. 

Hopkins, I. R. 1978. Some optimum dee structures and 
selection methods in open nucleus breed~ng schemes with 
overlapping generations. Airiitri~l IJrorlui.tioil 26: 267-276. 

Jackson, N. and Turner, H. N. 1972. Optimal structure for '1 
co-operative nucleus breeding system. Procccifii~gs of t l i ~  
Atrstralini~ Society c!fAiiiii~n/ Prodrrctioir 9: 55-64. 

Kalaisakis, P,, Papadimitriou, T., Zervas, N., Boyazoglou, 
J. G. T. and Flamant, J. C. 1977. Comparaison des races 
ovines et Frisonne avec leurs production laitiere 
croisements en Grece continentale. IJ. I'roduction laitierr. 
Cc~ilc>trcs, Sr~lectiotr, t'.ilol~rtror~ 9: 181-203. 

Karras, K. 1983. [ZPLAN - '1 computer progr'im for 
optimising breeding schemes.] Poiykoj~ic. ~11~irii~r.rfiicl 
t to / l~~~l / l l~ i l~~.  

Kominakis, A. 1991. Modcl cC~lcul,ltions for optimising 
breeding schemes in the Karagouniko dairy shcep of 
Greece. 1'11.tI. thc~is, Llirizv,rsit!/ Ho/ioi~/i~i~ri, Strrtt,ylvl, 
G~~rll~l7~11/. 

Makarechian, M., Farid, A. and Sefidbakht, N. 1977. I ,imh 
growth pt,rtorrnnnce of Ir'inian fat-t<lilcd K,lrah~11, 
MehraLxln and Nneini brcccls ol sheep , ~ n d  their crossei 
with C'orricdale and 1,lrghee rams. Aiii~~itii I'r~>iiirctioii 25: 
731-341. 

Mavrogenis, A. P., Louka, A. and Robinson, 0. W. lL)80. 
Estim~tes of gcnctic parameters for pre-weaning 'lnci 
p ~ s t - w e ~ ~ n ~ n g  grn~vt11 tr,~its ol C'hios lambs, Ailiiiriii 
P~.oiiuctiori 30: 27 1-276 

Niebel, E., Karras, K. and Fewson, D. 1989. ZUPT 4 K .  -2 
computcr program for optimisation of breeding plans. 
Institut fuer Tierlialtung und Tierzuechtung cicyr 
Universitaet Hohenheim. Pol!/koprz Lli~ii~c.rsitn~t Ilol~rtii~i~iiri. 

Parratt, A. C., Burt, C. M., Bennett, G. L., Clarke, J. N., 
Kirton, A. H. and Rae, A. L. 1987. Hcritabilities, genetic , ~ n d  
phenotypic correl'ltions for carcass traits and ultrcwmic fat 
dcpth of sheep. Proc~~~diiigs 11f tlic sixtli coiifi'rc'ilic', A11strilliiiii 
Asscjciii/iciri of Ai~i~rial Brtv~iIrii,y 1111lf Gi~ri(~lic.s, Ll11i~l~~r51ty 
W(.strrir Azrstr(iliii, Prrtll, pp. 76-78, 

Purser, A. F. 1965. Repeatability dnd heritability i n  hill 
sheep. Ariiilinl I'roilrrctiiiir 7: 75-82. 

Rogdakis, E., Pappas, V. and Papadimitriou, T. 1988. Data 
analysis from the National Milk Recording Scheme in the 
Creek Karago~~niki sheep breed. Ariii~ini Sci~,r~cc. Rez~imii 8: 
17-33. 

Simm, G. and Dingwall, W. S. 1989. Selection indices for 
lean meat production in sheep. Li.i~r,stock l'rodllctio~~ 5cicii1-c' 
21: 223-233. 

Simm, G. and Murphy, S. V. 1996. 'l'he effects of selection 
for lean growth in Suffolk sires on the saleable meat yield of 
their crossbred progeny. Aniiwizl IJ ro~f~~ct i~~r i  62: 255-263. 

Simm, G., Young, M. J. and Beatson, P. R. 1987. An 
economic selection index for Ican production in New 
Zealand sheep. Aiiinrai l'rodlictioiz 45: 465-475. 

Taleghani, H., Bennett, J. A. and Riggs, B. L. 1975. Growth 
rate of fat tail and exotic cross lambs. ~o~irrrnl i!f Aiiinii~l 
Srirrlrp 41: 283 (abstr.). 

Tomov, I. 1969. A note on comniercial crossing of Bulgaria11 
fine-wool ewes with rams of English short-wool breeds. 
Airiirinl I'rotlirctioii 11: 107-109. 

Wolf, B. T., Smith, C., King, J. W. B. and Nicholson, D. 
1981. Genetic parameters of growth and carcass 
composition in crossbred lambs. Ai~irriiil Puodlrctioir 32: 1-7. 

Zervas, N. P,, Boyazoglou, J. G., Kalaisakis, F., 
Papadimitriou, T. and Flamant, J. C. 1975. Comparaison 
des races ovines Cliios et Frisonne avec Ieurs croisements 
en C;rece continentale. I. Viabilit? et reproduction. Grtic,tic-S, 
S~,lri.tiori, Cv~liitiiiii 7: 277-291. 



Estimating the metabolizable energy requirement for pregnancy in 
sheep 

Abstract 

A rrrodi~l is d i~!c , lo f~c~d  irr rillric.11 tire2 ir~c~tirl~c~iizi~blc~ cJr7c'1;:'!/ (MF) i.(~1iiiri~irlc,irt f i ~ r  , q r ~ ~ o f l l  iiir~i 1iii7irlti~ilirii,.i~ elf tlii' 

fi7c,f1rs, ir/c7rlrs iirlii l i~ii l i~r i7r.i' i l i ~c r ih i~d  c2x/~lic.itly f i ~ r  slrc~~/,. Tlrc' cffii-io1c.y o f  tlii' rise o f  M E  h ~ r  t 1 1 ~  gr(1iil111 o f  lircl 
~ J ~ L I ~ L I I - ~ ~  o f  ~ - ~ ~ r ~ c o ~ / ~ t i o i ~  (k,,) is i ~ s s i r r r ~ ~ ~ ~ l  to 111, flrc s(7ri11, (7s tlii7t f i ~ r  ; ; r ~ w f / i  i11 1111rr-j1ri~;;rli71it i711iii117ls. llsirl;; tllc, 

rcsirlts fioirr tlrc' rrrodcl to nrlcllli~tr tlrl? rfficirrii!/ c?f 1 1 1 ~ .  11~1, i?f ME for roirci7;~l~ls ~ i 0 i i 1 l l ~  (k,) irr 11ic~ iorrr~cvrtioirl71 

irli71zi1~>r yii71iis v o / i / ~ ~ i  r o i f l ~  f l  s i i~il(7r 11117~yriif~rifi~ i7ir~i sirr~il(~r ~7rii7tii111 i [ l i f l~  j~o~ i  l]ill7/if!j 17.5 / I I ~ J ~ L >  ~~.<ti1/117!c~ii 

rx~~c~rirrlc~rrti7//~/. It is corrc-lirrl~~f tllat sq~aril tcly n c c o l r r l l i ~ ~ ~ f i ~ r  tlrr ~ r o i i ~ l l r  i7rlif rrririillci~iirrcc c$ Ilrcfortlrs, ~rte,rlrs iiilif 
lrcl~i~>r. is j~ro.fr.r.obl(~ irr rrrodrls birt ~r~r/rrrssilr:l/ irlfiriiirlg sl i~iidi~rds.  

Introduction 
Agricultural Research Council (1980) suggested a 
value of 0.133 for the efficiency of use of 
metabolizable energy (ME) for growth of tlie 
concel-7tus (k,). This or siiliilar valueshave been used 
extensi\,ely for calc~~lating the daily ME requirement 
of p r e g i ~ ~ ~ n t  sheep (e.g. CSIRO, 1990; Agricultural 
ancl Food liesearch Council (AFRC), 1990) a i ~ d  in the 
simulation modelliilg sheep production (e.g. Vera 1.f 

ill., 1977; Geisler ancl Joncs, 1979; Finlayson 1.t nl.,  
1995). 'T'he authors 01 the Austr,lli,ln 1:eeding 
Standards for Livestock (CSIIIO, 1990) point out that 
this efficiency is surprisingly Ion' when c o ~ n p ~ ~ r e d  
with tlie efficiency of use of ME for weiglit e l in  in 
non-pregnant animals. 'l'hey suggest that this is 
because all tlic cncrgy costs (the growth ,~nci 
mainten'ince of uterus, foetus and udder) are 
incorporated in the calculation of the efficiency of 
ME use for conceptus growth. This is not c11w,1~7s the 
case; Rattray ct ill. (19741) deducted the energy used 
for in~lmrnary growth when calculating tlie efficiency 
of energy use for conceptus growth. Nevertheless, it 
is usual to include the udder growth ancl cumulati\.e 
additional inaii~ten~ince costs in the calculation ot k, . 

CCilculating kt in the ,ibo\.e rn'lnner has implications 
for the w,iy it cclli be used in cstiinating ddily energy 
rccluirenients or the daily consecluences of a given 
level of energy intake by pregnant animals. To bcl 

theoretically justifiable, the following conditions 
must be mct: (a) the encrgy deposition ill the 
mammary tissue sl~ould be ignored; (b) tlic 
cC~lculation of the maintenC1nce energy recluirement 
should be inacle on the basis of the live weight of the 
non-pregnant animal. 

If tl~ese cond~tions 'lie not met, thele will be double 
accounting of the addlt~onal energ) reclu~rcmcnts 
ciuring pregnant) 

Under some circumstances, it mcly be preferdble 
explicitly to accout~t for both the growth of 
mainm,lry tissue and the maintenance requirenirnt 
of the products of conception. Such '3ccounting is 
posibblc i f  onc can estiinate the growrth of the 
malninnry tissue, the true efficiency of ME use for 
conceptus g ro~r th  'lnd tlie maintenancc recl~iircments 
of the conceptus and the ~~cidition,ll mainrn,iry tissue. 
'The following model is used t o  in\~estig'ite how this 
Inay he clcl?ie\,ed and thr circumstances under ~vhich 
it inight bc worthxvhile. 

Modelling the ME demands for 
pregnancy in sheep 
111 the following text, the truc ctficiency of ME use for 
conceptus and udder growth is denoted by I<,, dnd 
thc c.fficic.ncy of ME use, for conccptus growth, 
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~ ~ j l c ~ ~ l a t c d  in the conventional m~uliicr, is denoted by 
kL. A kcly to thc \rariables is in tlie Appendix. i 
G ~ ~ i , ~ i . i ~ /  i7s.sr1i11jitio11s 
I.or simplicity, thc modcl is restricted to situations 
cj~lierr (a) there is no ren~obil i i~~tion ot m,iternal G -3 
tissue to support pregnancy ancl (b) the quality of thc $ 
food rt.mains constant throughout pregnancy. F 

7 

'-t .- 
'U 

3 
T / I P  coii//~o/wi~ts i$~7iiiii1~71 ~ i 1 1 ~ i ~ l i t  
The weight of the ewe (M,.,,; kg) is considered to be 2 2 
the fasted body weight minus that of thc foetus (M,,,; 5 

kg). M, , is simulated as follows: 3 + 
.j .- 

-0 

M , ~ , = M , ! + M , , , t + M , , t + ~ ~ , ! , + M , : ,  (1) I 

~ r h e r e  t is the time since conception (days), M,, is the 
fasted body weight o f  the non-pregnant ewe and 
M ,,,,, hl+,,, M ,,,, and M,, are respectively the weights 
of tlie placenta, fluids, additional weigl~t of the 
uterus and additional weight of the udder, all 0 

expressed in kg. 100 110 120 l30 140 150 
Tirnc from conception (days) 

The simulation of the weights of the components of 
the conceptus uses tile relatiollsllips derived by Figure 1 'Thc predicted relationship betwccn uddrl. weight 

ct (1977) and ~ ~ i ~ l ~ ~  and (19791, and time from conception. Data points cnlculated from 
Mellor and Murray (1 985). Foetal weight, Mt,, is given by: 

M,, = M,, X exp(2 42 - 17 6 X exp(-0 0198 X f )  
7 9 X 1 0 5 X N + 0 0 0 4 6 X M , , ) / 5 3  (2) 

where M,,, is the lamb birth weight and N is the 
nuinber of foetuses carried. M,!, is given by: 

M,, = exp(0.0046 X M,, + 1.34) (3) .  

The weight of the placenta, M,,, ,, is given by: 

M,,, , = M, , X exp(-0.387 - 245 X exp(-0.1 X f )  
- 0.119 X N)/5.3 (4). 

The weight of the fluids, M,, ,, is given by: 

M , ,  = M,, X exp(-11.5 + 0.326 X t - 0.0002 X f' 
+ 10.2 X 10-" X 17 /53  (5). 

Tlie additional weight of the uterus, M,, ,, is given by: 

M,, , = M,, X cxp(l.56 - 3.73 X exp(-0.0038 X f) 
+ 0.094 X N + 0.0099 X M,,)/5.3 - M,, ,, (h) 

where M,,,,  is the weight of the uterus in the non- 
preg~ia i t  ciriirnc~l (kg). 

The additional weight o f  the mamniarv tissue ill 
pregnant sheep wasderi\red from ineasu~rements by 
Mellor and Murray (1985). Using their measurements 
of ~ ~ d d e r  dimension A, the relationship between the 

A dimension and the weight of mammary tissue was 
used to estimate the development of the udder with i 
(Figure 1). After scaling by the lamb birth weight in 
this study, the udder weight could be described by 
the following quadratic equation ( R 2  = 0.99): 

if f> l00 then 

M,, = M,, X (l .73 - 0.037 X t + 0.0002 X f') (7) 

otherwise M,;, = 0. 

Eiirr~qy bcldgcf 
The cumulative ME requirement for a pregnant 
sheep o ~ e r  the period of gestatron (R,,, MJ) is given 
by: 

T 

R,, = Z: ('c ,,,, lk!,,) + (E< + E,)lk,, 
1 - l 

(8) 

where T is the gestation period (days), E,,,,, is the 
daily rnainter~~~nce energy requirement at time t (MJ), 
k,,, the efficiency of ME use for maintenance and  E, 
and Es  the ME within the conceptus and the uddcr 
respectively at full term (MJ). 

Marr~tci~nncr~ eilrr<qy 
The maintenance energy demand 1s assumed to 
clerrve partly from the maintenance demand of the 



Estimating energy needs of pregnant ewes 465 

foetus and partly from thclt of the cwc. It is assumed 
that the maintenance of the ewc a11d thc foct~ls can 
be calculatecl using the formula used by (AFRC, 
1993). 'This c ~ l l o ~ r s  for the fasting inetabolism pl i~s  an 
activity component: 

F , , ,  = 0 27 X (M( , ' l V 5  + M,; '75) 
+ 0 0054 X (M( , + M, ,) (9) 

E11c7r;yy iuiiliiil t l l r ~  prodi~c-ts ofco~lc~c~pt io~r  
The energy within the conceptus '3t full term was 
simulated by the relationship found by Langlands 
a11d Sutherland (1968). After conversion of units and 
scaling by birth weight, this yields the, relationship: 

EL = 4.8 X M,, (10). 

The energy w1thii1 the ~ldder  at full term ( E > )  was 
s~mulated by niult~ply~ng the a d d ~ t ~ o n ~ l l  weight ot 
the udder at term (from equatioi1 7) by the enelgy 
concentrat~oi~ at term (11 MJ/kg) found by Iiattray cJt 
a1 (1974b) 

L ~ ~ ~ C I P I I C Y  of P I I P I ~ ~  LLSL, for i r l a l i ~ f ~ r i a l l ~ e  i711if g ~ o i i ~ f l z  
The efficiency of energy use for mamtenance is taken 
from AFRC (1993) and IS given by 

k,,, = 0.35 X q,,, + 0.503 (11) 

where q,,, is the metabolizability of the food 

The efficiency of energy use for growth of the 
products of concept~on (k!,) was s~mulated using 
the equat~on quoted by AFRC (1993) for the 
eff~c~ency of energy use for growth In non-pregnant 
a111mals (14): 

k,, = 0.78 X (l,,, + 0.006 (12). 

No adjustment was made for the effect of level of 
feeding. 

k, WCIS calculc~ted by d ~ v ~ d l n g  the energy 111 the 
conceptus at full term (C,) by the add i t io i~~~l  energy 
requlrernent of pregnancy 

where E,,,,;, (M]) is the cumulative m'lintenance 
energy reqi~irenient of a non-pregnant anirn,il for a 
period equivalent to the gestation time, calculated 
with the for~nula used in AFRC (1993). 

Sllwlrlntlorrs 

The illode1 was used to s~mulate the energy demand 
of a ewe w ~ t h  a non-pregnant weight of 376 kg, 
correspond~ng to the mean of the anim,lls used m the 
experiment of Rattray i7t 01 (1974a) 

0 25 50 75 LOO 125 150 
Time from conception (days) 

Figure 2 The predicted weight of udder ( - - - - ) ,  foetus 
(- - -) and tlir rem'i in ing components o f  t11e conceptus 
(-) over the period of gestation. 

Results 
The predicted growth o f  the foetus, udder ancl 
remaining components of the conceptus are shown 
in F i g ~ ~ r e  2. The efficiencies of energy use for 
coi~ceptus growth (k,), calculated using equation 10 
from the results of the siinulations, are given in Table 
1. The corresponding values of I<),, calculated using 
equation 12, are shown for comparison. The 
variation with diet quality of the predicted energy 
demand, summed over gestation, is show11 in Iigure 
3. 

Table l l'ii~ific-tr,il ili7l.ii7tioii of kp L I I I ~  k, ii'itl~ / / I ?  

1iir~h~boliri7L1ilit~j o f f i~od iq,,,)t 

[7,,, kl, l<, 

0.4 0-32 0. I l 
0.5 0.40 0.11 
0.6 0.47 0-15 
0.7 0.55 0.1 7 
0.8 0.63 0-18 

t 3, - efficiency of  energy use tor the growth ot thc 
conceptus (equation 12). i, = energy deposited in 
conceptus/aitditio~~al energy required fol.  pregnancy 
(equation 13). 
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Figure 3 The relaiionship between the total tnct,~boli/,~hlc. 
energy (ME) requircd dul.ing gcst'ltion and the food 
metaboli~ability, predicted bv the model (W), ~'LFIZC-I\ (0) 
and AFRC-B (A). 

For comparison, the total energy demand over 
gestation was also calculated using the method 
recoinmended by AFRC (1993). AFllC (1993) does 
not specify wl~e t l~e r  the pregnant or non-pregnant 
live weight should be used in calculating tlie 
maintenance energy, demand so here this was 
calculated on the basis of either ( l)  the current fasted 
body weight (AFRC-A) or (2) the fasted body weight 
of tlie non-pregnant cwc (AFRC-R). 111 both APRC-A 
and -B. the total energy requirements o17cr gestation 
are calculated as: 

I 

R,, = C ( E  ,,,, /l(,,,) + E ,  /l<, 
i = l  

(14) 

wherc l<, - 0.13. For AFRC-A, all other \.ariables arc 
as definecl in the main modcl. AFRC-B is tlie same ,IS 
AFRC-A except E ,,,,, = E ,,,,,, (equation 13). The total 
energy requirements over gestation as calculatc~d by 
these two inethods dre s l~own in Figure 3. 

Discussion 
The predicted efficicncics of energq. use for 
conceptus growth (l<,) are 111uch lower than the actual 
efficiency of energy use for growth th,it was used in 
the rnociel (Table 1). This is bccause the c'ilculation of 

k,  incl~~cles the nwi~iten~ince costs of tllc proilucts ot 
concclption ancl the cost of udcler gro\.\,th. 3hc. 
predicted \aluc.s arc3 tvitliin the r,iiigr Found hy  
Robinson cTt 111. (1980) and show ;1 similcir clcpcndc,ncc. 
on the mctdboli~~~bility ot toocl ~1s described in th,lt 
study. This suggests t11~1t in systcms that ~ep'll-~ltelv 
clcco~~nt for tlic weiglit gain ,111cl n~,~i~~te i i~incc .  cif 
~xegi1~111cy wlatcd gro~rth,  it may l>t, asslllned t l ~ t  
tlie efficiency of usc of ME for thc c\rciglit gain mav 
be c;llc~llatcd czrith the relationship used for non- 
preg11~11nt ciiiim,~ls (c.g. k, in AFRC, 1993). 

Using kt ancl cc~lc~llating maintenance energy o n  the 
h'isis of c i c t ~ ~ ~ ~ l  rather t h m  non-pregnant f'3stt.d body 
w~igti t  (AFRC-A) generates estim,ites for the total 
energy rec]uiremcnt during gc,station tli,it are liigliel- 
than those predicted by AFRC-B dncl by thc rnodcl 
(Figure 3). The effect of double accounting for the 
tnaintenance costs of the weight gain associated with 
prcgn'mcy is rclativcly small because most of the 
gain occurs towdrds t h ~  clid of g ~ ~ s t ~ ~ t i o ~ i  (Fig~rt '  2). 
The differences between the estimates obtained with 
the different methods 'Ire c~lso small in relation to  the 
between-animd variation in intake and energy 
utilization. The similarity between the predictions of 
AFRC-B and the model suggests that the effect of 
food quality on the additional energy requirement 
during pregnancy may be ignored without greatly 
c3ffectmg the estimate of the total encrgy 
req~~iremcnt. 

The resiilts of the si~nulations suggest there is no 
pressing need sepc~r,ltely to account for the growth 
and maintenance of Lhe uddcr and the components 
of the conceptus when calculating the energy 
recluirements in connection with feeding 
rccomrnendations. There is a need for greciter clarity 
in dcfin ing thc wc,iglit term ~1st.d in the calculation of 
tlie maintenance energy requirc~ncnts d ~ ~ r i n g  
pregnancy. The present study might also alert 
redders to the differences betwee11 the methods of 
calculating k, and k ,  if the former were termed the 
c~~mulative efficiency. Models, in contrast to feeding 
recomincndations, <Ire often intended to encapsulate 
our current knowledge, in addition to yiclding 
predictions. In this case, it is preferable to include an 
explicit description of the cnclrgy costs of the growth 
and subsequent m,lintenance of tl~c. weight p i n  
associated vi,itIi pregnancy. 
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Appendix 
Key to i~iiriiilllc~s 
F MF \vi thin the conceptus n t full tc,rn~ (M1 j 

E \  ME Lvitllin tliv udder , ~ t  full term (MI) 
F, , ,  , n~;linten,ince 'nergb- reiluirement at tinic t (MJ /day) 
E,,, ,, n~aintcn~lnce tncrgq recluirernenl o l  a non-pregiiant 

'inimal Tor a period equivalent to the gestation time 
(M/)  

k, cum~~l,iti\,e efficiency of ME use for conceptus growth 
(includes maintenance) 

l<,,, efficiency of ME use for maintenance 
/c,, efficiency of ME use for conceptus growth 
M,, live weight of thc non-pregn'111t ewe (kg) 
M , ,  live weight of  the ewe minus the weiiht  of the foetus 

(kg) 
M,,, lamb birth weight (kg) 
M,, weight of the foetus (kg) 
M;;, weight of fluid in the Literus (kg) 
M , ,  additional weight of the udder during pregnancy (kg) 
M,,,,, weight of the placent,~ (kg) 
M,,,, additional weiglit of the utcrus during pregancy (kg) 
M,,,,, weight of the utrrus in the non-pregnant animal (kg) 
N nunlber of foetuses carried 
LT,,, metaboiizabilitv of the food 

RI, cumulative ME requirement for a pregnant sheep over 
the period of nestation (MTj 

Vera, R. R., Morris, J. G. and Koong, L.-J. 1977. A 1 time since conception (days) 
qu'intitative model of encrgy intake and partition in '1 gestation period (days). 



Modelling responses to selection for resistance to gastro-intestinal 
parasites in sheep 

S. C. Bishop' and M .  J. Stear' 

Abstract 

This / ) N [ W I  dei~irbri  rr grncrrz/ frarricioork iolli~h i.ilnb/r~i rr'yor15cJi f c ~  ~r,/r3cflori for ri75ri f irr i tcJ  fo $15tio rrifrifliirrl 
pnnrsrlr% I M  ~ h r ~ p  fo  br < t ~ c h i l \ t i ~ ~ ~ / l y  rri~dclkd T l i ~  ii~od(~l I Y I L C I I / I O I ~ ~ ~ ~ ~  I I P ~ ~ L ~ C P I I  nrirriral oarrntrorr for  pl7\tirrr7 
rrltnkt~, fhc pl0)7(Jl'fl~n i f  lirrr~ar rrigr\trd frorn the paifurcJ i~hlcll  \ilrilii1i' fo  br~oirir adult\, f l rc~fcrur~~lrty  of flri' 
r~rutrlrr suorrn, a /o i~g  ci~lfh drnilty d r p ~ n d ~ i ~ f  corifro/ of fh15 frmrt arid thc rr~oifirllty rnfr c? fhc io0~1115 The bc~t~llt~'ii 
rznzir~nl c~ariaflori for cnch ~otriporz~nt 15 pnrf t fror~d rnto g ~ i l e t ~ ~ ,  p ~ ~ r i z n n ~ r i f  rind fnnpoimry err~~zro~ir~ii~rrfi~/ 
~ o r r i p ~ i c r i t ~  whzt i~ t~ary illlfh age Infit tiori rotes art7 estliirafrcl from evrstiii,y pasturc lnrz~nl corrtnrurr~af~oii rind r r t ~ ~  

tonfarutnation from inficted 17nlmals Ustng flzls fiarileroork, ie l~ct lon for rrduccd rrirvil faccrzl c7gg L L J L I I I ~  i(ln5 
pmcttscd, In slhco, for a p ~ r l i ~ d  ~f 10 years Srvcml gc~~era l  paffcrr~s rincrgpd First, 17 curri~llrimr rrspor15~ to 
srlrctlon iua5 D ~ S C Y Z I C ~ ,  with respoiisci lilztla//y 6t9r?t~ krgr  the11 drtlrnlilg oiler tir11r Mc7arl fizr~al c7gg coilrrt 
declined f ror~  approz~ryrlztrly 500 fo 140 eggs per g in 1 0  yrars and uwrrrz burdens nnd pnsfurc larvrrl co1ifn1urr11~7t1or1 
~hozueii 5lrnllar pafterrzs of response. Thc ln~tra/ rrspons~s to selrctrori YUPYC appro~trilntely 1 7 tirrlr5 that predrcf~rl 
by quanfltatlz~e geneftc theory because the epldemlology of the clzsease ~llangcrl as the nr~irnnls' g e ~ r f t ~  rcsi5tance 
zrnprov~d A rrrethod of parfitzonlng selectzon responses lrrto corrzponcrzts due to file alt~red genotype5 o f f h p  nnirrral5 
and components due fo altered drseus~ eplclernlolog~j 15 oufltncd Sccoi~dly, fhefat~cal eg:,. c oliizf dlstr lh l~ t lo i~  betaiirr 
rrlorp aggregated, or ikezued, as sclectlon progressed. Thlrdly, corri>lnt~ng pasture corrtnmlnatlon levels ncrois yrars 
(cnrry-ovrr efficfs) r~su l fed  In even grt>atcr apparent responses to sclcctlon F~nally,  regular anthelmo~fi t  trrntiiiri~f 
rcdzi~rd mpan faecal cgg counfs but did not alter the potferns of responw to selcrtlon, i r l d ~ c a t ~ ~ i ~  flint ~ c l c i f r c i ~  
brr~edlng sholrld bpfiaszblc lrndrr a zlartcty ofanthelrnzi~t~c regirncs 

Keywords: disense resisfnncc, r~r~iderniology, parasitrs (gasfrointr~stinal), selt~cfiori, shrrp 

Introduction However, predicting responses to selection for 
Gastro-intestinal parasitism presents a major decreased FEC, in grazing ruminants, is not 
constraint on livestock production, resulting in straightforward. Measured FEC is the result of a 
reduced animal performance and welfare, along with complex series of interactions betm~eell the parasite 
increased costs associated with both anthelmintic and the host, it commonly shows a negative binomial 
and management control measures. Resistance to rather than a normal distribution and FEC levels also 
gastro-intestinal parasitism in sheep has been shown indicate the likely reinfection probabilities of other 
to be heritable (e.g. Baker et id., 1991; Woolaston et al., animals grazing the same pasture. Thus, in the 
1991; Bishop c,f al., 1996) with heritabilities for faecal situation of continual reinfection, interactions exist 
egg count (FEC), a convenient measure of resistance between animals in terms of their expression of 
to gastro-intestinal parasites, being of the order of 0.2 resistance and this contravenes the normal (unstated) 
to 0.0. This suggests that selection for increased assumption made when calculating likely rates of 
resistance may be used as a long-term control genetic response that animals express their traits 
measure, in addition to existing management independently o f  each other. A possible consequence 
strategies. of these interactions between animals is that selection 
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T~his pcltwr c?d~lresseb tile i s s ~ ~ e s  of responses to 
selection tor cl iscc~~c rc~sistancc~ and possible effects 
on discclsc% epiclemiologj-. Using gastro-intestin,ll 
k~,ir,lsitisn~ in sheep '1s case st l~dy, this paper ainis 
to tlrfinr hame~vork which m'iy be used to model 
the eifc'cts of sc)lcction for- dise'lse resist'?nce. I l,l\ring 
ciefinecl the trC~mcw,ork, tlie modcl wrill be 
in\,esti*lted by mc~lns of stochastic simu1,ltion and  
likely pltterns of selection responses will be 
calct~l~i trd. 

Material and methods 
L ~ ~ i ~ i ~ ~ i i ~ i ~ ~ / ~ ~ ~ ~ i ~ ~ ~ i /  ~ ~ I o L ~ L ~ ~  

A model will be dctincd in  general terms, then 
tailored to tlie specific example of gastro-intestinal 
p,w'~sitism in sheep. Unlike inost previous attempts 
to niudel nematode p ~ p u l ~ ~ t i o n s ,  tlie inodc~l will 
conccntratc. on  the interactions between tlie animal 
host and the pathogen, keeping epidemiological 
aspects of the model deliberately simple. Whilst it is 
recogni~ed that external factors such as weather 
coliditions are of overriding i i n p ~ r t ~ ~ i i c e  in defining 
potentially infective parasite pop~~lations, they are 
outwith the scope of this model. 

ii) Basic i~1odc.1 ilrlil r~/~riliL~ilrrn i7ssuiiiptioils. Considcr a 
simple infection where there is a constant infection 
rate of the host (l), a const'lnt niortnlity rate of the 
adult parasite (111) and the nuinbcr of adult parasites 
at time I is Miti (A~idersoii and May, 1992). 
Therefore: 

writ11 solution: 

Under this model the infection rate of a popillation 
of liosts will rise monotonicc~lly with time until it 
reaches an equilibrium value, M" = I/iil. 

This concept may be extendeci to consicler actu,ll 
interactions between tlie parasite and the host. In the 
simplest form for gastro-intestinal par,lsites, three 
major fxtors may be defined: (i) c~sfaL~lisl~ri~c~i~I (E), i.e. 
tlie proportion of ingested Iclr\rae which survive to 
become adult parasites; (ii) fi.cllrlilit,~l (ri), the number 
ot eggs laid per adult worm per day (clss~~ming a 
constant sex ratio); and (iii) itiorti~lify (ill), the daily 
deatll rate of tlie adult w7orm, '1s defined above. With 
great simplification, and '~ss~rniing constant weather 
conditions, tlie free-living stage of the parasitc may 

be surnm~lilzcd b\ tlie follow lng paldnleter5 tlie 
~ l ~ b d b l l l t \  th;lt the egg h ; ~ [ ~ h ~ 5  dllci Cl<'\ t'l0~'- t0 
torm '1 t l ~ l ~ d  5tage 1,1\ and  15 1nge5ted at t ~ m e  t (I/), 
,IIIL~ tlic n~ort,ll~t\ l dte o t  the frecl I I \  ins \t,lge of tlic 
p'll c151tcx ( z )  

An dct~1'1l epidemic of the distxasc is '>ssumed to bc 
triggered by ,111 initial ingestion r,ltc of ;I high 
concei~tr~ltion of infecti\ e Idr\,ae (L,,). In practicr, tliis 
may be caused by pasture contc~niination with 
infected ldr\.ae by pcripart~~rient pwes or by 
'fa\ ourable' weather conditions resulting in dormant 
1,lrxrae bccorning ;~cti\,e. Therefore, tlie following 
model may be defined to take into &ccount both the 
initial infection and, after tiinc, continual reinfection: 

M,, , 1 ,  = M,,,(l - 111) + L,,-,,L ( 2 )  

where L,, ,, is tlie ingestion rate of lar~rae j time units 
ago, where j is the time c ~ s s ~ ~ r n c d  for Icir\~c~e, which 
become established, to reach adulthood, and 
suninling over time 

Under this niodel, the parasitic population will reach 
an ecluilibrium ~;liicli can be defined as follows: 

T h ~ s  equation holds true whilst: 

where p is the over;lll probdbility of an egg hC1tching 
;und developing to third larvae stage and being 
ingested before it dies. If tliis relationship breaks 
down, then the parasite population (M) cluickly 
at?proxChes either 7rro (extinction) or infinity (a 
runaway epidemic). 

Although there may be a threshold above whicli the 
worm burden is fatal to the host, it is assuined that 
this tliresliold is not exceeded in unselectecl 
populations of lambs. 

iiii D(vli;it!l ~ i~~~i t~i~i ic i l t  c~or~struir~ts. Consider the 
situ,itioii of an outside pt~rturbatioii of the worm 
pop~~lation,  e.g. biocide from anthelmintic treatment. 
'I'lie abo\.e model will once again establish an 
equilibrium worm burden, but ,I lower level than 
previously. This is at odds with observed field data, 
where 'I siniilar equilibrium appears to be re- 
established. Moreover, thc   no del is also \.cry 
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sensitive. to breakdowl~s in the ass~unptions, with 
irrm crsible epidrmics, or entil-c loss of the par,isitic 
population, occurring. I'opulation regul'ition of the 
parasite mcly be controlled to a I'irge extent by 
cic~nsity dependent constr,iints, whicli ma! act at a n y  
of the ~~sti7l~li~I1iii~~r~1, fic1111~1it!/ OI- ii~c~rti?Iit,~/ l ~ ~ ' l s ,  
wliereb!~ the levels of ;lily one of thcse stages is 211 

in\,crse hmction ot the worm yopulatioii present. 

Densit) dependent constraints ni,~j, be simplj- 
tnodclled for fiaciidify, i.e. for worm densities gre'iter 
than a\rer,lge, j ) c 2 i  cilpitll tecundity decreases and ilicc' 
ilc7ysii for below, average worm densities. This both 
stabilizes the recursive ecluations given abo\,e, '1s 
well as t-nsuring that w1ie11 perturbations hit thc 
worm popu1,ition the population rcturns towards tlie 
pre-perturbation level. Setting a constraint thC?t the 
total egg productio~i per aliimal rises with increasing 
worm burden, thcn the density dependent effects 
acting on  fecundity (11) niny be modc.llcd as bcing 
proportional to worn1 burden (M): 

where tlie expo~ient 17 det~nes the strength of the 
den51tk depenclent effects, such that 0 11 > -1 

(iii) Hrtii~cc~ii-~lrlii~inl aarii7tioii. The factors above 
describe the dynamics of the population mcan. The 
i~iodel now has to be extended to an individual 
animal basis. Between-animal vari,ition exists for 
worm burden and FEC, witli FEC most commonly 
showing a negative binomial distribution. It is 
'overdispersed', witli a small number of animals 
having high FECs and thus being responsible for a 
large proportion of the pasture infection. Between- 
animal r i t i o i  can conceivably exist for 
c~sti~lllishi~~ri~t, fi.c~lrldity and rriort~~lity, with each being 
a manifestation of tlie animal's immune response to 
tlie infection. Between-animal variation forfic~~n~iity, 
as a trait of the animal, may be thought of largely as 
between-i>nimal variation in adult worm size, since 
the correlation of worm length and eggs per worn1 is 
very high (Stear c? al., 199513). 

The forms of the distributions of the between-ciniilial 
variation for rst~7Dlisl11i1erit, fic-~lndify and rrior.tality are 
unknown, however they should be defined such that 
measured FEC has an empirical distribution si~liilar 
to the negati\,e binomial. I'reliniinary assumptions, 
made in the absence of information to the contrary, 
are that ~~stnblisl~rrri~ilt and i~~ortnlity are normally 
distributed (mean values are E and 111, respecti\,ely), 
and that fi'clillJit!/, being a biological count 
measurement, has a Poisson distribution (mean = ii). 

Further c~ariatioii between animals exists for the 
number of ingested larvae per clay and FEC 

me,is~~remcnt crror. The number of l,lr\.ae ingestcc1 
pcr day is comprised of two c o n ~ p o n e ~ ~ t s  - first, 
pastt~re int,ike and  secondlq, scinipling of lar\-ae off 
the. p s t i ~ r c .  P ~ l s t ~ ~ r e  intake is ~ssumecl to bc '1 

normally distributed trait, being 7cro in \,cry young 
lambs ,111cl rising to a plateau in lambs 4 months ~1113 
older. For an animal with g i \ w  foocl intake, the 
nuliiber of lar\.ae ingested pcr clay duo to ~ ~ i ~ n p l i i i g  
effects is a biological count, '1nd Iieiice may be 
~issumcd to bc a Poisso~i variable (mean at timc l = 
L,,,, whcre L,,, is p r o p o r t i ~ n ~ ~ l  to the animals food 
intake at time t). Measurement errors in FEC may be 
assumecl to be proportional to thc truc ( ~ ~ n k n o w n )  
FEC, i.e. the measurement scaling crror is normally 
distributed (mean = 1.0). 

(iil) Di~r~i~lof~iir~~irf of iiriiirriiiif~l. Exposure to the 
pirasite p o p ~ ~ l d t i ~ ~ ~ ~  will result in Ianlibs dr\~eloping 
immunity, i.e. they will improvc their ability to 
suppress c~sti7lilisl1rr1c~irt and ficlcr~rlit!! and incredse 
rriortnlity. Two components to this may be 
considerecl. First, the mean level of immunity for 
the population <IS a whole will improve with time. 
Secondly, genetic differences between animals in 
i~sfi~L~lis~iiii~i~t, fcciilldif!~ and r~iortrrlity will become 
apparent (see below), representing differences 
between animals iii their imm~~nocompctence. The 
increase in mean immunity is assumed to follow a 
pattern similar to that presented by Roberts and 
Grenfell (1991), rising from zero in young lambs to 
essentially a plateau in lambs 4 months and older. 
Thus, under these assumptions the increase in 
pasture intake with age in young lambs effectively 
balances the increase in immune ability. 

(v) Jurt i t~ci~iig irriiri~nl r)arintioil. The animal 
controlled components, r~stilblislriricnt, ficr~rlility, 
iwortnlity and pasture intake, may be assunied to be 
both genetically and environmentally controlled in 
lambs, with both the mean levels and the degree of 
genetic variation between animals reflecting the 
im~liune status of the population (see above). 
Heritabilities may t l i ~ ~ s  be defined for these traits 
such that tlie heritability for FEC is siinilar to that 
observed in field situations. Estnhlisllrricvlt, fii~irl~liiy, 
ir?orhllity and pasture intake are assumed to be 
genetically uncorrelated. Further partitioning of 
between animal l~ariation into permanent 
environmental components, associated with either 
the whole lifetime or a particular season, and 
temporary en\,ironmental effects, mimicking time 
trends ancl chance effects for individual animals is 
also necessary. Modelling thcse permanent and  
temporary environmental effects serves tmro 
purposes: it allows recilistically low repe,~tabilities 
between FEC measured within the same season 
(e.g. r 0.5) and it also models the observed 
phenomenon of the correlation between FEC 
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measurements decreasing as the time interval 
bctcveen me,~surements inct.eases (Stedr ('f iil., 

19'15c). 

(:l;) D I ' ~ ~ I ~ ~ / I X  1/1i~iil/ ~ i l f i c / ~ 1 l 1 1  l'i7fiJ5. I'll? lll~>dt?~ O ~ l t ~ l l l ~ ~ d  
abo1.e c1escribc.s the course of an infection in ,> st,ltic 
host population within one scason. When 
considering thc effects of selection, and hencc 
changes in infcction rates across seasons, an issue 
arises as to the definition of tlie initial infectio~~ rate 
at the start of each season. An  arbitr,lry function, 
f(l,C,iil) inay be used to define the mean pasture 
lar\,al count at tlie start of a season as a function of 
that prewnt at tlie end of the previous season, 
accounting for the genotypes and immune status of 
,111irnals grazing the pasture in the interim. These will 
be termed carry-over effects. For example, if  7~ = 0 
then the initial infection rate each season is constant, 
whereas if rcl = 1, the initial infection rate is directly 
proportional to the previous season's larval count. 

Moilcl irlo~sti~yntiorl 
The use of the model outlined above for the 
prediction of responses to selection for reduced FEC 
in lambs was investigated using stochastic 
simulation. The parameters of the model were set so 
that heritabilities and mean values for FEC mimicked 
results obtained for unselected Scottish Blackface 
lambs naturally infected with Ostert~~gia civc~rinrinctiz 
(Bishop et al., 1996). 

ii) Mearz values. Lo, m, n, E and p were defined such 
that mean FEC and adult worms burdens were close 
to 500 eggs per g and 2500 worms, respectively, prior 
to selection. Setting E = 0.6, 111 = 0.06, n = 11111 (i.e. 500 
eggs per g X 500 g faeces per day per 2500 worms) 
requires p = 0.001 for ecluilibrium conditions to hold. 
Setting L,, = 1000 achieved the desired mean 
infections. A constant L,, was assumed for every year 
during the selection procedure. This represents the 
case, for example, where periparturient ewes graze 
the pasture prior to the lambs and these ewes are 
either unselected (in the initial years of selection) or 
unaffected by the selection (in later years). 
Additional scenarios were also investigated where L,, 
was directly proportional to mean pasture 
contamination from the previous year, and where L,, 
was mid way between these two extremes. 

iii) Drrisify depcrldri~t i.ffects. h was set to either 0, 
0 . 2 5  (weak effects) and -0.5 (strong effects), for 
different simu1'1tion runs, following results of S. C. 
Bishop and M. J. Stear (unpublished data) and values 
presented for humans by Anderson and May (1992). 

(iii) Corirpoirc17f trnit rlauiatiorr. A coefficient of 
variation of 0.3 was defined for i~sti~blishrl~crrf, 
iiroutalify and food intake. Setting the ficlrrrdify mean 

to 10Cl a~~tom~lti ic~~lly defines the coefficient of 
\,xiation to be 0.1, as it is a Poisson variable, 
somewh,lt lo\vc,r tlicln for c~sfahlisl~irii~irl and iiroi-tillit!/. 
Experiincntal clata (S. C. Bishop and M. I .  Stcar, 
~111p~blislied data) suggest that this ~~nderestimates 
tlie 1.ariability in this trait. Moreover, assuming mean 
fC'~.lliriiif,t/ to be 100 rcsulttd in unrealistic, i.e. too 
large, values for the negative binomial aggregatio~~ 
paratneter (k), \vhen this distribution was fitted to 
FEC. A solution was found to this problem by 
redefining iz to be 10, rescaling the conversion from 
total daily egg output to eggs per g, so that mean 
FbIC remains close to 5110 eggs per g, '3nd altering )I to 
0.01 so that an ecl~~ilibriuln was still maintained. 

(Pi]) Ar~irr~nl i;fj?cts. 11' values were set to 0.2 for 
csfi~blisl~riic~~rf, ficnr7dity and rlloufrrlity. Rcsults of 
Bishop c7f i7l. (1.996) were mimicked such that genetic 
control of these three traits was only apparent after 3 
months of age, i.e. prior to 3 montlis all /r2  values 
were zero. Prior to 3 months the permanent 
environment effect (conceptually defined as a 
maternal c2 effect) was set to 0.3 for all traits, and 
after 3 months it was reduced to 0.15. Food intake 
was assumed to have a constant heritability of 0.2 
and a permanent environment effect of 0.15. 

(v) Populntiorr s ~ ~ L ~ c ~ I A P ( ~ .  A simple population 
structure was used, for ease of calculations. A flock 
of 500 ewes was simulated, mated to 25 rams, with 
each ewe producing twins. Males were selected on 
FEC (see below) and used for only one breeding 
season at 7 months of age. Females were selected at 
random. Ewes were for randomized mating each 
year, mated first at 7 months of age and culled at 
random such that they had a maximurn flock life of 
three parities. 

iui) Sinl~rlatio~z ;~uocedl~rt~. Each year the model was 
run for lambs from 00 to 180 days of age. Individual 
genetic, phenotypic and environmental values were 
simulated for each trait for every lamb, as described 
above, with mean I.  values estimated from equation 
(3) after averaging pasture contamination effects 
across the whole flock. Mean FEC, averaged from 
samples taken on days 120, 150 and 180 was ~ ~ s c d  as 
the selection criterion, this being a period during 
which heritabilties are significantly different from 
zero (Bishop taf al., 1996) and thus there are 
differences between animals in immunocompetence. 
Using these values the best 25 ram lambs every year 
were selected. Ten years of selection were practised 
and 20 replicates were run for each scenario, this 
being sufficient to show general patterns. 

(TV;) Coiilpavirlg si31i~ctiorl rcsporrsrs to c~sp~ctafiori. 
Comparison of observed and expected responses to 
selection may be done by two metl~ods. First, from 
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Figure l Fc~eccCll egg count (WC) protilrs in  ~~!i\cleitci l  
sheep for different dcnsity-dependent effects ,ind with 
anthelmintic treatnwnt ;it 90, l20 ,itid 150 dav5. 
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Figure 2 I'attern o f  pai t~l le  l,ir\al cont ,~ni~n,~t~on 

quantitative genetic theory, i.e. l< = lr2S, ~~~~~~e S is 
the achieved selection differential and the 11' value 
describes the base population. This simple approach 
is effective for the first generation, howe\,er it 
becomes more complicated in subsequent 
generations as the genetic and phenotypic variances 
change. Secondly, expected responses to selection 
may be inferred from the mean values for 
csfablislrnrcwf, ficur~ilit!/ and rtlortizlity alrailable from 
the model, each generation. Suppose unselected and 
selected animals are each given a dosage of a known 
number of infective larvae, then these mean \.alues 

0 - 7 4 6 8 10 

Year 

Figure3 Kcsponsc,\ tn selection for  reduced t,iec,il egg 
count (KC) ,  ass~i:iiing n o  carry-ovel. eftccts hct\rc.cn rears. 

can be used to calculate the approximate daily meal1 
FEC values for the two groups. Comparisoi~ of the 
expected mean vdlues relative to those observed 
fro111 the model will determine how much of the 
response is genetic and how much is environmental 
(epidemiological) in origin. 

Results 
The behaviour of the model across a season for 
unselected animals is shown for undrenched animals 
(b  = 0 and -0.5) and for lambs regularly drenched 
with a short-acting anthelmintic targetted at adult 
worms (h = 0.5) in Figure 1. Altering the density 
dependent 17 value has little effect on populatioi~ 
means. However introducing a regular drench does 
result in an overall lowering of FEC values. 
Associated pasture larval contamination is shown in 
Figure 2, for untreated lambs. 

Responses to selection for decreased mean FEC over 
a period of 10 years are shown in Figure 3 for density 
dependent exponents of h = 0, -0.25 and -0.50, mean 
worm fecundity of r z  = 10 and no carry-over effects 
from one year to the next in pasture larval 
contamination ( i l l  = 0). N o  anthelmintic treatment is 
given in this scenario. Selection responses show a 
general curvilinear pattern especially in the early 
years of selection, initially being large then 
decreasing and becoming more linear with time. 
Increasing the density depei~dent effect on worn1 
tec~~ndity decreased the responses to selection. 

Using the ( ,LNSI .AI  package (Lawes Agricultural 
Trust, 1983), parameters from the negative binomial 
distribution were fitted to FEC values taken prior to 
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Table l Ncj;<[itii~i, lliiii~iiiii~l /~iii.iiiii~~li'i.> f i r .  I t c  iiistiil~~ilioiis 
iiza/~iiiiiti~ i tiiilrii 

Mc,i\~~rcmt~nt 
,I g e 

( ~ i i ~ i t l i )  e r  1% Varlanic 1'1-oh,ihilitvt 

Before 4 489 3.3'1 71833 ~:0-05 
sc~lc~ction 3 497 T5-4 79628 -0.05 

h 500 3.4h 81534 >11.50 
rne,in 4Y7 7.011 ,3839 l <0.05 

Alter I O  years 4 244 l 16 .35168 41-0 I 
ot s~> l~>c t io r~  5 121 1-2.3 7935 <O.O l 

h 71 1-32 3450 <O.O 1 
rne'in 145 2.'); (>(7YS >0.05 

- 

t I'robability of fitting neg,ltive hinornial distribution. 

selectioi~ in the first replicate and to FEC values after 
10 years of selection in the final replicate (Table 1). 
The fit of the negati\re binomial distribution was 
generally poor, only giving an a d e q ~ ~ a t e  empirical 
description of FEC for two of the eight examples. 
However, the k values which describe the 
aggregation of the distribution were similar to those 
commonly observed ill field data (e.g. Smith ancl 
Guerrero, 1993; Stear c7f ill., 1995a). 111 the cases where 
the negative binomial distribution was a very poor fit 
(lJ < 0.01) it was because there were more zero FEC 
values observed than would be predicted from the 
fitted parameter values. Two important results are 
apparent in Table 1. First the distribution of FEC 
becomes more aggregated with selection, as mean 
FEC decreases. This is illustrated in Figure 4, ~7herc  

P 
A= 300 
m - I Year O 

L+ 
Q 65 Year 10 

5 200 

100 

0 . . . . . . . . . . . . . . . . 

0 S 0 C O O C O s O = S  
C = ~ 3 0 C O 0 0 O C  
- N m + u , Q k m m S -  

i i 

FEC (eggs per g) 

Figure 5 Llistribution ot f,iec'll egg count (FE(') in lamhs ,lt 
diftcvnt ages, attcr 1 0  ).ears of  selection. 

the distribution o f  mean FEC before and after 
selection is plotted. Secondly, after effective selection 
has been practised and animals with superior 
genotypes exist in the flock, both the mean and 
variance of FEC decrease across the season, as 
illustrated in Figure 5. This results from both an 
increased immunocompetence of the selected 
animals and a consequent decreased reinfection rate. 

After taking log transformations, the heritability of 
mean FEC in ~~nselected animals in replicate 1 was 
0.41, and the mean heritability for a single FEC was 
0.19. These values dropped to 0.14 and 0.07, 
respectively, after 10 years of selection. The mean 
correlation between the three FEC measurements on 
which selectio~~ decisions were made was 0.25, in 
~~nselected animals. 

Correlated responses to selection were also observed 
for worm burden and pasture larval contamination. 
Again, curvilinear responses to selection were 
apparent for both traits, and increasing the density 
dependent effects r e d ~ ~ c e d  the responses to selection. 
The relative reduction in worm burden was 
approxiindtely half of that for mean FEC but the 
relative reduction in pasture Iar\/ill contamination 
was almost as great '1s that for PEC. 

i--iii 

Unlike the curvilinedr responses in FEC, the 
Meal1 PEC (eggs pcr g) r e s p ~ i ~ x s  to selectioi~ in the component traits of 

Figure 4 Ilistribution of mean fdec'~l egg cu~rnt (FEC) in (3- c~sfir/~/is/l~rzc'tll, f i cc l / fd j f~ /  and rrlr1rfi7/ify were essentially 
month-old lambs, bcfc~re 'incl '~fter 10 Gears of sc-lection for linear. Clearly, absolutc responses are dependeilt on 
reduced FEC'. the assumptions made about the variability and 
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No carry-over cftccts 
...,,.., ,...,,.,,.., Complete carr!.-over 

etfects (it, = l )  

Figure 6 Cn1.r) o\ cl- cffcct5 o ~ i  selection response ('1) lor 11 - 

0.5; (b) for 11 - -0.25; (c) tor 11 = 0. 

heritability for each component, howe\.er all three 
components will respond to selection on FEC 
pro\.ided t11,lt they show grnetic \,.~riation during the 
time period the FEC me,~surements arc being madc. 
A inore general observation W ~ S  that i i l ~ p o s i n ~  
density-dependent effccts on f;.ilrr7dit!/ had a large 
effect on the other two components, significdntly 

Figure 7 Comp'iribon ot  dir 'rge~lt ht,lt,ction a n  faecal cgg 
count (FEC) with ,lnd ~ v i t h o ~ ~ t  antliclrnintii trcxcitmc~nt. 

reducing the selection responses in ~~shrblisi~rrrc~i~t a n ~ i  
i~ror.tillit!/, yet it slightly increased the response in 
firur~iiify. This i s  explicable by the observatioi~ that 
such density-dependent effects will ha\.e the general 
effect of negating variation in other cornponei~t traits. 
Consider i~sfirl~lishiirer7t, the greater the value of this 
trait the greater the number'of worms present in the 
host and llence the greater the impact of the density- 
dependent effect. A similar line of reasoning explains 
the sensitivity of mortality density-dependent effects. 
Food intake did not alter with selectioi~ for 11 = 0. 
However, the presence of density-dependent effccts 
rcsultcd in <I small increase in food intake, as lar~ral 
intake ,lnd total faecal output are proportional to 
intake but total egg output is modulated by the 
density-dependent effects. 

'I'lie influenccs of carry-over effects between years in 
pasture lar\ral contarnination drc presented in 
Figures ha, 6b dnd 6c. With strong density-depcndcnt 
effects (Figure the influence of carry-over cffccts 
on selectioi~ responses is small. It is only ill the 
presence of weak or 110 density-dependetit effccts 
(Figures 6b ;u11d 6c) that tlie definition of carry-mrer 
effects becomes iniportdnt. Clearly, the situation of 
I , , ,  being directly proportional to tlie previous 
scason's pasture r contamination gives 
unrealistic selection responses in the absence of 
density-dependent effects, however it is also ~mlikely 
that such integrity of pasture, rnanngelllent could be 
maintained for sc\ cral years 011 a farm contailling a 
mixture of selected , ~ n d  unselected sheep, includlilg 
1-7wit-7arturien t enres. 
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C'onsidc.r selection during a rigorous anthelmintic 
treatment regime where thc lambs arc drenched 
immediately tollo\;lri~lg tlie faecal sampling on c l a \ s  
90, 120 and 150 with a short-acting c~ntl~elniintic 
killing only adult worms resident in the sheep. The 
p ; ~ t t w ~ i  ot I:EC for ~~nselected c~~~imc31s under this 
scen,lrio is shom~il in Figure I (for /J = -0.5). 
Responses to  selcction for lambs under this treatment 
regime are shown in Figurc 7, compared with t11osc 
obtairled for tlie same L7 value but with no drenching. 
The responses obviously differ, with lower me~In 
FEC at all stages for the drenched flock of animals. 
However, the ratio of mean FEC in the drenched 
flock to that in the undrenchcd flock stays almost 
constant at 0.76 (t0.01), each year. Therefore, the 
nature of the response to selection for decreased FEC 
is unaffected bv whether the animals are selected in ,I 
drenched or a17 undrenclied environment. Moreover, 
the mean values for cstnblishiilrnf, ficlrrldit!/ and 
i~rortnlit!/ did not differ significantly betm~ecn the two 
scenarios. 

Also shown in Figure 7 are responses for selection 
for increased FEC, with and without anthelmintic 
treatment. These selection responses are linear, in 
contrast to the curvilinear responses for downwards 
selection. Only under the assumptions of no 
anthelmintic treatment and no density-dependent 
effects is a runaway epidemic predicted by the 
model. 

The issue of whether the responses achieved in 
decreasing mean FEC were greater than predicted by 
quantitative genetic theory was addressed, firstly, 
using the equation R = 1r2S, where S is the achieved 
selection difierential. For generation 1 (replicate l ) ,  
the observed response was 1.72 times the expected 
response, using the l~eritability for untratisformed 
mean FEC, and 1.67 times the expected response if 
the heritability of mean log-transformed FEC was 
used. Therefore, observed responses are considerably 
greater than expected, at least in early generations, 
indicating that selection has indeed altered the 
epidemiology of the disease. 

The mean values for csfmhlishirlr~rrt, fcc~lrldity and 
iir~~rtillify were also used to infer the relative 
contributions of genetics and epidemiology to the 
observed responses to selection in early and later 
generations. Consider results tor I? = 0.0, with no 
carry-(>\.er effects between years in larval 
contamination. Conceptually dosing unselected and 
selected animals with 1000 infecti\,e larvae results in 
approximately 119 eggs per g on day 21 for 
unselected animals and 55 eggs per g for selected 
animals. This is a genetic reduction to 0.46 of the 
original value, whereas the observed reduction was 
from 190 to 131, i.e. to 0.29. Therefore, after 10 years 

of selection, proportionately 0.76 of the reduction 
was genetic and 0.24 was duc t o  thc change in the 
en\,ironment. After l year o f  selection thc ~.t,l,iti\,e 
contributions wcw 0.51 and 0.39, implying that the 
cpiJemiologic'11 effect was grcatcr i l l  the early years 
of sclc~ction, for the dss~~rnptions made in this 
cxarnplc. Rclating the initial lar\~,ll challenge 'lt the 
start ot each scason to pasture lar\,,11 coi~t~jmination 
from tlie prc\.ious scdson will incrcdsc the 
contribution of the epidemiological influences to the 
apparmit selection responses. 

Discussion 
This paper has described a vcry general framework 
w7hicli enahlcs individual animal \rariation in 
resistance to gdstl-o-intestinal parasites to he 
moclelled. This model has many potential uses, of 
which investigating responses to selection under 
different scenarios, as investigated here, is but one. 
No attempt has been made to make the model 
sophisticated from either a parasitological or host 
immunity viewpoint, as this has been successfully 
achieved by other authors (e.g. Gettinby et al., 1989; 
Barnes and Dobson, 1990; J. A. Beecham pt ul., 
unpublished data). Many of the published models 
describing parasite infections have been weatlier- 
based (Barnes and Dobson, 1990; Gettinby and 
Byrom, 1991) and have concentrated on how external 
factors affect parasite populations and hence likely 
infection rates. Some have also investigated selection 
for anthelmintic resistance in the parasite (Gettinby 
~t al., 1989; Barnes and Dobson, 1990). However, little 
attempt has hitherto been made to model specific 
interactions between the parasite and individual 
hosts within a population, as is done in this paper. 

The performance of the model described in this 
paper is of course limited by the generality of the 
assumptions made. Between-animal variation in 
faecal egg count has beerr well described for a variety 
of host popul~~tions infected by a variety of parasites. 
Less well described, at the population Icvel, are the 
component traits of c~stablisliri~ci~t, )c~lrr~lity and 
i~iortizlif!/ '3s well as other important regulating factors 
such as density-dependent effects. Although some 
information is available to describe mean values of 
the componerit traits, little information is a\railable 
on their variability between animals (including 
distributional properties), lierit,~bilities, maternal 
effects (and their duration) and other repeatable 
sources of ~ ~ a r i ~ ~ t i o n .  

'The results described in this paper will of course 
change as tlie assumptions regarding the component 
traits change with more experimental information. 
Tiowever, some propertics which may be general 
have emerged. 
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First, '1 c~~r\,iline,lr response to selection is obscrved 
for I7EC ,1nd to '1 lcsscr extent for true worm burden 
,ind pcls t~~re  lar\.nl contarnin,? tion. Responses to 
selection are initially large, the11 decline and become 
more lincar. Hobvcver, as described abo\,e, they are 
grcatcr than predicted by cluantati\,c genetic theory. 
Density-dependent constraints appear to act to 
reduce selection responses, as they reducr betwren- 
anim'11 variation for tlic traits ~ ~ n d c r  consideration. 
Iieduccd pasture contamination will benefit both the 
sclectecl animals and also any unselected animals 
grazing the same pasture. 

Secondly, the distribution of FEC becomes more 
aggregated over time. This is equivalent to the 
distribution becon~ing more skewed, resulting in 
selection differentials decreasing. However, '1s the 
distribution becomes more aggre~ated 
proportionately fewer a i ~ i i n ~ ~ l s  are contr~butmg a 
disproportionate number of eggs onto the pasture, 
hence culliilg of 'wormy' animals may become 
relatively more effective than in unselected animals. 
This possibility must be balanced by the relatively 
low repeatability of FEC within a season and 
requires further investigation. For selected animals, 
FEC also decreases within a season, this being a 
function of both an increased immunocompeta~~ce 
and lower resulting reinfection rates. 

Thirdly, carry-over effects of pasture larval 
contamination from one year to the next have large 
effects on apparent selection responses ill the absence 
of density-dependent effects but were largely 
cancelled out when strong density-dependent effects 
were present. These carry-over effects are perhaps 
the most difficult aspect of the system to model 
adequately and represent an area where this model 
co~lld ~~scful ly  interface with models describing 
ailimals management and the free-living stages of 
the parasite. 

Finally, selection under regimes of no anthelmintic 
treatment coinpared with regular treatment results in 
different mean FEC values but similar patterns of 
response. Moreover, responses in the component 
traits (estnblislrliirrit, fccirrrdity and rriorti7lit,y) are 
unaffected by the dosing regime. 

Experiinental verification of the results predicted by 
the model described in this paper are difficult to 
come by. Published selection experiments for 
reduced faecal egg count in sheep appear either to 
have offereci sheep a fixed experimental dosage of 
larvae (e.g. Windon, 1990; Woolaston and Piper, 
19Yh), or in the case of natural infections they have 
generally run divergently selected sheep together 
(Baker c7t ill., 1991). Whilst these are robust 
experimental protocols, they do not mimic selection 

uncler commrrc~~ll cond~t~ons  where the ent~re tlock 
wo~lld be selected in the same direction and 
epidemiologicd factors woulcl be i1nport;unt. It is this 
commercial situation that tht. model in this paper 
'ittcmpts to mimic. For tl~c,sc rcsults to bc prcclictivc, 
howexrer, the flock inust remain closed or purchased 
sires and/or semen must conic from equally resistant 
sources. A flock which ~ ~ l l o w s  iinportation of 
susceptible '~nimals after several years o f  selection 
will ncg'jtc some of thc bcncfits of thc sc\,cral ycdrs 
worth o f  selection. Clearly, it is necessary to define 
circumstances under whicll epidemiological benefits 
are likely to be realized. 

.4ltIio~1gh thcrc appear to be no p~~blislicd 
experimental \,erifications of the epidemiological 
effects of selection, two simulation studies (Barger, 
1989; Windon, 1990) have dcidressed this problem, 
comparing 'susceptible' and 'resistant' sheep using 
the inodel of Barnes and Dobson (1990). Both studies 
found that 'resistant' sheep had lower worm burdens 
which led to a markedly reduced p a s t ~ ~ r e  larv,ll 
contamination, in broad agreement with the results 
in this paper. Moreover, the 'resistant' sheep 
required less anthelmintic intervention. 

The results presented in this paper have general 
implications which are much wider than the simple 
situation of selecting sheep for resistance to worms, 
i.e. what are the epidemiological consequences of 
selecting domestic animals for resistance to 
infectious diseases? If the finding of an interaction 
between selectioi~ responses and the epidemicllogy of 
the disease in questioii is generally true, then the 
benefits of selecting for disease resistance relative to 
selecting for production traits will have been 
~~nderestimated by animal breeders. This could have 
important consequences for future selection 
objectives. Clearly, there is a need to de\relop theory 
which combines genetics ~ l i t l i  epidemiology and 
enables us to predict such responses to selection. The 
arguments in this paper have been couched in terins 
of traditional selection tecl-uiicl~~es, however they will 
apply equally well to possible marker assisted 
selection. Therefore, results presented here further 
highlight the iivlportance of mapping and utiliziilg 
disease resistance alleles in domestic animal 
populations. 

Further work is required to verify and develop the 
res~llts suggested in this paper. Nunierous 
refinements can be made to parasitological and 
epide~niological aspects of the inodel or, 
c~lternatively, this model could be interfaced with 
other models which provide '3 more detailed 
description of animals' immune mechC1nisms, the 
parasite life cycle and enr~ironinental factors affecting 
it (e.g. those of Barnes and Dobson, 1990, '1nd 
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Bcccham c,t ill., lCIC14). Other problcms of iutcrcsst 
\vhicl~ s l i ~ ) ~ ~ I c l  he ;tdiircssccl include, (1) dcyfining CIII 

optimal bC~lancc h t t t \vee~~ thc st3lection of ~.csista~lt 
anim'lls ancl the culling of 'worm!' ,lnimals, (ii) thc 
incorpol-dtion of production traits into the. model ,111d 
(iii) co l~s idcr~~t ion  of  the cffcct ot selectioli on the 
rcc1~1 i rcd heque~lcy of d r e n c h i ~ ~ g  \\,liich uri l l 
influellcc tlic. rate dc\c)lopment of dnthelmintic 
resistancr. dmongst thc pdrdsite. Finall!,  is 

mentioned abo\.c, there is ,I ~ ~ c c d  to de\.elop a 
gener'll thcorctical framcx~z,ork linking cl~~,lntitati\~e 
genetics ; u ~ d  cpidc~niiology. 
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Relationship of body condition score and live weight with body 
composition in mature Churra ewes 

P. Frutos, A. R. Mdnteccin c ~ t ~ d  F. J .  Cirildez 

Abstract 

T/rirt!/-fir1r irintlrrr Clllrrrn r7i!rs, r i ~ n ~ i r l g  i t ~  l i i ~  i ~ c ~ i ; < l ~ f  fiorn 30.3 to 52.6 k:< iri~d it1 bocl~l co i~d i f i o r~  s~,orc,.fioiii 1.25 
f o  4.00 mcJrc, ~rsrd  to sllld!/ tlrr, rt~lnfio~rslzip bc.t.n~r~rl body ~ . o ~ ~ f i f i o n  SL-OY(~ IHCS), l i r ~  ~ilr,i~lrt ( L W )  n i ~ i i   boil^/ 
conlposifiorr nn i i f n f  ilistrib~rtivrr i n  r i w s  of fllis brrrd, ii!lrich is c~izr, o f  fhr  111a;or slrt>r/l br.c~~ds c!f irorth~,rii Sl~ilirr. Tl~ia 
procedurf~ nt s / au , yh f c~  nnd nt s~rhsryurrrf riissc~c.fior~ ivns dr~i~yi lc i i  to /~nrtiiioir r.ac.11 l~oi ly  into tillo corrr/~oiic~trfs. 
carcass aizd 'riolr-cnrc.nssf. Riglzf sidr car.ci1ssr.s a~rcl 'non-carcuss' co~u~yor i r i~ f s  ivrrc riscd f o  ar7illysr flrc c1lcv11ic.iil 
conrpositiorl. Fror~l fhr, left sidr o f f h r  l~lrrrl~ar rt2,yion n join1 Z L ~ L I S  c ~ f  171111 dissilcfrd irzto ~nusclc ,  bor~r,  s~/bc~itar~c~olr.s~~i.i 
and i r ~ t c r m ~ ~ s c u l a r  fizf. Accordin8 to flzr rcslr1f.i. obfnincvi, ornrr~lnl fi7f rcprc~srnfrd t l ~ t ,  hi<yhc~sf proportion of tofrrl 
i~zfcrrzal fat rc;ynrdlr,ss of the level c!ffizfnrss. Disfribll f ion ofirrtcrnalfnf  ions sinzilar. f o  that 0bst~ri1eii i n  otllc~r r~iilk 
production brrcds. Regrcssio~zs 017 L W  (,x/11air7~d Y I I O ~ ( ~  (?f flzr 7inriafior1 lllnn fhosc 017 B C S f o r  ilrdi71idzlnl infrrrlnlfnt  
d c ~ ~ o t s  and chcrrzicall!/ drtt~rririncd 'non-carcass' faf .  The  prcdicfiorl o f f o t n l  body filt nfforded by L W  icJas brttrr. tlliri~ 
that provided by BCS .  TIZC s ~ ~ b c u t n n ~ ~ z i s  and i17t i~r111~~sc~i lar fa t  ~ l ( ~ p o f s  i n  thr lunrhnr joint wprc iiicll co r r~ ln t t d  i(~it11 
RCS,  carcass fat and total fat i n  the body, z1nlidufing fhe  us11 o f  this rcgiori for assessins BCS irr Chllvril r'iilr~. 
Neuerfhcli~ss,  f l ~ r  corrclnfion coefficicwt wi th  the omrrzfal depot u!as n o f  statisficall!~ si<y~rificnnf. Tllr rpsulfs  of flris 
s t udy  szcggest that BCS nias rzot as acclrrnte for csfirizafing body co~nposi f ion  izr7if fat dcpots i n  mn fur r  Chzrrra riut,s 
rrs has beer1 S ~ Z O W I Z  yrri~iollsly in o fhcr  hret~ds. The  singlr rrrost qffecfi-cx~ prcdicfio~l irzdt.?: ions L W .  Horvrurr, flrc, 
utilization of both RCS and LW fogcthrr provided rnorc acclrrafc estirnntiorzs. 

Keywords: hod!/ cornpositio~z, body co~idif ioll  SCOYC, ~ Z L ! C S ,  liur surig/lt. 

Introduction 
In most sheep production systems under arid or 
semi-arid conditions, the ability of the animal to 
retain and n~obilize body reserves is of considerable 
importance in determining the sheep's productivity 
or even its survival (Iiussel cl al., 1971). In such 
extcnsi\~c conditions, '3 method for estimating body 
composition in a simple way would prove extremely 
useful . 

Body condition was defined by Murrdy (19 19) and a 
system for describing it in sheep, based 011 a fi1.e- 
point scale assessed by palpation of the lumbar 
region, W ~ S  devised by Jefferies (1961). The lumbar 
region was proposed by these authors because the 
loin is the last part of  the growing animal to develop; 
it is the last to put on fat and the first to lose it. 
Russel et ill. (1969), using an adaptation of the 
Jeffcries tc,chnique, showed that body condition score 

(BCS) was related closely to the proportion of 
chemical fat ill the body. 

The system is considered a good predictor o f  the 
level of fatness and has proved very useful in 
quantifying relationships between body condition 
and certain production p,iramctcrs. Since it is '1 

simple system, it has been used in many aspects of 
sheep husbandry '2nd management. 

On the other l1,111d, it is accepted that individu,ll 
breeds have a distinctly different distribution of felt 
within the body (Taylor c7t ill., 1989) ;und relationships 
derived from studies in one breed carunot be applied 
with confidence to others. 

This experiment was carried out with the aim of 
studying the relationship between body condition 
score, live weight and body composition 'ind f'lt 
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distrib~~tion in mati~rt, ewes of the Churra breed. 
This brred is ono of the major sheep breeds of 
nortlit,rn Sp<~in 'lind its most important function is 
milk production. As an autochtonous breed, and 
bec,luse of the environment in which it is kcpt in 
which food iviilbility undergoes significant 
season,il changcs, it is well adapted to tlie i~ti l i~ation 
of natural resources through mobi l i~~~t ion of its body 
reserves. 

Material and methods 
The study was conducted using 05 non-pregnant, 
non-lactating mature Churrd ewes (averaging 5 to 7 
vcars of age), ranging in live weight (LW) from 30.3 
io 52.6 kg and in body condition score (BCS) from 
3.25 to 4.00. Body condition score was assessed to 
nearest 0.25 scorc using the liussel r7t al. (1969) 
teclinicluc which employs a 0 to 5 score. The animals 
belonged to the flock of the research farm of the 
Spanish Council for Scientific Research (CSIC) in 
~ i 6 n  (Spain). Before slaughter, the ewes were shorn 
and weighed without having been fed overnight and 
tlie RCS assessed independently by two experienced 
people. 

The sheep were sla~~glitered by exsanguination from 
the jugular vein, after being injected intravenously 
with 1 m1 Xilocain (Rompum"'). Blood collected was 
not analysed but was assumed to contain 
proportionately 0.80 water, 0.183 protein and 
negligible amounts of fat (Agricultural Reseach 
Council, 1980). The procedure at slaughter and at 
subsequent dissection was designed to partition each 
body into two components, carcass and 'non- 
carcass'. 

The gastrointestinal tract was emptied and its 
conteiits weighed in order to obtain the fleece-free 
empty body (FFEB) weight. The fatty tissues 
surrounding the alimentary tract (omental and 
tncsenteric fat) were removed, along with any 
associated connective tissue, and weighed. Kidney 
dncl pelvic fat was also weighed after removal of the 
kidneys. Finally, all the internal fat depots and the 
gastrointestinal tract were added to the 'non-carcass' 
fr'lction. 

Carcasses were divided down the backbone: both 
sicles of each carcass were weighed while warm and 
ag.lin 1 day later when cold. Iiiglit sides were used to 
s t~idy the chemical composition. From the left side of 
the lumbar region (which was palpated to assess 
body conclition score) a joint was cut from between 
the 2nd and 3rd to the 6th and 7th lumbar vertebrae 
and dissected into muscle, bone, subcutaneous and 
intermuscular fat. Weight losses occurring during 

dissect~on were cons~dcrcd to be proportional to each 
component. 

Right side carcasses anci 'non-carcass' components 
were stored in separate polyethylene bags at -20°C 
~ ~ n t i l  preparation for analysis. After thawing, they 
were cut into pieces and minced successively,  sing a 
blender fitted with end plates containing holes of 
7 mm and 4 mm diameter. The mince w7as then 
mixed thoroughly and subsamples freeze dried to 
determine water content. 

All samples were '~nalysed for crude protein and ash 
by the Association of Official Analytical Cheinists 
(1984) procedures. Fat content of carcass and 'non- 
carcass' was estimated by difference. The chemical 
composition was calculated assuming that all weight 
losses occurring during freezing and storage were 
100?:l water. 

Statistical analysis was conducted using GLNSTAI 5 
(Lawes Agricultural Trust, 1993). Regression analysis 
was used to evaluate relationships between BCS, LW 
and a combination of both to several body 
components. Correlation analysis was used to relate 
subcutaneous fat and subcutaneous plus 
intermuscular fat in the dissected lumbar joint with 
the weight of individual fat depots of ewes. 

Results 
Table 1 shows means and standard errors of the 
character~st~cs measured The full range of BCS (from 
0 to 5) was not represented at slaughter, however, the 
range of BCS from 1 25 to 4 00 as well as the range of 
LW are representative of those generally found in 
ewes of the Churra breed 

BCS and LW were correlated, with a correlation 
coefficient of 0,683 (P < 0.001). The regression 
equation for estimating LW from BCS indicated that 
per unit change in RCS, a corresponding change of 
5.57 kg of LW could be expected: 

LW = 30.12 (s.e. 2.467) + 5.57 (s.e. 1.004) BCS; 
s.e. = 4.27 

The omental fat depot represented the highest 
proportion (mean 0.408, s.e. 0,0186) of the total 
internal fat (kidney and pelvic depot plus omental 
depot plus mesenteric depot). This was the case for 
the whole range of BCS and LW \ d u e s  studied. The 
mesenteric fat depot represented a higher proportion 
of internal fat at low BCS. In contrast, kidney and 
pelvic fat depot represented a higher proportion of 
the total internal fat at high levels of total fatness, as 
indicated in equations given in Table 2. 
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Chemical no11-carcass fat represented a high 
proportion ot the FFEB fat in ewes of the C h ~ ~ r l a  

Table 1 hlciiri> iiiid siiiiiifiii.ii c,.,?)r> of c-!~iiriic~t~~~~i~/i~~i iiii2ii~iiri~ii 
01c1. - 3%) ill11 i'iillli~. iii~iillti, 1llc.iiii:. for liiiil~~lifilill i1ic'i'~li 

Mt.;ln \.C. 

Lixrc \vriglit (kg) 13-22 
Body co~~di t ion  siorc. 2.15 
Kidney and pe lv~c  f,~t: 

weight (g) 528.8 
proportion in total internal fdt 11-227 

Ornrntal f'lt: 
weight (g) 101l 4) 
proportion In total intcrna! I'it 0-1.79 

Mesenteric t'it: 
wcight (g) 686.3 
proportion in total internal fat 0.331 

'I'otal internal f'lt (g) 2256-2 
Non-carcass fat: 

weight (g) 323 1.9 
proportion in the FFEB fat 0.416 

Carcass fat: 
weight (g) 1548.4 
proportion in the carcass weight 0.241 
proportioi~ in the FFEB tat 0.582 

Fleece-free empty body (FFFK): 
weight (g) 33312.8 
dry matter (E) 11912.2 

breed analysed in this esperimcnt (me,lii 0.416, s.c. 
0.0104). Carcass fat \\,as proportionatcl only  bout 
0-58 of t110 total tat neight a n d  0-24 of tlic'cc~rc,lss 
weight (1ile~111 0.241; s.e. 0.0127). 

Estimates of pdrameter.; for prccliction equCltion\ tor 
estimating ~veight of fat depots , ~ n d  12171113 
composition ot enres of thc Churra breed from BCS 
and from LW and ~ o r r e l ~ ~ t i o n  coefficient.; ,>rc 
pwsci~ted in T,lble 2. As shown in that t,~blcl, similar 
R' values were observed when either KCS or LW 
were used to preclict kidney ,111d pclvic t'it depot 
weight. Variation in weights of omental fat depot, 
mesenteric fat depot and total interm1 fat was morcT 
accurdtely predicted by equations invol\.ing LW th'in 
with BCS. Includ~ng both BCS and 1.W in thv 
regression model only significantly iiiiproved the 
model for cstirn,itil1g the weight of kidney m d  pel\.ic 
fat depot. 

T>W accounted for more of the \,ariation in non- 
cxcass fat, with essentially n o  improvement in the 
regression model wl~en  both BCS and LW were 
included. BCS accounted for more variation in 
carcass fat weight (li2 = 0.70) than did LW (Ii2 = 0.64). 
Inc l~~s io i~  of both fitted terms together (BCS and LW) 
improved the accuracy of its cstiniatiol~ (l<' = 0.79). 

~, 3 

fat' (g) 7772.3 567.37 
protein (g) 5127.6 130.68 Chcmical composition of the FFEB was better 
ash (g) 2002.1 56.92 predicted using LW than using BCS. Variation in LW 

Lumbar joint (proportion of): accounted for more of thc variation in dry matter, f ~ t ,  
subcutaneous fat 0.118 0.11127 protein and ash contents ((1.77, 0.72, 0.65 and 0.26, 
intermusc~~lar fat 0.090 0.0057 respecti\iely) than did BCS (0.58, 0.64, 0.27 and 0.004, 
muscle 0.516 0-01 14 respectively for dry matter, fat, protein and ash. 
bone 0.275 0.0128 ~ ~ b l ~  2). 

Table 2 Et;tiilrntczs ~~~par.izrrir~tc% fir prcdii-tioil c'y~iatior~s fi~r c'stiifiiifrri~ iilc'igiit (,v) of fill iirjiots ir~iii fln~cc2-f,.r7iz I'I~I{J!~/ 110dy t~i~iiij~ositioii 
if ~i~li 's of C~IILYYO b~.('tl~l h.il111 110ii,1/ ~oiiditieii~ SCOYP (HCS, t ~ i i d i t i ~ i ~  scori7 iliii!~) iiild fri1111 liilc' i i ~ i ~ l i !  (LW, S) (S,, i71iii Sir ii1.c. stiiiiiiiirii 
ewors c!f rstirlintid yiiriir~ri~fc~rs; S.',. is stiiirdiird crrov cqfobsr~riritioris). Al l  R' z~~iliri~:, iiriz iigii!fiuliif iP < 0.001) i'.iii2/~t tlloii, iridiciiti~ii 

BCS LW L.W + HCS 

ii S,, 11 S,, s.e. R' ii S,, k S,, S . C .  R' l<' 

K~dneb ,111d 
pelvic tat -271 126 721 51 1 218 0 54 -1244 277 0 041 0 0061 211 0 55 0 (11 

Omental fat 51 790 421 159 677 0 15' -2155 741 0 l178 0 0170 581 0 38 (1 '36 
Mesenter~c fiat 112 1-10 211 56 8 242 11 14 -1 122 21') 0 042 0 1l050 172 (1 h7 0 (16 
Total ~ntern,ll fat -70 575 990 231 997 0 11 4 7 2  1 997 0 161 l1 0229 781 0 59 l1 5h 
'Non-carcds5' fat 166 h61 1107 269 1145 l1 11 -5177 11 79 11 199 0 0271 ')22 l1 62 (1 (,2 
Carca55 tat -905 651 2359 266 1111 U 70 -7667 1577 0 283 0 0361 12'33 0 h4 0 7C) 
Fleece-frec 
c rnp t~  hod! 

Dry m,ltter 1789 1151 l 611 2687 0 51, -1176'4 2521, 0 (718 00481 1978 0 77 l182 
Eat -821 1156 3665 170 2003 0 61 -17018 2288 0 182 0 0526 17'10 l1 72 (l 80 
P ~ o t e ~ n  7800 181 566 155 660 (1 27 551 585 0 106 00174 457 0(>5 004 
As11 1805 194 81 789 736 0004" 694 170 l1070 00085 289 l126 011 

' P<OOl 
1'>005 
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rq~t~l t ion:  i~onipinent l o~Y(g)  - 11 t 1 1  10:; L\h (g)  
O~nent,il fat -1.5 l 7  2.490 3.W 
Mc,scntcr~c tat -12.7'3 1 ,420 1.25 
FFFR pratrin -1.44 I . I  ')l1 0.9.3 

Eilu.ltion: cornpontwt IogY(:;) - ii + 1) log L\W (g) + L log KCS 
Kidney , ~ n d  pcl\ i i  fat I 1-14 2-7(70 2.5') 
FFEK ,~sh 2 - 7 8  2.570 0.98 
'Non-c'i~-c,~ss' fat - I9.cIc) 5.59 0.43 

Equation: cornpc~ic'nt \'(g) = I? + 11 LW (g) + L RCS 
Ccls~~iss  tdt -5550 12x1 0.15 
FFER f'i t 10143 2017 0.02 
TFEU drh rn,lttel. -0386 241 h 0-47 

Very little variation in ash content M I ~ S  predicted 
with either KCS or LW. Even the relationship 
between RCS and ash content in the FFEB was not 
statistically significant (1' > 0.05). Likewise, 
proportionately only 0.27 of the variation in protein 
content was accounted for by variation in RCS. 

Including both BCS and LW in the regression 
eq~~a t ion  improved the estimation of dry matter and 
total fat content. However, despite its statistical 
significance, little i~npro\/ernent was noted in 
estimating ash content. 

Linear equations were used to compare the 
I-elationship of LW and BCS with body composition. 
However, for the purpose of predicting body 
composition in Churra ewes, equations giving the 
best fit to the data, using both BCS and LW (in somc 
cases with logarithmic trd~-~sforin;ltioi~s) are shown in 
Table 3. 

Table 4 Corr.i~/iiiioii c-oizffitiivit.; fill- pr.o)!ortioii of ilissc'c'ti'd 

s i tbc ic t i i~~i~oi i  flit I I I  li11ri111ir jori~l, ) !roport io~~ of  cfisic7c-tcif 

.;i~bciifniie~oils~iis + ~ I I ~ I ~ ~ I I I I I S L ~ I ! / I I ~ ~ ~ I /  1 1 1  l l ~ c ,  / ~ / i i ~ l n ? r  1011il i111i1 L?o~l!/ 
~.o~iiiitioii .;c-ori7 i K S )  iirici {nt G / ~ ~ / J I J ~ ~  i i i  iiiiitiiriJ ~ ' i i ~ i  o f  Cl i~or ir  

iirc~c~ii i l l / /  i'ii/ii?i 11i.i~ si;~lrifiiilll t iP < 0.05) c'1l-c~f~1 i/lo5cz illififllli 'i~ 

ii'itli t) 

Subcu tnneous + 
Subcutaneous intesrn~~scular 

ncs 0- 774 0.764 
K~dney ,lnd pel\,ic I'it 0.693 0.679 
Orncntdl tat  0 .313  0.371 t 
Mesenteric lrat 0.586 0.66 I 
Totcll internal &it 0.508 0.557 

As show11 in Table 4, the proportions of dissected 
subcutaneous fat and subcutaneous + intermuscular 
f < ~ t  in the luinbar joint were well correlated with 
carcass fat ( v  = 0.789 and v = 0.772, respectively) and 
total fat in the body (v  = 0.766 and r = 0.774, 
respectively). Correlation coefficients found between 
those two depots and ii~dividual internal fat depots 
were lower, especially with the omental depot (r = 
0.313 and r = 0.371, respectively for subcutaneous 
depot and subcutaneous + intermuscular depot). BCS 
and proportion of s ~ b c u t ~ ~ n e o u s  fat in the lumbar 
joint showed a coefficient of 0.774. The correlation 
coefficient between BCS and the proportion of total 
fat (subcutaneous plus intermuscular) in the lumbar 
joint dissected was similar (r = 0.764). 

Discussion 
BCS and LW were correlated with a coefficient of 
0,683 (P < 0.001) and logarithmic trailsforlnation of 
the variates did not improve the precision of the 
equation. The correlation coefficient was lower than 
expected from previous studies in other breeds 
(Iiussel cJt ill., 1969; Purroy t.1 al., 1987; Teixeira r7t ill., 
1989; Sanson ct al., 1993). However, it was similar to 
that reported by Oregui (1992) in the Latxa breed. 
The high variability in adult size and ~ieiglit 
observed in sheep of these breeds compared with 
other breeds might account for this. Thus, the 
inclusion of both BCS and LW in the prediction 
inodel increased, in most ecluations, the amount of 
variation accounted for compared with either BCS or 
LW in lone. 

'Non-carcdss' fci t (1-625 0-669 
(' .. . . *  

~ I C C ~ S ~  at 0.7HC) 0.772 The change in LW per unit change in BCS, accordii~g 
rlt~ece-f~-ec~ c'mpty body fat 0.766 0.774 to the regression equation, corresponded 

proportionately to dpproximately 0.13 of mean live 
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weight in Cliurra ewes. This value is lower than most 
of the \.alues found in the literati~re, except again 
that inciic'lted by Oregui ,lnd &rro (1989) in I>atsa 
ewes and tlie a\,erage of three Greek d'lil-y breeds 
reported by Zygoyiannis i J f  ill. (1997) despite tlie 
inevitable differences between studies duc to the 
method ~ ~ s e d  for estimating the mature T.W, the BCS 
assessor, etc. Important differences in chc~ngcs in lA/V 
for onc unit change in BCS associated with genotyyc 
1ial.e been reported widely. 

The general distribution of inesenteric and kidney 
and pelvic fat depots was in broad agreement with 
those indicated by other authors (Russel cl ill., 1971; 
Teixeira ~t ill., 1989; Oregui, 1992). However, while 
others have found that the omental fat depot was 
markedly increased in animals barring BCS higher 
than three, in Churra ewes, according to the results 
obtained in this experiment, the omental fat 
represented the highest proportion of total internal 
fat regardless of the level of fatness. This may be a 
characteristic of the breed related to milk production 
and mobilization of internal fat depots. 

Comparisons between breeds must be interpreted 
carefully since the amounts of fat and their 
proportions can be very different i f  they have been 
determined chemically or by dissection. The amount 
of total internal fat (dissected) or non-carcass fat 
(determined chemically) as well as its proportion in 
the empty body found in Churra sheep was similar 
to that observed in other milk production breeds and 
higher than shown by breeds noted for meat 
production (Russel pf al., 1971; Butterfield, 1988). This 
kind of dichotomy of fat partitioning has been found 
previously in other sheep breeds (Russel r , f  ill., 1972; 
Butler-Hogg, 1984; Taylor cf al., 1989). In general, 
ewes bred for milk production tend to deposit more 
fat in internal depots and those bred for ineat 
production deposit more in the carcass depot. Thus, 
the amount of carcass fat, as a proportion of the 
carcass weight and as a proportion of the total fat, 
was also lower than most of the values observed in 
other breeds and cited in the literature (Wood ct nl., 
1980; Butler-Hogg, 1984; Butterfield, 1988; Taylor L? 
al., 1989). 

For BCS over 3, increments in fat depots in Churra 
ewes were quite low in comparison with higher 
increments at the highest le\/el of fatness found in 
other breeds. This may be a characteristic of the 
Churra breed but it must be noted that there were 
few animals with scores higher than three which 
could have affected the reliability of the relationship 
at the high extreme (see Table 3). 

Regressions on LW exp1,lined more of tlie variation 
than those on BCS for individual internal fat depots 

'~nd clicmically determined non-carc~lss i ~ t  (scc TCiblc 
2).  Only for tlic kidney and pelvic fat depot, did  hi. 
inclusion o f  BCS together n,itIi 1-W iiicreasr the 
accuracy of thc~ rstiniation, possibly because this 
depot is closel! associ,ltc~cl c\ , i t l i  the c,ircass tat ivliich 
shows a better relationship with BC'S. 

' l  lie prediction of totd bocly fat dftorcled b!, 1.W  as 
bcttcr than that pro\.ided by BCS. Similar results 
hn\.e bee11 obt,lincd in otlic'r breeds, in ~ ~ l i i c l i  I W 
was ,I inore accurate preclictor of body rcscrvcs tli'in 
BCS (Castrillo i 7 t  ill., 1988; Treacher and Filo, 1995). In 
the ewes of the Churra breed, there are , ~ t  least tivo 
p~ssible explanations for this. On thc one hdnd. the) 
high of non-carcass tat in the tot'11 f,~t ,111d 
its lower correlation ~vitli the BCS than tli,?t between 
BCS and carcass fat, can decrease the 'Iccur'Icy of the 
BCS as index of prediction. On the other hancl, the 
best results with BCS have been found in strldics 
including a wide range of BCS values and in c~n in~a l s  
of a narrow range of sizes. In this experiment, those 
ranges were narrower and wider, respecticrely, 
because they were representative of those generally 
found in Churra flocks. 

LW was by far tlie best predictor of body protein as 
has been reported previously (Wright and Russel, 
1984). The relationship with the BCS \was much 
poorer since, typically, protein reserves are not 
depleted to a great extent until animals are very 
emaciated. 

The subcutaneous fat and subcutaneous plus 
intermuscular fat in the lumbar joint were highly 
correlated with BCS. They also correlated well with 
carcass fat and total fat in the body, validating the 
use of this region for assessing BCS in Churra ewes. 
Nevertheless, the correlation coefficients were not as 
high as found in previous studies in otlier breecis 
(Delfa c3t ~rl . ,  1989). Furthermore, the correlation 
coefficient found between these fat depots of the 
lumbar joint and the omental depot wcls not 
statistically significant. 'l'his lack of correlation may 
explain the poor relationship found between BCS 
and internal fat (or non-carcass fat) in ewes of the 
Churra breed, in which tlie omental depot plays an 
important rfile. 

The results of this s t ~ ~ d y  suggest that BCS was not ,IS 
acc~~rate  for estimating FFEB composition dnd fat 
depots in mature ewes of the Churra breed, '1s has 
been s h o ~ ~ n  previo~~sly in other breeds. 'T'his is 
probably due to the pattern of fat partitioning found 
in this breed, with a high proportion of the tot,tl felt 
deposited in internal depots. The single most 
effective prediction index was LW. Howe\~er, the 
utilization of both BCS and LW together provided 
more accurate estimations. 
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Interactions among tannins, supplementation and polyethylene 
glycol in goats given oak leaves: effects on digestion and food intake 

Abstract 
- -- 

t f f c , c - t 5  C L ~ L ~ ~ L ~  5t1idlcd (111 j ( ~ o ~ i  rriti7hc i711d L ~ I L , ~  ~ / J [ J ~ I I L V I ~  ~ f r , y ~ ~ ~ t r l ~ ~ / ~ t y  o f  ~ y 1 0 1 1 i ~  to <yont i  o l r (  c ti111111 [l Ili15[11 drcl I I ~ / /  111  

l a r ~ t ~ l t l  fiorrr lirc11liroir of /cnclc% e l f  C)uercus calliprlnos c~rt/rcr i l r )~p /~~rr~c~r l t e ' i l  ~ o r f / r  il /rrg/r intbo/l~/drirt i~ or n / l r ~ / l  

/~rotr~rrl f ood  A150 rrrtr1i1cflori5 c l l r t l l  pol~/rtllylrrzc~ , y l ~ / ~ o l  IPFC) cl?c9veJ rriclc~itrgnttd Tlri~ r r ~ s l l l t i  of ilir prcic~rlf irloik 

t olrfir nlcil c ~ l r r  y~rc~\llrrlptrot~ tllilf f l l r  L O ~ I ~ L ~ ~ I ~  o f  tnr~lrlrr 111 . O / I ~ L >  Mciiltcr rntr('i111 111 o(r1ir r i  50 l r l~h  tlrilt i f  irrnl/ 

t~c:ynfrz?~/~/  i I f f i ~ t  tllr 1 l f r l 1 ~ 1 7 f 1 0 r r  of / I Y O ~ C ~ I I  1 1 1  511/1/1/(~r11(~11tnty  j10 i l5  N('1lfr~11rz111s tllr tilrzrllrl. ~ 1 1 1 f l l  oircc, [Inill/ 

/ , I  ou15rorr of PEG pr oc1rd fo  hr n11 rfl~,c-tlrlr rnarrr. c,f yr f i~o~rr t l r l~  tlrc trc~gat~?lr cyfict I'r (1~11111t19 10 <y/[117~ PEG to goal5 
Quercus calliprinos Icnslri ad l ~ b ~ t u m  nrid ~ r ~ / ~ / ~ l ~ t ~ r ( ~ ~ l t ( ~ l j  7 ~ v f h  100x/~iny t o r i c r t ~ t v n t ~ ~ i  co~rfil~rlrir;< 160:< 

rv~iiic, profrrrl prv /(g DM lt lclmicd d ~ ~ c ~ . f l b l r ~  c f u d t l  plofrlri rrltmkr b ~ /  50:</iiizy Whrl i  firc cor~cc~rltvntcfood cl~ili 

g/i1c7/l to gonf5, lraf d v ~ - r r ~ i l f f t ~ ~  r l i f i lk~  d ~ ~ c v ~ ~ i 7 ~ e i l  ~ ~ g r ~ ~ f i ~ ~ z i r f l y  ( f i ~ r l l  664 to 5 6 5 ~ / d n 1 / )  1711~1 flrc xoi7t5 lr15t soclslif 

t n y r d l ~ ~  TJzcvcforr, 5~l / ip l~111~t l t rr lg  f a ~ i r ~ l r ~ - r l ~ l r  I C ~ ~ Z J ( > ~  ~vrt11 i o ~ ~ ~ ~ r l t r i l t c ~  fi(111 15 r ~ ~ o r r l r r r ( ~ r ~ i f ~ i  01111/ if dorir rtl  

co r r rh~ i~a t~vr~  ililtll PEG Hlgh protrrll i~lpplrr~rc~rrtafrori lrl~vrnird lrllf (frorrl 664 to 844 g/dny) arid d~gr.lrhlr p v o f ~ 1 1 1  
~rlfakeb (fiorn 4 8 to 92 3 g / d n ~ / )  hilf (l corl~rdr~rirblr porflorr of fhr protrlrl ~~rp~~ lc r t~ t~ t i t n t ror r  z(?n5  ciln5trd dlrc to 
ltltrtacflorl .iolfll tnnrlln5 PEG 1r~a.l nlloicl ccolror~~les ~ t i  tllr lisr of 5 1 1 ~ 1 1  111gIr-~osf food\ [frrt~ f o  t l l ~ ~  grmtrr rfric rc,rrc L/ 

~ ~ ; I Y ( I ~ L V I I  ~ ~ f ~ l r ~ n f ~ ~ r ?  (drgc~\fLblr L I  ildc pr otcrrr rrrtnkr ~ ~ r ~ v r n i r d  frorrr 92 3 to 122 g/Iiny) of tlrc 5~lpplrr11~11fi7v1/ fooii 

irlld to 11?clr]n5rd llzfcrkr irtld pvotrrll ~ l t l l l z n f l o ~ ~  of thr hi75ol lcnf rlrct (fvorr1 844 to 1023 g / ~ l a y )  

Keywords: ~figt>sfiorr, f oo~ f  irlfakc, gonts, s l r p [ ~ l f l ~ ~ m z t s ,  tnn17iris 

Introduction 
Mediterrai~eai~ woodlands have been cxploitcd for 
millennia for raising range-fed goats ill areas where 
few agricultural alternatives are available (Meuret et 
al., 1990). Browse constitutes the majority of natural 
vegetation in the diet selected by goats in various 
regions of the Mediterrane'm basin (Kababya, 1994; 
Meuret 1.f L I ~ . ,  1990). However, the use of browse 
sources by herbivores is restricted in many cases by 
defensive or deterrent ~uechanisms related to the 
high content of tannins in woody plants (Provenza, 
1995). The inverse relationship between high tannin 
level in the forage and voluntary intake, digestibility 
and nitrogen retention in ruminants has been well 
established (Robbins c 7 f  ill., 1987; Silanikovc i7t al., 

1994 and 1996). It was concluded that the protein- 
binding capacity of tannin-containii~g leaves may 
exceed considerably the protein content ill the leaves 
(Silanikove rf nl., 1996). Thus, tannins ingested mritli 
the browse may also affect the protein utilization of 
supplementary food. 

Once-daily pro\,ision of polyethylene glycol (PEG) 
with a molecular weight of  1000 (a tannin-binding 
agent) increased markedly tlie intake and digestion 
of tannin-contC~ining leaves offered to sheeb ancl 
goats (Si1;uiiikove ct ill., 1991 and 1996). The a i~ns  of 
the present experiment were to: (i) studj: the effect of 
fecding '1 basal tannin-rich leaf diet supplemented 
with a high-carbohydrate or high-protein food on 
food intake '1nd apparent digestibility, and (ii) 
examine whether I'EG, given to goats once daily, 
increases the goats' intakc of the leaves and thc 
protein ~~tilization of the supplementary ;und basal 
foods. 

Material and methods 
Atrirrrah 

The experiments were carried out with six 2 to 3- 
year-old non-lactdting and non-pregnant Maniber 
goats (a breed incligeno~~s to  the Mediterranean 
woodbnd) weighing 35 (s.d. 5) kg. The aniinals were 
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st,ll!-fed ~tiiiii iciu~ll! ,  in ,l vdrd protected from raln 
;111d \,I inci ;rnd eq~lippcd n~i th  troughs r\.hicli enahled 
cli~,ln tit<~tii.e !>?t.;lsure~mit~~>k of tood int'ike. 

i 'c~cri iz 

i_)iica;.c-ir.: : . i l / / i i~ ru~~~  (comtilon CMA,  01- hiillply o'lli) 
le;l;,c,s ,itt;lchc~ii to >niclll edible brc~nchcs (didmeter o f  
2 to 3 mm) were lic~r\.estecl once '1 M ~ C C ' ~  ~ d r l y  in the 
morning and  stored dt 20°C.  The lea\,es co i~ t~~ ined  
per kg , ~ p p r ~ ? ; i r n ~ ~ t e l ~ ~  500 g ciry matter (DM) and on 
'3 DM basis per kg, 955 g organic rnatter (OM), 730 g 
cr~idc protcin (CP), 5119 g 11~~1tr'1l-c1e~terge1it fibre 
(Nl lF) ,  444 g acid-detergent fibre, and lh(l g acid- 
dctc,rgcnt lignin (Silanikove c?  ill., 1996). The o,lk 
Ied\res may be defined as high-tannin ancl had 10 g 
s o l ~ ~ b l e  plit~nolics and 95 g condensed taiinins per kg. 
Thc cl;lily ,~llotrncnt of the Icavcs was rt.moved from 
the heeter, allowed to thaw and offered oncc daily 
(111 libitni~r at 08.00 11. Two types of suppleinentary 
food were used: (i) high-carbohydrate commercial 
conccntratc pellets (cereal concentrate, CC) 
composed 111ain1y of cereal grains with DM content 
of 860 g/kg and wliicl~ contained on a DM basis per 
kg, 160 g CP, 194 g NDF, and 7.0 MJ net energy, and 
( i i )  high-protein soya-hean meal (soya concentrate, 
SC) with a DM content of 88 g/kg and, oil a DM 
basis per kg, 500 g CP, 70 g NDF and 7.4 MJ net 
energy. The supplementary foods were give11 at 
08.00 11 and were consumed within 15 to 30 min. I'EG 
(molec~~lar weight of 4000, Ikgussa, Germany, 
pharmacological grade) at 10 g/day was given in the 
morning, before the leaves and supplemented foods. 
L'EG was given inixcd with '1 small amount (3 to 5 g) 
of concentratcs (160 g CP per kg in mash form) and 
was cons~~nied immediately. Water was a\,ailablc at 
all times. 

T~.~wliil('i~ ts 
Digestibility trials were carried out using oak leaves 
as the basal diet with additioii of 300 g/cldy of either 
cereal or soyd concentrate foods, with or witho~lt 
10 g/day I'EG. The six dietary treatments  sing six 
g0~1ts %,ere: (i) oak, (ii) oak + I'EG, (iii) oak + CC, (iv) 
oak + CC + PEG, (v) oak + SC, (vi) oak + SC + I'EG. 

lli,y~~stibilify friills 
The ,inimals wcrc aclaptecl to treatments for at least 2 
\\reeks as described previo~lsly (Silanik(~ve I,/ al., 
1996). Daily food intake on each treatment was 
rncc~sured for 2 weeks, and a digestibility trial WCIS 

c<~rricci o ~ i t  during the 2nd weck. Ddily subsainples 
from the fresh food offcrecl and from totdl food 
refus'3ls were stored at 2OoC for further anc~lyscs. 
F d ~ ~ a l  grab ~ ~ ~ n l p l e s  ~7ere  taken every h h over a 
pcriocl of 4 days 'i~nd stored 'it -20°C. Apparent 
digestibilit!~ of OM, protcin (N X 6.25) 'i~id cell ~ ~ ~ 1 1 1 s  
(NDF) was deterii~ined by meas~uing their 
conccntrat~on and tlie concentration of -external 

markc.r in tlie food ,111d f,~cc<~l saniplcs. Wheat hay 
cc. l l -~~~~11-cl i romi~11n mord,int w ~ ~ s  usccl ,IS ;ln cxtcrn'll 
rn'irker (Silaniko\.e c.1 iil. ,  19c1h). E\wy da),, l 0  g of the 
m,lrkcr M"IS gi\.eli at 08.00 11, for ;1 week beforc the 
rligestibility trial and  during the week of ciigestihility 
mcasc~rements, along with PE<; ~upplcnicnt~ltion. 
Tlii, animals were weiglied routinely on tlcctronic 
scales e \wy  2 days at 10.00 h. 

At the cnci of each exper~mental period, runien 
s,ample5 wele taken by 5tomacli tube betore the 
p-'resentdt~on of toocl (07 30 11) and threc morc tlincs 
at tnterl als of 2 11 <liter the presmt,ttlon of food 

C71il~~~iic~i~l izi1~1 slnlis/ici~l ~ T I I ~ ~ / ~ s ( ~ s  
The apparent digestibility of OM, CP, and cell walls, 
the concentration of \rolatile fatty acids (VFA) (acetic, 
propionic, butyric dnd valcric acids) and ammonia, 
thc pH of rLlmen fluid artd urea concentration in 
blood serum were determined as described by 
Silanikove c J f  171. (1996). 

A 6 X h Latin-square design was ~lsed (with repeated 
me~~suring in the case of rumen aiid plasma 
sampling) in which colnparisons between treatments 
were made by two-way analysis of variance with 
goats and treatments as independent terms in the 
model. Statistical significance was assessed by 
Duncan's lnultiple range test, following finding a 
main effect, using Statistical Analysis Systems 
Institute (1982) procedures. In the case of repeated 
measurements of pH and VFA in rulnen fluids, no 
interaction between PEG supplementation and a 
specific diet was found aiid therefore the results 
were pooled. 

Results 

Dry-matter intake (DMI) of oak was 664 g/day. PEG 
increased the DMI to 836 g/day, whereas CC 
s~lpplenientation reciuced it to 565 g/day and the 
combii~~~tion of PEG and CC increased the DMI of 
oak to 770 g/day. SC s~~pplcmcntation increased the 
DMT of oak to 844 g/day and SC + PEG increased it 
further to 1023 g/day; all the responses differed 
significantly from eacli other (except oak + SC = oak 
+ PEG). 

Codts gi\,en oak lost 275 g body weight pcr day and 
suppleinentation with CC to oak reduced the loss of 
body weight to 151 g/day (P < 0.05). All other 
treatments led to non-significant increases in body 
weiglit (P > (1.05). 

OM . ~ p p ~ ~ r e n t  digestib~l~ty (OMII) of goats girren oak 
,?lone w,is 260 g/kg PEG ~ncrcased tlie OMD to 
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Table 1 Etfi~,ts of c.illic7r c-l,i.c.i71 ~.iriici>iiti-iitc, (CC) ,  or so!/ii-b~~iiii 

~ ' l~ l i~ l ' i l / l ' ~ i /C  (Sc) ~ i i \ l ~ ~ / L ~ i i i L ~ l i / i l / ~ l l i ~ ,  illj//i lli- il~it/tolll/ / l l1~l / l~~/ t l / /c~i l~~ 

,ylyiol illE(:) /Ji.oiliiiilti iiii i~iik i1r .y  itiiitti.r iritalii' ILIMI), c'iiiiriqc,~ 

iri botly i~ l t ' i~ l i t  i H  W ) ,  iiriii ~r\~piii.c~ril diCycatii7iiit!l ofoi,qt71iic iiii7tti.r 

(OM), c,i.ii~fc> prolc.iii (Cl ' )  niiil i i ~ ~ i i t i ~ i i l - i l c ~ l c ~ r ~ ~ ~ ~ i i t  fibi.~' (NDF)  iii 
s i x ~ o i i l s  Q J V L ~ I I  Q L I ~ ~ C ~ S  calliprinos ionk) 

Apparcnt 
digestibilit!. (g/kg) 

DMI LIW 
I're,ltments (g/d,ly) ( g / d a ~ )  OM CP NDF 

Oak (164'' 2 7 4 "  258" 113' 287" 
Odk + I'tC 836" 77' 6U2' 442" 606' 
Oak+CC 565' 1 5 1 "  425' '33" 281" 
Odk + PEG + CC 770' 9 1  623" 537' 5YO" 
Oak + SC 8 4 4  35" 538" 453" 581" 
Oak + PEG + SC 1023.' 122.' 661.' 56l.I 59X.' 
5.e. 3 0 32 12 15 14 

,>, I,, ,-, d Values in columns marked with different superscript 

letters diffcr significantly (P < 0.05). 

602 g/kg, CC supplementation increased it to 425 g/  
kg and the combination of PEG and CC raised OMD 
to 623 g/kg, which was higher (P < 0.05) than In 
goats given oak but not higher than in oak + PEG. SC 
supplementation increased OMD to 538 and oak + 
SC + PEG further ~ncreased OMD to 661 g/kg 
(P < 0.05), which did not differ from that of oak + 
PEG and oak + PEG + CC. 

CP apparent digestibility (CPD) of goats given oak 
was 113 g/kg. CC supplementation reduced the CPD 
to 33 g/kg whereas PEG increased it to 442 g/kg and 
the combination of PEG + CC increased it further to 
453 g/kg. SC supplementation increased the CI'D to 
537 g/kg and the combination with PEG increased it 
further to 564 g/kg; all responses differed 
significantly from each other, except for the CPD of 
oak + SC, which was similar to that of oak + PEG. 

NDF apparcnt digestibility (NDFD) of goats gi\.en 
oak alone was 287g/kg. CC supplementation did 
not change NDFD, wherras PEC; '111d PBC; + CC 
increased it to h06 g/kg and 593 g/kg, respecti\,ely 
(1' < 0.05). SC aiid SC i I'EG increased NDFD to 
581 g/kg and 598 g/kg, respt~ctively, wl~ich lvns 
higher (I' .= 0.05) than with oak ancl oak + CC. 

Mef i7ho l i t c~  iTi711lr 2 )  
Ammonia concentrations in rumcn fluid of goats 
given oak wrere similar to those gi\ren I'EG with oak. 
CC or SC suppleliientation ii~creased significantly 
the ammonia concentrations in rumen fluid. 

VFfl concentration in rumen fluid was not dffected by 
PEG with either type of supplemented food. CC or  SC' 
supplementation illcreased ( P  < O.05 for CC) VFA 
concentrations. Ilie proportions of acetic and 
propionic acid were not influenced by PEG. In goats 
given oak, addition of CC or SC decreased the 
proportion of acetic ~ c i d  (P < 0.05) and, conversely, 
increased the proportion of propionic acid (P < O.05), 
whereas SC supplementation increased tlie proportion 
of butyric acid over the other treatments (P < 0.05; 
Table 2). Consequently, CC supplementation in goats 
given oak increased the glycogenic ratio (C3/C2 + C4) 
above all other treatments (data not shown) (P < 0.05). 
The pH of rulnen fluid was 6.92 to 6.98 in all 
treatments and was not influenced by sampling time. 

The level of urea in blood serum was not affected by 
PEG, CC, or CC + PEG. SC and SC + PEG increased 
significantly the serum urea concentrations in goats 
given oak leaves. 

Discussion 
The results of this study confirmed our presumption 
that the content of tannin in some Mediterranean 
browse is so high that it may negatively affect the 

Table 2 E f i c t s  of r~illrc7r rrrtzn1 c~oric~cvitnrtc~ (Cc), or soyii-beliii i-oiic-i~ritmtc. (SC) s i ~ / ~ j l l ~ ' i i i r t r t i i t i i ~ i i ,  iilitli 11i. i~lilho~ilt } J O / ~ ~ ' ~ ~ ! / ~ C I I L '  :<l!li.i~/ 

(PEG) pvoi~isioii on tlicz coiiceirtrntioii o f  seruiii iirr3i1, ririticil i71riwioi1ifl, rlrtircvi i l~lii t i /cfi i l l!/  iic-ids i VFA) iiiid t i~c,  ~~ro,riorlioirs o f  ii?cliili~l11i7l 

VFA ill six p o t s  :;ii~c,ii Quercus callipri~ios (oiikj 

I'ropnrtions of individual VFA 
Serum urea Kumen NI l, I<umen VFA Fr'iction of total 

(mg/I) (nig N per I) (nimol/l) Acetate Propionate Butyrate \,alercltt> 

Oak 24 1 " 80" 27.5" 0.7$' 0-15' 0.10" 0-02' 
Oak + I'EC 153" 76" 26.8'' 0.70" 0.16" 0-1 1"  0.04" 
Oak + CC 233" 186" 38.0' 0.59" 0-29" 0.12" 0.04" 
Oak + PEG + CC 269" 193" 29.5"" 0.64" 0. I C)" 0.1(~' 0.08" 
Oak + SC 422" 180.' 34.5"" 0.62" 0.20" 0- 17" 0.07' 
Oak + PEG 1 SC 438" 1 72" 28-7'' 0.63'' 0 19" 0.17.' 0-09" 
s.e. 25 l I 2.2 0.03 0.02 0-010 0.005 

". Values in columns marked with different s~cperscript letters differ significantly (P < <O.O5). 
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~lr i l i~at~oi i  of protein in supplementary foods. 
N ~ ~ ~ t r ~ l l i ~ i ~ ~ g  the t,~nnins by once-daily proxrision of 
1'b.C pro\.chd to be ,311 effecti\,e mcdns of pre\,enting 
this ncgdti\,c effect of t,lnnins. Therefore, 
supplementing tannin-rich lea1.e~ with conceiltratc 
tood is rccommended only if done in combination 
\vith I'EG (Tables 1 , ~ n d  2). 'The marked positive 
eftect of t,lilnin-rich food given with ['KG n-tay allow, 
economics in the L I ~ C  of SLIC~I  high-cost foods d ~ l r  to 
tl-te greater efficiency of protein utilizatioi~ of the 
supplementary food and to increased ii-ttake and 
~ ro ic in  utili~~ltion of the bas'il leaf diet. Generally, 
the present fi~-tclii~gs ,Ire consistcmt with studies with 
ca t t l~ ,  sliccp and  godts in which supplcmcntation of 
,I low bLisc~l diet with low protein concentrates 
dc.prcssc~I the basal diet intake whereas high protein 
intake stirnuldtcd basal diet intake (Forbes, 1995). 

The high pH and tl-te low level of VFA in the rumen 
fluid indicated that the microbial activity was 
considerably depressed by ingestion of tannin-rich 
le<~\.es in comparison with the inicrobi,ll activity in 
goats consuming a typical m e d i ~ ~ m  quality roughage 
(Sil;ui-tikove ct al. ,  1996). The increase iii digestible 
OM and CP I the present study upon 
supplementation with concentrate or high-protein 
foods (with or without PEG) was inucli higher than 
the parallel increase in rumii-tal VFA and ammonia 
concentrations, as was found when only PEG was 
supplemented to the goats (Silanikove et al., 1996). 
Two explanations are possible: (i) changes in food 
intake were associated with a parallel increase in 
rumen DM and fluid contents, and therefore any 
increasc in VFA production rate was not reflected by 
a proportioi~al increase in their concentration; and 
( i i )  part of the improved apparent digestibility could 
be rel,~ted to an increased proportion of food 

digested in tlit. intestine. This is consistent ~ i t h  
findings in shccp, where much of  the food-protein 
that was hound to  tannins passetl tlie rrlineil 
undegraded (Barry cJ t  nl., 1986). The tannins, ~ ~ h i c l i  
probably were released before reaching the intestine 
greatly inhibit intestinal pancreatic enzyme activity 
in sheep (Silc~nikove e l f  ill., 1994) and godts 
(Silanikove cJt ill., 1996). In goats s~~pplercei-tted with 
high-protein food, the larger increase in scrum urea 
'1s compared with that in rumen ammonia 
concentration, further strengthens the possibility that 
the complex between tC~rui-tins '111d proteins 
dissociated after leaving the rumen and increased lhe 
absorption of cjniino acids from the intestine. 

Silanikove c3t ill. (1996) supported the hypothesis of 
I'rovenza (1995) that intake r e g ~ l ~ ~ t i o n  of tannin-rich 
leaves may be explaii~ed best by considering 
~~ega t ive  post-ingestive effects. Deficiency in protein 
(Forbes, 1995), energy (Provenza, 1995), and the ratio 
of protein : energy supplied to the tissues, relative to 
that required (Egan, 1977), could play a major r81e in 
controllir~g daily intake. According to these 
propositions, when metabolizable energy (ME) 
intake, protein and the ratio between digestible 
protein intake and ME intake was far below the 
optimal ratio (see Table 3), DMI of the leaves was 
lowest, and when the ratio approached the optimum, 
the increase in DMI was moderate. However, with 
high-protein supplementation, although ME intake, 
protein, and the ratio between digestible protein 
intake and ME intake exceeded tlie aniinal's 
requirements, there was still a positive response to 
supplementation, suggesting the involvement of 
additional factors, such as tlie interaction between 
tannins and rumen epithelium (Provenza, 1995; N. 
Silanikove t>f LT/., unp~~blished data). 

Table 3 II0i.c-1s c!fciliic,r. i.c~ri,ifi c,oiicc.iit?.iitc. (CC)  or. so,yi~-ht'i~i~ c.oif~.c~irtr.otr~ ISCj sii)~l~/c~rrirntfltiorr, iclitli or ii1it/i0ll/ lio/,~/cl/i,~l/ciic~ ~ / ! / c o l  
ilJti;J ~ ~ r o i ~ i s i o i ~  oir crilcl~~ /lriiti~iii iCPl irltifh-rT, iiigestible CP iiili~kc. IDCP), irir~ti~bolizob/c~ c,f1r7i;y!/ (MC) iirta/ccz, ifrill t11r ri~tio L)Cll/ME iil 

six goiils , y r i i c '~~  QLWITLIS c;l!liprillos ((liiic) 

Digcstiblc 
Digestible CI' intakc ME intake CI' intake/ME int,lkc 

C'P intake 
Trentrnents (g/ddy) (g/day) Fractiont (MJ/Jay) Fractiont (g/MJ) Fr,ictiont 

Oak 42.5 3.8 0.12 2.44 0.42 1.97 0.28 
Oak + ['E(; 53.5 21.7 0.59 7.31 1.26 3.24 0.47 
0,lk I CC 83.2 2.8 0.07 3.5 1 0.61 0.80 0.16 
OClk + I'EG + CC 97.3 52.3 I .3 1 6.98 1-21 7.49 1.08 
Oal\ I SC 204 92.3 2.31 6.6 l 1.14 13.9 2-02 
O,ih + PEC; + SC 216 122 3.0 1 9.83 1.70 12.4 1 1.79 

t Frxtion of the mCiintenance requirements, where the maintenance recl~lireme~lt for CP wcrc taken 'IS 40 g DCP per day, 
ME rcil~iil.crnent as 5.78 MJ/ciay, and the ratio bctwecn them as 6.92 g/MJ (National Research Council, 1'181). DCI' was 
calc~~l~ited from Table l. ME int'ikc was calculated from 'l'able 1 dssurning '1 caloric v a l ~ ~ e  of 18.2 M] pcr g digestible o r e ~ ~ n i c  
ni,lttc~r and d con~crsioli tactor of 0.8 
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The effect of different concentrations of protein and fat in milk 
replacers on protein utilization in kid goats 

Abstract 

r/1c7 i ~ f l ~ l i ' ~ ~ ~ I /  ilf l l ~ i / / ~ l 7 ~ i O ~ l  ilf / 7 / ( 1 f l ' i 1 1  fill l i ~ / l ~ ~ i / i O i l  i i l f l i  f i / l l l / l / i i > ~ f  111  / l / ( '  l i / ~ ~ l / ~ l 1 7 ~ 1 ~  kitf :<017t5 (v f / l ( '  ~ ~ ~ l l l l l l i / i ! / l l  ~ J i ( ' ( ' 1 f  

S i x t ~ /  r 1 ~ 7 1 t ~  k/d5 ~ i l c ~ ~ c ,  ~ i 5 i ~ 1 i  S I X  illc,i(7 \ l [ ~ l i g l / t i > ~ ~ ~ ~ f  i7t 111itIi 11;11i tlic, / e ~ i i i 1 1 i 1 i i / i ~  54 T ~ ! ( , I c  (yfi1i7~l ~iiffc~1i711t / ~ i i ~ t c ~ i / i  1711'1 f i l f  

1?1tfl/cc~i ii51rrg I l l l l P  ~!rflc>rc~ilf ir i r / /k  ii,plnii7r\ r111, /~rof(~i iz  cili1<-(~!lf1~1~iorr~ zi1fJrr2 200, 240 nrld 280~y/1kcy ~ f i  11 l i i l l f f c ~ r  

iDM) a ~ l f  illoir offil t  ?i!(vi7 200, 240 nrl~f 280g/kcy DM Arrrirrtrli iiJcvc7 rrirrrr~ln~rlc~d oil rXyrirrnc,rrt irrrtrl tlrly iilr/r 
60 lf171/1 oltl All cilric' 5lnn~htrrrd on drry 61 Nrtrogc111 (N) Dalarici~ frinli 11vrr prrfv~iirc~d ii'~riiiig tlic lilit 8 day5 o f  
t h ( ~  l i t  nrid 2rzd irroriflis Body L O I I I ~ O ~ I ~ ~ O I I  of tlrr arrrriri~l. ilaliglifci cd nt bit th i711ii 17f  61 L I I I I ~ ~  ti~e~c' d l ~ / ~ i  1rrir7rd 
Riltc. of i ~ r ~ c i g ~ /  ictarrrtld n5 protrrn i l i ~ t i  175j7t ~ I I ( , I C  di~ft~rirrrtrr~i1 (k//k<y M''-' pri i f n ~ )  ilnti flir col r r \ / ~ o i ~ t l ~ r l ~  rirfri of 
mr~tabolizublr cilt1igy rritlrkr ni puotrin nlld 175 tilt (kl/lk<y M"-' p i  dny) r5trinntcd 
Oilcc the rt~latrorlsh1p5 befulc~i~rr fhr rate5 o f N  rrtnrncd nrrd flro5c. ofdrgr5trblr N ~ i~grs tc i f  hod br7r.n c ~ t a l ~ l ~ i l ~ l ~ d ,  rt 
Tuns ~ ~ U I ~ P I I ~  tl1~7t by 111~rc~rr51n;\r the protrir~ corltcvilt :$ flir diet fht. r > f f ~ ~ / n ~ c l /  of protclrr rc~tc~nfron ~ i ~ n i  ~ i ~ ~ r ~ n l i ~ i l  111 
coiitrcrif, r i z i ~ ~ n s ~ n g  tl~cfilt  ~011teilf v f t l l ~  i~illk icpln~ri ~rrirrnscd tlic c.ffic/crlc y of /~ro tc~~t i  irJfrrlfrorr Tlri. lirtfcr c f f i ~ t  
zilns rlofedfor thc 117rlk rcylacrr5 contnnznzg fhc~ high and ,n~drurri lrzlel5 ofprctc~i l  hilt not joi t h o ~  tlrrrt corlta~irrd 
the loec~e5f l ~ v r l  of prott>rn, rrldlcizfnlg thnt tlzc lcocl of protein ioa5 tlzcr~ thr lirrl~trrlg fi7cfor Hnvirig rc~cordrd Ill15 
/~rotelrr-sparlr~g c f i c f  of thr fat, the ri~szllts ohtniii('rl fro111 fhr ilinigllter tr in15 cllercl ~ ~ s r ~ f  to deaeloj) grr i r rn l~~cd  
rquntionq L ' Y ~ Y P ~ ~ I I I ~  fhc I U ~ P S  oj iJn(~rgy i ~ t ~ ~ f r ~ i l  111 f l l ~  ~ O Y I I I  of piofe>rrl or f i 7 f  0 5  17 fii1rct7011 Of th i~  1~7te5 of 
nletnhol~zable P M C Y ~ ~ Y  intakr izrl~irvmd ns both yiofc7irr arril fnf Frorir thr arlnly515 of f l i ~ w ~  tJiliintror~i i017~1~~iioir5 irrcJ 
~irnzuil nbozrt the ilnirnblr co~ztrrblltron to profr,irr ie.fcrlfror1 irl thrir anirllals of C ~ I I C Y ~ ~  rngrilrd ai jilt T I I I ~  
tonfr ~bllfroll ilept~rld~d 017 thc cJilcrgy riitnkr, nclirc~r!r~d Eo/h i l l  tllr firm ofprotc.rn i l rr l f  1r1  thc~fourn of fnt 

Introduction of view. 'l'lie amount of protein in the milk in rclC~tion 
The determination o f  the ideal compositioi~ for milk to its energy content seemed excessive. This fact 
replacers to be used for feeding different mammalian suggested that energy content would then be 
species is of great interest. Civen that the protein limiting. This point of view, clescribed by Blaxter 
component of these diets is the most expensive, there (1950), was sllared by various othcrs. Lodge and 
are obvious advantages from using only the amount Ikter  (1973) increased the protein retention in 
which is strictly necessary. Such ail analysis needs to suckling calves and obtained a better utilization of 
take into account the effect on protein utilization of the protein ingested by adding different amounts of 
the amount and quality of the available energy. butter to whole cows' milk. These results gave rise to 
Fuller and Crofts (1977) indicated that in the analysis the hypothesis that by incredsing the fat content o f  
of protein utilization, three dietary variables should milk diets <I better utilizcltion of the protein of these 
be considered: protein quality, protcin quantity and diets could be obtained. 111 consequence and under 
the nature of the non-protein energy of the diet. different experimental conditions, attempts werc9 

made to des~gn milk replacers for calves, with 
At the beginning of the 1970s, experiment,ll results increasing amounts of fat. The results obtained were 
on possible 'improvements' in the composition of varied and at times contradictory (Raven, 1970; Roy 
natural milks indicatecl that one of these \7ariables ct al., 1970; Boucliard, 1977; Jenkins and Emmons, 
was p a r t i c ~ ~ l ~ ~ r l y  interesting from the economic point 1979; Stobo c't ill., 1979; Henning, 1982). 

385 
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Eec'lilse the t!rpical clc\ clopmrn t ot thcs prc-ruminant 
kid goat, gi\,es rise to v c r ~  lean cclrc,isscs, '1 gre'lt 
~ i e ~ l l  o f  ,~ttention h'is been paid to ~lin~lysing the 
cttcct5 that dietary coniposition has on thak 
clc~i~elopmcnt. In tlie present study, results obt'lined 
from kici goats of thc Cranadina brcc>cl 'ire presented. 
The rcsults obt'1int.d I~ighlight the cllangcs in protein 
utilirCltic>n ,IS '1 htnction of the protein aiid/or fat 
~ o n c e n t r ~ ~ t i o ~ i  o f  tlic milk I-epl,icers used. Tlie manner 
in which these f'ictors ,1ffect food int'lke, digestive 
ancl nietabolic utilization of tlie nutrients and body 
composition 11a.i.e bccn analysed prc\.iously (S,>nz 
S,lmyelClyo 1.1 ill., 1995a). 

Material and methods 
Aiii1ii~7ls i l i i~ i  ~ ~ x f ? ~ ~ r i i i l ~ > f i f i 7 /  dc7sr<yf7 
Sixty male kid goats of the Granadina breed were 
irsed. These were separated from their darns when 
they were 2 days old. Aii initial slaughter gl-OLIP of 
six ;uiiim;lls was killed while the remaining 51 were 
given different milk replacel-s at different feeding 
levels, until they were 60 days old. All animals were 
slaughtered on day 61. Treatments consisted of three 
concentrations of crude proteiil iii the milk replacer 
(low: 200 g/kg dry matter (DM), niediurn: 240 g/kg 
DM aiid high: 280g/kg DM) and three 
concentrations of fat iii the milk replacer (low: 200 g/  
kg DM, medium: 240 g/kg DM aild high: 280 g/kg 
DM). Six animals were allocated at random to each of 
the nine treatments. 

Exprrii?lcritirl procc>dn~.e 
Animals were housed in indi\~idual cares in '111 

C> 

animal house maintained at a temperature of 24 
k2"C dnd a relative humidity of 0.60 +0.05. During 
the first 4 days of life ,111 animals consumed 
colostrum ilil l ib i t lu l l .  Thereafter one of the nine milk 
revlacers was offered until the\, werc 60 davs old. In 
order to obtain different growth rates, each animal 
within each treatment, received '1 differeiit energy 
intake, from near maintenance to appetite The 
energy maintenance recluircmcnts were estimated 
froin those for milk-fed kid goats (San7 Sampelayo c 7 f  
ill., 1988). The replacers were prepared at 170 g fresh 
powder per kg and were offered in containers fitted 
with teats. The containers were pl,1ccd over a device 
designed to inaintain the replacer ternperatirrc at 39 
+2"C and to keep i t  satisfactorily mixed (Ruiz 
Mc~riscal clt ol., 1990). Because kid goats ,Ire very 
sensitive to cold, the milk replacer temperatul-e was 
inC~intciined at body temper,lture which also helped 
to prevent separation of the f&. The protein 
component of the milk replacers was obtained from 
thre; different protein SOLI-rces: spray-driecl skimmed 
milk powder, soya bcan micronized for milk 
replacer, and casein (50 : 25 : 25 M~/MJ).  To bring the 
metl~ionine and lvsine contents LIP to t h o s ~  

recommended for prc~-ri~min,~nts (Walker, 1973; 
P~itirreau-Mirand, 1975; williarns ;ui~d Hemitt, 1979) 
furthcsr c1i1,intitics of thesc c ~ ~ n i n o  acids Mere 'idded 
~ e p a r ~ ~ t e l y .  To satisfv recl~tireinents tor c,llci urn ,111~1 
p h o s p l i ~ x ~ ~ s  (San7 Sclinpel,lyo ~ j f  i l l . ,  1987), 
CnHP0,.2H10 a i d  CaCO? were c3clcle~l. NaCl and ,i 
ininer,~l-vitamin supplcmc~n t (Auroriiis Milk, 
Cyclnclmid Iberica, Mcldrid, Spain) were included in 
'111 repl,>cers. Tlie fat coniponent of the replacc~rs was 
obtained from purified pork I'lrd. After melting the 
lard in ,i watcr hath, it WCIS incorporated into the 
diets by homogenization usii~g a mecha~iical mixer. 
To stabilize the emulsion, two emulsifiers were 
addecl (Keltrol F., Vedegsa, Bcjrcelo~la, Spain and 
'lweeil 80, Acofar, Barcelona, Spain). Glucose was 
inclucled in the nine repl,lcc,rs in different cl~i~intities 
to b,ll'~nce the remaining ingredients. To reduce 
bacterial growth and digestive disorders the 
replacers were acidified with 3 ml/l of lactic acid, as 
proposed by Havrevoll c,f al. (1991). The ingredient 
composition ancl DM compositioii of the milk 
replacers a re shown in Table 1. 

All animals werc weiehed everv 3 davs. Two balance 
( 1  

trials of 8 days duration were performed, starting 
when the animals were aged 20 and 53 d y s  
respecti\~ely. During these trials total iacces and 
urine collections were made and samples were 
stored frozen. From the bulked samples subsamples 
were taken for the determinatron ;f DM, nltrogen 
(N) and energy contents of tlie urine and DM, N, and 
fdt contents of the taeces The day after the end of the 
final balance period, when the animals were aged 61 
davs, they were slaughtered by carotid sectioii after 
an&sthetization usiiig an intrc;~nuscular injection of 
xylacine (Rompum, Bayer, Barcelona, Spain). Once 
the animals were dead and completely bled, the skin, 
limbs, internal organs and head were removed. 'The 
rumell, reticulum, oniasuin and abornasum were 
washed of their contents. The blood, skin, alimentary 
canal, all internal organs and the carcass were 
considered as distinct body parts and were minccd 
separately. Empty-body-weight (EBW) composition, 
i.e., DM, protein (g/kg GBW) and energy (MJ/kg 
ERW) were calculated. From the bocly compositioii of 
dninials sbughtered at birth and at h1 days of life, 
protei~i retention (g/kg M"75 per day) and cnergy 
retention (ER) rates (kJ/kg M"" per day) were also 
calculated. 

The metabolizable energy ingested as fat (MEIf) was 
estimated as cqual to the corresponding digestible 
energy ingested as fat. On an equal basis, the 
quantity of metabolizable cnergy ingested as protein 
(MEIp) was assessed as c q ~ ~ ~ i l  to tlie digestible 
energy iiigcsted as protein minus that excreted in the 
urine. The digestible energy ingested as tat was 
calcul~~ted by inultiplyi11g the wcight of digested fat 
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Table 1 iciiri;~osi/iclir of irii//< r.c7,t~/iic.czr-\ irc~oiriiii~ to ili-otc'iii ~ciiic~~iitiiitioii iiiili hit [.oirc-c'iitiirtioii 

I'rotc,in concc3~itr,i tion 

Ingre~lient (g /  kg) 
Skinimcd milk 3'14-(7 3'14.0 394.6 3 3397 33'1.7 284.8 284.8 284.8 
Micron~recl so) ;l bran 13.34 133.8 13.3.8 114.8 l 14,s 114.8 95.8 95-8 95-8 
c-: . ' d h e l l l  72-7 72-7 72-7 62-3 02-3 (32.3 62.0 h2.j 62..3 
Pork I,ird 275.9 238.0 19h.5 2717-8 238.') 1'17.2 277-7 239-8 198-1 
Clucow 5'1.6 '17.5 13'1-2 138-8 176-7 218-1 220.1 258.0 299.7 
Mineral-\,itamin ~nixturc l 19.3 1'1.3 19..3 l').? 19.3 19-3 19-7 19-3 
Sodiu111 chloride 11-5 11-5 11-5 5 5 5 14.5 14.5 14.5 
Dibasic c'ilciuni plic~\pli.itc 1-1.5 1-13 14.5 19.4 9 4  19.4 22.2 22-2 22-2 
C 1 : a clum carbon,~tc '1.7 9.7 CL7 9-7 (9.7 C1.7 9.7 '1.7 9.7 
I.ysinc 2.9 2.9 2.') 2.5 2.5 - .  7-5 2.1 2 1 2- 1 
Methioti~nc, 2.5 2.5 2-5 2-2 L 3 L 7 2-2 l .9 l .c1 1 .9 

Dry mattcr (DM) in Iicluid diet (g/kg)t  181 -3 18h- I 18'1-5 173.7 I8CI.X l l 174.2 181.3 187.5 
DM composition (g/kg)t  

I'rotein ( N  X 6.25) 283-8 272-1 262.1 211.2 231 .'l 223.2 200.9 193.1 187.1 
F'l t 29h.0 238.6 198.4 294.2 247.8 191.2 283.7 238-3 196-8 
Carbohydrates$ 33'1-3 l 461.8 383.0 411.8 507.1 138.4 4'14.9 545.1 
Ash 80.9 77.6 74.7 81.6 78.5 75.5 76.7 73.7 71.0 
Gross energy (MJ /kg DM) 23.9 23.2 22.1 23-4 22-5 21.5 23.3 22.3 21.4 
Digestible protein (g/ kg DM) 249.0 248.4 236.1 212.1 202.2 192.9 162-2 163-9 159-0 
Metabolizableenergy(MJ/kgDM) 19-8 20-1 19.0 19.3 18.7 L7.7 18.2 17.9 17.5 

t /\rer,lge values for the containers. 
$ Values obt'iined by difference. 

by 39.8 (kJ/g fat) (Brouwer, 1965; Assendelf ct nl., 
1973). In the same way, the digestible energy 
ingested as protein and the energy retained as 
protein (ERp) were calculated by multiplying the 
weight o f  digested protein or retained protein by 23.8 
(kJ/g protein) (Brouwer, 1965; Assendelf cJt al., 1973). 
Finally, the eiiergy retained as fat (ERf) was 
calculated as the difference betwcen ER and ERp 
(ERf = El< - Elip). 

Aruzlytiml proc~1d~rrc.s 
DM and N analyses were performed on samples of 
the freshly minced pxts .  All other determinations 
were carried out on lyopliylized samples. N n7as 
determined by the Kjeldalil method and energy 
using an adiabatic bomb calorimeter. The fat 
concentration of tlie different inilk replacers was 
analysed by thc Ccrbcr method (I'earson, 1976) and 
that of the faeces by extraction with petroleuin ether 
(boiling point 40-60°C) after HCI hydrolysis. 

Statistiml a~lnlysis 
The results of tlie experiments were statistically 
analysed by means of standard regression 
techniques, using the least sclu'lres metliod (Steel dnci 
Torrie, 1984). Statistical ,111alyses were performed 
using the Statgraphics statistical package 
(Statgraphics, 1991). 

Results 
Milk u'placc~s co~rrpositiorz rni l~l  anirn~zl lii~cl nx~iglrts 
I11 relation to the nutritional utilization and the 
performance of animals, the protein, fat and 
carbol~ydrate sources employed (Table l )  are 
considered to have been adequate for lamb and calf 
milk replacers (Soliman c3t al., 1979; Brskov, 1982; 
Moulin, 1983), and also for kid goats (Sanz 
Sampelayo r l  al., 1995a). 

The mean weight at birth was 3.0 k0.1 kg and tlie 
highest slaughter weights achieved within each 
treatment were: 9.4,9.7 and 8.9 kg respectively for tlie 
high protein concentration at the high, medi~lin and 
low fat concentration; 9.2, 8.9 and 8.4 kg respectix~ely 
for the m e d i ~ ~ m  protein concentration at the high, 
medium and low fat c~ncen t r~~ t ion  anct, 7.9, 7.4 and 
7 1 kg respectively for the low protein concentration 
at the li~gh, ~ n e d ~ ~ ~ m  and low fat concentration 

lii'llztro~rihrpi bc~tto(~~11 t11c~ 111rrolr11t5 (If Y P ~ I ~ I I I C L ~  ~ ~ r t r o s c ~ ~ l  
i7rzd fllo5c. of dr~c\trblc rlrtl o<ytvz r r z ~ ( ~ t c ~ d  
Table 2 shows the mter\als of values obtdined for the 
rates of digest~ble N intake and o f  retained N 
~ccordmg to the milk replacer coiisuined Tliese 
v'~lues, expressed '1s g/kg M'175 per day, were 
obta~ned f ~ o m  the balance trl'als perfoimed durmo 

9 the last 8 days of the 1st and 211cl months of the kids 
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Table 2 liiti~risii~ i!f i l i111 i t~  of riiii,~ of iiitilkr of ~fi,si'stib/c, 
iiitrc~~~t~ri ilDNJ iiiid iiilro~c~ii rctciitii~ii 11VlZi M".' pc>r iiii~/) 
iic-c-oi.iiiiix 111 riiilii ri~/~liiic~r ~lro/i7iir I-oiiic7ii/i~iitieiri iirril fiit 
c~iirrn~iifri~lioii iri kiii~yoills 

Protein Fat 
concl%ntr,~tion co~~ccl~t r ,~ t ion  IUI\ N R 

LO\V Low 
Lo\v Medi~ini 
Lon High 
Mecii U rn LOW 
Medium Medium 
M e d i ~ ~ m  High 
I ligh Low 
High Mediurli 
I Iigh High 

life and were used to determine the relationships 
between the N retention and the corresponding 
digestible N intake. 

The relatioi~ships indicated were analysed using 
either the simple linear model or considering thc 
possibility of including a quadratic term. Only those 
relationships which the model, as well as the 
different components of the corresponding 
equations, found significant (P < 0.05) were accepted. 
In accordance with these criteria the regressions 
derived fit the simple linear model. Table 3 shows 
the values for the corresponding independent terms, 
regressions coefficients, correlation coefficients and 

residual standard deviations. In cdch block tlie 
differences detected between thc corresponding 
regression cocfficients are i~idic~lted, these values 
being indicators of the efficiency with which the 
digcstcd or absorbed N was retained. 

From tlie results obtained for thc mcdiuni and  high 
concentr~~tions of protein (Table 3: equations 4 to 6 
'1nd 7 to 9), increasing values for regression 
cocfficients were estimated as the f < ~ t  content of the 
diet increased. Tlic difference between the extreme 
values for these cocfficients were statistically 
significant (P < 0.05). At the same time it can be seen 
that lom7er coefficients were obtained on the higher 
protein concentration than on the medium protein 
concentration, even though the fat level remained the 
same. Once the relationships had been established 
for each of the protein coi~centrations independently 
of the fat (Table 3: equations 1 to 12), progressively 
lower regression coefficients were observed as the 
concentration of protein increased. The first of these 
values was significantly different (P < 0.05) from the 
other two. For the low concentration of protein at 
each of the fat concentrations (Table 3: equations 1 to 
0) ,  the values for the respective regressioli 
coefficients, in addition to being the highest 
obtained, did not vary with the concentratio11 of fat, 
as was the case for the other two protein 
concentrations. Regression equations 13 to 15 (Table 
3)  corres~ond to each fat concentration at the 
medium and high concentrations of protein. The 
respective regression coefficients indicate the effect 

Table 3 R~z,i.rc,ssron c.oc;ffic-ic~its f i ~ r  rrlatioiis/?ips httii~i'ii iiitro<yit rt~ti'ntioir (NI<) iirld thc iritilke ctf ~iig~sfil7lc~ iiltrc~,y~ii ( I D N )  iii kid 
,yolltst 

17 h 
Residual 

t(x) 1' F Mean s.e. Mean s.e. r s.d. 

(1) LOW Low -0.976 0.302 1.420 0.267 0.920 0-011 
(2) 1 . o ~  Medium -0.656 0.272 1.210 0-219 0.905 0.061 
(3) LOM' High -0.49 1 0.095 1.01 1 0.079 0.971 0.060 
(4) Medi~lni Low -0.310 0.207 0.742,' 0.115 0-850 0-101 
(5) Mediurn Medium -0.473 0.1 16 0.890"" 0.083 0.955 0.079 
(6) Medium I-ligh -0.585 0. l h2 0.963" 0.058 0-935 0-091 
(7) High I.ow -0.1 98 0-1 61 0-608" 0.095 0.9 15 0.07') 
(8) High Medium 0.506 0.201 0.788"" 0.1 10 0-915 0- I C 1 1  
(9) High High -0-706 0-228 0.910" 0.133 0.856 0.106 

(10) Low Low + Medium + High -0.500 0.091 1.022" 0.074 0.925 0-07 1 
(1 1) Mediulll I,ow t Mcdiuni + I ligh -0.178 0-087 0.883" 0.063 0.923 0.089 
(12) High Low + Medium + High -0.447 0.162 0.767" 0.092 0.820 0-114 
(13) M e d ~ u m  + High Low -0.11 0 0.110 0.573" 0-072 0.870 0.096 
(14) Medium + f i i g l ~  Mediuin -0.238 0.1 l6 (1.673"" 0.071 0.891 0.125 
(15) Medium + High High 0 .395 0.190 0.788" 0.121 0-802 0. l 65 

"," Within each block, mean values with clifferent superscript letter were significantly different: P < 0-05. 
t Mean values with their standard errors 'lccording to milk rep1act.1. protein concentration (1') and fat conce~itr~~tion (F). 
Regression ril~lation: = 11 + br ,  wliere I/ is NR (g/kg Mo7' per day) and r is ILIN (g/kg M":' pcr clav). 
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Table 4 iiitc2i.i~iili i l t  L1ul~ic~s i ~ f  riii~tirboii:iilil~~ c7iitJi;:.!/ iiitiikrs 11s 
protc'iii ihlEll1) irriii 11s bit IMEIf) iliiii rottaii t i o i i  r'iilci (7. /~roti>iii 

iCl</ l i  i i i i i i  11s /(it iEiijj iAl/lc,q M " ,  p('i. iiii~/i iiii.oi.ifiii;: to iirilk 

rq1/(1(-17r \irc~ti,iii t~(~i~c.i~iitr,?tioii iiii~i bit ~ ~ ~ ~ i ~ ~ ~ ~ i ~ t i ~ i ~ l i ~ ~ i i  i i i  Iciil ;;o[its 

T'rotrin Fat 
concentr,itioii iol~ct~ntr.; l t i i i~i M FTp ME1 t ERp ETZf 

L()\\, 
I.ow 
Lorv 
Mcdium 
Medium 
Medium 
High 
High 
High 

r o\\ 
Medi~~rn 
High 
Low 
Meiiium 
l iigli 
1.0~1'  

Medium 
Higli 

of fat concentration which has already been 
described, the extreme values also being significantly 
different (P < 0.05). 

Metubolrzaklr c'nergy rntuko~ 175 j ~ r ~ f r i r ~  llrlil 175 f i ~ t  nnd 
late5 oftw~igy vcJfcrltrorl a5 pvofern and u i  fut  
Table 4 shows the intervals for the ~ a l u e 5  of intakes 
of metabol~zable energy and retention of energy in 
the form of protein and of fat on the d~fferent milk 
replacers From these values, the optimum 
relationships between the letention rates as protein 
or as fat and the correspoi~dmg metaboli~able energy 
intakes, as both protein and fat, were derived These 
values are expressed as kJ/kg per day The 
following equatlous were obtained 

ERp = 0.644 (s.c. 0.078) MEIp - 0.0014 (5.e. 0.0004) 
MEIp2 + 0.0016 (s.e. 0,0001) MEIf2 
(l<' = 0.980; residual s.d. = 15.48) 

ERf = -136.57 (s.e. 10.24) + 0.83 (s.e. 0.06) MEIf 
- 0.000001 7 (s.e. 0.0000007) M E I P . M E T ~  

(R' = 0.945; residual s.d. = 31.65). 

The nature and values o f  the terms of the first of 
these equations suggests that the rate of protein 
retention depended on the energy ingested as 
protein, this intake leading to a progressively lower 
increase in protein retention. At the same time, the 
protein retention also depended on the energy 
ingested as fat, this parameter leading to a 
progressi\lely higher increase in retention. The 
second of these equations indicates that the retentioi~ 
of fat depended 011 the energy ingested as fat, this 
leading to a progressively lower increase in fat 
retention. This diminishing returns in fat retention 
depended not only on the increasing energy ingested 
as fat but also o n  that ingested as protein. 

Discussion 
Efficic~ilc,~/ of litiliriitioii of ~ii,yc,stii~lc, rlitrii~rir iiiti7kc for 
r.c~tc7rlfiiiii 
The different relationships between N retained and 
the intakc of  digestible N which have bcen 
established in the present study, were significantly 
explained by the simple linear model, no11-significant 
coefficients being c>stirnated using the cluddratic 
function. Berscl~~luer i't ill. (1983), analysing the 
principal aspects of protein metabolism in the 
growing pig in an attempt to estimate the efficiency 
of utilization of protein intake for retention, 
established quadratic equations relating the rates of 
N retained and those of the corresponding digestible 
N intakes. In these trials, the results for N intakes 
were between 0.8 and 4.Og/kg M"" per d y .  
However, in the present study, and bearing in mind 
that the niaxirnuin food intake nchieved in kid goats 
is consiclerably lower than that achieved in pigs, the 
intakes were between 0.8 and 2.3 g/kg M"" per day. 

Ef~ct c f t k r ~  protein c o ~ ~ ~ c ~ r l t r i ~ f i ~ ~ l  c!f tlli~ illilk ri~pli~i-~~r 
The rate and efficiency with which the N consumed 
from a diet is retained depends on the amount of this 
element in the diet as well as on the corresponding 
energy availability. Thus, at any given N intake, as 
the available energy increases the amount of N 
rctained increases. When non-protein energy is 
limiting, the protein component of the diet may be 
used as an energy source and, as a result, the 
efficiency of utilization of protein for retention 
diminishes. This implies that the protein ill a diet is 
used optimally for protein synthesis oilly when there 
is sufficient available energy. This has been observed 
during the growth period in both lambs (Black and 
Griffiths, 1975) and in pigs (Fuller and Crofts, 1977). 
These findings explain why, when the protein le\~el 
in the milk replacers used in the present study was 
increased, the efficieilcy of utilization of digestible N 
intake for retention decreased (Table 3: equations 1, 
4, 7; 2, 5, 8; 3, 6, 9). This was true both when 
maintaining the fat content constant as well as 
independently of the fat content (Table 3: equations 
10 to 12). Such findings are illustrated by the fact that 
at a digestible N intake equal to the mean from all of 
the trials conducted here, 1.413 g/kg MOii per day, 
the mean amounts of N retained would be 0,944, 
0.770 and 0.637g/kg M"'" per day 011 the milk 
replacers with the low, medium and high 
concentrations of protein, respectively, irrespective 
of their fat concentrations. 

Efc~f o f t h ~ f i ~ t  corlcrjlfrntiorl in file rrlilk Y C ~ ~ I L ~ C L Y  
The achievement of a better utilization of protein 
intake for proteii~ retention when its level is 
decreased i l l  the diet, has bcen an aspect considered 
in relation to the nutrient composition that milk 
replacers sliould have. In comparison with their 
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protein contents the composition ot natur,ll s11ilk:~ 
lia\.r been s h o ~ , n  to be cleticient in encrgy (Hl'istcr, 
1950; I d g e  <ind I .ister, 1973). Tliesr fi11din:;s Irc! t n t  

the recommendations that snilk replacer.; be' 
clesigned to providc cnergy : protein r<~tio> higlie~. 
than those found in natural milks. rhis c ~ l n  bc 
acliie\.e~l e;lsil> by increasing the f ,~ t  content. Such 
results led to experiments, espccidll\, cviil~ cal\,es, i l l  

which the animals were gilren milk s~~bsti tutes ~vitl-I 
increasing fat contents. The results initially obtz.ined 
from such tri'ils were d i s c o ~ r ~ ~ g i n g  (Raven, 1970; Roy 
et nl., 1970; Rouchard, 1977). jenkins and Emmons 
(IY79), however, studic,cl how the method of 
incorporating the f,lt into tlic otlicr components trt 
the milk replacer could affect thc rcsults. Thescn 
'luthors ~ ~ s e d  two methods of incorporation, simple 
homogenization 'lnd \racuunl dispersion. When tliey 
used the latter of the two methods to incorporate up  
to 400 g fat per kg milk replacer for calf feeding, they 
foimd a better utilization of the foodstuffs for growth 
as well as '1 better dcvelopnient of the animals. 'l'he 
authors suggested that the positive 'esponsc 
obtaiiied, at least in part, mcly have been dc~e to the 
formation of an appropri'~te protein-fat coagulurn at 
the abomasal le\/el as a result of the method used to 
incorporate the fat into the diet. This coagulum, they 
suggested, being firmer than that otherwise formed, 
led to a better utilization of the nutrients becCiusc 
there was a slower liberation of its different 
components to the intestine. 

The results obtained from the present s t ~ ~ d y ,  
demonstrate the beneficial effects on the efficiency 
of utilization of protein for retention of increasing 
the fat content of milk replacers i~sed for feeding kjd 
goats. With milk replacers containing medium and 
high levels of protein, increasing the fat content led 
to increasing efficiencies of protein utilization (Table 
3: equations 4 to 6 and 7 to 9). This did not occur 
with the low level protein replacers (Table 3: 
equ'ltions 1 to 3). This suggcsts tliat the protein 
concentration was then the limiting factor. Because 
of this, the relationships between the retained N and 
the digestible N intakes were established for each 
fat concentration at the medium and high 
concentration of protein and these allowed the 
corresponding efficiencies to be estimated, 
illustrating the effect, already described, of the Ielrel 
of fat in the diet (Table 3: equations 13 to 15). These 
results were obtained using milk replacers in wl~ich 
the fat component of the diet was incorporated into 
the other components by simple Iiomogeni~ation 
using two different emulsifiers. It seems, therefore, 
that this method either gave rise to a sufficiently 
firm aboindsal coagulum or tkit the firmness of the 
coagulurn was not as important in the kid goats 
as in the cal\,es used by Jenkins and Emmons 
(1979). 

l t is now well known th<~l Cf~iring growth <in 

:ncrease in the ,~mouiit of f c i t  or r,~rhotiydvates in 
tXlc dirt leads to a bettc'r ~1tili7~1ti012 ot protein 
together wrt1-1 :i I~iglicr protein retentio~). 'This is the 
:-to-c,llled protein-sp,iring ettect i)i fats and 
carbohydrates. F~~llei- ,indCrolts (1977) ,~nd F~~l l e r  c2t 
01. (1977) ~ g g e s t e d  possible c,luscs for this effcct, 
c,iting the contribution that f'lts can mnlie to the 
rerluircments for maintenance and for protein 
synthesis. From the results of \.,nious tsxperin~ents 
011 p r c ~ - r i ~ ~ ~ i n a n t  kid goats, it can be seen that the 
diet,irq tat seems to participate in b<>th of these 
processes. Sanz Sa~npelayo r,f (71. (1995b),  s sing the 
same class of animals '1s thosc used in the present 
study, demonstrated that in kid goats, protein 
rctcntion occurs at a mct;lbolizable energy intake 
much lower t h m  the value estimated for 
maintenance. 111 contrast, for fat deposition, a 
metabolizable energy intake much higher than tliat 
for maintenance is necessary, both inferences 
showing that '3 lipid mobilization to protein 
retention would t,~kc place. 

A~rnlysis c?f fl~r'protc~iri-spilring c@ct oftllc'j7t 
Having demonstrated the protcin-sparing effect of 
the fat  in the pre-ruminant kid goats, using the results 
obtained from the slaughter trials, it was possible to 
derive generalized eq~~at ions  which related protein or 
fat retention rates with the intake of metabolizable 
energy as both protein and fat, independently of the 
type of diet fed. From the equation obtained and by 
calculation of its first partial, derivative with respect 
to the metabolizable energy intake as fat, the 
variations in protein retention with variations in fat 
intake could be c~nalysed: 

In '~ccordai~ce wit11 this result, it can be deduced that 
under a constant protein intake, the increment in 
intake of energy as fat would determine 'I certain 
increment in protein retention dependent upon the 
amount of energy ingested as f'lt. T11is process would 
end at C] certain protein retention, according to 
protein intdkc or- protein retention capacity of the 
animal. 

Frorn the relationships established between the rates 
of fat retention and the energy intakes as protein and 
as fat, it is deduced that retention as fat depends, in 
these animals, on the quantity of metabolizable 
energy ingested as protein and as fat. The existence 
of 'in interaction between bot11 kinds of intake is also 
deduced. In order to cii~alyse the changes in fat 
retention arising from changes in protein intake, the 
first partial derivative of the equation established 
was calc~~lated as a function of the energy ingested as 
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c.nergy <is t,~t, the c~ari~ltion in 11'1k reteritisn ;is ,; 
function oi the \,,jri,jtion i ~ n  proteii7 int,?iic, xvou;c 
alwa\js be ne:;clti\re '3nci dependent on tiw 
corresponding felt intake,. Thus thcjireate!- tiii, protein 
intakc. under '7 constant tat int'xke, thc Pom.c~r tilt. f;lt 
retention as a consequence of the grcatc~ iwed to use, 

the energ!. ingesttd as f r l t  tor pr~jteili retention. T ~ ~ L I s ,  
the protein-spdring effect of the, fat depcniis not  (-)11i;' 

o n  the quantity of the fat ingested hut ,ilso oi-1 th:. 
nietaboli~able energy ingested as protei~i. To 
quantify tlie effect of protein couccntration (IT, g/kg 
DM) on the use ot thc energy ingested as f'lt for fat 
retention, tlic c ~ ~ ~ t l i o r s  cstablislicd ,I si!nplcb 
rcl,~tioiisliip bctween the intakes of metaholi~nbl:. 
energy as  fa1 and its retention as a function of the 
concentration of protein included i l  firiori in the food: 

PC = 200: 
Blif = -190.20 (s.e. 10.75) + 1.58 (s.e. 0.13) MEIf 

-0.0022 (s.e. 0.0004) M blf '  
(R' = 0.983; I-esidual s.d. = 18.66) 

PC = 240: 
EIif = -151.48 (s.e. 15.76) + 0.98 (S.?. 0.16) MEIf 

-0.00095 (s.e. 0.110039) MEIf2 
(R2  = 0.946; residual s.d. = 27.41) 

PC = 280: 
ERf = -134.93 (s.e. 16.48) + 1.114 (s.e. 0.1 7) MEIf 

-0.00087 (s.e. 0.00039) MEIf2 
(R2 = 0.962; residual s.d. = 28.67). 

Froin the ecluations obtained it is possible to 
calculate for each level of protein, the variation that 
would occur in fat retention when changing its 
intake: 

PC = 200: dERF/dMPlf = 1 58 - 0 0044 MEIf 

I'C = 240: dEliF/dMElf = 0.98 - 0.0019 MEIi 

1'C = 280: dERF/dMElf = 1.04 - 0.001 7 MEIf. 

According to thc form of the correspondjng first 
deri\~c~tive equations, it is possible to estimate tlie fat 
intake for each concentration of protein, that would 
determine a n~111 ~ ~ a r i a t i ~ n  in its retrntion. These wloulcl 
be the cluantities of fat intake from which a higher 
intake would never determine a higher retention. 
These valucs would be: ,159, 516 '3nd 598 kJ/kg M".'" 
per day uncler intakes of tlie milk replacers with 200, 
240 and 280 g/kg IIM of protein, respecti\rely. Diets 
containing higher proportions of protein therefore 
recluire greater cnergy int'lkes in the form of fat to 
achieve maximal fat deposition by virtue of the fact 

that  tlit> highcr tile dirt~r!, prolciii concentrdtion, the 
~ : - c ~ ~ r c i .  tlic proportion of energy intake '1s f,lt being 
; . ~ ~ d  fol protein rctcntion h!. the ,~nirn,xl. 

1- iirn,ill\,, it is \\,ortli noting Iiow the factorial 
t-,~lcril;ition of thcs ent'rgy rccluircments of gro~ving 
~l r i~~i ia ls  ~uppost.5 that tlie energy cxpenditt~rc 
~~ssociatecl viritIi tlic, cfeposition of one ~liiit of protcin 
nnd/or td t  is ~i coiist~irit qi~~jlitity, reg~rdless of the 
ndturc o f  tlie diet. However, from the results 
c>ht,~ined Iicrc, it is deduced tlidt in pre-ruminant kid 
g o ~ t s  thc cnntrib~~tion of the metabolizablc energy 
ingcsted as fat to protein retention varies according 
to the ~nc~t~jboliz,~ble energy available as protein and 
,IS fdt. This fact obliges one to consider '1s variable the 
p,~rtial efficiency with which an intakc of 
o~et~lbolirable cnergy would be used for protein 
retention because of the r6le tlie origin of the energy 
plays in this respect. 
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Prediction of voluntary intake and digestibility of maize silages 
given to sheep from morphological and chemical composition, 
in vitvo digestibility or rumen degradation characteristics 

A. Ferret', J .  Gasa', J I'laixats', F .  Casdfas2, L. 1Sosch2 a n d  F .  Nue/ 

Abstract 

Elrilrri ini~izc' silizgrs mitli c r ~ d [ ~  yrotcilr (CP) N I I L I  r r ~ ~ ~ f r i r l  i i ~ f t > ~ ; q ~ r ~ t  fibre (NDF) rnrzgingfvorrr 77 to 93 17rrd 359 f o  
542g//kg dry rlmttrVr ( D M )  vcspcrtirlrly, iclcrcJ usi~d to s t~rdy tlrr r~liltior7s/rip b~?ti[~rrri tJnr C O I I ~ C I ~ ~ ,  clrc~111iral 
cor~rpositiorr,fir~irrirtntii~r clrnrnct~ristics, in vitro DM di~yestibilify izrzd vzrrnilral d~~grndafiori cl~nmcfrristics, or1 tllr 
onr hnnd, a n ~ i  tllp s~olrrrzti7ry U M  i i ~ f a k f ~  12.1~ slrrql or in vivo orgn~ric nrtrttrr n,qrmrt7r~f ~li~yesfibility ( O M  
digestibility), oil tht~ other. 
T11r siln<yes ilJrl'C cfkrrd ad libitum fo rnnturr L ~ ~ / ] L ~ S  givtvr n daily s ~ r p p i ~ ~ ~ ~ r ~ r ~ f  0 f 8 5  g ofsoyn-bean ri~tvl. DM iritakc 
i~nricd from 41.1 to 68.6 g DM per kg M" ;' daily. O M  ~iigestibilif!y and NDF apparrizt digf7stibilify zoere rneasiirccl, 
usir~g flit, snrirr ciclc7s in n period subsrqucrzt to tllnt of uoluiztary intakc measurement. The silages, in this case, iocrr 
offpred at afecdirzg level $1.2 rnnintcrznncc. O M  u'igestibilify and NDF appnrrnt digt3sfibility r a ~ r ~ e ~ l f i o ~ n  0.622 to 
0.757 and from 0,377 to 0.605, r~spectively. Ri~r~rrlz DM disnppearnncr wizs iizmszrred by irrcilbativlg sninpl~s in 
nylon bags in tlir nlrrIer1 ofthrer silagc-fed run~e~z-caiz~liilatcn' zuethcrsfor 3, 6, 72, 24, 48 and 72 h und byfifti i ig 
f h ~  expo~rnt ial  rrio~31rl y = a + b(1 - r d t )  to thr rclsulfs. Poterrtial ~?~qyndni'nhilitics (defirztd ns a + b ) f o r  DM rn~rgccrl 
fiorn 728 to 81 5 g/k<y. 
Accurntc prtydictiori of DM intake (r = 0.93; P < 0.01; rrsidual s.d. = 3.9) niid OM digc~stibilify (r = 0.86; P < 0.01; 
rrsidual s.d. = 0.022) iuas ncl~ieved using the solrrblcfractioiz (a)  and flic irrsoliible blrt finlic~ntablr rnntfer ( B )  nnd 
the insolubkc~ bu f  potr~lfialiy deguadablr fraction Ib), rrsprcfivrly. Hoioevt~r, Iookii~g for n conrprornisc b ~ f ~ ~ e r i ?  
ncctlvncy orrd simplicity, rrliabilif!~ nlid i ~ z t ~ x [ ~ e ~ l s i z ~ e ~ ~ ~ s s ,  env c ~ r i f ~ i ~ f  is propos~d ns U ~?redicfor of O M  digestibility 
(r = 0.85; P < 0.07) nrld fhr pH and ncrtic mid concrr~fratio~z o f f hc  silages ilia!/ be risc~i as n predictor i f  DM infnkt. 
(r = 0.80; P < 0.05). 

Keywords: dt~grnrfnfrorz, d1gcrstibrlif1/,fi)od rrrfokr, r~ri~lrr d n g c ,  \llrrp 

Introduction 
Maize is probably one of the best plants to store as 
silage due to the high coiltent of fermei~table water- 
soluble carbohydrates, a low buffering capacity and 
n high dry matter (DM) content; tllat is to say, the 
cllaracteristics of an ideal crop for preservation as 
silage (McDonald pt al., 1991). In spite of this, 
17olunta1-y intake of maize silage is less than that of 
the same crop offered fresh (Andrieu and 
Demarquilly, 1973). 

The d~fficulty of predict~ng the voluntary intake of 
silages has often been attributed to the effects of 

fermentation end products present in the silage, 
altliougl~ these effects have not always been shown. 
For example, Wilkins et al .  (1971) working with 
grass, cereal and legume silages, given to wethers, 
concluded that the voluntary intake is negatively 
correlated with the contents of acetic acid and 
ammonia, whereas Ruchanan-Smith (1990) found 
that ammonia had no negative effect on intake of 
lucerne silage and Van 0 s  et nl. (1995) found that tile 
addition of ammonia (NH,?) was not the causal factor 
in the negative correlations between silage NH,- 
nitrogen content and intake obscrved by other 
authors. McLeod r7t al. (1970) concluded that the acids 
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produced during the normal grass silage 
fermentation c;un limit the intake in cal \cs  and 
w ~ t h c r s  b11t I'hillip ot ill. (1081) t o ~ ~ n c l  t11'1t food 
intake rnras unaffcctcd by intrcirumincll intusion of 
acetic ,icid. Finally, othcr products of protrin 
ciegr,ldation such as  amines maq. also affect si1,lgc 
intake ( K u c h a n C - S i t  and rhillip, 1986) ,~lthough 
Van 0 s  1.t 111.  (1995) tound th'lt thcl '?mines tended to 
reduce DM intake only. 

Sc\,er;ll eili~ations have been p r ~ p ~ s e d  to predict 
maize silage digestibility (Jones ot ill., 1980; Andrieu, 
1984) and DM intake of m a i ~ c  silages (Jones c3t ill., 

1980) although none include cultivars writh exotic 
germplasm ill their pedigree. The aim of tlic present 
study was to assess the possibility of predicting 
voluntary DM intake and 'ipparei~t organic-matter 
(OM) digestibilitv (OM digestibility) of m a i ~ e  silage, 
gixren to sheep, from morphological and chemical 
characteristics, ill ilitro digestibility and r ~ ~ m i n a l  
degradation characteristics. 

Material and methods 
Si l~~<yc~s  
Eleven maize (Zca ma!/s) silages were made using 
plastic containers with a capacity of 1100 litres. Five 
adapted (S1 to 55) and six (S6 to S11) semiexotic 
materials (Table l), obtained by crossing adapted 
and tropical populations provided by the 
International Maize and Wheat Improvement Centre 
(CIMMYT), were cultivated in Caldes d e  Montbui 

(north-east Spain) with irrigated conditions in the 
summc,rs of lC19,3 and 1994. After h,lrx.esting, the 
planls L\ t r c  clioppcii n.i t11 CI precision-chop for,?gc. 
harvester, storcd in cont<lincrs, covered ~ v i t h  plastic 
sheets and \\reightcd with bricks. Tnro containers for 
c,acli material were employed. I'rior to cnsil,ige, e x  
content, as a proportion of thc contl-ibutioii of the eal- 
in  the total yield, wns measured and s t o ~ ~ e r  samples 
t'ikell (exccpt in the case of 59). The materials xvcrc 
h ~ r \  ested nrith a n  a\,eragc. DM concentration ot 
31 0 g /kg .  

The maize silages wcrc offered to cight mature 
Mdnchega-bred ewes (average body weight 64.2 (s.d. 
1.2) kg), which werc neither lactating nor pregnant, 
kept in  inclividual pens with free access to water and 
sCdt blocks. Thc eight ewes were randoinly pu t  into 
two groups each of four animals. Fivc~ experimental 
pcriods, each one lasting for 3 weeks, with 2 weeks of 
adaptation ,lnd l week of measurement, werc used. 
During each period, two silages werc selected at  
random, one of which w ~ l s  given to one group of four 
animals, and the other to the other group.  he silage 
was offered every day, a t  the same time (09.00 h), nd 
l ihitl~rri (proportionally 0.15 in excess of the previous 
day's consumption) together with 85 g soya-bean 
meal per animal to avoid a deficit of degradable 

Prior to the experiment all sheep were given 
a commercial maize silage (AE703, Agrar Semillas 
S.A., Zaragoza, Spain), nd lihitunz, for 3 weeks. Silage 
and  residue sa~nples  were taken daily and  bulked 
over the last 7 days of each period for each treatment 

Table 1 Clii7rizctc2i.istich of cultriars 

Silage Cultivar type FAO maturity r,~te I'cdigree 

S l Addpted 700 Commercial hybrid AE703 (Agrar Seniillas S.A., Zaragoz'i, Spain) of 
unknown pedigree 

S2 Addpted 100 Commercial hybrid CARMINA (I'ioneer Hi-Brand Intern., Inc., 
Johnston, USA) o f  unknown pedigree 

S3 Adapted 700 Adciptc,d open pollinated population La~xc~~ster sur~crop 
S4 Ad,~pted 700 C'o~nniercial hybrid A640 (Adour, Semillas Fit6 S.A., Rnrcclona, Spain) 

o f  unknown pedigrcc 
S5 Ad'ipted 300 Commercial hybrid SABRlNA (Pioneer I li-Brancl Intern., Inc., 

Johnston, USA) of unknown pedigree 
S6 Semiexotic 900 (MO l7 X Brazil 1792) X R73t 
S7 Semiexotic 1000 R73 X Brazil 1792t 
S8 Semiexotic 1000 B70 X Across 8W3$ 
S') Semiexotic 1000 R73 X V3655 
S10 Scniiexotic 1000 L696 X Across 83331/ 
S1 1 Semicxo tic 1000 R73 X Brazil 1711 ql 

t M017 B73: adapted public inhrvd; Br'lril 1792: cxotic open pollinated population with C,~teto r,lcial composition. 
$ Across 8443: exotic open pollinated population wit11 'IuxpcAo racial composition. 

V165: cxotii- open pollinated population from Brd~il of ~lnknown rrlcial compositio~i. 
1 1  1.696: experimental adapted inbred. 
1 Brad 171 1 : exotic open pollinatcd population with C'ateto Pnulistic racial compohition. 
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,ind storcd dt 2 0 ° C  until anal\lsis. .Aniin,~ls \.\.ere 
weislicd at the heginning '~nd  the end of each pt.riod, 
anct the mecin li\.,e wc'ights were used to calculate the 
i~icli\.id~~dl int;tkes per kg MoT5 pcr day. The sheep 
wc\rc trc'lted tor nematoda (7.5 mg 11e:obimin per kg 
live weight, Hap'lsil, Shering-Plo~lgh S.A., Sail 
Ag~~s t in  dc (;u,~dalix, Spain) bcfore st'lrting tlic 
expcrimmt,il period. 

Ap/)~ri , /r l  ~i i ,y(~ti!~il i t ! /  
lri rliilo apparent digestibility was recordcd using the 
same design and the same ewes clnployed in the 
voluntary intake measurement, in a suhsequent 
period. 'fhe silage was offered at C? feeding level o f  
1.2 maintenance, together with 85 g soya-becm meal. 
E'ICII period was of 3 weeks' duration, with 2 weeks 
of adaptation anci 1 week of nieasurernent. Tlie ewes 
were housed in metabolism cages with free access to 
water and salt blocks. Faeces were collected daily 
and samples of silages and faeces were also taken 
and bl~lked oxrer the last 7 d,lys o f  ecicli period and 
stored at -20°C. The iri i l i t ~ o  DM digestibility (Tilley 
and Terry, 1960) was determined according to the 
modified method of Alexander and McChwan 
(1966). 

DM dcgmdntiorl in situ 
DM degradatioii was determined by incubating 
about 3 g dry sample in nylon bags in the rumen of 
the three cani~ulated wethers. The samples were 
dried for 72 h in a forced-air oven at 40°C and milled 
through a 1.5-mm screen. The bags measured 125 X 
100 mm, with an average pore size of 5 0 ~ m .  
Duplicates of bags were withdrawn after 3, 6, 12, 24, 
48 and 72 h, washed for 15 min in a washing 
machine and dried for 4811 at 60°C. Zero-time 
washing losses were estimated by soaking two hags 
per sample in warm tap water (39°C) for 30 min 
followed by washing and drying as before. The 
wethers were given a commercial maize silage 
(AE703, Agrar Seinillas S.A., Zar'~goza, Spain) ild 
libituii~ plus 85 g soya-bean meal. 

Cil~ilricnl nrrnlysis 
Stover and faeces samples were dried in a forced air- 
oven at 60°C and milled through a l mm screen for 
chemical analysi~. DM was detcrinined at 103'C for 
48 11. Ash content was measured gravirnctrically by 
igniting samples in a muffle furnace at 550°C for 3 h. 
Crude protein (CI') was determined by Kjeldahl 
procedure (N X 6.25) on a Kjeltec Auto 1030 
Analyser (Tccator, Hiiganas, Sweden) and ether 
extract (EE) by tlie Soxhlet method (Europeaii 
Communities, 1984). Neutral-detergent fibre (NDF) 
was determii~ed by the method of Van Soest r t  111. 
(1991), acid-detergent fibre (ADF) and acid-detergent 
lignin (ADL) according to the method of Goering 
'1nd Van Soest ( 1970). 

Silagv sCimples were miscd tlioroughl~; ,111d t\vo 
subsclrnples taken. Onc subsample \vas dried anci 
irlillecl for d~termin,ition of DM, ,isl-i, FE, NDr ,  i l l l l ,  
'ind ADL content as describeci before. IlM \v,>.; 
corrected for \,olatilc, cornpol~ents lost (L)i~lph) ,111rl 
llt~~n~ircli~illy, 1981). Tlie rmiaining \vet subsa~~ipl r  
was ns~~~l!~sed for concentration of total nitroscn ( N )  
(Kjeld,~lil method) anci NH3-U (A~soci~ltion ot 
Official And[)tical Chemists, 1990) c~ind used to 
obt<~in silage juice for the cleterinination of pH and 
w'iter-soluble N (Nsol) (Dulpliy ancl Demarcl~~illq., 
1981) a n d  \,oldtile fatty acids (VFA). VFA wtxrcl 
determined by gas chromatogi-aphv. Samples Mrere 
prepared dccording to tht. method- of (quitart cJt 01.  
(1996) with the modified aniouiit o f  2 m1 of sample. 
Derivatized extract (0.5 PI) containing heptcmoic '1cid 
a s  an internal ~t~uiidard was injected into a gas 
chroinatograph equipped with a Stabilwax mctallic 
capillary columii of 60 ni X 0.53 mm i.d. (Restck, 
Bcllefonte, USA) using heliuin as a carrier h';ls at 
14 in/min. The colunii~ was held at 50°C '111d then 
ran~ped at 2°C per min to 110°C. Injector and 
detector temper'jturt~s were 270°C. 

Statislicnl nrlill!/sis 
The values for disappearance o f  DM with time mrere 
fitted to the exponential equation: !/ = a + b(l - e ") of 
Drskov and McDonald (1979), where y is DM 
degradation at time f ,  12 represents the immediately 
soluble material, b is the insoluble but potentially 
degradable material and r tlie rate of degradation. 
Potential degradability was defined as (17 + h).  A was 
defined as the initial wasliing loss, while the 
insoluble b ~ ~ t  fermentable matter was ctefined as R = 
(a + b)  - A. Data for DM intake and apparent OM 
digestibility of silages were subrnittcd to a one-way 
variance analysis, using the general linear model 
procedure of Statistical Analysis Systems Institute 
(SAS, 1990). Tlie comparison between adapted and 
seiniexotic n~a te r i~~ l s  ~7'1s also m d e  by analysis of 
variance. A correlation matrix between the dhta for 
ear content, chemical composition, intake, irr i)ii1(1 and 
irr 71itr.o digestibility and irr s i f l ~  DM degradation w,ls 
obtained. ~ tepwise  regression n7as L I S C ~  to find tlie 
best fitting e~uat io i i  for DM intake and OM 

L, L 

digestibilty using the stepwisc procedure of SAS 
(1990). 

Results 
The ear content and the stover chcmic,~l composition 
arc give11 in Table 2. At harvest, ear content ranged 
between 380 and 550 g/kg 1lM. Three cultivars, two 
;tdapted (S1, S3) and one seiniexotic (58) had a11 ear 
content higher than 5110 g/kg DM. The sto\,er NDF, 
ADF and ADL concentration, expressed a5 g/kg DM, 
varied from 570 to 696, from 011 to 303 and from 33 
to 60, respectively. 
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t a r  content T\]c,~~tr,ll- /\cid- ,\cl& 
(g/kg Ct-ude detergent dt~trrgeiit cdetergenl 

SI l,lge\t DM) 4\11 pfi)teil~ f~bre  fibre Ilgllin 

S I 540 9 2 63 (3 39 3 54 46 
52 400 X l h1 5711 31 l 14 
51  400 85 h 3 586 337 48 
S4 520 8 1 (3 1 647 38 1 5 6 
55 100 S 1 h4 57 1 312 34 
5 (3 490 107 75 h') l 40'3 170 
57 420 10h 7 h 642 772 4 h 
5S 420 I l6 7 1 h69 390 54 
510 380 102 h2 696 728 39 
SI I 470 X0 (7 7 (746 316 52 
M c w ~  160 9 3 (7 7 674 350 18 
5 c 18 8 4 7 18  14 5 10 9 3 0 

t 5') \L a5 not me,I\urecl 

The chcmicc~l composition ;uiicl the fermentativc 
cliaracteristics of silages are given in Table 3. Tlie CP 
concentration ranged from 77 to 93 g/kg DM. Cell 
w'lll concentration (as defined by NDF) varied from 
359 to 542 g/kg DM and ADL ranged from 26 to 
45 g/kg DM. The mean values of the fermentative 
characteristics (Table 3) showed that, in general, the 
silages were of good quality according to the 
classification o f  Dulphy and Demarquilly (1981). The 
best silage, in relation to the fermentative 
characteristics, was S10 and tlie worst SS, S6 and 57. 
In the case of 56, the high Ie\~el of \rolatile fatty acids 
was duc to 'I high level of propionic acid although 

the acetic acid content was low. The pH of silages 
ranged from 3.511 to 343. 

The degradation characteristics are given in Tablc 4. 
The zero time washing loss of DM ranged from 242 
to 415 g/kg DM. The insoluble but fermentable 
matter (B) varied from 331 to 515 g/kg DM, potential 
DM degradation from 728 to 815 g/kg DM and c 
values from 0.024 to 0.053. 

The mean DM Intake of the m a i ~ e  sllages was 572 
(S e 2 5) g DM per kg M"" per dav and ranged from 
41 1 to 68.6 g DM per kg Mo7' per day (Table 5) OM 

Table 3 C','ic~rriic.ii/ c.oirri!osilioii iiiid f?rrrrc.iilii/i?lc. c-/iiiriic.lc~rrt~c~s o f  thc iriirizc' sili~gi's 

Ferment'ltive characteristics 

Chemical constituents (g/  kg dry tiintter (DM)) Water- 
Acetic Volatile Ammonia soluble 

Ncutral  Acid  Acid- acid f'itty acid nitrogen nitrogen 
Crude detergent detergent detergent Ether (g/kg (mmollkg ('h total ("l,> total 

Sil,~gcs /\sh protein fibre tibrc lignin extract pH DM) DM) N) N) 

11 49 77 3 59 193 26 7 I 7 74 
'32 77 97 149 2 41 37 31 3 56 
13 60 82 449 24 1 28 3 1 7 68 
11 5 1 77 120 214 28 29 7 71 
55 62 S7 442 72 1 45 27 7 50 
16 55 81  436 216 17 32 1 S7 
S7 (7 7 89 457 268 44 2 '1 7 h9 
1S hh S5 464 273 13 27 3 4') 
1') 51 84 763 20') 30 34 3 77 
510 72 78 507 249 40 2 5 3 77 
11 l h 1 82 187 243 17 30 3 5h 
Mean (71 84 44s 248 36 30 7 h7 
5 e 2 h 1 5  I 6  h 10 1 2 1 0 7  U03 
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Table 4 L)!!/ iiiiriilzi. (DMi iii,~yr.ii~liihiiit!/ (::/%,(v DMi  o f  sili7::~> ii/tl3r 12,  2 i  iirril JH 11 iiiiri ilri.ir lii~;yr.iiiiiiiioii i l i ~ i i i i c t c ~ i i ~ i i ~ s  i111iiiiiii~i 1 1 1 1  

fi/tiri<y d ~ i t ~  : ~ f D h q  di,;;riifiatioii 1 1 ~ ~ 1 ~ ~  72 11 i ~ i ~ ~ ~ ~ l ~ ~ l i i ~ r i  to tliij t ~ ] i ~ ~ i t i i ~ i i  y = '1 + bf l - 1 ,  

-- 

DM dcgrad,ition dttcr: 

S1 476 536 660 115 17 1 745 0-025 2.4 
S2 443 492 0 5 L) 320 471 79 l 0.026 - .  7. ;  

S3 456 527 62 1 32 1 4.3') 759 0.027 1-7 
S4 428 561 (154 ,324 45.5 779 0.027 1 .h 
S5 490 614 6 74 ,320 419 739 0.05.3 1.3 
S6 44') 547 1780 242 5 Lh 759 0-037 4.11 
S7 11 1 557 658 ,304 5 1 1 8 16 0.026 1.6 
S8 492 573 h25 356 388 744 0.030 2-5 
S10 427 515 h16 248 480 728 0.034 2.0 
S1 1 363 500 624 279 185 764 0.024 2-0 
Mean 44 7 532 64 7 313 4-49 762 0.03 1 
s.d. 38 36 23 51 58 27 0.009 

t A is the washing loss (water so l~~b lc  fraction) and R = (17 I 11) - A is the insoluble h ~ ~ t  fermvntable matter; i i ,  11 'lnd 1. ,Ire the 
constants in the exponential equation I /  = a + h ( l  - e-"); ii I 11 is the potential DM degrad,ltion and 1 is the ratc. o f  Llh? 
degradation. S9 w a s  not measured. 

digestibility and NDF apparent digestibility varied Significant differences between adapted and  
from 0.622 to 0.757 and from 0.377 to 0.605 semiexotic cultivars were only found in stover fibre 
respectively. The mean values were 0.678 (s.e. 0.012) components, whereas the silage chemical 
and 0.491 (s.e. 0-021) for OM digestibility and NDF composition of the adapted and semiexotic materials 
apparent digestibility, respectively. was similar. The adapted and semiexotic materials 

Table 5 Dr,y ri7attc.r IDM il~takr. iii g DM ;?er k,y M''" per- ili~,tl), in vivo a p p i r r ~ ~ r ~ t  rli~yr~stiliilit!/ c!f orgariic. i~i i i t t~ ' i .  (OM ~iigi~st ihi l i t ! l ) ,  in 
vivo apparent  i i i g ~ s i i b i l i t ~ /  of c ~ l l  7~1alls ( N D F  i l ~ ~ ~ o s t i l ~ i l i t y i  liiid in vitro di,ycz.;tibilit,~/ of ilri/ 111at tc~  (in vitro DM di,yc~stibilif,t/i of- tliiz 
rnnizc' sil~zges 

Iii v i i ~ o  O M  111 i ~ i o o  NDF 111 v i t r ~ i  DM 
DM intake s.e. digestibility S.C. digestibility s.t<. digestibility 

Silages 
S1 60.1"'' 4.48 0.757" u.0 1 1 0.437"' 0.023 0.736 
S2 54+ihc 3.32 0~652"'" 0.0 10 0.485'"'' 0.028 0.68 1 
S3 46.2'" l .98 il.6951'~ 0.005 0.552'" 0.008 0.663 
S4 62.5"" 1.71 0.722"" 0.013 (1-5.38""' 0-020 0-685 
S5 41.1" 0.85 0.680'"" 0.01(> 0.605.' 0.023 0669 
S6 68.4.' 5.14 0.679"~' 0.00X 0.475'" 0.014 0.690 
S7 68.h" 4.25 0.622' 0.015 Cl-416k'~' 0.030 0.668 
S8 51.41"" 2.56 t t 0.635 
S9 t 0.680ivti (1-023 0.377' 0.043 0.692 
S10 57.2'" 3-36 O.64HdC 0.01s ().4')7""l 0.(105 O.63'1 
S11 56.9"' 1.63 0.672"' 0-007 (1. .5.3&1'7c 0-006 0-(>19 
Mean 57.2 0.678 0.491 0.h71 
s.d. 7.9 O~O.?Cl 0.065 0-031 

Adapted cultivC>rs 
Mean 52.9 0.701 0.524 0-687 
s.d. c)- l 0-010 0.066 0.029 

Scmiexotic ct~ltiv,~rs 
Mean (70.5 0.660 0-167 0-(757 
s.d. 7.7 0.025 O.OhU 0.030 

a.,< C Means in the s~iriie column with different superscripts differ significantly (P < 0.05). 
t Not measured. 
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were no different for UM intake (52.9 7,. 60.5, lJ > 0.05), 
or OM digestibilitv (0.701 71. 0.660, P > 0.05) (Table 5). 

The simple correlation coefficients between the most 
relevd~it v<~riables and a scrics of DM intake ancl OM 
digestibility prediction equations are given in Tables 
6 and 7, respecti\,ely, The correlation matrix shows 
the negative correlation between NDF of silage and 
ear content (r = -0.77, P i 0.01). The constants n and b 
were significantly corielated with the ear content (r = 

0.87; lJ < 0.001, and r - -0.84; P < 0.01, respectively) 
and with silage NDF concentration (v  = -0.78; 
P < 0.01 and 1. = 0.61; P < 0.10, respectively). The 
correlations between the constant c and the NDF and 
ADF concentration were positive and significant (r = 
0.63; P < 0.05 and r = 0.73; P i 0.0 1, respectively), as 
were those between c and the amount of digestible 
cell walls (NDF X NDF digestibility) (r = 0.70; 
P < 0.05; not tabulated). 

There was no correlation between DM intake and in 
.iiiao OM digestibility, but DM intake was correlated 
(P i 0.01) with the amount of digestible cell wall (r = 
-0.73; not tabulated). On the other hand, DM intake 
was positively and significantly (P i 0.05) correlated 
with the stover fibre components (r = 0.63, r = 0.62 
and v = 0.64 for NDF, ADF and ADL, respectively) 
and with the p H  of the silage (r = 0.70; Pi 0.05). 
When the acetic acid co~icentration was added to the 
silage pH the equation accounted for 0.64 of the 
variability in DM intake (Table 7). The correlations 
between DM intake and the potential DM 
degradation (a + b) and the constant c were r = 0.50 
and r  = -0.45, respectively and neither were 
significant (P > 0.05). 

OM digestibility was corre1;ltcd positi\,ely 1vit1-i the 
ear content (r = 0.85; P < 0.01) ,111cl ne:;dti\ el! \vith 
silage ADL concentration (v  = 0.77; 1' < 0.0 L ) .  111 r,iti .o 
DM digestibility was also signiiicantlv corrvl;lktd 
with irr rlirlcr OM digestibility (v  - 0.62; P 0.05). I'lit- 
constants ~7 and 11 a c c ~ ~ ~ n t e d  for proportioilc~tcl!~ 0.48 
and 0.74 ol the variability in OM cllgcstibilit!. 
respectively when co~isidel-ed i~ldi\~ici~~,lIly. 

Discussion 
Ear content was a good predictor of OM digestibilit) . 
This variable accoulited for proportioriatcly 0.72 of 
the variability in OM digestibility, ill agreement \\.it13 
Andrieu (1984) who found d good cor~.elatioi~ 
between both OM digestibility and energy : aluc of 
maize silages, and the grain content. The high 
positive correlation (r = 0.87; P i 0.001) between e x  
content and the constant n can be attributed to tiic 
high level of non-structural carbohyclrates linked to ,I 
high grain content. On the other hand, the similar 
poteiitial DM degradation of the silages could 
explain the high and negative correlation between 
ear content and the constant 11 (r = -0.84; P < 0~01) 
and the negative and significant correlatioii between 
a and b ( r  = -0.90; 1' < 0.001). 

The DM intake predictive value of  the cliemical 
composition of the silage has been reported by 
several authors. Laforest ~t nl. (1986), working with 
legume and grass silages, found that the intake of 
DM was correlated positively with CP (v = 0.92) and 
negatively with NDF (r = -0.87). Jones cf (11. (1980), 
with maize silages, hay crop silages arrd mixtures of 
both, also found the same kind of relationships. In 

Table 7 Mllltiplr ~tc'p>i(li~c regressiorrs bt,trueen LIM irltake, DM pczr kg M"'-' pi,r dily) or. OM iiigrstil~ilit,y oiid ~ ~ i i r .  i.oiiic.ii1, fii~rc, 
cornpoilcnts, fcrnrl~i1t11ti71~ rhnmctrristics, in vitro DM digr.sfihility and in  sit^^ DM dl~~yraif~itioiit 

- 

Rcsidu,~l 
Y Technique Equation r Significance \.cl. 

DM intake 
Stover fibre components 28.09 + 0.60 (ADL) 0-611 0.1146 7.2 
Silage fibre components 70.50 - 0.13 (NDF) + 329.2 (ADL/ADF) 0.757 0.05 1 6.6 
Fermentative characteristics -249.34 + 80.74 (pH) + 0.42 (acetic) 0.802 0.027 6.0 
111 situ DM degradation -81.2 1 + 0.1 2 (11) + 0.22 (H)$ 0.932 0.002 3. '1 
All four techniques -188.66 + 0.12 stovcr NDF + 1.98 I\lH,-N 

-0.51 Nsol + 0.24 (11 + h) O.')')O 0.00 1 1.7 
OM digestibility 

Ear content 0.4163 + 0.0006 (ear contentj 0.849 0.004 (j.(12.? 
Silage fibre componeiits 0.8305 - 0.0043 (ADL) 0.769 0.009 0.025 
lur vitro DM digestibility 0.1728 + 0.75 (ill ?~itro DM digestibility) 0.624 0.054 0.032 
111 silrr DM degradation 0.9828 - 0.0007 (h) 0.862 0.003 0.022 
All four techniques 0.9828 - 0.0007 (h) 0.862 0.003 0.022 

t For abbreviations see Table 6. 
$ Equation obtained removing the sil'ige S1. 
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our c,l\cS, the DM int;tke w'is significantl\, correlatcsd 
\\,ith llle sto\.t3r fibre components ( l )  < i!.05). Thc 
sto\,er NDF, ADF and ADL ,iccounted tor 
3ro ,ortion~itely 0.40, 0.38 and 0.11 of the \.ari;tbility 
bn 'IIM int'ike ~-esn<~cti\~c~l\. \hen consiilered 
incii\ id~1,>11?. Thc bcst prcdicti\ c c~cluntion  sing only 
the sto\.er fibre components is slio~vn in Table 7 ,ind 
it \vds through tlie sto\?cr ADL. I11 relation to the 
fibrc compo~~ents of the sil'iges, \vhen '111 index ot 
lignific~ition (AIlI./ALIk) w,js added to the cell ~ ~ 1 1 1  
concentration (NDF), the DM ilItCikc predictive v a l ~ ~ e  
of thc multiple rc~gression e q ~ ~ ~ ~ t i o n  was inipro\,cd 
significantly (P < 0.05) and the equ'~tion then 
,iccountecl for 0.57 of the \,ariability. On the other 
hcind, the silage All1 concentration was a good 
predictor of OM digestibility wlicrcas the other fibre 
components did not increase significantly the 
predicti1.e \ ~ ~ l ~ i e .  

IIM intake increased as pH of the silage increased. 
The linear rcl~~ation obtained to predict DM intake 
was: !I = -164.2 + 60.3 (p[{) (r = 0.703: 1' < 0.023; 
residu,il s.d. = 6.7). S1iciver c7t ill. (1981) found that the 
sildgc pH was factor that affccts voluntary 
consumption of inaize silage. They developed a 
clu,idratic equation to predict OM intake, that is to 
say, that intake increases if silage pH rises from 3.6 to 
5.6 but falls after this point. In our case, the quadratic 
equation did not impro\/e the prediction, probably 
because of the short range of pH values. On the other 
hand, the silage pH was positively related to the DM 
percentage of the silage (r = 0.73; P < 0.01; not 
tabulated) in accordance with the stability criterion 
proposed by Dulphy and Demarquilly (1981). 

There was no correlation between DM intake and ilr 
uir!o OM digestibility. Our results confirm nrhat has 
been iiidicatecl by Drskov r t  al.  (1988); that is, when 
intake is voluntary, iri oiiw apparent digestibility of 
forages given to ruminants at ~naintenance is an 
inadecluc,te measure of nutritive \ alue. On the other 
hand, many regression equations 11'1ve been 
published rdlating irl .i~ir~o to ill i7iti.o digestibility. 
With the two-stage fermentation procedure of Tilley 
c~nci Terry (1963), Acrts cf ill. (1977) found, with 
silages of different species, that the iil rlitvo OM 
digestibility could explain 0.73 of the variability of ill 
i>irlo OM digestibility. We also found a positive and 
sigi~ific~ui~t correlation (r = 0.62, P < 0.05) between 
OM digestibility and iii vifro DM digestibility. 

l'lie insoluble but potentially degradable fraction (b) 
allowed us to predict tlie OM digestibility. Potential 
DM degradation (11 + h )  provided an inaccurate DM 
intake (i. = 0.50; P > 0.05) in ~~greernent with Carro cJt 
ill. (1991). In tlic same way, Kliazaal 1.t 111. (1995) 
obtained a Ion7 ancl non-significant coefficient of 
correldtion with gi-ass and legume hays. 111 our case, 

some silages differing i11 DM intake had similar 
cicgradabilities. When Sl, with ;1 practically linear 
DM degr,id,ltion was removed, the ~Iccur~lcy of DM 
int'ike, througll tlic degradation components, 
ii~crcasccl dnd the correlation betwcen DM intake 
c1113 tlle insoluble but fernlentable matter (R)  W C ~ S  

signiticant (I '  = 0.79; P < 0.01). In f'ict, when constant 
11 from thc c~ponenti~il  equation and R were 
employecl together we obtained an acceptable 
prediction ot DM intake when ;1 single techniq~ie was 
used. The precision of the equation to predict DM 
intake was improvcd using ruminal degradation 
characteristics (residual s.d. = 3.9) compared with 
chemical composition (residual s.d. = 6.6) or 
ft,rmmtciti\,e traits (residual s.d. = (3.0). Nevertlleless, 
the best DM intake equatioi~ was obtained when all 
four techniques were employed together (r = 0.99; 
P < 0.001; s.d. = 1.7). On tlie other Iland, the 
insoluble but potentially degradable fraction ( b )  
'~llowed us to predict ir7 rliao OM digestibility, though 
with a similar precision to ear content. The use of the 
four techniques togcther did not improve the OM 
digestibility prediction given by the i i ~  sitlr DM 
ciegraddtion technique (Table 7). 

In conclusion, prediction of DM intake and OM 
digestibility of iilaize silages was slightly more 
accurate using degraclability cl~aracteristics than the 
other single techniques used, although the best 
predictive DM intake equation was obtained using 
stover NDF, NH7-N and water-soluble N and the 
pote i~t i~~l  DM degradation. Howc\ier, given the 
complexity of using the four techniques together, 
and with the aim of striking a balance between 
accuracy and simplicity; reliability and 
inexpensiveness, it is possible to propose ear content 
as predictor of OM digestibility, and fer~nentative 
traits, pH and acetic acid concentration, as a DM 
intake predictor. 
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Abstract 

T(l~r,lz~c i ~ i l i ~ l f  riinlt, i7lpiltni r~lrir~ glilP!i cvtlirr 0 67 ( 1 0 7 ~ )  or 2 O ( h ~ ~ h )  X ii$iiriilcd 171~l~tt'11~7t1~~ rrqlli~rirleiifi fir i7 

~ ~ r r  roil o f  6 .iilcprki iifter tlllll(lr frinr rnrll iilili frniisfiircd to fllr ~rltrrnutrvc, lczlcl o f  t i ~ ~ f r l t l o n f i ~ t  a fui ther 6 wrrki 
Fibt c'  5nnrplr5 ( l l c~r  tnk~71i f r o ~ i  f z ~ ~ o  10-c 171' ilrc'i75 or1 t h  rnld 51dc /)oiifi~1~7 of entll nnimol nt 2, 6,  8 mid 12 rllrrk., 
nrzd i i l~i l~~~rc~i i lrnt \  ~ f f i b i r  ~ ( J L ~ I ~ I I ~ ,  yi('/d (clcar1 flhie ~ e ~ g h f / r n t i l  fibrcr zuc~1g/11),fihic dzainefr~r llrz~l jzhrc~ Irizgtll inn~ic 
or1 fhr \oi~rplt>s collrc trd n f  .iue~k\ 6 iirid 12 Tile hrglier lr71rl L$ frediilg rc511l f~d 111 11l~ylici clean fibrr i~c.ighi (10711 = 

0 42 (i c. 0 03), I I I : : ~  = 0 53 ( 5  r 0 04)i i1g/~ni~  PI day, P < O 007) atidfibre g l ~ i u f h  rl?f(' (IOW = 186 (i r7 10), 111gIi = 

223 ( 5  r 14) prri/day, P < 0 05) Charigr. 111 yrrld (1071~ = O 917 (s e 0.006), hzgh = 0 929 (s c 0 009)) and ilzpnn 
fihrr dinnir~frv (loul = 37 4 ( 5  c 7 g), lz~gll = 32 1 (5.r 1 6 )  ~ 1 1 1 )  W ~ Y C  not ~ t a f r i f r ~ a l l y  slgnlficnilt Cal~illnflotls 
5horil~d that tlic 1ilcrm5rd zoright offibre nt tnbuf td  to the hzgll~r l n ~ e l  o f n i l f r ~ f i o n  could he cxpla~ned In ternls of f l lr  
ohierved nicriJrr5e~ ~n f i l l re  lrngfh and dzanrrfrv but that, i4nllkc the ihccp rn zuhlch tllr rntlofibur lrngflz dlainc.ter 
rernnlil5 re~lat17lrly constant ~/ild(yr zwryiizcy illctr~tionnl rc:grillc7$, the e#ect o f  i~utrztlon ~n the alpacn liar a 
/~royortrolinlly lnrgrv rffcct on f/hw length fhaiz on f ihe  ~ilamefcv 

Keywords: nlpncas, fibre qzralify, nutuitzorl 

Introduction 
Wool production has been shown by many workers 
to be sensitive to nutrition (see reviews by Russel, 
1992; Sumner and Bigham, 1993). It is known that 
changes in fleece weight attributable to nutrition are 
a consequence of changes in both fibre length (L) and 
fibre diameter (D) (Sumner and Wickham, 1969) and 
Reis (1992) noted that, within individual animals, the 
changes in these components of fleece weight were 
such that the ratio L : D remains relatively constant. 

There are few reports in thc literature on the effects 
of nutrition on fibre production in the alpaca which, 
being a single-coated species growing fibre 
continuously, might be expected to respond in terms 
of fibre growth to nutritional manipulation in a 
similar manner to sheep. Newman and Paterson 
(1994) reported a positive relationship between food 
intake , ~ n d  the weight of fibre produced but were 
unable to demonstrate statistically significant effects 
of nutrition on either fibre length or fibre diameter, 
the principal components of fibre weight. 

Wuliji (1993) observed changes in the weight and 
dinineter of the fibre grown by alpacas in different 
seasons. These changes may have been a 

consequence of seasonal variation in the level of 
nutrition. Although the rate of extension in fibre 
length was not measured, Wuliji (1993) concluded by 
inference that fibre length was proportionately more 
affected than fibre diameter by the presumed 
influence of nutrition. 

Other reports of variation in alpaca fibre 
characteristics attributed to season may also have a 
nutritional component (e.g. ~umayal la  and Leyva, 
1988). 

This paper reports the results of an  experiment 
designed to study the responses in terms of fibre 
weight, length and diameter to sub- and super- 
maintenance levels of nutrition in the alpaca. 

Material and methods 
The experiment, which was conducted over the 
period May to August, 1994, employed a cross-over 
design involving two contrasting levels of nutrition. 
Twelve adult male alpacas (mean live weight 73.7 
(s.e. 3.0) kg) were allocated, by restricted 
randomization taking account of live weight and age, 
to levels of nutrition calculated to supply either 0.67 



5 10 Russel and  Redden 

( I O W )  or 2.0 (high) X c ~ s s ~ ~ m e d  maintenancc 
recluirements based on a \,slur of (1.44 blJ 
mctaboliz,lble encrg!l pcr kg M"" per cl'iy commonly 
~ ~ s e d  for sheep (Agricultural R e ~ e ~ ~ r c h  Co~~nc i l  
(ARC), 1980). Animals on the low treatment czrere 
offcrcd indi\,idually only grdss hay (8.0 M] ME and 
97.7 g crudc protein (Cl') per kg dry matter); those 
on the high treatment recei\red 0.17 of their energy 
intake in the form of hay and 0.83 <IS a dried grass- 
sugar beet pulp pelleted diet (12.2 MJ ME and 160 g 
CP p t ~  kg dry matter). The daily CP intakcs of 
animals on the low and high treatments were 3.6 and 
11.4 g CP per kg Mo7' per day. 

After '1 period of 6 weeks each animal wcls 
transferred to thc alternative level of nutrition for a 
further 6 weeks. This design allowed treatment 
comparisoi~s to be made within animals. 

Fibre samples were taken fro111 two 10-cm' areas on 
the mid-side on each animal, using small animal 
surgical clippers to cut thc fibre at skin level and 
calipers with '1 width of 10 cm to define the margins 
of the sample area. The sainples were collected at 2, 
6, 8 and 12 weeks. The second and fourth samples 
were of fibre grown during the final 4 weeks on each 
nutritional treatment. 

The first and third samples were taken primarily to 
remove the fibre produced below the level of the 
skin surface prior to the imposition of the current 
nutritional treatment. Measurements made on 
material collected on these occasions were also used 
in the statistical analysis to exainii~e the possible 
effect of the order in which the treatments were 
imposed. 

Weight of clean fibre was determined following 
washing in petroleum ether (60-80°C) and yield 
expressed as a proportion of raw weight. Mean fibre 
diameter and fibre length were measured by two 
operators using standard procedures (International 
Wool Textile Organisation, 1989). 

Statistical analyses showed no significant operator 
effects. Means of measurements made on the two 
samples collected on each occasion, and of the 
diameter and length measurements made by two 
operators, were calculated. A preliminary ailalysis of 
variance, employing as covariates measurements of 
fibre diameter and fibre weight made on the samples 
at 2 a i ~ d  6 weeks, showed that there uras no 
significant treatment X period interaction, i.e. there 
w7as n o  effect of the order in which the nutritional 
treatments were imposed and that the within-animal 
differences could be analysed without regard to 
whether the nutritional regime had changed from 
low to high or high to low. The significance of the 

Table 1 h l i z i i i i . ;  ii s . i z . i  of  i i r y  i i i n t i r Z r .  i i r i i i h i , ,  / i i ~ c ~ - i i ~ i ~ i ; < / i t  i l i i i i i : ; ,~ .  

l ~ l r ~ i ? i l  fiili.1' ? l l l ' l ~ / i ! ,  l / i i ' / i !  l l .I( ' i l i i  ~ l ~ l ' i ! < ~ i t  17 ~ ~ l ~ i ~ , l l l l / ' t i l l i i  l l f  i ' ! l : i ~  

, i ~ ~ i ; ; I i t ) ,  i i i c7 i r i i  f i i i i i .  , i i i i i i i i 2 f c , r  i i i i i i  f i / ir17 g i . o i i > t l i  i . l i / i7 i i i  i i l j i i i i i r ~  

~ < i ~ ~ i i ? 0 0 1 i  l i t  0.h7 ( l r ~ i i l )  (11. 2 0 ( l i i , ~ / i ~  X i i 1 1 7 i i i t i ~ i i i 1 1 i c i '  

l l ligli 

L)r\ -ma tter inta ke 
(k ikg  M"-' per d.>! ): 

hay 7h.9 18.7 
pt,llctcd diet W 9  
total 76 C) 

V ' ,  , h.n 
I,i\,e-wc~ght c h;incc 
\g/dLly) -h<) 1 

Clean fibrci \veigtit 
(rng/cm ! per cl,)!,) (W) 0-42 

Yield (clt.an/ra\v weiglit) 0.')17 
Mean libre 
diameter (pm)(D) 31.4 

Fibre growth rate 
(pnl/d'iy)(L) 186 

L : D  5.92 
(W : D:) X 10F" 13.6 

effects of the nutritional treatment \\,as assessed 
using paired t tests. 

Results 
The results presented in Table 1 show that the 
contrasting nutritional treatments produced a 
substantial and very highly significant difference in 
live-weight change, the sub~naintenance level of 
nutrition causing a daily live-weight loss of 69.1 g, 
while the twice maiiltellance level resulted in a daily 
increase of 70.3 g. 

With respect to fibre, thc effect of the higher level of 
nutritio; was to increase clean fibre weight by 
0.1 l mg/cm2 per day (P < 0.001) and fibre growth 
rate by C7 pm/day (P < 0.05). These represent 
proportional illcreases of 0.25 and 0.20 in fibre 
weight and lei~gtli extension respectively. The 
increases in yield of 0.012 and mean fibre diameter of 
0.7 pm werc not statistically significant. 

The results also show that the ratios of fibre length to 
diameter (L : D) and fibre weight (W) to diameter" 
(W : D') were higher in the samples from the c~nimals 
on the higher le\,el of nutrition (1' < 0.05). 

Discussion 
The results confirm the implied conclusion from the 
study of Wuliji (1993) and the finding of Newman 
and Paterson (1994) that nutrition has a positive 
effect on the weight of fibre produced in the alpaca. 
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In sheep, mrool production is known to bc sttnsitixre to 
the influence of nutrition: changes in feeding are 
reflected ill changes in both fibre length and 
diameter such that tlie ratio I . :  L 1  remains relatively 
constant within individual animals (Reis, 1992). 
Because fibre weight (W) varies directly ,IS LD', the 
ratio W :  D' would also be expected to reni'iin 
relatively constant. 

Examinatioi~ of the results presented here indicates, 
however, that in the alpaca the rel'~tive contribution 
of the increments in T A  and D appear to be different 
from those operating in slieep. The ratios L : D aitd 
W : D' calculated from the data relating to the higher 
level of nutrition are both greater, by a proportion of 
about 0.18, than those for the lower level. This 
suggests that the increase in fibre weight attributable 
to the higher level of nutrition is due more to an 
increase in I, than in D. 

Reis and Sahlu (1994), in a consideration of the 
relati\ie contributions of Id and D to changes in tlie 
volume of fibre produced, point out that the 
increased diameter of the extra fibre length (which 
they term D (L)) must also be taken into account. The 
figures in Table 2, based on the calculations 
described by Iieis and Sahlu (1994), indicate that in 
this experiment the contribution of increased length 
to the additional volume of fibre rrowil bv the 

< I  r' 

animals on the high treatment was substantially 
greater than that attributable to that of diameter. The 
respective proportioilal contributions of L, D cii~d D 
(L) were 0.788,0.179 and 0.030. 

The step from fibre volume to fibre weight in\:olves 
the incorporation of fibre density, in the gra\,imetric 
sense, in the calculation. If W = f 1.dL1/2)', then f, a 
function of density, can be shown to have the same 
value (2.93 X 10P) in the data relating to both levels 
of nutrition. Thus, the relative contributions of L and 
D to the increased fibre weight resulting from the 
higher le\,el of nutrition are of the order of 0.8 and 
0.2 respecti\,el!:. 

It is ciifficult to compare t11c results of this study with 
reports in the literature. Newman and Paterson's 
(1994) work appears to be the only example of an 
e x p ~ i m e n t  in which nutrition and fibre weight, 

180-4 3h.4 28 7 (1.5 1 2  
0-253 0.788 0. 17'1 (1.0?7 

length and diameter were ,111 ineasured. They 
reported that ii~crcased food allowances ~.esulted ill 
incrcased fibre weights, but that there were n o  
significant effccts of nutrition o n  ttitlier fibre length 
or di'ameter. Examination of their results shon,s, 
hcwcver, that nutritioi~ affected fibre wcight in 
suninier and fibre diameter in winter. Although their 
lower level of nutrition was designecl to supply only 
maintenance needs, animals 011 this tre'~tiiirn t gained 
live weight in the course of the experintent, and it 
inay be that the in~position of more extreii~e 
nutritional regimes would have re\/ealed clearer 
effccts on the length and diameter components of 
fibre weight. 

This experiment was not designed to study the 
energy requirements for maintenance and livr- 
weight change in the alpaca but the live-weight 
losses of the animals on the lower level of feeding 
(which supplied 0.295 MJ ME per kgM"-7' per day) 
indicate that maintenance requirements were 
substantially greater than the values of 0.276 MJ ME 
per kgMU7>er day reported by Newinai~ and 
Paterson (1994) in the alpaca and of 61.2 kcal/kgMU7' 
per day (0.256 MJ ME per k g M U 7 p e r  day) calculated 
by von Engelhardt and Schneider (1977) in the llama. 
Making reasonable assumptions regarding tlie 
efficiency of use of dietary ME for live-weight p i n  
and of body tiss~le for maintenance, it can be 
calculated that the ma i~ i t e~~ance  requirement was of 
the order of 0.44 MJ ME per kgM"75 per day usecl by 
ARC (1980) for sheep ancl adopted in this experiment 
for alpacas. This apparent wide discrepancy in 
maintenance recluirements may be a consequence of 
differences in diet quality. Ncwman and Paterson 
(1994) quote references to work indicating that while 
cainelids digest poor quality forages more efficiently 
tIic1n do sheep and cattle, there is little difference 
between species with respect to their efficiency of 
digestion of higher quality diets, such as used in this 
experiment. 

'I'lie conclusions drawn from the, results of this S~LICIY, 
in which the lower level of nutrition was 
unequivocally submaintenance, are that in the alpaca 
fibre production is sensitive to nutritional 
manipulation and that the effect of nutritioit on fibre 
weight acts more through changes in fibre length 
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thC1~i in fibre diameter. This is in contrast to the sheep 
in ~vliicli changes in fibre length lia\,e generally been 
shon,n to account proportionately for only 0.2 to 0.3 
o f  the observed increases in fibre \,olume and wcight 
(Rcis and Sahlu, 1994). Therefore it can be argued 
that the h,llance bctwccn the p i n s  to be made from 
incredsed fibre weight and thc penalties resultinn 

a. 
from incredsed fibre diameter as a consecluence o f  
higher levels of nutrition will differ between sheep 
and alpacas. In the alpaca higher food allowances 
designed to improve production are likely to be 
associated with smaller penalties in terms of flccct~ 
quality than is the case in sheep. 
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The effect of the introduction of the Thoka gene for fecundity on 
lamb production from Cheviot ewes 

Abstract 

A floe-k o ! f  Clrrilioi c'iilt3s c-lrr.r~/irrg tiro, Tlroki7 ge~i~(~fir+c-irnlli fy illils cvti7blisl1rii 1 1 7  svrrtlirrri Scoflnnd tl7rr~il~yh tlrc' 
ir~rportnfioi~ vffic~zc~rl sc7riiri7 frnrn l i l l c ~  I ~ ~ c ~ l ~ i i ~ ~ i i r  r[rr~is. C T I ~ I J S  i-o~risiill~ro~d tc~ y1~017171i!r cnrricrs o?f t11e' 1'110kiz S L , I I ( ~  
ilJl'rc' ilirritrfird or7 tire, hirsis o f  r7rcrlsllr.o3rrrcirts c,foil~1/17tio17 rflfi7 crs ]~zlr~il~/o's irf 1.5 !joJirrs cfir:{~' nrid fl,yl7in 17s ird///t.i. 
Arinlysis qf .3 ynlrs' r c~ords  of 8926 U ~ c ~ i c ~ t  Il11nbiii,ys niul Inrnhirigs c?f 351 Icclilrrilic X Cl1c7sliot rillrs coiisillcrrd io 
he prohnblr clrrrirrs slroiuclf fllnf ficur7dit!j irlcrn7srd ruiflr rrgr in botli go3r7c~t!ypoJs, tlio, iirriirbrr c!f lirrrif~s boy17 pcr i7illc7 

r~rntr~d hc~irrg 1.07, 1.1 9, 1 .,?l lrrid 1.41 iri tlw Cllrviofs nnd 1.55, 1.74, 2.33 nrrcl 2.30 117 tlir Icrlar~dic-Clirrlio~t crosso,s 
at first to f i ~ ~ i r f h  ll~riibir~gs r~spo~~ti71~~1y. T I I ~ J  npparriit ~ f k c t  of the, crossl7rr~e~rli1~g ot7 firi~r.ldif!j t l ~ ~ i s  nlso irrcrrascd 
r~lifli nSr, rlrrlirrs nifirst  tofourtlr lnrrrbirz~s Dri~rg 0.48, 0.55, 1.02 ar~d 0.89 larnhs per ciue rrintcd, g i v i r i ~  11 iilrigllfrrl 
rririrti r1irlrrr c!f 0.61 (1.20 v. 1.87 lnrrrbs ycv lJiillJ 117nfr~i iri Clicviof ntlil lcr~lar~iiic- X Chrrliot rwps rrspectivc~1.y). Tllrrr 
iurzs n positiv~z c f kc t  of tlrt~ yroporfioti o!f lcclat~ilic a ~ ~ c c s f r ! j  on the rrumbcr qf lan~hs hon7 p ~ r  fzut7 rrzntcd nnd t l~i is  the 
c~bsprzlcd ir~c~cnsrs  ill f i c l~r~ i i i f y ,  ~ r l t h o ~ l ~ l ~  n f t r i h ~ i t ~ d  pri~icipally t~ t h ~  oflc~cfs 03 thr Thokiz gcr~c, nrr nlso dilc ill part 
fo  ofhrr grrlrtir firctors it7frodilccdfi.or1, tlic lcclr7ndic shcr~/l in file crossbrt~c~~iiilg ~ ~ O ~ Y U I I I I ~ I P .  Lainh ~nor tn l i f y  to 6 
iurcks of n:;r was only ~ilnl;yil~~llly h i g l ~ ~ r  i r ~  Icr~ln~idic X Clicr~iots (0.1 0 )  tlrntr i r ~  C h ~ i ~ i o t ~  (0.08). Tllr iricrcasr ill 
fi7~~111Clity ilws ~zckric~s~ed i~~ i tho~ l l f  017 L ~ x c ~ ~ s s ~ ~ I ~ '  y ~ r o y ~ o r t i ~ ~ ~  of l a r s  litters ( 4 0 2  c$ prokrhlr ravrirrs ~a71r birth to 
yui~ilr~iplcts).  T/ie r r s ~ ~ l t s  do~inonstrnfo~ thnf tl7p iiifvodirction of thr Thokn <ytJtic fo  brrods sir cl^ 11s thr Cl~rsliof cirii 
iricrcasr f e c ~ i i l ~ i i f y  ni7d /ir~icr' tiro7 po~fct~f i l l l f i r  111111.1' c;fficiri7t laii~b ~ I ~ O L ~ L I C ~ ~ O M .  

Introduction Merino, in which the existence of a single gene 
Potential fccundity in sheep is genetically for fecundity was first hypothesized by l'iper 
determined. The extent to which that potential is m d  Bindon (1980). Single genes for increased 
realized depellds on previous and contemporary fecundity have since been identified and studied 
nutrition and other environmental factors. In breeds in other breeds, including Icelandic sheep in 
with a l o ~ j  potential fecundity there could be which thc Fenc has been named 'Thoka' after 
substantial biological and economic advantages to be the ewe I which it was first identified 
gained by tlie introductioi~ of a single gene for (Jonmundsson ancl Adalsteinsson 1985; 
i i~c re~~sed  fccundity, provided t11,1t the ewe is capable Adalsteinsson, cf al., 1989). 
of rearing addition,~l lambs and that the nutritional 
regime in which the higher output is sought is This papcr presents the results of preliminary work 
adecluate. on the introductioii of the Icelandic Thoka gene to 

Cheviot sheep in the United Kingdom. Some of the 
The best known and most intensively rcscarched earlier data have been summarized by King c ' f  al. 
example of highly prolific sheep is tlie Booroola (1990). 

503 



504 Russel, Alexieva and Elston 

Material and methods 
F r o ~ e n  semen from two Icelcindic rams (nos 81001 
, ~ n d  83002) knowrn to be carrying tlic Tlioka,gc~nc was 
~ ~ s e d  to inseminate 30 North Country Cheviot (NCC) 
cwcs in Novcmber 1985 at the Macaulay l a n d  Use 
Research Institute's Sourhope Research Station in 
south Scotl'md. 

Of the progen\ born In 1986, four rams (one trom 
81001 and three from 83002) and se\en enes  (five 
from 81001 aild two from 83002) were reta~ned for 
further breeding The seven ewe 1,linbs wcre mated 
to NCC rams later that year and agaln the follow~ii~g 
Veal 

The four rain lambs were mated to 120 NCC X South 
Country Cheviot (SCC) cwes in 1986. No male 
progeny were retained for breeding. The 76 ewe 
lambs subsequently born in 1987 were examined 
laparoscopicall y following oestrus illduction (using 
vaginal pessaries and low dose (250 1U) of I'MS) in 
November 1988 to measure ovulation rate. Because 
this measurement was made early in the breeding 
season, PMS was used to facilitate the oestrus 
induction. The dose rate was considered to be 
insufficient to override the endogenous variation in 
o\.ulation rate. Animals with ovulation rates of 2 or 
greater were mated to the four Icelandic X NCC 
rams, in such a way that no ewe was mated to a son 
of its paternal grandsire. 

The Icelandic X NCC rams were also mated to 48 
SCC ewes in November 1988. 

Subsequently a flock of between 50 and 60 ewes was 
maintained, female replacements with varying 
proportions of Icelandic, NCC and SCC ailcestry 
being retained on the basis of ovulation rate 
determined by laparoscopic examination of ovaries 
following synchronization of oestrus at 
approximately 1.5 years of age. Ewes with ovulation 
rates of 2 or more were considered to be probable 
carriers of the Thoka gene and were retained for 
breeding; those with 0 or 1 ovulation were not 
retained. Thc ewes kept as possible carriers were 
again examined laparoscopically at 2.5 years of age 
and those with fewer than two ovulations were 
discarded. Ewes were mated at oestrous cycles 
following the laparoscopic examination. 

Rams were retained for breeding 011 the basis of their 
dams' lambing performance; no single-born rams 
were selected for breeding. 

Stntisticul tncthods 
Statistical analyses were carried out on two different 
data sets collected over the same 3 years. The aim of 
both analyses was to summarize the effects of 

geno t~pe  and ,lge of ewe on the n ~ u i ~ ~ b e i  of lambs 
born (Bfron, 1979) 

Tlic first data sct comprisrd 8926 lambings tor tlie 
three Chcviot gaiotypcs (SCC, NCc X SCC and  
NCC) and is tvpicai o f  their Ic~mbing ratcs in thc 
~bsencc, of any ncw genetic material. 'l'his cI,it,i set 
contained i ~ ~ f o r i n ~ ~ t i o n  on rncdn lambing rdtc and 
numbers o f  ewes, classified by gcnotypc, age of cwcs 
'3nd year, ,llthough not on the perfomm~nce ot 
iildividual ewes in successi~,e years. 

The second ddtn sct, collcctcd from thcl brcvding 
flock established from the original two Iceld11cIic 
rams, con~prised 351 records from l63 ewes in which 
the reproductive history of each dnim,>l could be 
traced. For this data set, ewes were classified 
according to the proportion of  Icelandic genes (0.1 25, 
0.25, 0.325 or 0.5) which each carried. 

Data from the three Cheviot genotypes were 
examined by analysis of variance of the means, 
weighted by the number of ewes within each 
combinatioi~ of genotype, age and year. The 
significance of age, genotype and age by genotype 
interaction was assessed against the residual 
variation. Although this was not considered to be 
ideal, in that it took no account of the variability 
between individual animals, it was the best that 
could be achieved with the available records. 

With the Icelandic X Cheviot data, a three-way table 
of counts, classified by age, proportion of Icelandic 
genes and number of lambs born, was constructed. 
This table was modelled to predict the proportion of 
ewes in each age by genotype group which would 
give birth to each of the number of lambs observed (0 
to 4). These proportions were then used to estimate 
the mean number of lambs born per ewe according 
to age and genotype. The model fitted to the table of 
counts was log-linear with Poisson variation, and 
coiltailled all factorial terms except the third order 
interaction. As with the three Cheviot genotypes, the 
fitted model did not take direct account of the 
variation between animals. However, because 
individual animal records were available, it was 
possible in this case to estimate prediction errors. 
These were calculated by a bootstrapping proceclure 
in which individuals were resampled at random, but 
with replacement from each genotype group to form 
new samples, each containing the records from the 
same number of individuals as in the original 
sample. The same model was refitted to each new 
sample, the summary statistics re-estimated and the 
standard deviations of the ~reciicted values ~rsed to 
estimate tlie standard errors of the original means. 
The difference between lambing rates in older and 
younger ewes was demonstrated by calculatiilg the 
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Figure l Distributions o f  o\,ulatioli rate In ] i~venile oncl 
adult ewes. 

rat10 of year 4 to year 2 values. T-tests were used to 
assess any consistent differences 111 this ratio between 
the four Icelandic X Cheviot groups and the three 
Cheb~ot genotypes 

Results 
The programme of crossbreeding and retaining 
females on the basis of ovulation rate has led to 
the establishment of a flock of 55 breeding ewes 
and 16 rams with between 0.125 and 0.50 Icelandic 
ancestry. 

Distributions of ovulation rate measured in ewes as 
juveniles at approximately 1.5 years, and as adults, 
are illustrated in Figure 1. The distribution referring 
to the younger age includes both the presumed 

carriers of the 'Thokc~ gene, which were retained and 
subsequeiltly mated and thosc <~ssumed to be non- 
carriers which were discarcled from the flock. The 
mean ovulation rate of these younger ewes was 2.21 
(s.e. 0.08). The distribution referring to the oldcr 
ewes is based on the ovulation rate as adults of those 
ewes selected dt 1.5 ywrs as probable carriers o f  tht, 
Thoka gene. Their mean ovulation r'lte w , ~ s  2.48 (5.e. 

1.16). 

The number of lambs born to the different Cheviot 
genotypes and to Icelandic X Chev~ot ewes probabl) 
carrying the Thoka gene are presented in Tablc 1 
~ h e s e  data show that the number of lambs born per 
ewe mated in the Cheviot genotypes was highly 
significantly affected by genotype (P < O.001), age 
(P < 0.001) and genotype X age interaction (P < 0.01). 
The probability of the Iceland X Cheviot ewes falling 
into a particular lamb number class was dependent 
on both the proportioi~ of Icelandic ancestry in the 
cross (P < 0.001) and age (P < 0.001), whilst the 
remaining variation appeared to be random. 

In all genotypes the older animals generally gave 
birth to more lambs than did the younger animals. In 
the three Cheviot genotypes this was most marked in 
the NCC ewes. In the Icelandic X Cheviot ewes the 
number of lambs born per ewe increased as the 
proportion of Icelandic ancestry increased from 0.125 
to 0.5 and, as with the Cheviots, the older ewes 
tended to give birth to more lambs. The ratio of mean 
number of lambs born to 4-year-old ewes to number 
born to 2-year-old ewes showed that the Cheviots 
(with ratios of 1.23, 1.23 and 1.34 for SCC, NCC X 
SCC and NCC respectively) exhibited less change 
between age classes than the Icelandic X Cheviot 
ewes (with ratios of 1.45, 1.41, 1.67 and 1.53 for the 
classes with 0.125, 0.25, 0.325 and 0.5 Icelandic 

Table l hlcilti r~rrnlhrr (iulth s.e.) of luirrbs borir pPr eiclc r~rntrd to Cl~czliot (Novtll Co~lrllry INCC), North X S ~ ~ r t l r  izrrd Sv~ltlr Colrr~tu!/ 
(SCC))  c>ioc7s rrot ~-~zr,yrrrg tlze ?Iloko l$~?i.ilc izrr~i to Cheviot-cross ~ Z L V S  zc'ith 71zyyit1g /sroportro)~s of I~- t~lni~dic  L I ~ I ( ~ > S ! ~ ! /  flail~l t.ollsidt.n~ii 11s 
probabli, c.nrr.i~rs o f  tlrc Tkokil gpr?tJ (NO. = I I I ~ I T L ~ C I  ofobseri~ntions oocr 3 ,~lt~ilrsj 

Age of ewe (years) 

Lambs Lambs L'lmbs Lambs 
Breed No. born s.e. No. born s.e. No. born s.e. No. born s.e. 

SCC 725 1.02 0.02 525 1 - l  l 0.02 346 1.25 0.02 208 1.1 8 0.03 
NCC X SCC 2154 1.06 0.01 1602 1.21 0.01 1129 1.30 0.01 h85 1.37 0.02 
NCC h21 1.16 0.02 414 1.34 0.02 300 1-55 0.03 187 1.63 0.03 
0.125 Icelan Jic  87 1.55 0.06 52 1.75 0.11 31 2.25 0.10 22 2.27 0.16 
0.25 Icelandic 23 1.55 0.10 13 1.70 0.16 10 2-19 0.13 10 2.07 0.20 
0.325 Icelandic 43 1.50 0.14 21 1.63 0.22 9 2.50 0.19 
0.5 Icelandic 9 1.76 0.25 H 2.00 0.28 7 2-69 0.25 5 2.87 0.36 
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Figure 2 Uistributicms of litter size in Cheviot ewes (South 
Country (SCC), North Country X South Country, North 
Country (NCC)) and lccl~~ndic X Cheviot ewes. 

ancestry respectively). The difference between the 
Cheviot and Icelandic X Cheviot genotypes in this 
ratio was significant (f = 3.3; d.f. = 5; P = 0.02). 

The distributions of litter size illustrated in Figure 2 
show that the three Cheviot genotypes all produced 
substantially more single than multiple births, 
whereas the presumed Thoka-carriers produced 
more multiples than singles. The proportions of 
single births were: Icelandic X Cheviot, 0.36; SCC, 
0.77; NCC X SCC, 0.72; NCC, 0.56. 

Lamb mortality, measured as the difference between 
numbers born (including stillbirths) and those alive 
at 6 weeks of age, was marginally greater in the 
Icelandic X Cheviot ewes (0-18 lambs per ewe mated) 
than in the Cheviot genotypes (0.07, 0.12 and 0.115 
lambs per ewe in the SCC, NCC X SCC and NCC 
respectively) but, when expressed as a proportion of 
lambs born, lamb mortality in the Icelandic-cross 
ewes (0.10) was no greater than in the other 
genotypes (0.06, 0.10 and 0.10). 

Discussion 
Evidence presented by King et al. (1990) based on 
data from the flock referred to in this report 
indicated that one of the two original Icelandic sires 
(no. 81001) was ho~nozvgous for the Thoka gene and 

The ctfect of crossbreeding Icelandic sheep 
carrying the Thoka gene with the Cheviot 
genotypc,s was to increase the fec~mdity of the 
Cheviots by ,ipproxiniately 0.6 lamb per ewc 
matrd. Although this is of thc s'lme order as the 
values of 0.64 and 0.57 reported in Icelandic sheep 
by Jonmundsson and Adalsteinsson (1985) and 
Eythorsdottir c+ a/. (1991) the increased fecundity 
noted in this study cannot be wholly dttr ib~ted to 
the effect of the Thoka gene. The measurenient o f  
ovulation on only one occasion at 1.5 years of age 
and on a second occasion a year later is likely to 
have resulted in the retention of some non-Thoka 
carriers in the small high fecundity flock. This 
would have the effect of underestimating the effect 
of the gene on fecundity in Cheviot sheep. The 
imperfect identification of animals carrying the 
Thoka gene is likely to have been offset, however, 
by other genetic factors introduced by the selection 
involved in the crossbreeding programme. 
Nevertheless, the results indicate that the 
proportion of Icelandic ancestry in the crossbred 
ewes had a positive effect on fecundity, although 
the small number of records available in each age 
and ancestry class make it difficult to quantify the 
magnitude of this effect with confidence. 

The distributions of litter slze in the three Cheviot 
genotypes and in the ewes probably carrying the 
Thoka gene show that the major part of the greater 
fecundity of the latter ewes stems from a decrease 
in the proportion of single lambs born. There is a 
consequent increase in the proportion of multiple 
births but the number of large litters is few: less 
than 0.02 of the ewes produced quadruplets. An 
increase in fecundity in Cheviot sheep could 
theoretically be an advantage in many situations, 
but if this were to be achieved by a significant 
proportion of ewes having large litters, the 
consequent increases in lamb mortality and 
management difficulties could inore than offset the 
potential advantages. It appears from the results 
presented here that this would not be the case and 
that the introduction of the Thoka gene to breeds 
such as Cheviots could increase fecundity, thereby 
improving the efficiency of production, without 
excessive numbers of triplets and quadruplets. 

2 L, U 

that the other (no. 83002) was probably Acknowledgements heterOz~eous. This has since autllors are indebted to the staff at Sour]7ope Research 
confirlned (1. V. Jonmundsson~ persona' Station, and pc~rticularly to Mr H. M. Sangstcr, Mr G. D. 
comm~lnicatio"). 'The analysis of King cf (1990) Gittus and Miss P. Gentry for the management of the sheep 
also indicated that three of the four Icelandic X NCC flock5 and the recording of  all the data used in this st~idv. 
sires used in the crossbreeding programme outlined The work was funded b y  the Scottish Office ~ ~ r i c u l t u r a l  
above carried the Thoka gene. and Fisheries Department. 
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Predicting the effects of animal variation on growth and food intake 
in growing pigs using simulation modelling 

Abstract 

All  pi8 ri~itritioii r17od~~ls to dnfc  / ) r ~ ~ f i i . t  ~ ~ i ~ i ~ l t l i  rclspe~~is~Js q f ~ i l l i c ~ r  1111 i~ i~ f i r l idr i~ / l  111ri111ill or tlro~ iwe,r[1<yir ~rriii~irl of 11 

gi~t'r7 pc~pllllrtio~i o t~c~r  tiil~c'. T r f l r ~ s l ~ l f i i i ~  tlri, /irc~ilic.tcd rrrifric~ii/ rr~~riirr~ririris  fi.c~iir tlri' i l ~ i ~ r i 1 ~ 1 ~  i1iii11ii1l to tIie7 
/ ~ o / ~ l d ~ " t i o n  iiifroducc~s 11 ir~lrirkr,r of rrrors ns t/rc~ a7~iso~-rlir~l-c;ffei-t rcvpe)risr ci f  tlir i ~ r ~ i l g r  i1riirriill is ~Iiff~~rrrilfrorri 1 1 1 1 ~  

po~wilntiorr n~spo~rs i ' .  T o  oi!c~rc.oirri' tlir prohlcrn o~~c~sfirr1irti17~ the, rc~r/irirrilrriits ,fi)r i7 :;ii~cr~ popirlnfior~ ~r . i i i r~  riroili~ls 
i f  is rlcucssary f o  siilrr1/~7t(~ 11 I I ~ ~ I H ~ C Y  O$ iirdiviefrli~l:: r~/1ri~se'llfi7fii'(' ($0 po/ i~ i / f l t io i~  I I I I L ~  t lrri~ n71rw7g~7 lllcsr rc7srilts. 
Tllis np~~re~nc l i  l / c ~ i ~ ( ' i ! o ~ ,  r ( 7 i y ~ ~ i r ~ ~ s  n k i ~ o ~ i ~ ! I i ~ ~ f g i ~  c?f tllosc nriiriinl c l r i~r i~~~trr is t ie~s  tliiit r!nr!j . ! / ~ ~ L ' ~ ~ ~ I c L ' I I  iirdirlid~iiils ~ I I L ~  t h ~ ?  
rlaturr qf flicir d is f r ib~~t iorr .  I r r  tllis p n p o  61 s cn / r~ f  :;:.roii~fh rntc3 corrstnrrt (B" ) ,  /irotc~i~r i~~c~ ix l r t  n f  i ~ ~ i ~ t i r r i t ~ /  ( P I I I )  illid 
fhc uutio of lipid to proteir~ 17t rnrrturit!~ (LPRrrlj arc. tllr pmvarnetrrs us td  to ~1~;firrt' i i i d i i ~ i i f ~ ~ ~ l  iliziririil. A s  rio ~ f n t n  
rxistrd fro117 iiiliich I ~ L ,  llnlirrr of t l ~ c  distrihirtioi~ c!f 11*, P m  ariif LPXlii cilil h13 t~sti1iri7fo~dfOr pigs c?fdiffir('iit strniris 
und srsrs,  i7nd ~ h i r  to l/rc inzprncticulify o fd~~ l rv r i l i n i~ lg  this ~lnriabilit!y b y  ~7xpo7riri i i7~~til t i(~~i,  f l  s i~r irr /n t io~~ ril~dc'l i ~ i / ~  

~rsrd  to rstirnutr Ihr uariatiolls i i~ i th in  rilch / I I I Y L ~ I I ~ C ~ ~ T .  In uddilion this pmpcr qutrritifio~s tl1~3 s~rbscqlieiit c;fficts fhcsc 
distrihtltioris Ilnvr on tllr givzctic i~nriability of f l i ~ e r a g ~ ~  dnily gr7irl.s ( A D G I  n l ~ d  diril!/ food iiifah-i, (Flj  neJe7r n 
liar-iilricyhf n7rige o f  25  f o  90  kg.  Compuisoris ii~cro, rnnifc> l~rtrucrri flrr gcrirtic rwriatior~ d~~ t r r r i l i n r~ f  by ilrodrllii7,y 
nild tllose p ~ / ~ l i s / l P d  iri the lifclmturp. The  rr~sults iiidicnft~d cocflcir~rlts of ?arinIiorz fi~r B*, Pnr nrld LPRrrr of 0.01, 
0.05 arid 0.70,  rcspc~ctit~c,l,y. Alr irlcrc>rlsc itr tlic vnrinbility of nll tlrrc~, /ii1rnii7rtrrs rrsrrltnl irl l111 irlrrrnsr ill flic~ 
7~arintioi~ irr ADG mhilst oiily nn  irrcro7msr iri thc anritrfiorr o f  B" nrld I .PRIII  i$fii-tc~l the] dislrib~itiorr o fF I .  

Keywords: gcrietrc 7101 riltlorl, greJi~!i/l, l l l l tr l t io~l,  pip, illll~l/ntlc~li iire~iio'/i 

Introduction 
All pig growth models to date (Roux, 1976; 
Whittemore and Fawcett, 1976; Phill ips arid 
MacHardy, 1982; Kridges c,t L// . ,  1986; Black i7t ill., 
1986; Moughan c7t ill., 1987; Po~nar L'/ LT/., 1991; 
Fergusoil c2t NI., 1993) have been designed to siniulate 
tlie growth of an individua! animal over tiine, so the 
descriptioi~ of the genotype, although defined in 
different ~ " l y s  by tlie abo\re resrarclicrs, has not 
taken into account the variability that c a i ~  be 
expected in '1 popul'jtion of animals. It is the purpose 
of this paper to consider tlie popillnti~n~ response to a 
given foocl r,ltl~er than the response of tlie 
individual. 

Howevel, to define the nutriei~t requ~~ements  of  a 
populat~on o\.er time, ~t is important to under5t'mcl 

first Iiow an indi\.idclal animal within the population 
will respond, at a time, to increasing dietary 
concentrations of the n~~ t r i en t  (Emmans and Fisher, 
1986; Whitternore, 1993). The reclson being that there 
is a [narked difference in the response of tlie a\,er'igr 
indi\7idual in the pop~~lation, and tlic nican 
populatioi~ respoi~se, which is an average of all 
individuals. The axrrrage animal can be defined as 
th'lt individual which has thc average ,~nim,ll 
characteristics o f  l population. The 
cause-and-effect response of tlie average '~ninial to 
increasing dietary nutrient concentrations will 
dlways be different from tlie population responstx, 
exren tllough this diffcrcncc may bc small in some 
cases (Curnow, 1973; Emmans and Fisher, 1986). As ,l 
consequence, it is a mistake to believe that tlie 
deterministicaIly simulated response of ;ui 
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indi\.id~i,il ,inimal is represent'~ti\!e of the population 
mcdn. The txxtc.nt of the chrrors introcluced by 
tr,~nsi,iting requirements from the ;l\ crdgc diiimcll to  
thc pop~~lation will dcpcnd citlicr o n  the genotype, or 
the \,nriation~ in genctic parameters within '1 

population, ,111d the extent of the correlation between 
the \,,lrious p,lr,~metcrs. It is for this reason t l~at  
estitnates of the nutrient requircrnc>nts of '1 

population of aniinals are more meaningf~~l than 
tl~ose of indi\,iduals wl~en  formulating diets to 
optinii7e tlie perfornmane of a group of  anirn~ils. 

I11e models described by Rlacl< i.1 ill. (1986) and 
Mouglian 1.f 01. (1987) attcnipt to o\,ercoine t11c. 
problem of predicting c~n~i i lo  acid recluirenients for ,I 
given pop~~la t ion by assuming '1 cur\lilinear response 
by the average individual to nutrient input. This is 
done by continually reducing the availability of tlie 
amino acids as the lnaximuin rate of protein 
deposition is approached. However, this approach 
does not permit tlie modelling of individual 
witl~i~i-populatioii variation in the response to amino 
acid intakes, particularly when environmental 
conditions are not ideal. Tlie estimate of 
writhin-populatioi~ variation is essei1tial for the 
accurate determination of the optimum amino acid 
concentration of the population (Curnow, 1970). 
More recently Black r t  n1. (1989) questioned the 
precision of the results obtained with this approach. 

The only sensible approach to predicting the nutrient 
requirements of a population, using simulation 
models, is to repeat the simulation for a number of 
individuals representative of the population and 
then determine the mean and ~7itliin-pop~1latio~i 
variation from these results. This approach requires a 
knowledge of the parameters in the model that vary 
between animals, the nature of their distribution and 
the possible correlations that rnay exist between 
parameters (Emmans and Fisl~er, 1986). Of the 
current pig models the model described by Ferguson 
et 111. (1994) can most readily include \rariations in 
aniinal cl~aracteristics, because only three parameters 
arc required to describe the aniinal and thcse 
parameters are both biologically meaningful and can 
be readily measured (Ferguson and Gous, 1993a and 
b). Tlie three parameters used to describe an aiiimal 
are a rate of maturing (B), the mature protein weight 
(Pm) and the lipid : protein ratio at maturity (LPRm). 
It would not be possible to introduce stochastic 
elements, at the animal level, into most of the 
existing models because either the parameters h'~vc 
little biological meaning and it w o ~ ~ l d  therefore be 
ciifficult to measure the differences between and 
within genotypes, or the description of the aniinal is 
inadequate, such that the effect of varidtion would 
have little impact on the response of the animal. If B, 
Pm and LPRm can be ~ ~ s e d  to describe a n  individual 

ani~nal, and the nature o f  the distr ib~~tio~ls ot these 
para~nctcrs is known, then i t  vvould theorc,ticc>lly hc 
~.~ossible t o  simulatc~ a pop~~l~~t io ia .  

It is d s o  i~lzportdnt to know i f  all!' c ~ r r e l a t i ~ ~ s  exist 
between these paranieters. If thcrc arcx, this wrill aftect 
the, n'iturc. mid the description of the \r,lri,ltion of the, 
correl'ited parameters. Within or bet~veen a genotype 
there is likely to be a strong, neg'ltive correlation 
b e l ~ v e c ~ ~  B and Pm (Emmc~ns, 1988). Animals with <I 

high I'm will ha\.e a low B value,. Axioniatic to this is 
tliat Iargel. c~nimals will have a lower growth rate 
relative to body sire (Taylor, 1968). The implications 
for modelling are tliat the 1-ariability o f  B or Pm 
cannot be modelled separately and there needs to be 
a n  estimate of the co-variability betwcr~n the two 
parameters. Errors of prediction will result if this 
correlcitio~~ is ignored. Emmans and Fisher (1986) 
describe a scaled rate parameter (B* = B X that 
holds B and Pm ill a fixed relationship and would, 
therefore, prevent such errors from occurring. 

Currently, no data are availdblc from which the 
dlstributions of B*, Pm and LPRm can be estimated 
for pigs of a given sex and strain, although Ernmans 
and Fisher (1986) and Emmans (1988) did speculate, 
in the case of broilers, general coefficients of variation 
(CV) for B* of 0.02 to 0.04, and 0.06 to 0.10 for Pm. It 
would be impractical to determine experimentally 
tlie CVs and correlations between B*, Pm and LPRm 
as a large number of widely different populations of 
pigs would have to be used and these would be 
required to be grown ~u-tder similar conditions. As 
the population means, standard deviations and 
correlation coefficients would be estimated from 
samples of different populations, the sample s i ~ e  or 
number of pigs required to test whether the 
hypothesis is true, is related to the probability of 
incorrectly rejecting the null hypothesis (Ho) that 
there is 116 correlation between thkparameters (type l 
error or cc-error), the probability of incorrectly 
accepting Ho (type I1 error or p-error) and the value 
of the true correlation coefficient (p) if it is not eilual 
to zero. It is the latter error (type 11) that needs to be 
minimized (Croebner and Shannon, 1989). 

To be conservative in the test, let cx = 0.2 such that 
there would be a 20 percent chance of incorrectly 
rejecting Ho. This is a conser\/ative estimate because 
if  FT(] is rejected at a = 0.2 there is still d 20 percent 
cl~ancc that Ho is truc. Since confirmation is required 
that there is no correlation between the parameters, 
the cllance of incorrectly accepting Ho must be 
niinin~ired. This is done by setting p = 0.05 and 
assuming that the true population correlation 
coefficient (p) equals 0.15. The low value of p (0.15) 
was used to ensure that if there ~7e re  any correlations 
between parameters then they would be detected. If p 
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was found to be greater tli~in 0.15 betwccn two 
paraii~eters then it M ' O L I ~ ~  be possible to test for 
significdnt corrcl,~tions with fcwcr animals. In the 
case of this paper none of the corl-elations betwc.cn 
parameters was k~low,n and thcreforc. a low ~ s t i r n ~ ~ t e  
of p \\,as LISCCI. 

The m ~ n ~ m u m  number of dnim,lls (11) rccli~i~ed to te5t 
whether t h e ~ e  are anv correlations between the 
parameters is determined from Groehner and 
Shannon (1989) as follows: 

11 = [V,, - ZI3)/0.5 X log,[(l + p ) / ( l  - p)]]' + 3 

where Z,, = standard normal vdriate clssocic~ted wit11 
a = 0.2; Z13 = standard normal variatc associated with 
p = 0.05; p = rho, the true population correlation 
coefficient > 0. 

Since the correlations coc~ld be negative or positive 
two-tailed test is required, which means that ZIj 
could be either a positive or a negative value. 
Substituting into this equation the probability values 
from Z tables of Z,, = 1.282, Z,, = -1-960 and p = 0.15, 
a sample size of 463 animals per population is 
required in order to test whether there are significant 
correlations between the parameters across different 
pig populations. Clearly, this is an impractical and 
costly exercise. In addition the data collected by 
direct measurement are prone to many errors, 
including the effect of weighing errors (differential 
gut fill, balance/reading errors), food spillage, 
disease and inappropriate environmental effects. To 
circumvent the problems of experimentation, 
simulation models are a viable alternative for 
estimating parameter variability. However, when 
using simulation modelling to estimate distributions 
of genetic parameters some basis for co~npariso~l 
must be available in order to determine whether the 
values are realistic or not. 

In t h ~ s  paper the model described by Feiguson r t  a1 
(1994) was used wlth s~inulated values of K", I'm and 
LPRln to measure the effect that these d i s t ~ ~ b u t ~ o n s  
have on the \ a r ~ a b ~ l ~ t y  of aberage dally gain (ADG) 
and dally food ~ntake (FT) 

Method 
To make sense of the results it is important to 
understand the basic theory behind the model 
proposed by Ferguson rzt al.  (1994). The model 
describes an animal in terms of Pm, B and LPRm and 
uses a Gompertz growth function to determine the 
potential protein gain, and allometry to determine 
the body-weight gain of the animal. From this is 
cc~lculated the amount of a given food that would 
need to be consumed in order that the animal can 

grow at its ~.mtei~tial (clesired food intake). The actual 
food intake, and llence the gain in cornponeiit 
~veights, \.vsuld be cieprndent on the c<~p,lcity of the 
anirnal to consume bulk and to lose ticat to thcv 
enviroliment, and on the environmental conditions. 
Because only three p'wameters are needed to account 
for differences between genotypes, \~~~r ia t ion  ; ~ r o ~ u ~ c l  
the mean of each of these three p<~r,lmeters should 
describe all the individuals within a population. The 
estimates of normal independent distributions of 
these par<~meters suggested by Emmans and Fisher 
(1986) were used '1s the basis of the values c11osc.n for 
this investigation. 

Threc coefficients of variation of both Pin and LPRin 
and four of B* wcre chosen in a factorial arl-angement 
(Table 1). Tlie values of tlic coefficients of variation of 
the three parameters were chosc.11 to be less than, 
equal to and greater than the values speculated by 
Einm,lns and Fisher (1986). 

The three parameters B*, Pm and LPRrn wcrc 
generated independently for a normally distributed 
population, to ensure that no correlations existed 
bctween them. If any interxtions wcre found to exist 
bctween the parameters it would be extremely 
difficult to quantify the relationship between the 
variatioi~ of these parameters and the mean ADC 
and FI. To predict the means of either F1 or ADG 
would involve selecting a specific combination of R", 
Pm and LPRm appropriate to the desired prediction. 
This would clearly not be very practical. For this 
reason the parameters were forced to be uncorrclated 
in the sin;ulation by generating 465 independent 
values of B*, Pm and Idl'Rm for each genotype. To 
check that there were no strong correlations between 
the parameters correlation coefficients were 
computed. The results of the computed correlation 
coefficients are shown in Table 2 with there being a 
weak correlation between B" and LPRm (r = 0 . 2 0 0 )  
and between Pm and LPRm ( r  = 0 ~ 0 6 6 ) .  This does 
not mean that no correlations between the 
parameters actually exist in a real populatioi~ of pigs. 

For each genotype a total o f  465 individuals was 
generated, using the same population mealis over all 
genotypes (yB* = 0.0294 per day; y P ~ n  = 38.0 kg and 
pLPRm = 2.5 g/g; average values for a typical, Large 
White X Landrace entire male (Ferguson and Gous, 
1993a)), but using the CVs appropriate to each 
genotype in turn (Table 1). The replicates (indi\lidual 
pigs) within each genotype, thus defined, were then 
bscd to estimate the population response using the 
model to provide estimates of F1 and ADC, and their 
respective standard errors, at 20, 40, 60 and 90 kg, 
and between 25 aiid 90kg live weight. The 
simulations were started at a body weight of 10 kg. 
The reason for inciuding data between 25 and 90 kg 
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Table 1 Tiil. i.ttc'c i ot iI i t tc~i . i , i i t  / i , ~ ' i , / ,  c l /  t i i i ,  i i ~ i ~ t i i ~ - i i ~ i ~ l  ot ,ri! ' i ir t ioi i  i i ' L ' )  i!l  1 / i i iz i7 i i i ~ ~ i l c ~ l  p 1 1 i i 7 i i i ~ ~ t c . 1 ~  ii:'. Pi i i ,  L I ' l< i i~ ! t  i i i i  t i i i ,  ~ i i i i ~ i i i i l i ~ t i  

i i i c ~ i i i ~ .  - t i i i ~ i l c i ~ i l  i I i , ; ~ ~ i i t ~ i i i i  i\.ii.) riiici :'1'11e'lic' C\ '  t C \ ' ~ I  of in1!,ro;i7 i i i i i i ! ~  ~ , 1 ! 1 i  IALICI i i i i i i  food riitiri\~> i k l )  1 ~ 1 ~ t ; i ~ i ~ i ~ i i  I 5  ,711ii '10 lq llc?ii!/ 

;i'i,igiii r11i. ii i1 '~i i i  ~ ~ i i l i c i ~ . ;  o f  / i l l ,  i i i i ~ t / i , i  j i i i r i i i i i i ~ t i ~ i ~  ; i 1 i 7 i t 7  ~ t P i i i  - S l ,  I +  = i I 1 I I i L 1 ' 1 1  - 2 i ~ 4 :  t i i i i l  4 b i  i i ~ ~ i i i ' i i i i i i i i i  

, l ' l ~ l . l ~  ~ ! ! i : l i l i l t ~ ~ i /  t i l l  i , i i l i i  ::i'ili!t!//li' 

/ \ I ) ( ;  E l  
c \' ~p p. - 

h lem Mtsa 11 

C;enc)t\.pc B' P m I l'lim (g/dc]) ) 5 . d '  C\ ,: ( g / d w )  5.t i .  C V; 

I 0.01 0 05 0. l i l  X80 74.7 0-0.3'14 2088 122-2 0.0588 
7 - (1-0 l 0.05 (1.15 X78 37.0 0.042 1 2070 I42.h 0.0689 

0.01 0.05 0-2ii 88(i 46.3 0 0523 20LJ5 183.4 0.0875 
4 0-0 I 0.10 0.10 S8 1 .47.1 il-0535 2080 124.6 0.0599 
5 0-0 l 0.10 0- 15 S83 19-8 0.05(,4 2078 153.0 0-0736 
h 0-01 l1 10 0.20 X85 57.5 0-0650 2101 190.4 0.O907 - 0.OI 0. I5 0-10 8 79 (3 1 -0 0.0(>91 2063 125- 1 0-0606 
X 0.0 1 0- 15 0. I5 88 1 66.h 0-11756 2086 161.9 0.077h 
cl 0-0 I 0.15 0-20 SS I 67-11 0.0760 2085 197.8 i1.0919 

I0 0.02 0.05 0. I O 882 40.4 0 04.58 2084 12'1.6 0.0622 
l 1 0.02 0-U5 0.15 883 46.6 (1.0528 2079 160.5 (1.0772 
12 0.02 0.05 0-20 883 19-4 0.0559 2090 186-6 0.0XC)2 
l3 0.02 0- I0 0.10 883 53.9 0.0610 20').3 14.3.1 0.0681 
I 1  0-02 0.10 0- 1 5 882 56-2 0.0637 2081 171.9 0.0826 
l5 0.02 0-10 0.20 882 62.6 0.0710 2091 201.3 0.0961 
l6 0-02 0.15 0- 10 876 66-(1 0.0753 2076 139.3 0.0667 
17 0.02 0-15 0.15 S82 68.0 0.0771 2087 171.8 0.0823 
18 0-02 0.15 0-20 S71 70.5 0.0809 206 1 l '1.33 0.0938 
I ') 0.03 0-05 0.10 882 46.4 0-0560 2082 137.0 0.0706 
20 0-03 0.05 0. 15 882 5.7-6 0.0608 2085 176.5 0-0837 
2 1 0.03 0-05 0.20 885 57.1 0-0645 209 l 199.1 0.0952 
22 0.03 0.10 0-10 880 62-7 0.071 3 2079 161.1 0.0789 
23 0.03 0.1 0 0.15 881 (5 1 0.0739 2085 189.6 0.0909 
24 0-03 0.10 0-20 885 68.3 0.0772 2101 207-4 0.0988 
25 0.U3 0.1 5 0. 10 883 72.8 0-0824 2084 161-1 0.0773 
26 0.03 0- 15 0.15 875 71.5 0.0851 2067 184.') 11.0891 
27 0.03 0.15 0-2C1 876 77.0 0-0879 2077 201.2 0.0983 
28 0.Oh 0-05 0.10 893 84.8 0~0950 21 13 23 1.4 0- 1095 
29 0.06 0.05 (1.15 881 91.5 0.1 038 2081 26441 0.1260 
30 0.06 0.05 0.20 880 93.9 0. I Oh7 2077 278.3 0.1340 
3 1 0-06 0.10 0-10 883 89.8 0.1006 209 1 230.7 0 . 3  103 
32 0.06 0- 10 0.15 880 88.8 0.1021 2077 246.4 0. l 186 
3 3 0-06 0.10 0.20 880 91.5 0.1010 208.3 262-9 0.1262 
-31 0.06 0.1 5 0.10 S78 O.lO(>'J 2084 233.1 0.11 18 
35 0-06 0.15 0-15 885 97.7 0.11 04 2093 248-3 0.1186 
36 0.06 (1- 15 0.20 880 104.5 0.1188 2086 269.9 0-1 294 

t R" = sc,iled growth ratc constant; Pm - proteili wcight a t  rn,ituvity; LI'Rm = ratio o f  lipid to protein at maturity. 

Table 2 Tlic, eorrc~liltioii c . i ) i j f f i<- i i z i~ i i  ir) hct:i>i,i'ii tiio :;lziiizlic. 

~ u w i l i ~ ~ l ' t i , r i  B ,  K",  1'111 i711'i I P l i i i i  i i i  tiic, / ioji i i / i i t ioi~~ . i i i l i i~ / i i l l ' i l t  

B* I'm I PRm 

Pm 0-000 
LI'Rm -11.200 -0.066 
B 0.8 15 -0.570 0-0 1 5 

t Li = rate of rn,ltlrring. Also scc T,iblt. I .  

viTcls that t h ~ s  we~ght range ~ L C I ~  thr average body 
wc~glit o \er  wl-ucl~ Standal and V;ungcn (1985), 

Caiileron ct nl .  (1988), Bllis 1.f al. (1088), Carneron 
(1 990) and Mrode and Kenned y (1 993) investigated 
growth performances ill different populations of 
pigs. It was possible, therefore, to coinpare the 
results obt'lined ill tliis exercise with those ill the 
literature. The composition of thc food was tlie same 
in all simulations. This contained 13.50 MJ digestible 
energy per kg, 160.0 g crude protein per kg and 
10.0 g total lysine pcr kg (clss~~nled the first limiting 
'31nino acid), this being similar to tlie food used in 
tl~ose experiments from which results were 
coinparc~i. 
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The ADGs a i d  Fls at 20. 30, 60 and 90 kg live weight 
were used to determine the effects of variation on the 
estimation of the genetic par~~ineters. Thc mean and 
stanclard de\,iation of both traits were determined 
for each genotype, from which coefficients of 
vari,ition were calculated. As there WCIS no variation 
in the non-genetic or environmental component of 
the model, the calculated variations in ADC and F1 
are a result of the genetic vxiation in B*, Pm and 
LPRm only. Hencc, the CVs of the two predicted sole 
traits are estimates of genetic variation (CV,) and not 
phenotypic variation. 

The \,ariation in the data from real experiments 
comprises both genetic and environmental variations 
and therefore it is necessary, for meaningful 
comparisons with predicted values, to detcrmine the 
genetic component only. As the heritability (h2) of a 
trait is an estimate of the genetic proportion of the 
phenotype variation, it will be used to calculate the 
CV, of ADGs and FIs from the real experiments. In 
the literature h2 values for ADG vary between 0.14 
and 0.46 while for F1 they vary between 0.19 and 0.62 
(McPhee ct al., 1979; Wyllie ct al., 1979; Stewart and 
Schinckel, 1989; Mrode and Kennedy, 1993; 
Whittemore, 1993; Cameron and Curran, 1994). 
According to Stewart and Schinckel (1Y89), who 

rcportcd weighted a\,eragc values from ()\,er 175 
r ~ s e ~ ~ r c h  papers, the / l 2  of ADC, and F1 are closer to 
0.00 and 0.23, respectively. I~Iowever, it is not known 
whether the Ir' estimates reported in the 175 papers 
were from t.xperimeiits where pigs had becn 
provided frcc and continuous access to food ('true' 
nil-liliif~lrir food intake) or given food to appetite 
twice a day ('c~ssumed' i ~ d - l i l ~ i t ~ r ~ ~ ~  foo~i int,lke). 
According to Standal and Vangen (1985) h' estimates 
of F1 are higher on  real nd-l ib i t~~trr  feeding compared 
with appetite feeding twice a day. To accommodate a 
range of hcritabilities the CV, values from the real 
experiments will be calculated using 11' v'11ues of 0.15 
and 0.50 for ADC; and 0.20 and 0.60 for Fl, as 
well as an average h' value of 0.30 for both ADG and 
F1 . 

The effects of the various simulated levels of thc CV 
of K*, Pm and LPRm on the average value and 
variability (CV,) of ADC and F1 were tested by four 
separate analyses of variance over the four different 
body weights, each using the following model of 
three main effects and their two-way interactions: 

!l,,, = p + CV(B*), + CV(Pm) + CV(LPRm), + [CV(B*) 
X CV(Pm)],, + [CV@*) X ~ ( L P R ~ ) ] , ~  + (CV(Pm) 

X CV(LPRm)l,, + c,,,, 

Table 3 A s~rnrr~rar-!/ rlf tlle tests of significant-c, (from t l ~ r  nr~al!/sCs of varinnrr) i!f the rnnirz e f f~~c t s  urld tht7 irlternctions o f  tlrr, diff;.r.crrt 
rocfficicnts qf ~mrintion ( C V )  ($R*, Pnl i ~ n d  LPRrrl oil tllu rrzpan and CV,s of ADC i7nd food irztnlk (F/) izt 20, 40, 60 irtld 90 kx liur3 rnc3ight 
for simulnted populntio~rs qf 465 ir~dioiduals 

Level of significance (1') 

We~glit (kg) Varlablc ADG CV,(ADG) F1 CV,(FI) 
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Table 4 l iii' t'iti't 15 ( i ' ~ t i i i i i i t i ' i i  fi'tiiii t l i i ,  i i i i c i I l i ~ i 2 ~  i i t  i'l7i iiiiic'i'i 111 i i i f j r z ~ i i t  ~ . i ~ ~ ~ / / i c - i c ~ i i i i  c r f  i ~ i i  i i i i io i i  (C'1'1 e l f  ii', i'iii riiiri I i ' lZii i  o i i  i l i ~ ,  i i ic~ii ir ,  

,.(l i i i i i i  C1 : i r j . 4 L I c ;  171 211 i 0 ,  h0 i i i i i i  00 1,:; liilc) i i ~ i l i g / i :  /iir ~ i i i i i i1 i l t i . i i  / ~ ~ j i i i l i i t i o i i +  O j i ( 1  i i i i i l i i l i l i i i i i l i  
-- P- 

.A rlc-, ill)( ; ,\L](; 

D' Me ' i~ i  Pm hlc~,in 1 . 1  M ran  
L\c.ight (kg) C V  ( g  ) 5.11 C\' , C '  ( f i ! d . i y )  i.ii C\', CV ( , q / c l a \  ) 5 . ~ 1  C.\',, 
- 

20 0-01 5-47 30.5 0.05132 0.05 5-15 -36-l> 0.0h71 0.10 4 37.1 0-Oh81 
4O 787 4 0-05 14 78') 53.0 0-0673 7 7 / X /  54-5 I).O6').3 
60 952 5'1.(7 0.0(12(7 '153 ! L  O.OiSi I 952 70. I 0 0736 
90 1070 85-3 0-0797 1070 70.7 0-066 l 107C1 8S.h 0.0828 
20 0-02 544 30.6 0-0563 0.10 5 4  7 0.0680 0.15 545 17-7 0.06'12 
40 787 46 3 0.058S 789 56.') 0-072 1 788 .57. l 0.0725 
h0 950 65.2 (1-068h '153 75.7 0~07'~O 952 75-3 0.079 I 
'10 l Oh6 88- I 0.0826 1068 'J2.8 O.L)86'1 1070 9.3.1 0.0S70 
20 l 544 35.4 0.0650 0- l 5  544 38-5 0.0708 0-20 544 37-4 0.0687 
41 1 787 54-5 0.0693 7 h 1.2 0-077s 789 59.5 0-0754 
(>(I 951 73.2 (1.0770 94') 86-6 0.0'113 951 S 4 0.0856 
' I 0  1067 93-0 0.0872 10(>3 118.3 0.1110 I064 100.7 0-0946 
20 0.013 545 56.2 0- l032 
40 790 86.8 0.1099 
h0 95.3 1114.4 0. I095 
90 IOh4 109.6 0.1030 

Table 5 T1ii2 c.fi;,c,t> i i ' s t i in i i t c~ i '  fioili 1 1 1 ~ ~  iiiiiil~j.;i'.: i$ilnr.iiirli-c') i ; f i l i / j i . rc~ i l t  c~oc.f ic. ic~il ts  i , f i ~ i i r i n / i o i i  ( C V )  1$.Px, I'iii i i i i ~ i  LPRI I I  o i l  ilic, irii,iiii, 

s.d. iiriif C V ,  of fi10~1 i i i t i i k ~  (PI) l i t  20, 40, 60 i i i i i i  30 ks I J I ~ C  i o ( ' i x / i f  for s i i ~ l ~ ~ l i ~ t i ~ i l  j ~ ~ ) ~ ~ i l i i t i c ? i i ~  of465 i i i i l i i ~ i d l i l i l ~  

F1 F I F1 

U* Mean P111 Men11 I .PRm Mean 
Weight (kg)  CV ( g / d a v )  s.d. CV, C V  ( g / d a y )  s.d. CV, CV (g/ddy) s.d. CV, 

where y,,, = ,I\,erage value of the 'observecl' AVG or 
FT of simulated genotype ijk with levcls i = (1,2,3,4), i 
= (1,2,3) and l< = (1,2,3) for the CV valucs of R*, Pm 
and LPRm, respectively; 11,,~\ = the tliree-way 
interactio~i of [CV(B*) X CV(Pm) X CV(LPI<~I)],,~,. 

This al~alyses of vciriance also provided estirndtes of 
the ,I/ \rariables for each o f  the classes of CV(R*), 
CV(Pm) and CV(LPRrn). All analyses wcrr 
performed wit11 the GLM proceclure of Minitab 
(1994). Although this compar,~tive tecl~nique is crude 

~t does p r o \ ~ d e  a11 es t~n~a te  of the cxpectecl gcnet~c 
v a r ~ a t ~ o n  of A I Z  and F1 m a population of p ~ g s  from 
which the d ~ s t r ~ b u t ~ o n  of B*, Pm artd LPRm can bc 
deduced 

Results 
The genetic lrariability in ADG dnd F1 was ex,liniiicd 
within the simulated genotypes to determine to what 
cxtmt thc sinlulatcd vxiation in each of the three 
11iodel parameters influenced the genetic variation in 



Modelling the growth and nutrition of pigs 5JY 

ADC, ancl FI, and M hether an! trends e\ ~dcnL 111 

thc ~ e l a t ~ \  e contr~butlons of each ot thew ~>aranleter\ 
n~ith incre,lsing body weight. The a\.er<~gc \,alues, 
stC~ndcll.d CI~\.i~ltions ;lnd CVg \ ' ~ I L I C S  of ADG and FI 
(25 to YO kg bud! weight) of the ?h s i n ~ u l ~ ~ t e d  
genotypes art. in Tablc 1.  A sumnlar?~ of the results ot 
the signitic~lnce tests from the andlysis of \ari;unce 
are shown in 1 able 3. 

There lvere no siglific'int interclctions bet~veen the 
effects of the different CV le\,els of K* and L.l'lim 
and, Pm and LPRm, on ADG dnd Fl at any of the 
body \crcigl~ts evaluated. There were, however, 
significant interxtions between the effects of thc 
different CV le\-els of B" ci~id Pm on tlie distribution 
of both ADG and F1, irrespective of body weight. 

The effects (cstim,ited from the cln~~lyscs of v,~ri,ince) 
of tlie different CV levels of B*, 1'111 clncl I>PRln on the' 
average \,alucs, standard deviations and CV, values 
of ADG and 171 at 211, 40, 60 and 90 kg body weight 
are in Tables 4 (ADG) and 5 (FT). 

The distribution of the variability in F1 followed 
different trends to that of the variability in ADC;. No 
significant differences were measured in the 
variation of F1 as a result of \:drying the spread of Pm 
until 60 kg live weight. 

To determine which of  the 36 evalu'~ted genotypes 
most closely approximated real-life genetic variation 
in ADC; and FI, the simulated results were compared 
with data from studies on various populations o f  
growing pigs published by Standal and Vangen 
(1985), Cameron cf L T / .  (1988), Ellis (,1 nl .  (1988), 
Cameron (1990) m d  Mrode and Kennedy (1993). 
Table h provides a summary of the comparisons 
between the range of CV,s from real experiments 
and the genotypes associated with the best estimated 
CV,,s from the populations simulated. 

Discussion 
As B* is used in the model to determine the potential 
rate of grow~tli, it is expected that a11 increased 
variation in this parameter will affect the \.ariation in 
daily gains and subsequent food intake. The 
implications from Tables 3 to 5 arc that different 
combinations of the CV of B* 2nd Pm, in partic~rlar, 
are likely to 11,lr-e different effects on tlie ciistribution 
of AIIG and Fl. 

As body weight increases, tlie cffect of variation in 
I'm on the distribution of F1 remains constant. This is 
in contrast to the response in ADC; where CV, is 
incrrased with an increasing CV of Pm dready at 
20 kg li\,e weight. When the CV of Pm is increasecl 
tlicrc is a concomitant increase in the range of 

potent1,il F1 but t h ~ s  ~ n c ~ e ~ l s e d  range 1% not e\pies\c~cl 
because c)f the tliern1,11 en\ ~ ronment~~ l  constralnt5 
(Given that the c n \  ironment re~nains const,ant, those 
indi\.idc~als ~ \ ~ l ~ i c l ~  lia\,c tlie potenti,il to consume 
more food (of which there \ w i l l  he morc as the CV of 
I'm increases) c\,ill be constrainecl b\/ the ,imount of 
heat the) c m  lost>. Hcnce, tlie narrow rmge of Fls. 
Whilst the hot ttn\.ironn~ent may ~ . e s ~ ~ l t  in similar Fls 
for both f'ast- dncl slow-growing animals, the, AD% 
will be significantl) different bec,~~ise indi\~iduClls 
have different predispositions io depositing lean and 
fat tissue as a means of reducing the environmental 
heat dcmand. Hence, the greater the variation in Pm, 
the higher the probability of obtaining \,cry 

divergent genotypes and therefore larger ~ '~r ia t ions  
in ADGs particularly at higher body weights where 
the environment is limiting to a larger number of 
individt~als in the population. 

From Table 4 there are indications th,~t thc gentttic 
crariability in ADC: is dependent on body \\reiglit, '1s 
the effect of thc C\' le\.els of tlie p'lrameters on the 
CV, of ALIG differed o\er the considered range of 
body weights. When the CV of B* wds increased 
from 0.01 to 0.06 the CV, of ADC; in~re~lsed by 0.84 at 
20 kg live weight, but only by 0.29 at 90 kg live 
weight. Conversely, virtually no variation in ADG 
occurred at 20 kg live weight when the CVs of either 
I'm or LPRm were increased, yet significant increases 
occurred at 90 kg live weight. At a low CV of B*, 
individual growth rates will be similar and therefore 
the observed range of ADG would be expected to be 
narrower, particularly in young animals where the 
growth rate is less likely to be constrained by the 
thermal environment than when the animal is 
growing at its maximum rate. At a high CV of B* 
there is a greater probability of generating sonle 
potentially very fast and very slow growing anirn'ils, 
wllich will result in a wider distribution of potential 
ADGs in a population. It would be expected 
therefore, that by increasing the CV of R* from 0.01 to 
0.06, tlie spread of ADC, will be considerably wider 
across all body weigl~ts. Although a wider range of 
potential ADC; is produced at all body weight levels 
when the CV of B* is increased, the increase of the 
range of actual ADG is smaller at higher body 
weights because of the c o ~ ~ s t r ~ ~ i n i n g  effect of the 
thermal environment. For csxample, those ;unimals 
with the pote~~tial  to grow fastest would require a 
lower environmental temperature than the 
slower-growing individuals, and, because in the 
modcl ,?l1 p ~ g s  are subjected to only one temperature, 
the5e prgs would not be able to ' ~ c h ~ e ~ e  the~r  
potent~al and hence the smaller Increase of the range 
of actual ADC 

The genetic \,xiation in F1 largely followcd that in 
live-weight gain: as with ALIG, the CV, of F1 at 20 kg 
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C more predisposed to having a higher appetite than .c , + 2 , those with a low LPKm, hence this parameter has a ,. .? 21 cr greater effect on variations in food intake, especially c F at heavier body weights, than does B'. The reason .; .z  6 a m .; LPRm influences F1 more at heavier body weights 
2. % > O r  is because as the animal increases in size the energy 

,?: requirements for lipid deposition become higher 
2 5 than for protein deposition (Campbell and Dunkiii, a 
6 1983; Rinaldo and Le Dividich, 1991). The inherent 

& ..s & fatness of the animal (as defined by LPRm) will, 
3 2 therefore dominate the animal's recluirements for 

m $ energy and subsequent energy (food) intake. The 

. 6 2 greater the variability of LPRm the greater - 

.$ .g g g the genetic variability in F1 in older animals (Table 
X - c  5). - . - ,+ 

G 3 A. important point to consider when cornparing the 
o F> ? results of this exercise with those reported in the 

3 " L -G literature is that the CVs for ADG and F1 of the 
2 3 G different genotypes, shown in Table l ,  reflect the 
S 5 3 D potential growth characteristics of populations of 
" $ 3 2 pigs more closely than could have been achieved by .- 

g u "  a experimentation because of extraneous random 
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e U  variation. The response of a real population of pigs 
1: to a given food and environment is not only subject 

5 3  5 2 to variations in animal characteristics but also to 
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Stanc1,ll cllld V,in:;cn (1985) pro\,ide pc'pu1'1tion 
t.stim,~tes tor D ~ n i s h  ,Incl Nnrr.vegi,~n I.,,ndr,icc pigs. 
The c,llcul,lted r;lngr ( 3 1  CV,s for ADC; <ind F1 tor 
Ihnisli Lxldrace pigs were 0.0148 to 11.0493 and 
0.0194 to 0.0583, re~pccti\~ely, ~ ~ h i l s t  for Nor\z.egi,in 
L;mdrace pigs they \\,ere 0.0128 to 0.0425 anci 0.0 1 88 
to 0.0563, respi.cti\,cl!-. C o ~ n p ~ ~ r i n g  these results \.\-it11 
those s11oxvn in Table 1, it is eviclbnt t11,lt the results 
produced bp genotype 1 (with CV v'11ues for B', Pni 
and LPRm of 0.01, 0.05 d11d 0.10, r~specti\ely) 
pro\,ided the closest match of thc genetic v'~ri,lbility 
of ADC; and F1 in thescl 1)anish and Norwegian 
L,lndr;lce pig pop~l~itic>ns. 

I'he data from C~i~rneron 1.t (11. (1988), Ellis cJt ill. ( 1988) 
allcl Cnmeron (1990) showed con~ider~lbly more 
genetic \,driation than those of Standal , ~ n d  V,iiigen 
(I985), with the da t ,~  of Mrode and Kenncdy (1903) 
somctvliere in b e t u ~ e c ~ ~ .  The diffcrenccs are the result 
of combining cntire males and females cllid the LISP of 
very cliffererit pig breeds, sucll as  the British 
IJandrace and the Duroc, in providing estimates of 
the population mean and standard error, and the 
standard errors given by St'jndal and Vangen (1985) 
were estimated and not calculated values. The 
genotyycs that produced CV,s withiit thc range of 
CVgs for ADG and FT for the British TdC~ndrac& and 
Large White pigs of Carneron i7t ill. (1988) and 
Cameron (1990) were genotypes 1 and 10 with CV 
values of B*, Pm and LPIim of 0.01 to 0.02, 0.05 and 
0.10, respectively. In both the genotypes tlie CVs of 
Pm and LPRm were 0.05 and 0.10, respectively with 
the only difference being an increase in the CV of B* 
from 0~01 to 0.02. 

As discussed previously, the assumptions 
concerning B*, I'm and LPRm appear to have 
different effects on the genetic variation in ADC and 
FT. However, most of the simulated genotypes within 
the range of the published CV,s of both ADC; and F1, 
were similar within and between breeds. 

Cor~clusio~r 
The results indicc~te that across a lixre-weight range 
of 25 to 90 kg most, if not all, genetic variation in 
ADG and FT call be accounted for when the CV of 
R* is between 0.01 and 0.02 (0.01 likely to be 
optimal), the CV of Pin is 0.05 aitd tli? CV of 1,I'Rm 
is 0.10. 

The CV,s of both ADC; and F1 tel~d to increase with 
incre'lsing vari'ltion in all three inherent parameters, 
the only t.xception being thdt the CV, of F1 does not 
increase ~zritli increasing Pm. This trend is apparent 
'lcross all body weights, but part ici~l~~rly so ,it licd~.ier 
weights. The parameter that has the most profound 
effect on the genetic vClriation in PT is LPR1-n ~ ~ i d  ill 
ADG it is I'nl. 
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Variation of heart size and its correlation with growth performance 
and vascular space in domestic pigs 

T. S. Yang' and J. H. Lin' 

Abstract 

Ht~nrf sizr o f  pl~rc~hrr~d boars (13 Larliln~rc~, 72 Yorkslrirr, nind 14 Dlrroc.) art~l crossbred (lrrrriirocr~ X Yorkslrirc X 
Dr,roc-) 17onr.s irw. =l#)  mvrii xilts (no. = 24) ioils stildirrl. Pl~rcbrcd boars ilJt'rc' raiscd froiir 30 /(:<for 110 dn!/s irrill 
slalig1ltrrrr-l. Crosshrril pigs of rlnrio~rs body zc~ri~yhts (30 to 110 kx)  i i l t ~  s~le(.t(>d arid tlrrir plasrita arrd blood z~ol~~iirr  
srlrrr nrr>aslrrcd befiorr sacrifict~. T h t ~  varimtiorr of lzrarf sizc of j~i~ys ?oas stlldirli irnd i f s  rorrc~lnfiorl ic~ifh ;<r~illtlt 
pr~furiiin~lce or to ilasc111ar spacc was inzlrstigatrd. Accordi~rg to flip j~rirrcipal corirponc~izt annlysis Irrnrt sizr ions 
brsf cxpresst~d by its rilcight, Jollo-ic~c~d by thr thickiirss o f  tlrt, nirtcrior zlrrztriclc sqlf14rri or flie flrickrrcss of tllr lt~ft 
z~e i f f r i c l~  ( L V )  zuall. Tlrr food(ynin rrltio of boars dlrring f c s t i n ~  ylrriod was significaiztly corrc~laft~rl u~itlr sorrze size 
clzarnctcristirs of tllcir hrart iiiclirdirig i~lr>iglif, 7eli~ifli, ~ l n ~ f  LV tlrickrz~ss. Thr buck fat flrickr?ess at 100 kg iijas 
significa~itl! rle~atizlrly correlated i(1ith heart .ivriglrf, heorf/body 7urigI1t ratio, and LV tliickness. Thirs, srlrcfiot~ fror 
X~o?" fh  F~erfofO'~~~mict? zuor/ld reslllt in a bigger hrart irz domestic pigs. In the crossbrr'd stficly, a11 alloinr~tryfift i~i~y of 
H = 12.18BU" ( r  = 0.96) Toas obtairiccl b e f i u e ~ t ~  hcarf ~nriglyf ( H ,  g )  atrd body it~oi~yhf ( B ,  kg)  Tl?rfittings of heart 
weight fo  blood/plasnra uo l~~rnr  gcnerated 11alt4es ~ f r  ~f befz~~eerl 0.79 arid 0.75 in rilloilretry rliorlrls or bcfsucetr 0.84 
aizd 0.80 irz liriear wiodcls. Thus, z~nscular space is no beffcr than fmctional body ?uri(yht as tlzr basis to cxprrss 
relatiz~e Itcart zelt~i~yht ivi pigs. It is stlggestod tliat tlrr ~orirzal rxpol~e~zt  relatir?g lieart sizc to hod!j ~ v e i ~ y / h  ir? guo.ivin,y 
pig is effcctiv~ly 0.75, sirrzilar to the cxporzenf of rtrctabolic sizc, 0.734 or 0.75. Tllereforr, the sizc of flrr heart of 
dorrzrstic pigs varies in sizr proportionally with the charlgrs ofmt~taholisrn seor in tcrrns of gr0711fh or r v ~ a ~ b r ~  c77~cvi 
rc~/~roductio~i. The wild boar, tllr nric~stor rf donrcstic pigs, lras a Irrart proporf io~znto about 0.5 bicycyer thair 
irrodcrn pigs soheii scnlcd according to M"". The attribution ofmc~tabolic difirriicr to f h ~  bigger I i t ~ ~ ~ r t  (fzuild boar 
is rir~crrfnirr a ~ ~ d  vrerds ft~rthrr clucidntiorr. Tlrr t ren~f  to b i g g ~ ~ r  I~rarts irz dorrlrstic pigs titrlicr c~irrrrit srlcctiorr 
prcsstlrc for lc7a/~r7~ss s/rou/d not ~rcessarily br iiztt>rprt>ted as rc7tilrriiilg to a r~nfural form b f i f  rriny rr:flrcf a 
pnfhophysiologicd chatlg~. 

Keywords: groiclth riztr, heart glvtlr, pigs 

Introduction 
Heart size of domestic pigs (H, g) varies with body 
weight (B, kg). Best fit equations include those of H = 
16.2B06' (Brody, 1945); or H = 9.68B0736 (Engelhardt, 
1966); or H (male) = 6.756B08", H (female) = 

7.607B0.785 (Alaku nnd Steinbach, 1984). These 
equations all indicate that the relative heart weight 
decreases with increasing body weight, reaching 
proportionately only about 0.003 of body weight 
arourtd adolescence (110 kg) with the proportional 
ratio even less at maturity. The European wild boar, 
the ancestral form of domestic pigs, however, has a 
heart/body weight ratio of 0,007 (40 kg ) to 0.006 
(90 kg) (C;schwend, 1931). 

The small heart in relation to body weight in the 
domestic pig, as Engelhardt (1966) suggested, 
appears to be the result of selective breeding for 
growth rate; hence, heart growth has failed to keep 
up with the rate of body growth. If this assumption 
is correct, then the pig heart of today should support 
an even bigger body mass, or similarly, the domestic 
pigsof today should have an even smaller heart than 
30 years ago since tlie promotion of growth has been 
a continuous practice in pig husbandry cvcr since tlie 
beginning of this century. 

However, recent evidence mdlcates thdt modern 
domestic pigs m ~ g h t  habe b~ggcr rather than s~naller 
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hcdrts when compared with their ,lncestors. Cliplet 
;uiicl McK'ay (19'1,3) reported that in Yorkshire cllld 
l Jampdiirc pigs, both commonly ~~secl  h r c d s  for 
pork production, selection for reduction in back f ~ t  
thickness a n d  promotion in grcnvth rate for sc.\.en to 
csiglit g e ~ ~ e r ~ ~ t i o n s  resulted in concurrent i n ~ r e ~ ~ s c s  in 
\,isceral weights iiicluding heart, lung, spleen, li\.er, 
and kidney. In their rcport, 90 kg control Yorks1ii1-tx 
pigs had licart weights of 305 to 323g, ~rliile 
perforil~,lnce selected pigs of the same body s i ~ e  had 
significantly bigger hearts w/eighing 330 to 371 g. In 
comparison, published regressions o f  licart to body 
weight in pigs, suggest that a 90-kg pig should have 
a heart weighing less than 290 g (Brody, 1945; 
E~igelh~~rdt,  1966). 

He,~rt size ancl its rt\l'itionship to back fat thickness 
and growth rate in modern domestic pigs needs to be 
further clariiied in a bigger and more varied sample 
size. The ,~ssociatioii of heart size to plasma or blood 
\,olume in domestic pigs is '11so n7orthwliile 
investigating since vasculature relates to body lean 
mass. Therefore this study was designed to provide a 
better understanding of variatioii of heart size in 
doinestic pigs. 

Material and methods 
N ~ o r f  size and grozufll pr~ufornzancc, 
A total of 39 purebred boars (13 Landrace, 12 
Yorkshire, and 14 Duroc) with minimum disease was 
selected from the test station. The animals wcre 
given food rztl lihihlill from 30 kg for 110 days to reach 
around 120 kg on a diet containing 176 g/kg crude 
protein throughout the study. Fresh food was 
aburtdantly offered every morning after trough 
cleaning for the measurement of individual food 
consumption of the previous day. Tap water was 
provided freely through a self-supply nipple in 
which a valve was opened by the pigs' nose 
pressurc. 

When the boars reached 98 to 112 kg, their back fat 
thickness was monitored by a11 ultrasonic device at 
the fourth rib, the last rib, and the last lumbar 
vertebra of the right side. The mean value of thcsc 
three locations was used to indicate the thickness. 
The animals then were allowed to grow further until 
slaughter. 

Prior to being sent to i~i~lrkct, boars were fasted for 
16 to 24 h, weighed, then group transported to an 
abattoir. Animals were slaughtered by capti\/e-bolt 
stuiu~ing and exsanguinatioii. There was a holding 
pcriod of about 3 11 between arriving at tlic abattoir 
and stunning. 

Hearts tlien ~ \ c > r t %  q~lickly remox.i'c1 \vithin 30 rnin 
f~osf i i ~ o ~ f i ~ i i l  by dissection aiid p~ricardiecLc31~1y. 
Remaining blood inside and o~ltsicle was ~v~lshed 
'away by generous flushing of 4°C saline. After 
trimming, totvel drying, ~ r t d  \.veighing, hearts were 
l'lid o n  a clcan g ~ ~ u z e  so that length (coron,lry groove 
to apex) and grc'itest widtli of base co~~lcl  bc 
mcasured. Hearts then were iinmersed into buckets 
filled with 3°C salinc~ and later taken back to the 
labor,ltory. After ,lrri\.al, they czrere opencd accorcling 
to tlie inflow-outflow method (T~LI, 1983) and 
ex,linined. Those sliowing 'any sign of pericarditis or 
cndocarditis, or any other morphological 
abnormality wc,re discarded. Recording of tlie 
septum width was the11 conducted at tlie anterior 
(ventral), median, and posterior (del-sal) site at about 
3 cm below the origin of tlie pulmonary artery. The 
measurement of thickness of the left ventricle wall 
was followed from the point between papillary 
rnuscles to outside.  he- thickness of tile- right 
ventricle wall was detected at the site near the 
opeiiing of the pulmonary valve. The thiiiiiest 
nieasuremt~nt was used to indicate the thickness of 
C I ~ C X .  The exsanguination sharply damaged the heart 
but little hindered the measurement of size 
characteristics. The wieiglit, length, and width were 
recorded within 45 min post rizor.fcrrr; other 
measurements were completed within 3 h f7ost 
irlortcill. 

Plasrirn zlolnmr, lllooif oolurric, o ~ l d  I r r ~ ( ~ r . f  sisi~ 
Ordinary crossbred (Landrace X Yorkshire X L3uroc) 
pigs for comnlercial production, including 18 males 
aiid 24 females ranging from 15 to 110 kg, were 
rc~ndomly selected from a production unit. They 
were control animals for other growth and carcass 
studies and received exactly the same food and 
feeding mnnagenient as pigs for cominercial practice. 

Once chosen, pigs were individually moved to the 
operating theatre and anacstlietized. Catheters were 
ii~troduced into jugular veins through an ear vein in 
pigsbigger than 05 kg. For smaller animals, the 
catheter was directly placed arid secured into the 
vessel required. After sampling oi  10 m1 blood for 
blank reference, T-1824 in saline at a dosage of 
0.3 nig/kg was injrcted through a catheter and 
flushed with 10 m1 of saline to ensure the coinplete 
introductioii of tlie dye. Blood samples were 
withdrawn from catheter 20, 40, 60, 80, and 120 inin 
after tlie dye injection. Pigs tlien were sacrificed by 
exsanguinatioi~ while still under anaesthesia, and 
hearts were removed and treated as in tlie method 
mentioned abo1.e The plasmcl voluine was e s t i n ~ ~ ~ t e d  
according to the method of Zweens and Frankena 
(1981) and tlic blood o l ~ ~ m e  was obtained from the 
calculat~o~l o f  the mean pack cell volurne dnd plasma 
volume Data were stat~stic~~lly analysecl b~ us~iig the 
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St,~tistic'll i2ncilysis Systems Tnstitutc (1988) packagr 
progr.1111. 

Results 
Heart sire is usu,?lll\- indicated by weight. Otl~er sire 
charactcristics, e.g. length and width, ,Ire also 
applicable but we do not yet know their 
c~ppropriateness. Several size charactcristics were 
n~easured in the present study; chief one among 
them best representing overall size had to br 
identified first. The statistical n~ethoci of y r i i~c ip~~l  
coiuponent dnalysis was then applied to test the 
irnportancc of each size ~h~~racterist ic measured in 
order to determine the chief one. 

7'hc results together with actual measure:nc~nt ~ralues 
(mean s.d.) are shown in Table 1. It c m  be seen 
that, among all the size characteristics, weight 
genel-atcd the highest eigenvalue (0.456), suggesting 
it is the best single characteristic to represent heart 
size. The second best indicator of heart size in boars 
~vould be the thickness of anterior ventricle septum 
(AVS) or the thickness of the left ventricle (LV) wall. 
Further calculation by the step-wise regression 
method can generate index formulae that include 
several size characteristics and could more precisely 
represent heart size. However, only weight was used 
ill the present study since the data can be compared 
easily with other reports. The eigenvalues in Table 1 
are of importance for i r z  vi710 estimation of heart size 
(e.g. by echocardiography) in pigs when weight 

Table 1 H(jnrt size cliiivncterislics niiil thrir prii~i-ir~iil c'oiii~~oiiciit 

(PC) a i~ i l l~ j s i s  in  39 plrr.ehrlzri hoars 

Measu rcment 
First Second 

Charcicteristics PC I'C Mean s.d. 

Age ( d a y )  0.255 0.31.3 209 13 
Body wc~ght  (kg) 0.089 0.46') 120 I I 
He'lrt me,lsurements 
Weight (g) 0-156 -0.008 456 60 
(g/kg body weight) O.3'11 -0.329 3.8 0.5 
Width (mm) 0.231 0. 193 C)(> 7 
I,cngth (mm) 0.163 -0.522 109 9 
'Thickness ( m m )  

Anterior \,cntriclt- 
septun~ 0.366 0.C182 23.4 0-1 

Median ventricle 
septum 0.210 0.3 17 17.8 1-0 

I'osterior ventriclv 
septum 0.305 0.1 78 24-3 4- 1 

Left ventricle 0-36-1 0.178 17-8 3.4 
Right ventricle 0.207 -0-283 6.6 1.3 
Apex (1.141 -0.lh4 2-8 I .; 

Total eige~i\ ~ l u e  3.8 18 2-301 
V'lriation 0.318 0.192 
Total variation 0.318 0-510 

TabJe 2 Cl~rrc~It7tii111 t - ~ ~ ~ f f i i ~ i t ~ ~ i l \  ( ! f  i-i~rd~irc. I ~ I ~ I I ~ ~ J I ~ ~ I I ~ ~ I I ~ ~ I  
c ~ l i i i i i i c t ~ ~ i i ~ / i ~ - i  iiiitl ;:i.~iilt// /~c~i./orii/iiiii.t~ it: ~ ~ i l i l ' / ~ i . l ' l i  lioiir> (110. L 

39) 

Gro\\ th perfi~rn~ancct 

Llail) Food/ Li,lck 
('Iicir,~ctrrist~cs i n  gain fat 

Agt' 0-302 -0.372" -0.517"' 
Liody wt,i:;ht 0-528 0 .132  0.255 
Heart \\.eigli L 0- 123 -0 3-18' -0.144** 
1 Ie,lrt/bod\ wvight -0. I H8 -0.202 -0.55'1** 
Width 0-078 -0.353* -0.217 
I .ength 0.001 0-262 0-005 
'rl~ickncss 

Anterior \c~ntriclt, septum 0.006 -0.1 11 O.167 
Median ventricle septum -0.070 -0-3 10 (1-095 
I'osterior \rentricle s e p t ~ ~ m  O . O h  l -0.1 11 -0.267 
Lvft ventricle 0.1 18 -0.460"* -0.319** 
Right ventl-iclc, 0.165 0. 195 0 - 0 4 6  
Apex -0.089 0.061 0 . 1  62 

t Ad lil~itrirri feeding for 110 d'iy'; from 30 kg. 

information cannot be obtained ancl an alternative 
measurement is needed to represent it. 

The correlation coefficients between growth 
performance and heart size in boars studied are 
shown in Table 2. Significant correlation was found 
between conversion efficiency (food/gain) and some 
heart size characteristics including weight (r = -0.35, 
P < 0.05), width (r = -0.35, P < 0.05), and thickness of 
LV wall (r = -0.46, P < 0.01). Back fat thickness was 
also highly significantly negatively correlated with 
heart weight (r = -0.44, P < 0.01), heart/body weight 
ratio (r = 0.56, P < 0.03), and thickness of l .V wall ( v  = 
-0.45, P < 0.01). The daily gain, however, did not 
correlate with ally size characteristics measured. 

Res~~l t s  of heart size and its correlation to plasma or 
blood volume are summarized in Figure l and 

U 10 20 30 10 50 h0 70 80 C)O 100 110 

Rod\ we~gh t  (kg) 

Figure 1 Allomctrq- plotting of 11r~irt wreight (g) ag'iinbt 
body weight (kg) in growing boars (no. = 18, *) ' ~nd  gilts 
(no. = 23,~0)  ot L,lndrace X Yorksliirc X Duroc crossbrtd. 
I /  = 1 2 . l t ( ~ ( ' ~ '  ( r  - 0-06). 
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Table 3 A l I i ~ ~ i i ~ ~ l r . ! ~  i i i i i l  I i i l iz i i r  i.i,::!12,~irlii 11i'tiili't7ii / i i , i irt ii1~i;:1it in boars, I~e,lt (35°C) r e d ~ ~ c e d  llcart byeight as ~zcll  as 
I ,  J l 1 1  R ,  l ,  / I  I l '  J i 'jppetitc, dL7il>, g,lin cll~ci fat ttiicknfis, l?ut 11'3d 
111oo~i ~ ~ 0 1 1 i i i i t ~  ( E l ' .  I J  i i i i l l  t l i i ~ i i .  toc2ffic i i ' i i t .  I I I  ;<fiIil'iii;: 114;i 01" - l,o effect on fc,oci co~l,rcrs~on r,ltio, on tlIc. other . . 
4iJ 1iC1ncl, Alaku and  Stc~nbacli (1984) iuggested that 

\ <1r1~117lv\ L/ = U \ '  11 = I T \  I l1 
pigs 1c~1rc.d 111 a ttopic,?l cltrn,~tc appealed to ha\c 
l-uglier hmrt \\~e~glits thCui tho5c rc,cired in ,I 

'I-able 3. The allornctry fitting of heart weiglit to body 
weight of g r o ~ ~ i n g  crossbred pigs studied generated 
a regression of H = 12.18K"" with a correlation 
coefficient of 0.96 on the pooled data of either sex. 
Difference between males and females was not found 
(Figure 1). It is of interest to note that, according to 
the fitted regression in Figure 1, a 120-kg crossbred 
pig of either sex should have a heart weighing 407 g. 
This is smaller than the data in Table 1 showing that 
'1 120-kg purebred boar has 011 average a lieart of 
356 g. 

The other correlations between heart me~glit and 
blood volume or plas~na volume, between blood or 
plasma volume and body we~ght,  and between blood 
and wlasma volume. 111 elther allometrv or lmear 

L 

models together with their regression coefficients, 
are listed in Table 3. It should be noticed that none of 
the regression coefficients of heart weight to blood, 
or to plasma volume, in either allometry or linear 
models, was close to or could be compared with the 
strong allometry regression of heart weight to body 
weight illustrated in Figure 1 ( I .  = 0.96). It is evident, 
therefore, that the variation of heart weight of 
crossbred pigs is more associated with weight 
changes than with volume changes of blood or 
plas~na during the growing period:~eart weight in 
growing pigs, in other words, is more precisely 
expressed, using the allometry model, on a body- 
weight basis than oii vasculature. 

Data in Table 3 also provide information about the 
expansion of blood or plasma volume during the 
growing period of domestic pigs. The relativc 
plasma volume of a 20-kg growing pig was 90 ml/kg 
decreasing to 47 ml/kg at around aclolescence 
(110 kg). The blood volume decreased from 117 ml/ 
kg to 68 ml/kg during the same period. 

Discussion 
Several factors arc known to have an effect on heart 
size in  domestic pigs. Strauh 1.1 01. (1976) showed that 

Nutrition,ll manipulations t,\,idently cause \.clriations 
in he,lrt si7e in domestic pigs. By offering diets 1% it11 
different protein and eneriv contcnt, IXI\ c! , ~ n d  
Liereski11 (19711) reported that heart wcight in market 
pigs was significantly correlated cvitli their carcass 
protcin content and protein gain but not with fat 
gain. Food allowance also plays a r6le in ilrtermining 
heart sizc. If rations are reduced to 0.80 to 0.115 of uil 
l i l ~ i t l ~ i i r ,  marketing pigs can maintain a similar lc\lel o f  
food con\~ersion efficiency and carcass composition 
as under n i l  l i b i t l r i l ~ ,  but have significantly smaller 
hearts r11011g with slower weight p i n  (Pekas, 1993). 

Selection for thinner back fat and a better growth rate 
in do~ncstic pigs would also rcsult in a concurrent 
increase in relative heart weight (Cliplef cii~d McKay, 
1990). This is supported partially by the results 
presented that show (Table 2) growing boars of 
vc~rious genetic backgrounds have a bigger heart if 
they exhibit a better food conversion efficiency or 
less back fat thickness, but not weight gain, under nil- 
Ijl7itllilz co~iditions. 

Tlie above nientio~~ed evidence clearly indicates that 
a bigger heart correlates with better growth 
perforniance in growing pigs, although growth 
parameters may differ and do not agree in all 
aspects. It also suggests that body lean mass and/or 
e~i-ergy turn-over direct heart size in domestic pigs. 
Body lean represents vasculature directly. Tl~erefore, 
it is tempting to postulate that heart sizc Inay more 
closely vary wit11 plasma or blood volume than with 
body weight. However, this is not proven in the 
present findings (Figure 'l and Table 3) .  The coiiccpt 
of heart size a ~ i d  its corrclatioii to vascular space or 
lean mass is defied by the comparison between 
Yorkshire and Chiriese Meisliaii pigs. Meishan pigs 
arc known to be very prolific and attain sexual 
maturity early but have fat carcasses, poor food 
conversion efficiency, ,lnd low growth ratcs. Ilespite 
the great differences in these perforrnancc traits, 
Meishan pigs have a heart weighing the same as 
Yorkshire p ~ g s  011 an equal body-weight Lxsis (White 
~ ' 1  nl., 1995). 

Alternative thinking on energy turn-over or 
metabolism a n d  heart weight may pro\.ide a useful 
insight into ui~derstanding the variatioi~ of heart size 
in do~nestic pigs during the growing stage. In Figure 
1, the best fitting of heart weight to body wcight 
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Bad! rnl/kg 
\vc.iglit rnl/kg M"" 

(kg) per min pcr min Refttrence 

Donie\tlc p1g5 
7 2 167 274 W ~ d i i o n w n  'ind 

McCance, l955 
20 113 105 Wachtel, 1963 
43 173 341 Waclitel, I967 
U1 72 222 Wachtel, 1967 

W~ld boat 
41 82 207 Wachtel, l')(?? 
75 66 194 Wailitel, 1963 

t Data taken directly from the references. 
$ Calculated from thc reference data by  s sing cardi'lc 
exponent (0.75) of growing pigs (see text). 

generated an allometry model yielding an exponent 
of 0.73. In the literature, exponents relating heart 
size to body weight in pigs at different stages of 
maturity range from 0.63 (Brody, 1945), 0.74 
(Engelhardt, 1966), to 0.79 or 0.83 (Alaku and 
Steinbach, 1984). All these are very close to the 
exponent of metabolic size, the fractional expression 
preferred being 0.75 (Kleiber, 1975) or 0.734 (Brody, 
1945). It can thus be suggested that, the normal 
exponent relating heart size to body weight in 
growing pig is effectively 0.75. Since metdbofic size 
also remains a satisfactory first approximation for 
comparing growth rates and energy exchanges 
during growth (Webster, 1989), a constant 
relationship between heart size and metabolism or 
energy tu&-over may exist during the growth of 
pigs. An interesting piece of evidence is shown in 
Table 4 in which cardiac output of growing pigs and 
wild boars are expressed on a body-weight basis as 
in the collected references, and also calculated by 
using the conventional expression for metabolic 
body size as the cardiac exponent. It can be 
seen that the exponent narrowed the variation to a 
small range and this may indicate that there is a 
constant ratio of heart size and cardiac output in pigs 
of various sizes. The low correlation coefficient 
between heart weight and blood or plasma volume 
obtained from the present study (Table 3) suggests 
that the vascular space accounted less than cardiac 
output for the variation of heart size in pigs. 

The heart exponent of 0.75 of growing pigs should 
also be applied to other heart size characteristics in 
addition to weight. Results in Table 1 clearly show 
that the thickness of AVS or LV is the second choice 
after weight to represent heart size. Thus, should 
echocardiography be used to estimate heart size in 

live pigs of different sizc by measuring thickness of 
AVS or LV or other parts of the heart, the exponc3nt 
of 0.75 should '~lso be tClken into consider,ltion to 
express or interpret the dc~t,l. 

The heart size-metabolism relatioi~ship ma!. explain 
the similarity in heart size of Yorkshire and Mcishan 
pigs. 'I'he similarity appears to reflect that Yorksllirc 
and Meishan pigs share 'In equal metClbolic burden, 
although they are selected for different performancc3 
(growth and lean 71. prolificacy and early ~ n a t ~ ~ r i t y ) .  It 
is known that the selection of growth performance in 
pigs of accidental breeds will result in a bigger heart 
(Cliplef and McKav, 1993; also r e s~~ l t s  in Table 2). It 
is not known but is of  great interest to learn whether 
the heart size of Chinese Taihu pigs (Meishan and six 
other strains) is also correlated with their selection 
traits, i.e. reproducti\.e performance. 

Comparison of heart size between wild boars and 
domestic pigs raises a difficulty in further 
understanding the variation of heart size in pig. The 
heart weight and body weight regression of wild 
boars (about 40 to 90 kg) is parallel to but higher 
than that of domestic pigs (Engelhardt, 1966). Thus 
tlhe cardiac exponent of 0.75 in domestic pigs can also 
be extended to wild boars. By doing so, it is 
calculated that the heart size of those wild boars 
would be around 17 to 18 g/kg M"", which is much 
higher than 11 to 12 g/kg Mo7' shown by 
contemporary domestic pigs including the Meishail. 
It is widely acknowledged that the domestic pig is 
descended from the wild boar (Sus srrqfi) and, 
during the past 10 000-year contact with humans, a 
marked change in body conformation has occurred 
(Meyer, 1992). Anatomically, the great reduction in 
heart weight is evident although the origin remains 
obscure. Low levels of locomotor activity due to 
genetic selection to conserve energy for economic 
production (Iiobert t7f L Z ~ . ,  1987) and perhaps for 
easier management during domestication, as well as 
the limited space allow~ance in the production 
environment, are characteristics of domestic pigs. 
However, the smaller heart in domestic pigs cannot 
entirely be attributed to these characteristics '~nd 
other factors should also figure in this anatomical 
adaption. 

Pig husbandry was rather extensive until recently. 
Today's intensive systems have a relatively sliol-t 
history compared with the history of the pig as a 
domestic animal. The smaller heart (relative to M"") 
resulting from the long use of extensive systems 
during the past may be viewed as an anatomical and 
physiological adaptation to domestication and 
selection. The bigger relative heart size caused by 
recent intensive selection for learnless therefore 
should be examincd from a different perspecti\re, 
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,111ci ic~rt'linl! should  not  b e  interpretecl '1s re turning 
lo '1 n, l tur~il  i o r ~ n .  Hed\.y s ~ I ~ c t i c > ~ i  pressure  1111~ier the  
c i ~ r r e n t  intensi\  c, systcni ot pig p r o d ~ ~ c t i o n  ma>- h,ir.e 
c,xcec~clecl inndte pliysiologicdl limits; this u n f i t ~ ~ c s s  
Ie;idi~lg the  c ~ ~ ~ i m , t l  to  e s l ~ i b i t  patl iophyiiologic,~l 
cti,ingc~s, p e r h , ~ p s  i i ic l l~ding I~ype r t royh ic  
c , i r r l iom~,op,~t l i> .  Compara t i \ , t  s tudies  in clinical 
c,irdiology , i i ~ d  energy metabolism hct\t.c.cn those 
il~tensivcl!, selected for pertorm,ince (growth o r  
prolitic,lcy) a n d  those control  p igs  not  selected is  
rcclc~irccl to  s u p p o r t  the ,~bo\r r  \ , iew. This information 
 rill bc  of grea t  \ ,alue n o t  only tor des ig i~ ing  fu ture  
bretlding p rog rammes  in  clomestic p igs  b u t  also for 
the u i~ders tancl ing  of the  '~ t t r ibutes  of hear t  g rowth  
and  its ,~ssoci ,~ t ion  with nietaholisni. 
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Introduction 
Attempts to establish a direct relationship between 
the free amino 'rid (AA) concentrations in tissues 
and the AA profile of the pl-otein ingested, as LI 

reliable predictor ot the nutritional \,aluc of dietary 
protcins, have yielded conflicting results. O n  
theoretical grounds, AA concentr'itions in p l a ~ i n ~ ~  
and tissues should reflect '111 eq~i i l ibr i~~m between 
the AA supply and the rate o f  use of AAs in protein 
synthesis ancl gl~~coneogencsis or cC>tabolisin. 
Regulatory mechanisms involved in protein turn- 
over rate interact to '~chieve the mnintenance of thc 
free AA pools witliin relatively narrow, although 
fluctuating, limits. A relationship between AA 
dietary supply and free AA concentration h , ~ s  been 
demonstrated in blood by severdl authors, more 

often in portal blood (Galibois rt al., 1987; R6rnt c f  i71., 

1988) than in systemic blood (Zimmernian ;und Scott, 
1965; Kunacliowicz c J f  ol., 1980; Jc?nscn i31 ill., 1986). 
However, other studies found n o  evidence for s~lch  a 
reldtioilship (Tdsaki and Ohno, 1971; Wcitrrlow and 
Fern, 1981; Hagemeister c,t ill., 1990). In a pre\ . io~~s 
experiment (Fernandez-Figarcs c2t ill., 1990) carried 
out in growing chickens given isoenergetic ancl 
isonitrogenous high protein diets of a widcly 
different essential AA (EAA) profile, we idcntified 
by the so-called plasmd AA ratio (Longenccker ancl 
Hause, 1959; Hill dnd Olsen, 1963) the most limiting 
AAs in the dietary proteins and the results cz7ere in 
dgreernent with those pro\,ided by the protein score 
'1ppro'lch. For the most lin~itiiig AAs in the cliets thc 
observed concentrations in plasmcl, muscle and liver 
paralleled their rank in thc dietary protein, with 
minor exceptions. Howcver this work failcci to build 
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up a clc<~r link between free AA changes in tissues 
;und AA intake, except that a significant relationship 
between lysine supply dnd its concentration in 
rnuscle was observed. Concentrations of free AAs in 
muscle Iic1\,e brvn postulated to be better indicators 
for tlnc estimation of availability of specific AAs than 
AA concentrations in blood (Pian, 1976; Jansen rf id., 
1986). Also, Pion (1976) reported direct relationships 
between the free AA concentrations in liver and AA 
intake in the casc of diets imbalanced or deficient in 
one or more specific AAs. Jansen P I  111. (1986) fo~ind 
increases in the concentrations of essential AAs in 
liver of lactating rats as a result of increases in either 
protein level or protein quality. Skeletal muscle is the 
largest tissue in the body and is the major pool in the 
lnonneostasis of amino acids. Growth in response to 
AA intake is primarily dependent on the relative 
rates of protein synthesis and protein degradation, 
mainly in muscle. In a previous trial we studied the 
effect of supplementing with I-lysine or 
DL-methionine a diet containing soya-bean meal, as 
the sole protein source, on fractional rates of protein 
synthesis and degradation in the skeletal muscle and 
liver of growing chickens (Nieto ct nl., 1994). We 
showed that the provision of a reduced intake or an 
AA imbalance affected growth by changing protein 
degradation rates, especially in muscle, while protein 
synthesis remained unaffected. A reduction of intake 
causing cessation of growth was also accompanied 
by changes in the fractional degradation rate in 
muscle and liver. Changes in protein degradation 
rates in il~uscle and liver would alter tissue free AA 

profiles ancl consequently the present work was 
carried out to test the hypothesis that AA 
concentrations in skeletcil muscle and li\,er ,Ire better 
indicators of AA intake than 'ire plasma 
concentrations. 

Material and methods 
Espc~rirlirntal dt'sigil nrld fccdi~lg 
Forty -eight White Rock male broilers ( I -da y-old) 
were raised in batteries at 30°C and given a 
commercial starter diet for 1 0  days and then 
randomly divided into 12 groups of four chicks each 
on a weight basis (mean live weight: 178 (s.e. 1.9) g) 
and indi\/idually kept in metabolism cages in a room 
maintained at 26k1 "C. Following a 
randomized-block design (Figures l a  and b), each 
group of birds was given, above maintenance level 
(h84 kJ metabolizable energy (ME) per kg MG7'; 
Aguilerd and Prieto, 19871, successi.i~e1y and 
throughout a period of 16 days, each of four levels of 
protein (60, 120, 180 or 240 g/kg dry matter (DM)) in 
three groups of isoenergetic (14.5 kJ ME per g DM) 
and semisynthetic diets. Soya-bean meal was the sole 
source of protein (known to be first limiting in 
methionine) and the diets were either 
unsupplemented (diets S), supplemented with 20 g/  
kg L-lysine (diets SL) or supplemented with 2 g/kg 
ur.-methionine (diets SM). The supplementation with 
lysine or methionine was made at the expense of a 
concomitant reduction in the amount of soya-bean 
protein. The composition of diets is given in Table 1. 

Table 1 Coitipos~t~oil ofthc uxpeuiriic~ritnl dwti (g&q)t 

SL60 S60 SM60 SL120 S120 SM120 SL180 S180 SM180 SL240 5240 SM240 

Ingredients ( g /  k g )  
Soya-bean meal$ 88.8 133.2 128.7 221.9 266.3 261.9 358.0 399-5 398.3 492.3 532.6 532.6 
Maize oil 55.0 55-0 55.0 6O.O 60.0 60.0 65.0 65.0 65.0 70.0 70.0 70.0 
Mineral and vitamin 
pre-mix 61.3 61-3 61.3 61.3 61.3 61.3 61.3 61.3 61.3 61.3 61.3 61.3 

I -1ysine ( r l y s )  20.0 20.0 20.0 20.0 
DL-methionine ([)L-met)  2.0 2.0 2.0 2.0 
Maize starchg 641-8 611.8 641.8 535.6 535.6 535.6 429.5 429.5 429.5 322-9 322.9 322.9 
Cellulose 133.0 108.6 110.7 79.2 77.7 101.8 69.0 41.6 47.1 37.4 13.0 15.5 

Cliemical composition 
Dry matter (DM,  g / k g )  897 893 897 901 900 904 907 91 1 908 912 910 916 
Crude protein (Cl') 

( N  X 6.25 g / k g  D M )  69.4 62.6 65.7 136.0 135.7 138.6 209.5 204-4 208.8 257.0 258.8 261.5 
G r o s s e n e r g y ( k J / g D M )  17.60 17.36 17.78 18.07 18.03 18.28 18.37 18.37 18.62 19.00 18.79 19.00 

t Soya, 60 g / k g  DM Cl' (S60); Soya + 20 g / k g  r l y s ,  60 g / k g  DM CI' (SL60); Sova + 2 g / k g  DL-met, 60 g / k g  DM CP (SMhO); 
Soya, 120 g / k g  DM CP (S120); Soya t 20 g / k g  L-lys, 120 g / k g  DM CP (SL120); Soya + 2 g / k g   met, 120 g / k g  DM CP 
(SM120); Soya, 180 g / k g  DM CP (S180); Soya + 20 g / k g  r -lys, 180 g / k g  DM CI' (SL180); Soya + 2 g / k g  DL-met, 180 g / k g  DM 
CP (SM180); Soya, 240 g / k g  DM Cl' (S240); Soya + 20 g / k g  I -lys, 240 g / k g  DM CP (SL240); Soya + 2 g / k g  01 -met, 240 g / k g  
DM CP iSM2401. 
$ C l ~ e m i c ~ ~ l  composition ( g / k g  DM):  crude protein, 489.3; ether e x t r ~ ~ c t ,  26.2; neutr'll-detergent fibre, 181.6; total minerals, 
71.6. 
Ij Chemical c o m p o s i t i o ~ ~  @ / k g  DM):  crude protein, 8.3; ether extr'lct, 10.2; crude fibre, 2.28; total minerals, 1.36. 
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Within diets ot the same protein quality and after an 
adaptation period of 4 days, one chicken from cacli 
group oi foul- wTas killcd at random, bctcvccn 1 ,111d 
3 11 after tlic morning meal (9.00 h), ,lnd samples ot 
blood, muscle aild l i \w  were taken for 4 A  diidlvsis, 
whereas the ~.eniaining three aniinals were ,illocated 
to tlie tollowing treatment for another period of 4 
days. A restriction was imposed to the cxpcrimental 
ciesigi~ so that within the same period only one 
experimental ai1imal nTas killed at each protein le\,el 
treatment. The same schedule was followed until the 
end o f  tlie experiment so that four replicates of each 
Ie\rel of protein per diet were obtained, edch one 
differing in the order by which previous dietary 
protein levels had been offered. Diets S and SM wcrc 
given 1 day later than diet SL, according to a similal. 
paired-feeding design, based 011 daily food intake 
scaled to a component of body weight (M) (g food 
per kg MO7"), in order to eliminate the effect of 
differences in food intake among diets and to give all 
animals an equivalerit intak;. The amino acid 
requirements for growing chickens and the AA 
compositioi~ of the experimental diets are shown in 
Table 2. 

Saltlpliry nrld ailnlytical puoc[>~f~irrs 
The animals were anaesthetized with 
ketamine-'ompun (10-0 and 3.0 mg/kg; Warner 
Lambert Co. Morris Plains, NJ, USA; Bayer, 

lAC~verkusc~n, C-;erinanq-) and  blood \vas cir,iwi~ h! 
heart puncture. Once thc a n i ~ n ~ ~ l s  were killeci h! 
cel.\.ic,~l dislocation, right biceps inusclr a n d  li\c,r 
n,ere remo~red irn~nedi~~tcly, rinsed ~ v i  th s,ilinc., 
frozen in l i q ~ ~ i d  nitrogcn c~ l l c i  then storecl '1t 2 0  C' 
~ ~ n t i l  an,ilq.~is. Hep,lrinized bloocl s~~rnplc~s lvere 
taken and plasma \vds obtained by ce~itrifug~jtion. 
Muscle and li\er sc~inples wTercy trc~e~c.-driecl 
(Dura-Dry MI', FTS Systems, Inc., NY, USA) and 
then homogrnircd in hydrocl~loric 'icicl (0.1 11101 / 1) 
(Omni 2000, Connecticut, USA) and centrifuged. 
Norlcucine (30 inmol in 0.1 mol/l HCI) was usecl as 
internal standard. Samples were tlicn dcproteinized 
by ultrafiltration (Ultrafree MC microcentrifuge 
device, Millipor? P / N  SK lP43V7). Amino acid 
analysis was determined by high pertormance liquid 
chro>n~atography (HPLC), ;~ccording to a mctliod 
invol\,ing pre-colurn11 derivatiration with 
t>henylisothyocya11~1te (PTTC) (Cohen ct ill., 1989). The 
phenyl-thio-carbamyl (PTC) amiiio acid derivatives 
were sepc~rated on a 1'ico.Tag reverse-phase cohrmn 
and tlie separation ernployed a bin'iry gradient at a 
flow-rate of l.Oinl/inin. Deri\,atizcd AAs were 
detected on-line spectrophotoinetrically at 254 nm.  A 
Waters System lilterface Module and MC~xima 820 
Chromatography software (Dynamic Solution, 
Division of Millipore) were used for gradient control 
and data processing. Each analysis presented IS  tlie 
result of one simple analysis. 

Table 2 Aniiilo nciil riJillirl.c,ri?c~r~ts (g/Icgj o f ~ i o s v i t ~ ~ ~  chickrtis nliil iiiniiro izclil c~o~rl/~osiiioir c!f //I(,  cspcrii~ii~irtifI dlr'ts i::/cgJt 

Requirements$ Lliets 

Amino acid INRA ARC SLh0 S60 SM60 SL120 S120 SMl2O S1 l80 S180 SM180 SL240 S240 SM240 

Lpsine 10.2 l 1.0 22.') 1 -3  4-2 27.2 8.6 8.5 l 10.0 12.8 35-8 17-0 17.1 
Arginine 10-6 10.3 3.3 4.9 4.7 8.2 9.8 9.7 13.1 11.7 140 18.0 19.6 19-5 
Histidinc 4.1 3.8 1.1 1.7 1.6 2.8 3.4 3-3 3.5 5.1 5.0 6-2 6.8 6.7 
Valine 8.9 9.8 1.6 2.4 2.3 1.1 1.9 4.8 6.5 7.3 7-2 8.') '1.7 '1-6 
Tryptoph,~n 2.0 2.1 # 5 S # 5 5 5 S 5 5 S 
Leucine 11.2 14.7 3.1 4.6 1.5 7.7 9-3 9.1 12.4 l 13.8 17.0 18.h 18-4 
Isolcucine 8.0 8.5 2.3 3.4 .3.7 5.7 6.8 6-7 '1.1 10.2 10.1 12-5 13.6 13.5 
Glycine 
+ serine lh-9 11.0 3.5 5.2 5.0 8.7 l 10-2 1.3.4 15.6 15-4 1'). l 20.8 20.6 

Phenylalaninc 
+ tyrosine 13-5 15.8 3.6 5.4 5.2 9 0  10-8 10.7 144 16.2 Ih-(1 19.8 21.5 71-4 

Thrconinc 6.1 7.3 1.6 2.1 2.0 1.0 4.8 8 6-5 7-3 7.2 8.9 '17 9.6 
Methionine 4 1  4.8 0.7 1.1 3.1 1.8 2-2 1 . 1  2.9 3.3 5.2 4.0 4.3 6-3  
Cystinc 3.3 4.1 0.7 1.1 1.1 1.9 2.2 2.2 3-0 3.3 0.3 I 4.5 4.4 
Ratio 
n1ct/C1'11 0.01 0.02 0.05 0.01 0.02 3 0-02 0.02 0.0; 0-02 0.02 0.03 

Ratio 
lys/CI'II 0..38 0.07 0.07 0.22 0.06 0.07 0.18 0.07 0-07 0.15 0.07 0-07 

t See T'lble I 
$ Chickens o f  O to  3 weeks (from INIIA, 1984 and ARC, 1975). 

Nut analysrd. 
I( Methionine/crude protcin; lysine/crude protein. 
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Stntislical mlill,~/sis 
Thc experimental data were analysed as a 3 (diet: SL, 
S '~nd SM) X 3 (level of protein: 60, 120, 180 and 
240g/kg DM) factorial design. Body weight 
(ecluivalent to age) and the ratios methionine/crude 
protein and lysine/crude protein acted as covariates 
to account for the proportional diminishing effect of 
adding '3 fixed quantity of a single AA to diets with 
increasing protein content and also in order to try to 
avoid the effect of ininor differences in coinposition 
among diets. The data were subjected to analysis by 
a two-way ANOVA followed by multiple range tests by 
means of a coinputer package (Statistical Analysis 
Systems Institute, 1985). 

Results 
Mean values of food intake and growth performance 
are presented in Table 3. The factorial analysis 3 
(diet) X 4 (protein level) of the data showed that, 
with respect to the quality of dietary protein, DM 
intake and nitrogen (N) intake, both expressed per 
kg MU7" per day, remained unchanged; however, 
daily body gain and protein efficiency ratio (PER) 
were significantly affected (P < 0.01), increasing as 
the protein quality was improved (SL < S < SM). 
Significant differences appeared only between diet 
SM and the other two diets (S and SL) (P < 0.05). For 
the level of protein in the diet daily body gain 
increased on increasing the amount of protein 
consumed (P < 0.001), whereas PER increased from 
60 to 120 g/kg DM and then remained unchanged. 
There were no significant interactions between diet 
and level of dietary protein. 

Free EAA concentrations in plasma, muscle and liver 
are shown in Tables 4 and 5. The data showed 
significant interactions between diet and level of 
protein for most individual AAs, mostly in plasma 

(all EAAs, except methionine) but also, to a lesscr 
extent, in muscle (lysiiic, argininc and leucine) and 
liver (lysine, histidine and tryp tophan), indic'lting the 
dependencc of the effect of diet (AA composition of 
ingested protein) upon the level of dietary protein 
and r~ icc  ilrrsil. Plasma was only adequate to detcct 
the cffect of the supplementation with 2 g/kg 
DL-methionine to balance the dietary AA profile, as 
this treatment gave rise to a significant increase in 
free plasma methionine (P <0.05) irrespective of the 
amount of protein ingested. Plasnia concentrations of 
metli~onine remained unaffected by the amount of 
protein eaten by the growing chickens. In musclc, 
free isoleucine, phenylalanine, glycine and 
methionine were significantly affected by the AA 
supplementation of the dietary protein (P < 0,001 to 
P < 0.05) but not by the level of protein in the diet, 
while the concentrations of histidine, valine and 
threonine were influenced by both factors (P < 0,001). 
Amino acid imbalance induced by feeding the 
growing chickens with the diet supplemented with L- 

lysine caused a significant rise in the concentrations 
of valine, isoleucine and phenylalanine (P < O.05), 
irrespective of the level of dietary protein. The 
supplementation with DL-methionine significantly 
decreased the concentrations of free histidine, glycine 
and threonine and increased those of isoleucine 
and methionine (P < 0.05). The ratios 
lysine : phenylalanine and lysine : valine sharply 
decreased (on average 48.4, 21.8 and 6.15; and 37.4, 
13.3 and 5.49, for diets SL, S and SM, respectively) 
and that of methionine : glycine increased (0.047, 
0.025 and 0-186) on improving the protein quality of 
the diet. In liver, the concentrations of free arginine, 
valine, leucine, phenylalai~ine and methionine were 
significantly affected by the AA imbalance (P < 0.007 
to P < 0.05) or balance caused by supplementation of 
the dietary protein with lysine or methionine, but 
they remained unaltered by the quantity of protein 

Table 3 Food iiltnkc. L ~ I I L ~  ,sroi[>t/i ~ P ~ C I Y ~ I ~ L ~ ~ T C L ~  iil hr~ilelrs girlril dic~ts basrd oil so?/[? h t ~ i  iriivl I ~ ~ I S I I / J / J / C I I I C I I ~ P ~  (S) (11. S I I ~ I ~ I / ~ ' I I I ( ' ~ ~ ~ C ~ ~  i ~ i t l ~  
20 x/kg L-/!/SIIIP ( S L )  OY 2 g/kg i j i - i r ~ ~ z t h i ~ ~ ~ i i ~ ~ ,  iSM) (rric.nil vijl~rrs f i r  tile, fnctori dii,t (no. = 16) nild Ipir.1 i,f puotc.~~i 01i1. = 12) of tile 
fnctovinl nr~niysis 3 X4;,for drtilils, seJc text) 

Signific'ince of 
Diet (D)t Protein level (g/ kg DM; I'L) ~nain effects 

Pooled Poolcd 
SL 5 SM 5 e 60 120 180 240 5 e D PL L) X PI 

Dry matter intake 
(g/ kg M"" per day) 95.5" 88.5" 89.q' 1-52 76.V 90.1"" 95.1~"03.1~ 5.09 ** 

Nitrogen intake 
(g/kg M"'\er day) 2.61" 2.5+' 2 .50  0.12 0.83" 1-8Yb 3-12' 4.37d 0.13 *X *  

Body-weight gain (g/day) 17.2" 18.X" 21.gh 1-15 2.7" 15.2" 24.5' 3 5 - 0 q . 1 7  ** *** 
Protein efficiency ratio 2.0.) 2.3" 2.8“ 0.15 1.2.' 2.9" 2.81, 2.7" 0.17 ** *** 

""'s~'' Within the same row and factor, values bearing different s~~perscript differ significantly (I' < 0.05). 
t See T,ihle 1. 
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Table 4 f r i ~  zss~~ii t i i i l  niiiiiio nc.1~1 (CAAi i(~iic~c~iitriifioii.i ipiiiol/I) iii pInsilii7, ilii~sc l(. liiiil 1ivc.r o f  ,yi.oicliii,y c.11ic-kr21is :;ii)t,ii ic~rr~is~/ri t ir i~ti i  

l f ; c ' i~  /li751'~? 011 Sll!/l7 bi'i71i 1111'~7/ l i l i ~ l l / l ~ 7 / ~ ~ 1 ? 1 ~ ~ 1 1 ~ l ~ l i  (S) llr ~ ~ ~ ~ j ~ / ~ ' i l l ~ ' l l ~ ~ ' ~ f  ~ l ) ; f / l  20,y//<:< I - / ~ / s ~ I I ~ '  (SL) <>l' 2 ~ ~ ~ - i l l ~ ~ f / l ~ ~ ~ ~ l l l i c ~    hi) ~ll i l '~7i~ 

iai1~ii.s for. 1/11.  fi7c.toi.i iiit3t iiio. - 161 i71itl cli~~tfli-!~ protc7iri l ~ i ~ c ' l  Oio. = 12) c,ftIit, fiictoriiil iiiiiiiysis 3 X 3 ; f i 1 ~ t i r t 1 7 i l ~ .  sc2i2 tc21t) 

Sign~flc~~nce 
Diet (L))+ Protein It,\.el (PL) (g/kg LIM) of mail1 effect5 

Poolv~i I'oolecl 
EAi\$ SI. S SM i.e. (10 120 180 340 5.e. D I'L L) X 1'1 

(a) l ' I ' l~r I~<l  
I YS 1 1 10.' h2 1 "  262' 94 68O1" 4 581"" 4 4  110 X** * *S 

/\RC; 71,' 3 3  173" 
HIS 36' 38" 39,' 13.1 6%' J8!IL' B@' 18.8 * * X  

VAI. 110" 129" 128" 8.1 80,' 146" 8X' 175" 0-4 **a 

LEG 77' 118" 107"" 9.2 72.' 133" 83" 122" l ** **X *** 
ILE 48.' 6.3.' 62" 5.1 31" 76" 3a' 77" 5-9 *** *** 
PHE 50" 68-7'' 4.6 52"' 85' 42" 67"' 5-3 * *** xxx  

'1'RP l I" 33 - 1 '  38" 17 I X.' 28.1" 2.3.' 33'7 4.7 ** 
(;LYs 172" 230" 203,' 17 190~"' 260" 144l 203"" 20 ** X*x 

THR 224" 261" 132-5 121" 264" 19OC 251'" 18 X** *** *** 
ME I 13.2' 7.1,' 50" 3.1 21" 2h" 2W' 25.' 3-6 *** 

(b) Muscle 
LYS 19910" 4654" 1544' 680 2221" 7860-8864' 1387(IC 791 * * X  *** **S 

ARC; 821.' 633" 682' 74 172" 911"' 633h 1151' X5 *** ** 
1 IIS 222" 222" 141-2 153" 182" 182" 262" 14 X**  *** 
VAL 533" 051" 281-5 274" 353' 341" 583-9 *** X**. 

LEU 52P  250" 167Zh 141 310" 4 5 4  2120" 391" 171 X**  S** *** 
1T.E 3740" 1944" 3553" 273 3073" 3360 3141" 2743' 271 **=+ 
I'HE 411" 213" 251""O 162" 351" 282" 362" 58 
TRI' 252“ 82" 103" 76 73' 262" 11.3" 142“ 88 
GLYS 3073" 4031" 1312" 382 2474" 3793" 3234" 3051" 433 X+* 

THIZ 1494" 101(3" 582b 92 560" 1074" 1333"' 1553' 112 **i xxx  

MET 190"" 101" 244" 32 221" 180" 132" 152" 37 
(c) Liver 

LYS 3250" 2321h 1 5 0 1 ~ 5 0  1801" 2981" 2854"" 179(p 290 *** ** X*  

AI(<; 521,' 852" 241' 79 392" 602" 573" 571,' 91 **X 

HIS 732" 9 5 3 V 5 4 2 h  81 1513" 6 1 3 V 1 0 2 '  1072' 94 *** X** *X* 

VAL 803"" 1084" 533" 92 602" 754""31"" 1033" 110 X**  

LEU 1354.' 1020"" 864" 111 8311" 1110" 1200" 1164.' 130 
ILE 494" 451" 440" 36 372" 431"" 491ah 550" 42 
PH E 123,' 65Zh 81" 42 303" 262" 282" 361" 48 *** 
TRP 472' 53" 112h 24 17(P 233" 231.' 21V 28 '** '* 

GLYS 4661,' 5551" 7063"30 4250" 558Ph 6044hc 7151' 382 *** *S* 

'THR 2612" 2863" 2984" 200 1643" 2490" 3531" 3604h 231 *** 
MET 353" 332" 113" 41 1 7 2  251"" 282""51b 47 *** 

Within the same row and factor, values bearing different superscript differ significantly (P < 0.05). 
t For diets see Table I .  
$ For amino acids see Table 2. 
5 Semiessential. 

ingested. On the contrary, the concentration of free 
glycine was significantly influenced by both the AA 
composition and content of dietary protein 
(P < 0.001). Concentrations of free arginine and 
phenylalanine were significantly decreased in 
chickens given excess lysine (P < 0.05). The addition 
of 2 g/kg nl-methionine led to a significant fall in the 
concentrations of arginine, \/aline, leucine, 
phenylalanine and rnethionine (P < 0.001 to P < 0.05) 
and to an increase of free glycine (P < 0.001). There 
was a sharp fall in the ratio methionine : glycine (on 

average 0.076, 0.060 and 0.016 for diets SL, S and SM, 
respectively) in liver when methionine was added to 
improve the quality o f  the dietary protein. This effect 
was independent of the amount of protein ingested. 
Free levels of isoleucine and threonine significantly 
increased with the level of protein in the diet 
(P < 0.05 and P < 0.0(11, respectively). 

Discussion 
In our experiment an adaptation to diet period of 4 
days was considered sufficient to eliminate the 
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Table 5 .\ii'tiii :'iiliii'> Oii' - l1 I I ~  t i . i2i '  t'~~i'iitii11 ~ i i i i i i l ~  , i t  ill fL',~4:\) ~cliict'i~tirilioiii f ~ ~ i i i i ~ / / / )  i i i  j~lii~iiiii, iiiiisc-It, r i i i~ !  liL~i,i I ] /  ;;r?l,lliii;; 
C ifit /$i7!i- :.i,'c>ii ~i~iiii~~iiit/ii~iit iiitzii llii-~'i/ i ~ i i  .111ii7-~1i'riii iiii,til i i i i ~ i i ~ ~ ~ ~ ! i ' i i i i ~ i i i ~ ~ i i  (5) (11. ~ii/l/~/i'iiit'i~t('~i ii'illi 2ij;;/lk,q !-l!,iiiii~ I i l  i (11 2 ;;l,;: , 11 

l l i , ~ i i i l r l l l ~ l l i  ( 5  111 
P- 

I'rolc.in l c ~ \  (.I ( f i ikg IL)lvl) 
- -pp. ~ 

i10 1211 IS0 740 
I'oc>led 

LIIC>L~ S l S Shl \L  S 5111 51, 5 Sl!l SL S S"\. 1.1,. 

-- .p .p- 

k \ \$ 
(<l  ! l~l<l~lll'l 

L I l l ! '  815, 165' S 730,' 188,' ~)cl~l~"' -487.' 7;15,' 5 1 131,' 1x7 
; ;*I ~ + ' l '  5 71 ,  I;(,,,L,L , c  l 1 l 52.11' ;6'1' 1 (,;l" 5 l ,'l' 1 35."" 2 ~ ~ 4 ' ~  25 
1115 241~ '  IS,"' 1 O f  S$ ( , ( ) p ~ l ,  2 - l 77,117 L p . d x  15.1 1')l"~i 78'1'' 6.6 

\ I i il '  ')S11' h?? IC)h-l 179 h;,' 7C).1 (,h'' 1 1 )  172"' ?(,S'" (, 

I t L. 0 '  l ( 2 '  l 3 l S 78 ' 5 1 ,' 7#' l ( l L  53,' 125,"" 182' 18 
I1.r -, 47)1, 7~1,~ 801'~" I O ~ H  2 -  I - 7 1  58,3'" I I i 10 
I'HE 57,"' h1.11' J?I 110'" l 13' 57,'" 33,' 34.' (,C),'" 25.' (15P' 111' 9.2 
1 1  I lrl 21.1 I 21,' 4o.l 24' l '  3 I 29' 12.1 ?X" 82" 8-2 
(;l Yp ic)h.,lh~i 7 1 #,iIx.i 144.11" - 3(,4""1 354" ] h(,.>'" 133,1!'< 105,"' I XC),"XLI 88.1 23 1 ,dl,c~l 28wti 35 

I I lli 155 "' l h2'l" 11.' 30;"' 147" 45,' 256'" 7 127."' 155"l' 277"' 30<)-" 10 
MTT 1 q l h '  7.2.' 8 ,  18,th 8 3d' 53'1 s.2.11' L ) . ~ I "  14-1 5.6.' 1 1 , '  66" 6.2 

ibj M ~ ~ i c l e  
LYS .3S2h,' 21129'' 7UC!" IMl9" (7572.' I 21371' 3650" 1554' 3503~)" (7341.' 3222.' 136-1 
,AI<<; 117' l 8 '  1 57" 845,"' 1 1I2U1" Sh l ,'l' 5S511' 5 14"" 784"- 720' 792"" ~1260" 1-47' 
l llS 13h."' 2 1 7'l" l 13,"' 2.70'" 203,"" l o 212.1"' 1 7w1"c l 296' 273' 206""' 25 
VAL 350,'1' 2hc).'" 19;" 510" 383."' 102" 485l' 270."' 270.1" 770' 488" 492l' 5 1 
L E U  390" 268%' 2711" 8i79.' 263" 2lC).' 308,' 19 1,' 585-Ib 527' 281,' 346" 288 
1I.F -4107' 2206.'"' 270 1 ,'l" 400 I "' 2 1 72<"l" 3 8 9 6 ~ ' ~ ' ~  351 7."" 166P 1247' 31 17.'"' 1733,'" 3371~"" 468 
1'1 I E  I SOc' 135" l8Y (27' 251" 168.' 365' 191,' 272" -476" 257.' 363" 1 00 
TRP (27.' 58" 86" 615.' 114' 63" 129" 73" 137" 194" 92~' 1 2 v  152 
G L Y S  22 14"'" 2956,"'c 2248'"' 5386' 477lhc 1219,'" 4510"' 4C173'"" 1105"" 4162.1"' 4328''" 65ff 751 
THR 71471"" 752"""' 199" l 1 7  3 l l 2012" 1368'"'' 59911" 17L(!" 1733' 12 1 5"'"" 18h 
hfE'1 327' 102.' 2.37' 160.' 120" 27+' 102.' 59' 210,' 158.' 98" 203.' 64 

( C )  Livcr 
1.YS 2277"" I'M")" 1 123,' 4961' 2M5,1b' 13-44' 13  14"' 2068"" 217F7'' 1458.3 2572""' 1;1-4" 501 
/\I<(; 327."" 2 1 2 1  56@'l" 9c)51x 237.11' ( , C ) ~ . I I V  7421", 285.11" 4 7  C 21h.11' 158 
HIS 680' 918"" 2cJ28' 82')"" 1005,'" 602.' 85[?"' 82C?"17 1616" 562" 10.1+'" l(i05" 162 
\ll\L h l h,"' 831 "I' 3 6  79F71' C15(7,"' 193.' 870"" 106[1"" 557.1~' 932"" i4h31' ($3~)"" 184 
l 114.?'" 8071L' 5 4 1  1725" Sc)+lL' 726"' 147.5'l' 100pl' 1 114"" 1041"" 1388"" l 0401" 220 
I ,E 368.' 4-49" 297,' 1 4 4  348" 54'J.I 41XC' 5 14' 567.' 509" 590" 73 
H 1 4 " 1  5-40"' 55.' Xh,' 602' 8i1.' 89" 650' 102.' 15(>"" 826' 93' S? 
TRI' 22'1,' 32" 76,' 547'' 57.' 110' '767" 61,' 143' 527'' 72" 130' 48 
C L Y S  3314,' 1 2  l 5 2  418 1 . 1 ~  5325,'" h936'" 5072"" 6271."" 67(,5"' 5753"" 63'1~'.'" 93 1 8 '  (,S1 
THK l ,  [S')';""' 15~)41" ??i(~).'l" -- 2c)(,%lh"l 7322'1" 371(,"1 ?()C) ~ , I I " L I  3745~ '1 21)6@11, d 318SLhI 4342'1 396 -- 
MET 197,' 228.' 82.' 765.' 293" l l ,380' 322" l 140.' 47h' 1.36.' 82 

, I,,& , l L  h'ithin the ~ C I I ~ C .  roiv and  f;lctor, \ ,ilues hearing dittercml superscript differ significantly (P < 0.05). 

t Fol diet5 5c.e 'l.thlc 1 
$ For ,inilno acids bee ' I  'ible 2. 
5 Scrniesxln tial. 

c.~~rry-o\.c~r etfect bct\vccn different Ic~\~els of protein. 
I11 this rcspect, ill C? previous t>xperiment with 
growing chickens perforined in our labor,itory 
(Pern6ncle~-Figares cl i l l . ,  IC)96), following a similar 
design, this ,id,?ptation period proved to be a d e q ~ ~ a t e  
to slio\\, signiticant changes in the excretion of uric 
acid-N and ~inirnonia-N a s  '3 result o f  supplementing 
with I N  -1~1ethionine a semisynthetic based on 
soya-ben11 meal '1s '1 single source of protein. 'The 

rxcrction of nitl-ogenous coi~ipoi~~ids  significantly 
drcre,lscd on impro\~ing the biological q~~alit!l of the 
dietary protcin and increased with thc intake of 
protein. Moreo\rcr, in rdts given low-protein or 
c3Jt.cl~~ate-protei~~ diets based o11 casein 
supplemented with high qu'3ntities of indi \~i~Iu~i l  
branched-cliain amino and (X-kctoacids, Block and 
Harper (1991) found that the patterns ot plasma and  
tissue (brain) amino acid col~centra tions were similar 
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at 2, h ancl 10 days of consumpt~on of the 
exper~mental diets 

There is c,\ idence suggesting that ;1 seLere AA 
iinba1,lncc has a prirnary effect on food intake which, 
in turn, can affcct growth rate (Solberg c,t ill., 1971; 
Tasaki cJf  iil., 1976; Okumur,~ and Mori, 1979; 
S ~ i m m e r ~  and I>eeson, 1985). AA rxccsscs can result 

Figure l a  The randomized-block design used in chickens 
paired-fed semisynthetic diets based on soya bean meal 
unsupplemented (diet S) or supplemented with I.-lysine 
(diet SL) or DL-methionine (diet SM). Each group of four 
birds was given each of four levels of protein (g/kg). 

1 (IJJMrLj 

(IOd) J (4 days) I1 
Age 

f--) 

B.itteries 
(IOd) I 

120 
no. - I 

h0 
no. = 1 

240 
no. = 1 

180 
no. = I 

60 
no. = 1 

120 
no. = 1 

180 
no. = 1 

240 
no. = 1 

Figure l b  The experimental scheme tollowed to sample 
plasma (P), ~nuscle (M) and liver (I.) in chickens gi\.eii, 
tliroughout four successive periods (I, 11, 111, IV) 
semisynthetic diets based on  soya-bean meal 
i~nsupplemented (diet S) or supplemented with I-lysine 
(diet SI.) or 131 -n~ethioniiic (diet SM). Diets S and S M  were 
offercd one dav later than diet SL to achieve '2 paired- 
feeding design. 

in impaired growth performnilce (Katz dnd B,lker, 
1975; Han and Baker, 1993). It is clear, therefore, that 
careful matching of intdkcs is required to s t ~ ~ d y  thc 
effects of AA supplementation / ) t7r .  51' so that the 
effects of protein quality and cluantity are not 
confounding factors. In our experiment, the 
paired-feeding design (Figures la and b) allo~red us 
to equalize feeding between treatn~ents. 

210 
no. - I 

180 
no. : l 

60 
no. = 1 

120 
no. = 1 

Compared with the AA requirement reconmiended 
(Table 2), the diets bvit11 60 and 120 g crude protein 
per kg DM supplied insufficient amounts of all EAA 
(except diets SIA for lysine). The diets containing 
180 g crude protein per kg DM were deficient in 
histidine, leucine and glycine + serine. The diets with 
240 g crude protein per kg DM provided an excess of 
all AAs. Overall (Table 3), the supplementation with 
I-lysine (20g/kg, diets SL) and with sufficient 
amount of UI.-methionine (2 g/kg, diets SM) resulted 
in decreases or improvements, respectively, in daily 
body gain and PER, although the effect was only 
significant for diets SM (P < 0.05). Nieto cf nl. (1994 
and 1995) had previously observed significant 

180 
no. = 1 

240 
no. = l 

120 
no. = l 

60 
no. = 1 

increases in daily- body gain and N retention in 
growing chickens given isonitrogenous (200 g crude 
protein per kg DM) semipurified diets based on 
soya-bean meal supplemented with 20 g/kg L-lysine 
or 2 g/kg DL-methionine as the quality of dietary 
protein improved (SL c S < SM). 

It has been reported that plasma concentrations of 
lysine increased (in rats, Pawlak and Pion, 1968; in 
chickens, Hill et U / . ,  1961; May (>t NI., 1972; Mandev 
and Tomova, 1982) and those of other AAs decreased 
(arginine and tryptophan, Hill et al., 1961; arginine, 
May ~t al., 1972; Mandev and Tomova, 1982) in 
animals given graded levels of dietary lysine (up to 
three or four times the requirement of this AA, 
Edmonds and Baker, 1987). Thus, there is evidence 
that excess dietary lysine can antagonize arginine. 
We found that the addition of lysine gave rise to 
increased plasma concentrations of lysine and that 
this effect was concomitant with a significant 
(P < 0.05) decrease of free arginine and tryptophan, 
although interactions between factors assayed were 
significant (Table 4). On the other hand, Pion (1973) 
found in rats that the supplementation with 
methionine in diets deficient in this AA (from 1 to 
8 g/kg) led to a rise in plasma free metl~ionine 
concentrations. Our results agree with these previous 
observations. Addition of methionine to diets S 
caused a significant fall in plasma free levels of 
lysine and threonine. The low-protein diets showed 
the highest differences between treatments. This may 
indicate improved AA balance with AA 
supplementation which enhanced net protein 
synthesis and therefore removal of EAAs from 
plasma. 
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I11 cxperinients concluctcd to t.1 c~luatc~ the effects o k  
gracled  mounts of lysine \\he11 ,ldded to dirks 
cic.tic.icnt in thih AA (Pac\.lak 'lnd I'ion, 1968; Iclcob\ 
a n d  Crancl,lll, 1972; I'ion, 1973) i t  h,ls been rcportcd 
tIi,lt tlie ,lmount of diet,lr\ I! sinc c\,,~s bcttcr 
correl<~tcd ~ ~ i t l i  free Iysinc. in ~ ~ l u s i l c ~  than in bloocl. 
In the. current \vork changes in free levc,ls ot Iysinc~ in 
in~~si.Ic~ \vcyre iluailtit,itivcly more ~mportant th;lil ill 
plasma and sho~vecl a tendency to increasr) with the 
,ulliount of protein ingested. Eclmonds jnd Baker 
(1 987) found thdt in pigs excess lysinc, tendcd to raise 
tlie concentrntion of lysinc in musclr but that o f  
argininc \vas unaffcctcd. Our results ,ire in 
,~greernent with these observations. The rise in the 
concentrations ot free \r;llinc., isc>lc>~~cine ,~nd  
phei~ylal~~ninc causecl by feeding excess of lysine 
ni'iy reilecl a dccline in their ~itilization for protein 
synthesis, ,IS thesc EAAs were not limiting in our 
cxperirnental diets. Concerning the s~~ppleil~eiitation 
with mcthionine, in studies with rats Pion (1973) 
inclic;ited that ,~ltl~ougli the free nictliioninc 
c~ncentr~~t ions  wcrc low whcn the diets were 
deficient in this AA, they increased with their dietary 
Irvel, Inore quickly in muscle t11;un in blood. In our 
experiments diets S and SM showed significant 
differcnccs ('lable 4) in concentrations of frcc 
methionine in plasina (P < 0.001) and muscle 
(P < O.05), although differences betmrcen 
experimental treatments (interaction diet X protein 
level) did slot attain statistical significance for muscle 
(P  < 0.05; Table 5). 

In liver, some studies (Jacobs and Crandall, 1972; 
Edmonds , ~ n d  Baker, 1987) lic~\re shown that free 
lysine concentrations increase 011 increasing the 
amount of dictdry lysine, although this effect was, 
however, more marked in  muscle than in liver. 
Similar observations li<~\/e been made in the present 
work. Edmonds and Baker (1987) fo~lild t h t  excess 
diet'lry lysine in pigs increased lysinc ancl 
methionine in liver and tended to lower free 
arginine. In our experiilients the ;lddi tion of lysine 
resultcd in a significant (P < 0~001) d ~ c r e ~ l s e  of free 
arginine and phenylalanine ancl a significant 
(1 '~<  0.001) increase of trj~ptoplian. 011 the other 
Iiand, on increasing the le\/el o f  dietary ~nethionine 
tlie free methionine in l i ~ e r  was reduced. This fall 
was concomitant with incredses in metllionine in 
plnsm,l 2nd muscle, which may indicate that this AA 
is either rapidly metabolized by li\,er or readily 
released into tlie peripheral blood stream. Also, the 
supplementation with methionine had '3 lowcring 
effect on concentration of free glycine in muscle and 
increased the concentration of this AA in the liver. 
In thc ,ibo\,e mentioned experiment of 
F e r n i n d e z - F i g s  i,f ill. (1996), n7e found that the 
supplementation with methionine gave rise to 
bignific,lnt decreases in thc excretion of total 

ni trogcw, uric x i d ,  ,~mmoni ,~  'incl ure'? and also t h l t  
the exirction ot these catabolitcs i~icre~isecl \\ritli the 
incrt~asc, i n  protein iiit,lkc. -1 MO of tlie tour N  toms 
ot excreted ~ ~ r i c  'lciil arise trosn '3 111 ic1~'-N of 
gl~~tamincs dnd !hc otlieri from ,lspc3rtatc and gl\.cine, 
s o  tliat excretion oi uric ,icid pclrc~llcls excretion of 
glycine. Consecluently, tlie 1owc.r excretion of uric 
,icld found for the, chickens gi\,ctn dicsts SM in 
cornpdrisoii ~vitli thosc recei\ ing diets S sccrns to bc 
in agreemrnt \\-it11 tlie higher conce~ltr~it io~~s oi free 
glycint' in li\.er cncountrred in thc prescnt 
experime~~ts. We h a w  obser\.ed '~lso, within each of 
the protein Ie\rels studied, ,l negative relationship 
between concentrations o f  tree glycine in li\,er <1nd 
m~~scle ,  suggesting thc existence of an efficient 
exchange between free glycine pools in pl~~sin,i and 
muscle and ,llso '111 efficient uptake of tree glycine by 
the. livcr to this AA and keep p l a s n ~ ~ ~  gl ycine 
concentrations fairly constant. 

Concerning the effect of dietary protein content on 
free AA con~entr~~tions,  the a\,ailablc d'ita inclicate 
that the concentrations of inost EAAs in plds~na 
increase (Tasaki and Ohno, 1971; Tews and Harpcr, 
1985; Peters and Harper, 1985; Soemitro 1.t nl. ,  1989; 
Jansen ct d., 1986 and 1991), mostly those of 
branched-cliain AAs ( Iews and Harper, 1985; I'eters 
and Harper, 1985; Soemitro r t  l . ,  1989), 
proportionally to tlie dietary protein level, whereas 
the non-essentijl AA concentrations decrease (Peters 
and Harper, 1985) or remain unaffected (Soemitro ct 
ill., 1989; Jansen r l  ill., 1986 and 1991). Tasaki and 
Ohno (1971), in experiments with 5-month-old 
chickens, and Soemitro c7t al. (1989), in adult rats, 
found different response curves of the p1'1sina AA 
concentrations to the dietary protein Ie\rel, which 
suggests that these trends are a reflcxion of the 
metabolic activities of the individual AAs and also 
that plasma AA concentrations ~1re accurately 
regulated, for example by antagonisms between 
AAs or the dealninC~tion rate of AAs. In this respect, 
it has been shown (Tasaki clincl C>lino, 1971; Jansen i't 
ill., 1986 and 1991) that the plasmd concentrations of 
lysine and threonine, which are relatively resistant 
to dc '~  mination, ~ l rc  frequently higher tl1'3n those of 
tlie rest of AAs. O L I ~  results agree with these 
observations, particularly in case of lysinc. Body 
pools of inost AAs increase in animals immediately 
'ifter tlic'y 1l;lve consumed '3 meal, and the increases 
are proportional to thc protein content of the diet 
(Llixon and Harper, 1984). Since most AA-degrading 
enzymcs I1'1r.e high K,,, values, r&es of oxidation of 
amino acids increase in response to increased 
substrate concentratio11 until body pools are 
rcstored to the pre\,ious state; the time required for 
this depends upon the size of the meal and its 
protein content (Soemitro izt ill., 1989). If protein 
int'3ke is in excess of the animal's needs, the time 
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recl~~ired tor restor;ltion o f  body pools t o  normal is 
greatly prolonged and there is '1 transitor\, 
depression in foocl intakc in dirc9ct proportion to this 
dcgrcc of AA surplus, and most o f  AA-degrading 
cnzymes are incluced. This reduction 1s c~ssocic3te~l 
with ele\,ated concentrations of EAA in pl,~sm;l. 
Tlicn '1s the animal ,~dapts to '1 high protein diet, tht. 
c;lpacit)- of tlir liver to dt,glade most AA incrc,ascs 
and the conccntrations of AAs othtr than thc 
branchcci-chain AAs in the peripheral blood c10 not 
exceed those of animals consuming less protcin 
(I'eters and Hdrpt'r, 1985). Con\lcrscly, it protein 
intake does not match requirements, most 
AA-degrading enzymes fall to low acti\.ities, which 
should contribute to conservation of AAs tor protein 
synthesis ;utd mCiintenance of body free AA pools 
(Icrebs, 1972; Harper, 1971). In our studics wc liavc~ 
found, as a gencr'il trend, tliat whc,n the, low-protein 
diets ((70 anc1 120 g crude protein per kg UM) were 
given, pldsma conccntrntions of most EAAs 
increascci with the highest protein intake ' I I I ~  that 
the sdme pattern was noticcd whcn the 
adequate-protein (180 g crude protein per kg DM) 
and the high-protein (240 g crude protein per kg 
DM) diets were given. In comparison with values 
obser\recl in muscle, plasma fluctuations of some 
EAAs (lysine, arc~inine, threonine) were rather 

a.. 
moderate. These findincs and the observations c, 

clescribed above on relationships found between 
pl<~sma AA concentrations and AA profile of the 
protein ingested s ~ ~ g g e s t  that the measurerncnt of 
plasma AA concentrations does not offer a practical 
tool for the assessment of the nutritional value of 
dietary protein. 

In muscle, the general trend reported, with few 
exceptions, is an increase in the concentrations of 
EAAs (Kunacliowicz c7f ill., 1983; Tews and Harper, 
1985; Jansen c l f  ill., 1986; Soemitro i7t nl. ,  1989), mostly 
in those of branched-chain AAs (Tews and Harper, 
1985; Soemitro cl ill., 19891, with increasing dietary 
protein level, whereas the concentration of 
non-essential AAs ren2ains practically unCdtered 
(Tews and Harper, 1985; Jansen cJt ill., 1986; Soemitro 
c7f al . ,  1989). In the present work we  ha\^ found 
different responsc curves for individual AAs. 111 
particular, there was an increase ill histidine, valine 
ancl threonine with increases in dietary protein level. 
The increase in the con~en t r~~ t ion  of threonine agrees 
with previous results obtained in rats (I'ion, 1973; 
K ~ ~ n ~ ~ c l i o n ~ i c z  c7t ill., 1983) ,>nd is concomitant with 
the high concentrations of these AAs found in 
plasma. 

Earlier obselrrations (Tcw5 anti Harper, 1985, Jansen 
~t ( 1 1  1986; Soeinitro L? ( 7 1 ,  1989) indicated tliat free 
EAA concentrat~ons In liver ~?art~cularlv 

, , 
br;unched-chain AAs, increased oil increasing dietary 

protein intake, lvliile c1iangt.s in the conccntrations 
ot non-essential AAs \tcrc inconsistent. I11 our 
c~xpcrinic~nt5 i2.c h a \ c  found a11 increase in the 
concentrations of free isoleucinc, glycine and 
threonine p r ~ p o r t i o n ~ ~ l  to the le\el of ciietary 
protein. 

It is now \27c\Il docc~~ncntccl that protein n~et~~bol ism 
is regulated, and profoundly influenced, by cIi'~nges 
in tlie supplj of free AAs to the vC~rious tissues and 
o rpns .  It  IS been postulated ( M ~ ~ n r o ,  1970) that 
while there is often <I close association betcl,ccn 
changes in tlie free AA composition in plasma ancl 
muscle, the liver inay behave differentl\ since 
dietary AAs first cross the li\,er, which -can be 
bufferecl against AA depletion. C)n thc other hand, 
the livcr protein undergo large c11,lnges in turn-o\,cr 
rate (ciltho~rgh balanced by dietary uptake) and the 
endogenous AAs thus released provide a major part 
of thr liier AA pool. In gtmeral, with minor 
exceptions, there was no clear direct relationship 
bctwcen thc AA content of the protein ingested and 
the free AA concentrations in plasma, muscle and 
liver. This might stem from the fact that the 
concei~tr~~tions of free AAs in tissues account for only 
<I minor fraction of the AA intake. In this respect, it 
has been calculated from values obtained with diet S 
at different protein levels that the amount of free 
AAs in plasma, muscle and liver represented 1, 23 
and 8 g/kg of the absorbed AAs. It has been stated 
that it is difficult to interpret changes in free AA 
pools without additional information about AA flux 
(Munro, 1970; Waterlow and Fern, 1983). Moreover, 
considerable attention should be paid to protein 
degradation in tissues, as it has been reported (Riis, 
1983) that it can represent mcre than half of free AAs 
released into the extracellular pool. 

In summary, we undertook the present s t~ldy to test 
the hypothesis that skeletal muscle and liver would 
provide more suitable pools than plasma to establish 
close relationships between free AAs profile in 
tissues and AA intake. Some significant relationships 
have been observed. Particularly, the changes in the 
ratios lysine : pl~enylalanine, lysine : valine and 
rnethionine : glycine in niuscle together with that of 
rnethionine : glycine in liver seem to be appropriate 
indexes of the aclequacy of the AA profile of the diet. 
Moreover, the measurement of the changes in tissue 
concentrations of free methionine is a sensitive test to 
evaluate this AA in the diet. Howe\/er, 'is the present 
study related to the baldnce or imbalance effcct of 
supplementing wit11 a single AA (methionine or 
lysine, the amino acids niost likely to be limiting in 
practice) and a ~ ~ n i q u e  protein source was used, 
extrC~polation of data to the range of protein qualities 
encountered in typical practical diets would need 
further validation. 
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Effects of isolation on the behaviour, live-weight gain, adrenal 
capacity and immune responses of weaned red deer hind calves 

A. 1. l i c ~ i ~ l o n l t ,  S. M. Rhind', H. W.  Reid', C. Burrells2 and A. B. Lawrence' 

Abstract 

A f  iorniliiix i l f  3 r~ioilths o f ~ g ~ ,  ( i o ~ r k  l ) ,  30 r t ~ ~ f  dcrv lriild calrlrs ir!rYr housrd ill six groups of frill, irrliii7nls at a 
sfockiiig dcilsify of 1.5 rn2 per head and rnniiltnirlcd irr fllesr groups f ir  4 svreks. A t  thc stclrt c?f ii!rrk 5, 1711 cali!t7s 
iurre i~irtilltr~izerl iuitli oi~alhurnii~ ( O V A ) .  Fifteen cnl7lrs,froi~i thrrr groups, selpi-fed at ratldoin, ivrr.1. fran?prutd to 
irldir~id~ial prrls sl!llirh restrictrd i/is~ial atld tactil~? contact i~lith ufhers (ISO) rohilr the rrrnnining nniitrnls ilJtlrr kept 
in their groups (GP). The brhaoioltr, food iiitakc, li7lc-7~1eigllt gain, ailtibody aiid lyrnphocyfr rrspoiiscs in vitro to 
O V A  aizd lyrnphocyft> responses in vitro to the non-specific rrmitogen, co~rcnirnvalirr A (CoirA), of all calves ivcrr 
assessed in eaclz of ruc>eks 5 to 9. lsolntrd calves had n lower mean live-iori<y/lt gaiii t h a ~  GP calzles (I' < 0.0011, 
nlthough there were no diffeue~zces in food intake. Sigilificantly iizore time suns spent l~j ing (P < 0,0011 but less time 
feeding ( P  < 0.05) aizd sc~If-groomir~g ( P  < 0.001) by [SO that1 by GP calves. There T L I ~ ~  110 significarrf cl~&rrllcr> 
betzuccrl I S 0  nnd GP calves iir the mrtisol response to lzll  ACTH cllallc~ilge fcst (10 i.u.) at il~rek 11. Lyri~phocytc 
ucspoizses a i~d  aiztibody titres to O V A  iuere lo7uer in GP thau i i ~  I S 0  calz~rs at sueeks 7 ( P  < 0.05) nnri 8 (P < 0.051, 
rcspectizlel!y. In contrast, GP calves had greatcv lynzphocyfe rcsporlsrs to the norl-specific mifogen, ConA, ii? ivcrks 7 
( P  < 0.05) aild 10 (P < 0.001) but not in week 9 conzpured with [SO culvfs. Diffprt9lrcrs in lynlpllocyte stiiirirlation 
zilertJ attributed to the non-specific mitogenic nature qf ConA. Factors such ns a<yo~i?isfic inferacfioirs rvi~lrilt ill 
group housing nlay havr coi~lproinis~d the antibody and lyinplrocytt~ respo~scs to O V A  b!j GP caIz!es biif C O ~ ~ ~ ~ P Y S ~ ~ ~ ! I  

the lack of social contact may have also supprrssrd behavioural activity in [SO calves. 

Keywords: hchazlrour, rvnrr~zri~r rcspolzsr, ~solntroi~, utd dew, sfrtJss 

Introduction 
In Britain, farmed red deer (Ccril~is cli7phus) are 
normally maintained in groups at pasture 
throughout the year, except calves post weaning, 
which are housed over-winter because they have a 
lower proportion of body fat than adults and so are 
less able to cope with adverse weather conditions 
(Blaxter ct i l l., 1988). Fighting amongst housed calves 
is a common problem, often countered by removing 
b~illies or bullied ilidividuals and housing them in 
isolation. 

Red deer are highly gregarious animals (Clutton- 
Krock r t  al., 1982). The short-term social isolation of 

t Present address: Faculty of Veterinary Medicine, 
University College Dublin, Ballsbridge, Dublin 4, Ireland. 

farmed red deer has been shown to increase heart 
rate and elicit escape behaviour (Pollard et al.,  1993). 
Similar studies on the short or repeated short-term 
isolation (<l h to 24 h) of traditional livestock have 
reported illcreases in fearfulness (Veissier i7f [I/., 1994) 
and motivation to move and interact (Bowers rt nl., 
1993), greater adrenocortical activity (Parrott, 1990) 
and increases in leucocyte numbers (Cockram c'f LII., 
1994) compared with group-housed conspecifics. 

The aims of this study were to assess the effects of 
long-term social isolation on the behaviour, 
productivity, adrenal activation ancl immunity o f  
farmed red deer calves and to investigate further the 
value of immune responses as potential indices o f  
chronic stress. This was acl~ieved by comparing the 
antibody and cell-mediated immune responses, 
behaviour, cortisol response to an 
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c ~ d r t ~ r i ~ c o r t i c o t r ~ h i c  liornionc (ACTH) c11,illcngr 
tcst, food intdke and li1.e-weight w i n  of ~ e a n e d  rccl 
deer c,ll\,cs l io~~sed in i ~ o l ~ ~ t i o n  01. in groups for 5 
~ ~ c k s .  

Material and methods 
Airii~ral.: ilrlif  tic~ntrirc~iits 
In early September, 00 red deer hind cal\,es werc 
abruptly weaned at approximdtcly 3 months of age 
and iniinecliately transferred from past~irc to indoor 
pens. C a l ~ e s  were allocated by live ~reiglit to one o f  
six pre-treatment groups each containing five calves 
(at a stocking density of approximately 1.5 ni' per 
head) and maintained in these groups for 4 weeks, to 
r~llow c~daptc3tion to weaning (Hanlon c7f ill., 1994) and 
newr groupings. At the start of week 5, three groups 
of cc~l\.es selectecl at random, were transferred into 
fifteen single pens each of 1.5 m' with solid walls 
1.5 m higli(iso1ated treatment, ISO), which restricted 
~ ~ i s u a l  '3nd tactile contact with neighbouring animals. 
Isolated calves and the remaining group-l~oused 
calves (group treatment, (X') were maintained in 
their respccti\re pens for a further 6 weeks i.e. weeks 
5 to 10. 

All calves were offered r z d  Irbrt~rrir a complete diet, 
'Complete Deer MIX' (North Eastern barmers Ltd, 
Aberdeen) at approximately 11 00 h each day, 
throughout the study Iiefusals were weighed daily 
from weeks 5 to 10 

Puc~ccdlri e5 ililll rnt'17s~li enlcut5 
Food rrltak(' and 110c~ s~~ciglrt Xnrn Mean food 11itake for 
individual IS0 and groups of GP calves was 
estimated from the difference between food offered 
and refusals Live welghts of c a l ~ e s  were recorded 
on clay 1 In each of weeks 4 to 10 

B~~hailiolru. The activities of all calves were recorded 
every 5 inin during a 2.5 h observation period (09.00 
to 11.30 h) on days 6 and 7 of weeks 5 to 10. The 
classes of activities recorded were standing, lying, 
feeding (feeding on concentrate or sawdust 
bedding), self-grooming, pcn-directed activities 
(licking walls, water pipes and troughs), exploring 
the surrounding environment (standing on hind legs 
or with forelegs in tlie food tro~lgli to look outside 
tlie pen) and other activities (moving, drinking and 
'star-gazing' defined as neck outstretched with head 
and neck turned in a stiffened circular motion). 

ACTH s f ~ ~ ~ ~ ~ l a t i o ~ l  fi7sf. An ACTH stimulation test was 
conducted between 09.00 and 13.30 h on day 2 in 
week 11. All calves were herded into a handling area 
behind a drop-floor crate. Individuals were 
manoeuvred by a stockperson up  a ramp into thc 
crate, where the floor was released, securing tlie 
aninic~l for blood sample collection. Single l0 ml 

blood samplcs were iollectcd t ~ o m  each calf bv 
I I I P U ~ ~ ~  \ r em~~inc tu re  ~ n t o  nn e\acu,~tecl t ~ ~ b e  , < >  

cont'lining 10 i.u. heparin per ml. Fiftccn c'ilves were 
randomly selcctt~d from IS0 (no. = 7) and (;P (no. = 

8) groups '111d injt'cted ( 1 . )  ~vi th  2 lng 
Jexametliasonr (DXM) sodium phospliatc 
(L>exadreson, Inter\.et UK Ltd), to suppress 
endogenous ACTH secretion and then returned to 
their pens. After 0 h a second 10-m1 blood sainplc 
was collected from all calves dnd followed by an 
injection (i.\..) of 10 i.u. synthetic ACTH (Syriacthen, 
CTRA, Horsham, UK). A final 10 m1 blood sample 
was collected from all calves 1 h later. 

The plasma was assayecl for total cortisol 
concentration using a radioimnxunoassay kit (Coat-a 
Count Cortisol, E&/DPC Ltd, Caernarfon, UK).  
The assay sensitivity was 2.68 nmol/l and the intra- 
and inter-assay coefficients were 0.11 and 0.18, 
respectively. 

11~111r~iilr i~~spc~ilst~s to ovi~lblr11ii11. On day 1 of week 5, 
prior to treatment allocation, all calves were 
immunized wit11 a l-ml subcutaneous injection 
containing 5 mg aqueous ovalbu~nin (OVA) (Sigma 
Cliemical Co. I,td, Poole, UK) emulsified in an equal 
volume of incomplete Freund's adjuvant (Difco 
Laboratories, East Molesey, UK). Single 10-m1 blood 
samples were collected at the time of immunization 
and then on day 1 of weeks 6 to 10. The primary 
antibody and lymphocyte responses to OVA were 
assessed from blood samples using an enzyme- 
linked iinmunosorbent assay (ELISA) and in vitro 
lymphocyte stimulation assays (LSA), respectively, 
as described by Hanlon ct al. (1994). 111 addition, 
Iymphocyte responses to stimulation with the non- 
specific mitogen concanavalinA (ConA) were 
measured. 

Slntistirul inefllods 
Repeated measures analysis of variance was used to 
compare the effects of treatment on antibody 
response to OVA and the proportion of time spent 
feeding, ingesting sawdust bedding, and grooming. 
Residual maximum likelihood (REMZ,) was used to 
analyse live-weight gain, food intake, cortisol 
response to ACTH, lympliocyte responses to OVA 
and ConA and the proportion of time spent lying, 
standing, exploring and in 'other' activities, due to 
non-orthogonality caused by missing values or 
variance instability. 

A logarithmic transformatioi~ (log (1 + \ d u e ) )  was 
~ ~ s e d  to normalize skewncss in the distribution o f  
antibody and lymphocyte response to OVA, the 
proportion of time spent ingesting sawdust bedding, 
grooming, exploring, pen-directed and 'other' 
activities , ~ n d  food intake. A square root 
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Table 1 M~~i i i i  ~li'rct~iit(~gi' i!f liiiic. s{~c~iit iii ififfi~/.c~!ii iiil!i1ilii7s ili/ 

is01iitc'i-l (150)  iiiid ;~i./~iir~-lii~iiic.ilt IC;PI ic'~iiiic'i1 ri7il iltzi2r i.iilili,\ 

Isc>lated Group S.C. 

Lying 
Standing 
Feeding 
Licking cvalls 
Grooming 
Exploring 
F'iting bedding 
Other 

t Social interactions suc11 '1s fighting and allogrooming 
II'IVC bccn cxcluded becaust. the" only applied to C;P ,incl 
account for apprt-rximately 5";) of the total activity in GP 
calves. 

transformation was used to correct for the variance 
instability of lymphocyte response to Con A.  

Untransformed means and standard error terms 
have been cited in the text and figures. All data were 
analysed using C,I:NSTAT 5 release 3 (Lawes 
Agricultural Trust, 1993). 

IS0 and GP c'11ves spent increasingly morc time 
exploring as the study progrcsscd (P < 0.001). 

ACIFT stir~iiilalioii  test 
Tsolated calves had significantly lower me;un plasma 
cortisol concentrations before DXM administration 
than GP cc~l\res (P < 0.001; Tablc 2). DXM injection 
resulted in '3 reduction in plasmcl cortisol 
cc~ncentrations in both IS0 and GP calves co~npared 
with no DXM cal1.e~ (P <0,001; T,~ble 2). Neither 
treatment (IS0 il. GP) nor DXM administration had 
any significant effect oil llleall increase in plasma 
cortisol concentration following ACTH injection 
(Table 2) . 

I r~ i i~nr i i c~  rc~spor~scs 
f l r i f i b o d , ~ ~  rc7s/lorlscJs. Antibody response to OVA was 
consistently higher in IS0 than in GP calves and 
sigilifica~ltly so (12.1 i l .  8.10 (s.e. 1.02) ?L; P < 0.115) at 
week 8 (Figure 1). 'l'reattnent had no effect oil the 
time taken to initiate an antibody response to OVA (7 
to 14 days post immunization) (Figure 1). 

Results .- g rs 
Live-weight gnin and food in tnkc + 

Isolated calves had a lower rate of live-weight gain .; 
(138 cl. 202 (s.e. 14.8) g/day; P < 0.001) than GP '$ 

calves, but there were no significant treatment effects 1 0  

on food intake (1676 71. 1715 (s.e. 178.3) g per head 
-0 

per day; P > 0.05). 5 
5 

Activity a? 5 
Significantly less time was spent feeding (lJ < 0,001), 
ingesting sawdust bedding (P < 0.05) and grooming 
(P < 0.001) by IS0 than by GP calves and IS0 calves 
spent more time lying than GP calves (P < 0.001; O 

Table 1). The incidence of pen-directed activities 1 5  6 7 8  9 1 0 1 1  
such as licking walls and 'other' activities were also Week 
lower in IS0 than in GP calves (lJ = 0.05; Table 1). ~i~~~~ 1 M ~ , ~ ~ ~  , lntibo~y titre ( 'X,  standard titl-c) to 
Treatment had no significant effect on the proportion o\~albumin by isolated (I-) '2nd group-housed (- -) 
of time spent standing or exploring, although both farmed red deer cal\~rs. 

Table 2 Eff;.c.ts of 2 fii,y di~x~~rric'thizsoi~c. ILIXM) nilitiiilistrntioi1 (111 tlrt~ riiivzir totirl {~lasilin rr!r.ti~ol coi~i~t'rrtriitioi~s ir~iicol//) i i i  isoli~tc,ii 

( I S O )  niiil ~n~u f ) - l l o i r s i~d  ( G P )  iclcnrird n,d d c c ~  iiilvcs bt:fonz iii~ii N P P ~  i.11. irljt~ctic~ii ($10 i.11. y i t l h ~ l i c  ACTH 

Isolc~ted Group-housed Significance of  effect 
Pooled 

DX M No DXM DXM No DXM s.e. Housing Dex,imethasone 

RI~s'il 24.14 27-94 47.89 58.67 22.52 X* *  

Before AC 1'1 1 2.69 12.60 1-06 29.28 '1.27 =** 

After ACTH 133.1 120-7 125.9 129.9 35.25 
Increase 129.5 107.9 121-0 90.92 38.77 
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1 5 h 7 8  1 0 1 1  
Werk 

Figure 2 Lynipl~ocyt' rc5ponsc (stirn~ll,ltion index) to 
o\,albumin by isolatrd (--#I-) and group-ho~lsed (--) 
tarnled rcd deer calves. 

I,!jrrrpllo~-!/tt~ vi7syorisc~s. At week 7, IS0 calves had <I 

significantly greater lymphocyte response to ClVA 
than GP calves (17.9 v. 27.4 (s.e. 9.36); P < 0.05) 
(Figure 2). In contrast, lyniphocyte response to ConA 
was significantly lower in I S 0  than GP calves at 
week 7 (255 v. 347 (s.c. 29.7); P < 0.05) and week 10 
(86.2 11. 170 (s.c. 21.0); 1' < 0.001), although IS0 calves 
had a higher lymphocyte response to ConA than GP 
calves at week 9 (155 71. 62 (s.e. 25.2); P < 0.01) 
(Figure 3). 

Figure 3 1,yrnphocyte response (stimu1,ltion indcx) to 
concanavalin A by iwlatrd (-)-) anct gro~lp-housed 
( - )  tarrned red deer c,ilvt~s. 

Discussion 
Li\,estock such as cattle ancl pigs ,Ire so1nc~tilnc.s 
~n,~ir~tdined in socidl isolation to incre;lsc their li\ c'- 
weight gc1in ancl reproducti\.e success ((;onyou 1.t i l l . ,  

1992; McGlonc i7t iil., 1994). In this stud!, (<I' c ~ l \  t b  

had ,I greater 1ivc.-bvciglit gain than 1SO cal\,es, a~nd 
'~lthougln reproducti\.e success w ~ ~ s  not n~easurcd in 
this c~xprriment, lowered livc-weight gain has been 
shown to del'ly the onset o f  puberty and reduce 
rcpro~j~1cti1.c rate in farmed red deer hinds (Blaxtcr c,t 
ill., 1988). lsolatcd cal\,es spcnt less time teeding 
d ~ ~ r i n g  the obserx,ation periods tharn GP c,dves, 
although there were no differences in food intake. 
Calvcs were given food mid-way through the 
behClviourL~l observations and less time spent fccding 
in I S 0  calves may reflect thc lack of social facilitation 
to feed ,IS obserxred by Ha~lser~ ca t  ill.  (1982) in pigs or 
lack of competition for feeding space. Koth treatment 
g r o u p w e r e  obser\,cd ingesting sawdust bedding 
during the study and, although GP cals~es spent 
inore time eating sclwd~st, its nutritional content is 
negligible and so it is unlikely to have contributed to 
the differences in live-weight gain. 

Farm anirnals are sometimes isolated to prevent 
bullying or during clii~icdl illness, but isolation may 
reduce behavioural activity c'lused by the lack of 
cxteroceptivc stinlulation or the inability to express 
i~ormal behaviour. In general, behavioural diversity 
decreases with increasing confinement (Dantzer, 
1986), partly due to the physical constraints o f  the 
environment restricting, for example, movement and 
social behaviour (Bowers c7t al., 1993; Veissier ' l  ill. ,  

1994). This is reflected by the greater proportion of 
time IS0 calves spent lying inactive compared with 
GP calves. 

Througlio~~t the study individual G1' calvcs were 
(observed to stand with thcir forelegs in the iood 
trough, peering into adjacent pens (the pen walls 
were 1.5 m high) and, as the experiment progressed, 
similar behaviour was observed in IS0 calves. 
Isolated aniinals are highly motivated to interact 
with conspecifics (Price and Thos, 1980; Rowers et ill. ,  

1993; Veissier i2t ni. ,  1994). No physical contact was 
observed between IS0 individuals, although the 
repeated occurrence of this behaviour Inay suggcst a 
need to interact with or be within sight o f  
neighbouring animals. The latter suggestion is 
supported by the relatively sinall proportion of time 
(approx. 0.05 of  thcir total activity budget) GP calves 
spent in social activities S L I C ~  '1s ~l l l logr~omi~~g.  

GP calves had higher basal and 'before-ACTH' 
pl;lsma cortisol concentrations than IS0 calves, 
altl~ough these differences disappeared following 
ACTH administration. The elevated basal cortisol 
concentration and subsequent decre,~se beforc AC'TF I 



Social isolation of red deer calves 545 

administratioil in G P  calves, may be indicati\,t. of an 
acute response to hmdling (Hanlon c7t ill., 1995). 
Purcell and Ara\,e (1991) showed that heifer calves 
reared in groups were more fearful, when hdndlcd in 
isolation, than their twins reared in indiviclu'd pens, 
because grouped indi~~idvals liacl less direct physic,il 
contact with the stockpersons than the isolated 
calves. 'J'lie potential stressor dssociated with 
handling and restraint may therefore have been 
perceived as greater by individual GI' calvcs than 
IS0 calves, clue to their relative inexpericncc or lack 
of direct contact with stockpersons (Hanlon rJf ill., 

1995). 

Adrenal activation produces differential effects on 
the immune responses, depending on the degree, 
timing 'atid duration of glucocorticoid release relative 
to an immune challenge (Griffin, 1989). T 
lymphocytes involved in the cellular responses are 
considered to be more sensitive to cortisol than F3 
lymphocytes, which mediate antibody responses 
(Siegel, 1987; Coppinger ?t al., 1991). There were no 
apparent treatment differences in adrenal activity 
between IS0 and GP calves, although cortisol 
concentration in plasma was measured on only one 
occasion. Group-housed calves had significantly 
lower lymphocyte and antibody responses to OVA 
than IS0 calves, 2 to 3 weeks after treatment 
allocation, which may have been induced by social 
stressors ~ u c h  as agonistic interactions associated 
with living in groups. In a previous study (Hanlon t>t 
al., 1995) social stress, caused by repeated 
hierarchical challenges was shown to impair 
lymphocyte responses in juvenile red deer. In 
contrast, in the present experiment, GP calves had 
greater lymphocyte responses to ConA than IS0 
calves on two of the occasions that it was measured. 
Concanavalin A is a non-specific mitogen, which 
produces a blanket stimulation of blastogenesis in up 
to 90% of all circulating T lymphocytes (Gershwin ~t 
al., 1995). It is used as an index to assess the general 
responsiveness of T lymphocytes and does not reflect 
the level of immunocompetence. In contrast, 
stimulation by an antigen such as OVA is a more 
specific response and selects both T and B 
lymphocytes (less than 0.l%, of the lymphocyte 
population) which have bee11 primed following 
immunization with OVA (Gershwin ~ > f  al., 1995). 
Lymphocyte stimulation to OVA is therefore a more 
accurate indicator of immunological competence. On 
the basis of the responses to OVA, it can be 
concluded that the GP calves had a lower immune 
status than IS0 calves at certain times during the 
experiment. 

Isolated calves had greater antibody and lymphocyte 
responses to OVA than GP calves mid-way through 
and at the end of the experiment. This may reflect the 

impact o f  social stressors, such as fighting, 011 tlit' 
imn~uiiocompetence of GP c'~l\,es (Hcinlon 1.t iil., 
1995). In contrast, soine of the beha\riour cldta, in 
12artic~lar the higher level of in'lctivity and repeated 
attempts to see their neighbours by IS0 cal\.es, md! 
be indicative of the lack of exterocepti\,e stimulation 
in single pens associdted with a sub-optim'll 
environment. These apparently contradictor) 
observatiol~s, draw11 from the study, suggest that it 
will not be possible to draw clear conclusions a b o ~ ~ t  
the welfare implications of social isolation in farmed 
deer without further research to determine the value 
of the respective criteria ~ t s  indices of welfare. This 
research would include investigation of group 
structures and the mechanisms through which stress 
may affect the immune system. 
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