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ABSTRACT 

Genetic and pheno typ ic parame ters were es timated from liveweigh t 

and fleece data recorded on 1 604 New Zealand Romney lambs between 1970 

and 1 972 . The flock into which the lambs were born is located at 

Woodlands Research S tation near Invercargill . The data analysed are 

from the es tab lishment phase of a long- term selection experiment ; 

the flock was closed for selection in 1 973 . 

The traits s tudied were birthweigh t (BWT) , docking weight  (DWT) , 

weaning weigh t (WWT), April l ivewe igh t (APR) , June liveweight (JUN) ,  

Augus t  liveweigh t (AUG) , November l ivewe ight  (NOV) , 2- tooth liveweigh t 

( 2TH), lamb fleece weigh t (LFW) , hogget  f leece weigh t (HFW) , s tap le 

leng th ( STL) , quality number (QNO) , character (CHR) , f leece colour 

(COL) and break sever ity (BRS) . 

Res tricted maximum l ikel ihood (REML) es t imates of the variance 

components were ob tained . These were used in the generat ion of 

p aternal half-s ib estimates of the her itab ilities (h2) ,  the inter- trait 

gene tic ( r  ) and phenotypic ( r  ) correlations , and the bes t linear 
g p 

unbiased es t imates (BLUE) of the non-gene tic ( f ixed) effects . 

The estimates of the h2 ' s  for the liveweights ranged from 0 . 0 8  

f o r  BWT , increas ing through t o  0 . 1 3 f o r  2TH . These es t imates are 

lower than mos t  of the values previous ly published (generally , from 

0 . 2-0 . 4 ,  respec t ively) , al though they are comparable with many of the 

more recent h2 estimates for l iveweight .  

The es timates o f  h2 for the f leece traits were generally s imilar 

to the estimates of previous s tudies . Es t imates of 0 . 19 and 0 . 30 

were ob tained for LFW and HFW, respect ively , and 0 . 37 for STL . The 
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fleece quali ty traits were found to have h2 es timates ranging from 

0 . 0 7  for BRS to 0 . 56 for QNO . 

The es t imates of the genetic and phenotypic correlations b e tween 

the traits s tudied were comparable with es t imates from previous s tudies 

in most cases . Impor tant excep tions include the low genetic corre-

lations of WWT with the livewe ights from JUN (of 0.38)  through to 2TH 

(of 0.50) .  

The BLUE ' s  of the f ixed effects generally agree well with the 

es t imates of previous s tudies . Year-of-b ir th ,  birth-rearing rank 

and date-of-bir th effects were s ignif icant for all the trai ts s tud ied . 

In addition, age-of-dam effects were s ignif icant for all the liveweigh ts , 

and sex effects were s ignificant for BWT , DWT and WWT . 
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CHAPTER ONE 

INTRODUCTION 

The re tention of a selected group of individuals for breeding 

purposes is a fundamental aspec t o f  any selection programme . While 

the actual me thods used to select between individuals may vary , they 

all aim to identify individuals with the highes t gene tic mer i t . An 

e f fective selec tion pol icy combined with a complementary mating plan 

forms the bas is of  a breed ing programme des igned to maximize gene tic 

gain in each generation of  select ion . These concepts were applied to 

animal breeding during the 1930 ' s  and 40 ' s  by Lush and Hazel following 

earlier work by Fisher , Wright  and Haldane (see , for example , Lush , 

1 9 3 7 ; Hazel , 194 3 ;  Fisher , 1 9 30 ; Wrigh t ,  1939 ; Haldane , 1946) . 

Both single-trait improvement and select ion for several t raits 

s imultaneous ly (e . g . , us ing select ion indices ) can be breed ing 

obj ectives . This is particularly so with a dual-purpose breed such 

as the Romney , where an aggregate breeding value may be  estimated as 

a bas is for choos ing between individuals . I t  is important , therefore , 

to know how cer tain produc t ive traits can be  expec ted to change in 

future generations as a result of  select ion on one or several other 

traits . These factors are dependent on such parameters as the 

heritabilities of the individual traits and the gene t ic and pheno-

typic correlat ions between traits . These parame ters are all funct ions 

of variance components ; thus the es t imation of  variance components is 

an integral and important aspect  of animal improvement. 

As with any f ield o f  es t imation , many procedures for estimat ing 

variance components have been developed . Each method o f  es t imation 
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has its own properties and appl icab ility to a specific s ituation . 

Not all me thods can be applied in animal breeding s e t t ings where , in 

particular , the data are usually unbalanced ( i.e . , there are unequal 

numbers of observations in the dif ferent subclasses ) ,  and the under

lying model is mixed ( i . e . , includes both f ixed and random effects) . 

Variance components have traditionally been estimated by analysis 

of var iance (ANOVA) type me thods such as the methods outlined by 

Henderson ( 1 953 ) . These es timates have then been used to es t imate 

gene tic and pheno typic parameters , such as heritabilities and 

correlat ions , for use in breed improvement plans . However ,  develop-

ments in comput ing facilities have been accompanied by the emergence 

of a number of new me thods for es t imating variance components which 

can be applied to mixed models with unbalanced data . 

In this s tudy it was dec ided to use Res tricted Maximum Likelihood 

(REML) to estimate the variance components . REML shares with 

Maximum Likelihood (ML) some des irable features of the maximum l ikeli

hood approach , such as translation invariance as well as "having the 

intuit ively appealing property of maximiz ing the likelihood function" 

(Mood , Grayb ill and Bees , 1 9 74 ) , which is always well-defined . How-

ever , like ML ,  REML is an i terative procedure , which precludes unb iased

ness p ropert ies , and does require assump tions concerning the form of 

the d is tribution of the data . When estimat ing variance components 

from mixed models , REML is pre ferab le to ML because it takes account 

o f  the f ixed effects in the model whereas ML does not .  Furthermore , 

in the case of b alanced dat a ,  REML has been shown to coinc ide with 

ANOVA es t imators (which are bes t ,  unb iased , quadratic es t imators , 

BQUE,  in the balanced data case)  (R . D .  Anderson,  1 9 78) . 
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Having generated the REML es t imates of  the variance components , 

advantage was taken of  the fact that under normality the f irs t i terate 

of the REML es t imator is equal to the MIVQUE (and the MINQUE under 

normality) to also ob tain MIVQUE es t imates of the variance components . 

Me thod I l l  es t imates were also es t imated and , in fact , were used as 

the a priori s tart ing values for the MIVQUE es timates . 

Environmental ef fects have traditionally been es t imated by leas t 

squares procedures . In this s tudy , the REML es t imates o f  the 

variance components were regarded as the known parameter values under 

normality ; allowing bes t l inear unbiased estimates of the environ-

mental e f fects to be ob tained .  Hence , this provides ano ther interes t-

ing comparison . 

This s tudy provides a basis for evaluating genet ic and phenotyp ic 

parameter es t imates of a range of l ivewe ight and fleece traits us ing 

a new me thod o f  estimation , namely ; REML . 
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CHAPTER TWO 

REVIEW OF LITERATURE 

I .  VARIANCE COMPONENT ESTIMATION THEORY 

A .  Introduc t ion 

4 .  

Fisher ( 19 1 8) firs t used the terms "variance" and "analys is of 

variance" and later , (Fisher, 1 9 25) , he formally outlined an analys is 

o f  variance (ANOVA) pertaining to the 1-way random-effects model with 

balanced dat a .  The es timat ion of variance components us ing the 

ANOVA approach was , according to R . D .  Anderson ( 19 7 8 ) , clarif ied by 

Tippet ( 19 3 1 ) , having not been explicitly presented by Fisher ( 19 25) . 

In animal breeding settings , the data are rarely balanced . I t  

was Cochran ( 19 39) who propos ed a method for es timat ing variance 

components from unbalanced data , which is analogous to Fisher ' s  ( 19 25 ) 

technique . A clear demons tration of the case of an ANOVA approach to 

e s t imating variance components for the 1:-way random-effects model with 

unbalanced data was given by Winsor and Clarke ( 1940) . The ANOVA 

me thod was then " extended to the mul ti-fold nes ted classification 

model by Ganguli ( 194 1 )  and to the 2-way crossed class ification random 

model with interac tion by Crump ( 194  7 ) . "  (R . D .  Anderson , 19 7 8) 

The es t imation of variance components from unbalanced data by so

called ANOVA-type me thods (wh ich are b ased on equating analys is of 

variance sums o f  s quares of the observations to their expected values) 

was formally outlined by Eisenhart ( 19 4 7 )  who also clearly dis t inguished 

b e tween f ixed- and random-ef fects models . Henderson ( 19 5 3) cons idered 

in detail the problem of variance component estimat ion from unbalanced 

data when the underlying model  was mixed . This was p articularly 
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r elevant to the es t imation of variance components in animal breeding 

exercises , s ince the assump tion of a mixed model is of ten required . 

A mixed model is defined and discuss ed in Chap ter Four . Thus , the 

p aper by Henderson ( 1953 )  outlining three methods pertinent to animal 

b reeding is a landmark for variance component estimation ( S earle , 1 9 71) . 

Hartley and Rao ( 1967)  presented the f irs t general derivat ion of 

Maximum Likelihood (ML) for the estimat ion of variance components 

f rom mixed models , although Crump ( 1 9 4 7 )  developed ML es t imators for 

a spec ific model . Patterson and R .  Thompson ( 19 7 1 )  introduced a 

modified ML approach , now known as Res tric ted Maximum Likel ihood 

(REML) . This method follows on from the work of W . A .  Thompson ( 1962)  

and also dates back to the ideas of R . L .  Anderson and Bancro f t  ( 1 9 5 2) . 

Interes t in best ( i . e . ,  uniformly minimum sampling variance) 

quadratic , unb iased es timators (BQUE) , has led to me thods such as 

Minimum Norm Quadratic Unb iased Estimation (MINQUE) (Rao , 1 9 7 0 ) , and , 

under the assump tion o f  normality , Minimum Variance Quadratic Unb ias ed 

Es t imation (MIVQUE) (LaMotte ,  19 70) . 

There are certain impor tant proper ties of variance component 

es timators that are cons idered to be des irable . In the dis cuss ion 

of Searle ' s  ( 19 68)  paper , Zelen ( 19 68)  lis ts "unbiasedness , minimum 

variance or minimum mean square error , cons is tency , robus tness in the 

s ense that op timal properties do no t depend critically on the dis

tribution o f  the measurements , knowledge of the d is t r ibution o f  the 

es timate (ei ther the exact or asymtotic  distribut ion) , and easy corn-

putation" , as some of these features . O ther favourable p roperties 

include asymto tic eff iciency , minimal suff iciency and trans lation 

invariance . The prevention o f  es t imates with values which are not 
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p ermit ted by the parame ter space (e . g . , negative variance component 

estimates) is another des irable feature . 

In the case o f  balanced data , the op timal proper ties o f  ANOVA 

es timators o f  the variance components minimizes the problem o f  

choos ing between the various me thods. Grayb ill ( 1 954)  showed that for 

the general , nes ted , random-effects model with balanced data , that the 

ANOVA es t imators are BQUE . Grayb ill and Hul tquis t ( 19 6 1 )  later 

extended this to show ANOVA es t imators are BQUE for all random-effects 

models with balanced data . Albert ( 19 7 6)  demons trated that this 

property held for the mixed model case also . Fur thermore , when the 

data are balanced and normally d is tributed , Grayb ill and Wortham 

( 1956)  showed the ANOVA es timators are bes t  unb iased es t imators (BUE) . 

With unbalanced data however , no one me thod for es t imating variance 

components has emerged that is superior to all the o ther techniques in 

all respects (Searle , 197 1b) . This exp lains why so many methods are 

availab le for es timat ing variance components from unbalanced data . 

Moreover , the computing diff icul ty of  many me thods explains why many 

computing algorithms have been developed to assist  in their application . 

Some me thods for es t imating variance components f rom unbalanced data 

will now be  reviewed , particularly those of  relevance to the present 

s tudy . 

B .  Henderson ' s  Me thods 

Henderson ( 1953 )  outlined three methods of es t imat ing var iance 

components f rom unbalanced data . Method I ,  or the ANOVA me thod as i t  

i s  often called , was not i n  f a c t  derived by Henderson but  dates back 

to  Cochran ( 19 39 ) . Henderson ' s  contribut ion was to show that Method 
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I could only be applied to variance component es timation in the case 

o f  random-effects models . However ,  in mos t  animal b reeding appli-

cations , variance components need to be  es t imated from unbalanced data 

with an underlying mixed model . Accordingly , Henderson ( 19 5 3 )  

p roposed Method I I  which could be  applied t o  mixed models providing 

there was no nes t ing of random within f ixed ef fects , or any inter-

actions between the f ixed and random effects . The limitations of 

Me thods I and I I  are overcome in Method I l l ,  which yields unb iased 

e s t imates o f  the variance components in the general mixed model .  

However , the computational complexity o f  Me thod Ill  can res trict its 

use . 

1 .  Henderson ' s  Method I 

With Method I ,  quadratic forms analo gous to sums of s quares 

in the case of b alanced data are computed and then equated to 

their expected values . Hence the name "analysis of variance"  

Method . I t  does , however ,  lead to b iased estimates if there 

are fixed effects or correlations be tween effects in the model . 

Desp ite this , Me thod I has of ten b een used with mixed models 

which essentially implies either includ ing the fixed effects in 

the model and treating them as random , or excluding them from 

the model and ignoring them completely . Searle ( 1968)  observes 

that the b ias is introduced because " if fixed ef fects are part 

of the model they canno t b e  eliminated from the expectat ions used 

in Method I . "  

Method I ' s  great advantage is i ts compu tational s imp l icity . If  a 

random model is j us tifiab le , Method I is then a pos s ible method 

to use. Prior to present-day computing facilities , Method I was 
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in fact used quite widely , but  no t always correctly . 

2 .  Henderson ' s  Method II  

Me thod II  was proposed to overcome the inab ility of Method I to  

handle mixed models , but to  re tain the computational s impl icity . 

I t  involves f irst  ob taining leas t squares es t imates of the f ixed 

effects in the model , adj us t ing the data according to these 

estimates and then applying Method I to the adj us ted data to 

estimate the variance components . 

S ince the es t imation of the f ixed ef fects involves ob taining a 

generalised inverse , Searle ( 1 968)  sugges ted that the es t imates 

of the variance components would depend on the particular 

solution vector chosen to correct the data . However ,  Henderson,  

Searle and Schaeffer ( 19 74) subsequently showed that the variance 

components are , in fact , invariant to the solution vec tor for the 

f ixed effects . 

Method II is a possib le procedure for ob taining unbiased estimates 

of the variance components from unbalanced data with a mixed model ,  

notwiths tanding the exceptions no ted earlier . 

3 .  Henderson ' s Me thod Ill 

Method I l l  is a general method for es t imat ing variance components 

from mixed models with unbalanced dat a ,  although it is computa-

t ionally more difficult to apply than Method I I. Unlike the 

previous two me thods which use ANOVA sums of squares to es t imate  

the variance components , Me thod Ill  uses reductions in sums of  

squares ob tained f rom fitting the full model and different sub-

models , according to the method of Yates ( 19 34) . This generates 

reductions in sums of s quares whi ch are free of the fixed effec ts 
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in the model . These reduct ions are then equated to their expected 

value under the full model , leading to equations which y ield un-

b iased es t imates of the variance components . As Method I l l  is 

based upon the me thod o f  fitting cons tants by Yates ( 19 34 ) , it is 

also known as the Fitt ing Cons tants Method ( Searle , 19 7 1a) . 

Henderson ( 1953 )  s tates that when i t  is computationally feas ible , 

Me thod Ill is the mos t  satisfactory o f  his me thods for es t imating 

variance components since i t  yields unb iased es timators even if 

certain elements in the mixed model are correlated . Its  use 

may , however ,  be limited because it involves the invers ion of a 

matrix with order equal to at leas t the number o f  random ef fects 

in the model . With animal breeding s tudies , for example , where 

hundreds or thousands of sires may be involved , this may be a 

prob lem . Despite this , Me thod Ill  has been ,  and indeed s t ill is , 

widely used particularly as computing capab ilities have improved . 

All three o f  Henderson ' s  me thods have the des irab le feature of 

unb iasedness when applied appropriately . Another useful property is 

that they are translation invariant , although this is relevant to 

Methods II and Ill  only . Furthermore , Henderson ' s  methods do no t 

require any dis tributional assump tions about the data . 

However , Henderson ' s  Me thods are no t optimal in all respects . 

One o f  the difficult ies o f  us ing Henderson ' s  Methods with non

orthogonal data is that there are o f ten more sums of squares that 

can be computed than there are variance components to be  es t imated . 

Thus the cho ice of a different set of sums o f  squares will result in 

a different s e t  of es t imates . That  is , Henderson ' s  Methods have the 

undes irable property of lack of uniqueness ( Henderson , 1980) . 
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Nor do any of Henderson ' s  Me thods yield minimally sufficient 

s tatist ics from unbalanced dat a .  Furthermore , none o f  them possess 

minimum sampling variance although they all reduce to the ANOVA me thod 

(with its optimal properties) with balanced dat a .  

The sizes o f  the sampling variances o f  the variance component 

e s t imates for a wide variety of models have been derived by many 

workers , but Searle ( 19 7 1a) provides a comprehens ive summary . He 

notes that these derivations often involve cumbersome algebra and the 

assump tion of normali ty . In the unbalanced data cas e ,  Henderson ' s  

me thods do not generate bes t asymtot ically normal es t imators . 

Another disadvantage o f  Henderson ' s  Methods is that they can all 

p roduce negative variance component es timates . Hudson and Van Vleck 

( 19 8 2) observe that "the prob lem of what to do when negative es t imates 

are ob tained from unb iased estimators remains unresolved . "  Techniques 

for dealing with this problem vary , although simply truncating negative 

estimates to zero is not a satis factory approach ( Searle , 19 7 1b ) . The 

production of negative var iance component es t imates from a specific 

data se t is often cons idered a criterion for using a different method 

of variance component es t imat ion . So although Henderson ' s  me thods 

do possess the properties of unb iasedness and trans lation invariance , 

the deficiencies noted above have s t imulated interes t in alternative 

methods o f  variance component estimat ion from unbalanced data . 

C. Maximum Likelihood 

The paper by Hartley and Rao ( 1 9 6 7 )  led to renewed interest in 

us ing ML to es timate variance components . Harville ( 19 7 7 )  s tates 

that " the computation of maximum l ikelihood es t imates [of the· variance 
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components} requires the numerical solution of  a cons trained non-linear 

optimization problem. " In general terms , cons trained optimization 

involves maximiz ing (or minimizing) an obj ective f unct ion while satis-

fying certain cons traints . In the case o f  ML es t imat ion o f  variance 

components , this specifically involves maximizing a l ikelihood function,  

subj ect to non-negativity cons t raints on the solutions ob tained . 

The likelihood func tion is defined as the j oint dens i ty function ,  

fy(� , §), o f  the random variables in y, where the dens ity func tion is 

known except for an unknown vector of parameters , 8. The me thod of  

ML yields the value o f  8 wh ich maximizes the likelihood that Y assumes 

the values of  y ,  the vec tor o f  observed data (Mood ,  Grayb ill and Boes , 

19  74) . For mathemat ical convenience , the logari thm o f  the likelihood 

funct ion is usually used . 

When es t imat ing variance cemponents us ing ML ,  it  is common to 

assume that the data are normally dis tributed . The necess i ty to 

make this assumption can be a limitation of ML .  In animal breeding 

popula t ions , the form o f  the dis tribution is rarely known , and an 

assump tion of normally dis tributed res iduals should not be made 

temerarious ly . 

A general mixed model , defined in mat rix no tation is : 

where , 

c Xa + Z: 
i=O 

Z . u . -1.-l. 

y is an N x 1 vector o f  observat ions 

X is a known N x p des ign matrix 

a is an unknown p x 1 vector of  f ixed effects 

Z. for i -1. 

u. for i -1. 

0 ,  1 ,  

0 ,  1 ,  

random e f fects 

c are known N x q. incidence matrices l. 
c are non-observable qi x 1 vec tors o f  

( 2 .  1 )  
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such tha t ,  

E r�i
J = Q. i = o. 1 ,  • • •  c 

with the elements of  u. assumed to be  independently , normally dis tri-1. 

buted with common variance cr � ,  i = 0 ,  1 ,  . . .  c .  
1. 

I t  is also assumed 

that cov (u . , u�) = Q, i # i 1  and therefore , 
A 1. '1. 1. -

XCL and var (y) V 
c 
L: 

i= 1  
cr �Z. Z. 1 

1. -1.-1. 

where ¥ is assumed to have a multivariate normal d is tribution.  

For the model ( 2 . 1 ) , the likelihood func tion can then be  derived 

under normal ity (see Hartley and Rao , 1 967 )  as : 

[ ] � -1 � 

L = � log 2n - � log� - �(¥-��) 1� (¥-��) ( 2 .  2 )  

Deriving equations for  "es t imat ing" �· the vector o f  f ixed effec ts 

and 02 , the vector of variance components pertaining to the model ,  where , 

. • • c ( 2 . 3) 

involves differentiating ( 2 . 2 ) with respect o f  CL and a2 and equating to 

zero . This leads to the equat ions : 

: -- 1 - -- 1  
� = c��� �) ��� ¥ 

( [
-- 1  1 --1  1]):2 tr V Z.Z.V Z.Z. a 
- -1.-1.- - ] -] -

(y1PZ.Z � Py) 
- --

1.
-

1.
--

for i ,  j = 0 ,  1 ,  . • .  c 

( 2 . 4 )  

( 2 . 5 )  

with CL being a solution for CL and where P is P of ( 2 . 6 ) , but with V in 

place  of V: 

p V- 1 
- V- 1X (X1V- 1X) -X1V-1  ( 2 . 6 ) 

-
-

- - - -
-

where V is a ML solution for V. 

Note  that these ML equations require V to be known which is un-

l ikely . Nevertheless ,  assuming an initial value for q2 , a solution for 

o2 may b e  ob tained iteratively. No te that only non-negative solut ions 

to ( 2 . 4 ) are ML es timators o f  02 . 
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The ML equations do no t usually yield explicit solutions . 

Exceptions include certain balanced cross-classified models with as 

many latent roo ts as there are variance components to be  es t imated 

(T . W .  Anderson , 1969)  and all completely nes ted models with b alanced 

data ( S zatrowski and Miller , 1 9 7 7 ) . I terative algorithms do no t 

always lead to convergence and may be  tedious . However with recent 

improved computing facilities and the derivat ion of improved com

puting algorithms , ML es timation has become less difficult to app ly . 

Henderson ( 1 980 )  observes that the iteration can s t ill be  s low , and 

that  even when convergence does occur fairly rapidly that there is no 

guarantee that this is to a global rather than a local maximum . This 

latter aspect however does depend on the computing algorithm used , 

which is further cons idered in section F .  I t  should be  no ted that 

applying procedures (such as penal ty techniques or gradient proj ection 

methods) to deal wi th convergence problems will involve a large , and 

o ften impractical , increas e in comput ing . 

Hartley and Rao ( 1 9 6 7 )  also addressed some o f  the optimal properties 

of ML es t imation . They used the Methods of S teepes t Ascent (see 

section F) for the iteration , which guarantees convergence and non-

negative estimates , although i t  is of ten imp ractically s low . Hartley 

and Rao concentrated primarily on large s ample opt imali ty criteria . 

They showed that for any mixed model with unbalanced data , that the ML 

es t imator they derived is weakly cons is tent and bes t , asymto t ically 

normal. Hartley and Rao assumed the "des ign" matrices � and Z had 

full rank and that the number o f  levels o f  each random factor is 

res tricted to some cons tant , however T .W .  Anderson ( 19 73 )  and Miller 

( 1 9 7 3 , see also Miller , 19 7 7 )  showed that ML es timators were cons is tent 
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and bes t asymtotically normal without the second of  these assumpt ions . 

Hartley and Rao also noted that , based on work by Hultquis t and Gray-

bill ( 1965) that " it is a considerable small sample advantage" that 

ML es timators will always be functions of minimally sufficient s tatis-

tics . 

Searle ( 19 70 , 197 1a) derived the large sample variances o f  ML 

estimators for a number of models . Since ML estimators are bes t 

asymto�ically normal he notes that "one value of the resulting 

express ions is that even though ML es timators of the a2 ' s  cannot be 

obtained [explicitly] , values for the variances in their asymtotic  

dis tribution can; and agains t these can be compared variances o f  

es timators ob tained by other methods to  give measures o f  asym!otic  

efficiency of  those other methods . "  

The main difficulty with the ML techniques proposed by Hartley 

and Rao ( 1 967 )  is the amount of computation time . Hence they also 

discussed an alternative method which was further developed by 

Henderson ( 19 7 3 )  and Henderson , Ufford and Schaeffer ( 1976 ) . This 

ML method is known as Henderson ' s  Algorithm and makes use of Henderson ' s  

Mixed Model Equations (MME) (see , for example , Henderson e t  al . ,  1959;  
,.. 

Henderson , 1 9 6 3 , 1 9 72) . This greatly s implifies the computations . 

Henderson ' s  Algorithm also has the advantage that it always yields 

non-negative variance component es timates . Yet another algorithm 

was developed by T .W .  Anderson ( 19 7 3 ) , although it  does not guarantee 

non-negative s olutions . There are also a number of  general algorithms 

which have been applied and some of  these , e . g .  Fisher-scoring and 

Newton-Raphson , are discussed in sect ion F .  

Harville ( 19 7 7 )  provides a comprehensive review o f  ML methodology 
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and properties . He notes that the ML approach is always well-defined 

as well as having the optimal properties of cons is tency , sufficiency 

and efficiency already dis cussed . 

An important problem associated with ML when es timating variance 

components from mixed models is that no account is taken o f  the loss 

in degrees of freedom due to the need to also estimate the fixed effects , 

in the model . Henderson ( 1980)  s tates that unless the rank of  the 

design matrix , �. pertaining to the f ixed effects is small relative to 

the to tal number of observations , the estimate of the residual variance 

component will be seriously b iased downwards . He also notes that the 

es t imate of the variance component pertaining to any random effect with 

a small number of  levels will also be biased downwards . To overcome 

this problem, Patterson and Thompson ( 19 7 1 )  developed the REML method 

discussed in the following section D .  

Harville ( 19 7 7 )  sugges ts that another disadvantage o f  ML ,  namely 

the need to assume a dis tributional form , is not in fact very serious . 

He discusses several results which indicate that ML estimators derived 

under normality may be suitable even when the form o f  the dis tribution 

is not specified . Thus , except  where the estimators are biased by 

fixed effects in a mixed model , the advantages o f  ML have recently 

seen it applied in many appropriate situations . For example , 

Rothschild and Henderson ( 19 7 9 )  and Roths child , Henderson and Quaas 

( 19 7 9 )  have used ML to es t imate variance and covariance components 

from s imulated lactation records; Schaeffer ( 19 7 9 , 1 9 8 1 )  applied it 

to the es timation of variance and covariance components from p ig data 

and dairy sire progeny tes t results , respectively . 
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Res tricted Maximum L ikelihood (REML) , being a modi f ication o f  ML ,  

shares many o f  the properties of ML .  The main advantage o f  REML for 

variance component es t imation is that it takes account of the need to 

es t imate fixed effects in mixed models . The method is des cribed by 

Pat t erson and Thompson ( 1 9 7 1 )  essentially as parti tioning the data 

into two separate parts and deriving the likelihood function for each . 

One portion , which is free o f  the f ixed effects is then maximized to 

e s timate the vector of variance components �2, defined in ( 2 . 3 ) . 

Quaas ( 1 976 )  sugges ts that the development of the REML equations 

can be cons idered in two d ifferent ways . In the f irs t approach , the 

equations are derived by maximiz ing the likel ihood funct ion over a 

res t ricted sample space . That is the likelihood is derived for j us t  

a portion o f  the sample s pace o f  y, the observation vector . To ob tain 

variance component estimates by REML , the likelihood  funct ion is 

derived from "a certain subpopulation for which [g] has a fixed value " 

( Quaas , 1 9  7 6 )  . Thus , the REML likelihood function is the conditional 

density of ¥ given � which is assumed to have a mul t ivariate normal 

dis t ribution with E[�l�) � and var <i l �) V X ( X 'v
- 1

x)
- 1x• . 

The second approach is the method of maximizing the likelihood 

of a set of error contras t s . An error contras t is  a l inear funct ion 

of the observat ion vecto r , say k ' y ,  where k does not include any of 

the unknown p arameters in the model and E[�·�] = 0 .  This is the method 

used by Patterson and Thompson ( 19 7 1 )  to derive their REML equations . 

The maximum number of l inearly independant (LIN) contrasts in each 

s e t  is N - p * where N is the total number o f  observations ( i . e . ,  the 

order of y) and p* is the rank of �' the design matrix . S earle ( 19 79a) 
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s tates that ''there is obviously no merit in dealing with k ' y  if  some 

rows of  k '  (and hence elements of k ' y) are linear combinat ions o f  

o thers; neither should we lose information by  using a �'y that has 

fewer elements than the pos s ible maximum . "  �'y has a multivariate 

normal dis tribution with E (� ' � } = Q and var (�'�) = k'Vk . The 

logarithm of the likelihood of  k ' y  is then required ,  and it  can be 

shown (see Searle , 1979b , for example) for any k' of order ( N - p*) x N,  

with full row rank ( N - p*) ,  and with k ' X = 0 ,  that the resulting 

funct ion will be exactly the same except for a cons tant which depends 

only on �· and no t on any of the unknown parameters in the model . 

Quaas ( 19 76 )  has shown that maximization over a res tricted sample 

space yields exactly this expression for the likelihood . Thus the 

likel ihood function for REML is : 

[ ] [ - 1  1 A -1 A 

11 = cons tant -�log y -�log �·y � - �(�-��)'Y (�-��) (2 . 7 ) 

Various procedures can be used to ob tain the REML equations from 

11. They generally involve various combinations o f  taking first  and 

second order partial derivat ives of ( 2 . 7 ) , their expected values and/or 

related quantities (Harville , 1 9 77 ) . One way to ob tain the REML 

equations is to maximize the likelihood by differentiating 11 with 

respect to � and then setting the resulting equations to zero , in the 

same way that the equations for ML were obtained . 

the equations which afford REML estimates are : 

or , 

tr (PZ. Z .  ' ) --1-1 
A 

tr (PZ.Z . ' ) --1-1 

y ' Pz .z . 'Py 
- --1-1 --

for i ,  j = 0 ,  1 ,  • • . c 

From Searle ( 19 79a) , 

( 2 . 8) 

( 2 . 9 ) 

( 2 . 10)  
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A A - 1  - 1 where the matrix P is the matrix � of ( 2 . 6 ) with � in place of � , 
� �2 a is a solution for a and a is  the REML estimate of �2. 

As Searle ( 19 79b) observes , while there is no implicit REML 

es timator of a obtained from maximizing ( 2 .  7 )  an "obvious" es timator 

of  a is : 

( 2 . 1 1 )  

where � is , in fac t ,  the generalised leas t squares (GLS) estimate 

Note also , that 

" A -- 1  A- 1  a i s  analogous t o  a o f  (2 .4) with y replaced by y 

Maximization over a res tricted sample space is therefore the 

bas ic feature distinguishing REML from ML .  The REML equations do 

not guarantee non-negative solutions , so like ML, only non-negative 

solutions to (2.8) - (2.10)  can be regarded as REML es timates of the 

variance components . As with ML ,  the REML equations do not usually 

yield explicit es timators but need to be solved iteratively. Various 

computing algorithms are available which are discussed in more detail 

in the following section E .  Some use second order partial derivatives 

or expected values , and they differ in speed of convergence and o ther 

properties. For example , an algorithm may be modified to avoid 

negative es timates . 

Another feature of  REML is that with balanced data , solutions to 

the REML equations have been shown to be numerically equal to ANOVA 

es t imates in special cases including the split-plot design (Patterson 

and Thompson , 1974) , the 1 -way random, the 2-way nes ted random and 

the 2-way crossed classification mixed model , with and without inter-

act ion (Corbeil and Searle , 1 9 7 6b ) . R . D .  Anderson ( 19 78) in fact 

showed that in the balanced data case , REML estimators of  the 



19 . 

variance components coincide with ANOVA es timators in general . That 

is , with balanced data REML estimators are BUE . 

REML does not improve on ML in all properties of  interes t. Al-

though i t  should be pointed out that , to date , the properties of ML 

estimators have been studied far more extens ively than those of  REML 

es timators . One property in which ML is superior is sufficiency . 

In the comment to Harville's ( 19 7 7) paper , Rao ( 19 7 7 )  observes that in 

contras t to the full ML likelihood function,  the REML likelihood 

function is not minimally sufficient . In his rej oinder Harville 

suggests that this is irrelevant since " the ML es timator turns out to 

depend on the data vector� only through the error contras ts . "  

REML estimators of the variance components are translation 

invariant  (Corbeil and Searle , 1 9 76a) . Harville ( 19 7 7 )  notes that 

this has been cited as a reason for preferring REML over ML ,  but that 

this is quite invalid since ML estimators are themselves translation 

invariant also . 

The relative sampling variance of  the REML est imator depends 

+,, largely on the "specifics of  the underlying model and possibly on G 

(Harville ,  19 7 7) , where�+ is the true value of�· The sampling 

variance of REML in comparison to ML estimators has been s tudied for 

ordinary fixed ANOVA or regression models . For such models Harville 

( 19 7 7 ) s tates that " the ML estimator of the variance [�0 } has uni

formally smaller MSE than the REML estimator when p* � 4; however , the 

REML es timator has the smaller MSE when p* � 5 and n p* is sufficiently 

large ( n  - p* > 2 suffices if p* � 1 3) • MSE comparisons between variance-

component estimators obtained by solving the likelihood equations for 

ML and variance-component es timators obtained by solving the likelihood 
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equations for REML , were made by Corbeil and Searle ( 19 7 6b )  and 

Hocking and Kutner ( 19 75)  for several mixed and random ANOVA models . "  

They also found that the ML es timator generally had a smaller MSE 

relative to the REML estimator except when there were only a few 

observations per cell or when the random-effects variances are small 

relative to the res idual variance , which Corbeil and Searle observe 

is often the case in genetics . 

Corbeil and Searle ( 19 76b ) also inves tigated the relative 

properties of ML ,  REML , Henderson ' s  Method II and Method Ill (Henderson , 

1953) and an iterative method from Thompson ( 1969) in the unbalanced 

data case using numerical s tudies . They found ML to be noticeably 

superior in terms of MSE ,  the o ther methods being relatively s imilar . 

The same trend was found for the sampling variances which were cal

culated from express ions derived by Hartley and Rao ( 19 6 7 )  and Corbeil 

and Searle ( 1976a) . However ,  Corbeil and Searle ( 19 76b) do note that 

the s tudy was limited to a mixed model with 6 levels of the f ixed 

effects and 10 levels of the random effects factor and that these 

results may not necessarily apply with larger models . 

Carter ( 198 1 )  looked at some large sample properties of REML but 

only for the regress ion model . He was interested in comparing different 

methods of measuring the activity of the enzyme sucrose in intestinal 

tissues , using REML method . Carter f irs t s tudied some asymtotic 

properties of REML estimators under a full rank model . He found 

them to be  consistent and asymtot ically , normally efficient when j us t  

3 levels ( i . e .  3 different measuring methods) of the regression eo-

efficient are included in the model .  Nevertheless , as both Harville 

and Rao (in Harville , 1 9 7 7 )  point out , there is s till a great need for 
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"realis tic" large-sample proper t ies of REML es timators to b e  es tablished 

for a wide var iety of models . Indeed , work on asymtotic properties o f  

ML es timators also needs t o  be  extended t o  a wider range o f  models than 

have currently been inves tigated . 

The useful�ss of any me thod o f  es timation depends f inally on the 

ease with which it can be app lied . Henderson ( 1980)  comments that  the 

iteration is usually more complex with REML than it is for ML .  Never-

theless , there are a number of algorithmsthat can be applied to REML 

to improve convergence , which will b e  discussed in the subsequent 

section . The choice of an appropriate algori thm and the availab il ity 

of suitable computing facilit ies makes REML an applicable me thod o f  

es timation in a variety of s ituations . 

E .  Other Es timat ion Methods 

Attention to the propert ies of unb iasedness and minimum sampling 

variance has s t imula�ed interes t  in bes t ,  quadratic unb iased es t imation 

(BQUE) . Townsend ( 1 968)  and Townsend and Searle ( 19 7 1 )  derived 

es timators for a 1-way random model with unbalanced data ,  assuming a 

normal dis tr ibution with a zero mean , that  were locally BQUE , where 

locally bes t is defined by LaMot.te  ( 19 73a) . Harville ( 1 9 6 9 )  also 

derived locally BQUE of the variance components under normality for a 

1-way random model and unbalanced data , but for the case o f  non-zero 

means . 

The BQUE approach has been cons iderably extended by the work o f  

LaMotte ( 19 7 0 , 1 9 7 3a ,  b )  and Rao ( 1 9 70 ,  19 7 1a ,  b ,  1 9 7 2 ,  1 9 7 3 ) . 

The minimum norm quadratic unb iased es t imators (MINQUE) o f  the 

variance components were derived by Rao ( 1 9 70)  by minimizing a 
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weighted , Euclidian norm (as discussed ,  for example , by R . D . Anderson, 

1 9 7 8 , 1 9 79b and Searle , 1 9 7 9b) . The MINQUE do not require an iterative 

solution and are dis tribution free . 

Under the assumption of normality , La Motte ( 19 70) derived minimum 

variance quadratic unbiased es timators (MIVQUE) which are locally BQUE . 

The MIVQUE also do not require an iterative solution . In fact , under 

normality the form of the MINQUE equations is identical to the MIVQUE 

equations for es timating the variance components : 

( 2 .  1 2) 

for i ,  j = 0 ,  1 ,  . . .  c 
A 

where P is P o f  ( 2 . 6 ) but with a priori estimates of  the variance com-

ponents , Q2 , in y. Equations ( 2 . 1 2) also have the same form as equations 

( 2 . 8 ) - ( 2 . 10 )  for REML , although REML requires an iterative solution . 

The properties of translation invariance and unbiasedness of the 

es timator are invoked for MINQUE and MIVQUE . Denoting a quadratic 

estimator of the estimable function , �� �2 , as ¥'�¥ for a symmetric 

matrix �. the necessary and sufficient condi tions for trans lation 

invariance are that AX 0 .  Unbiasedness is guaranteed when X 'AX = 0 

and tr (AZ.Z. ' ) = t . , i 
-- 1- 1 -1 0 ,  1 ,  • • •  c ,  which ensures that E (¥ ' �¥] = t'cr2 . 

In the derivation of MIVQUE , minimum sampling variance o f  the 

es t imator is also invoked . That is , �mus t also be determined such 

that the variance of  t ' �2 is minimized . R . D . Anderson ( 19 7 8)  notes 

that the es timator t ' cr2 is only MIVQUE when the chosen a priori vec tor 
A 

of  the variance components �2 , actually equals q2 , the variance cam-

ponents to be es timated . S ince the probability that the a priori 

es timates do e qual �2 is low , Anderson queries whether the minimum 

variance propert ies of  MIVQUE or MINQUE , under normalit� are l ikely to 
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b e  very s trong in p ractice for a mixed model and unbalanced data . 

R . D .  Anderson, H . V .  Henderson , Pukelshein and Searle ( 1979) have shown 

that , with no assumptions concerning the dis tribution , the MINQUE are 

BQUE with balanced  data . 

There are a number of variations of MINQUE and MIVQUE which are 

less dependent on a priori estimates of o2• Rao ( 1970) sugges ted that 

• 2 one method of overcoming lack o f  knowledge about � , is to s e t  all the 

var iances in �2 to zero and assume any value for a�. This method is 

nowknown as MINQUE- (0) and yields the same es timators as were derived 

by Seely ( 197 1 )  and Hartley , Rao and LaMo t te ( 1978) . Assuming 

normali ty , Quaas and Bolgiano ( 1979) showed that the sampling variance 

of the MIVQUE- (0)  estimators became very large as a2ja2 deviated from - 0 

0 .  

Another modification o f  MINQUE which alleviates the need for 

a priori es timates of the variance components is i terative or I-MINQUE , 

so-named by Brown ( 1976) . He also showed that both the MINQUE and 

I-MINQUE es timators are asy�otically normal . I-MINQUE is computed 

by iterating the MINQUE equat ions ( 2 . 1 2) s tarting with any reasonable 

values for 6-2. However ,  the es t imators are no longer unb iase d  nor do 

they possess minimum variance . Thus , Searle ( 1979b)  sugges ts that 

the loss of minimum variance properties makes an analogous procedure 

for MIVQUE inappropriate . 

Under the assumption o f  normality , the firs t iterate o f  the REML 

or the I-MINQUE procedures equals the MINQUE and the MIVQUE ( R . D .  

Anderson,  1978) . As with the REML solutions , all the MINQUE-related 

methods discussed mus t be cons trained to non-negative solutions when 

es t imating variance components P . S .R . S . Rao ( 19 7 7 )  discusses a 
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minimum norm quadratic es t imator (MINQE) which is inherently non-

negative . However , it  is not unbiased , al though its sampling 

variance was found to be comparable to the MINQUE . 

There are various other modifications o f  MINQUE availab le . Rao 

( 1972)  extended the use o f  MINQUE for variance components to include 

the es t imation of covariance components . Goodnight ( 1976)  employed 

MIVQUE " to provide quadratic unb iased es t imators whose variance is 

dependent on as f ew of the unknown variance components as pos s ible" , 

which he called maximally-invariant quadratic  unbiased estimators . 

Harville ( 198 1 )  derives the necessary and sufficient condit ions for 

unb iased and minimum-variance unb iased es t imators for fixed effect 

models with arbitrary covariance s truc ture . These es t imators have 

also b een s tudied by Rao ( 1979) . 

Henderson ( 1980 ) des cribes a new method of es t imation o f  variance 

components applicab le to mixed models which is related to MINQUE (0)  

but does no t depend on Q/O� b e ing close to Q. Furthermore , i t  is 

computationally feas ible , with ��� being the only matrix to be  inverted, 

although this is also unnecess ary if ��� is diagonal . Henderson no tes 

that  the sampling variances are relatively easy to compute for this 

method . He thus compared these with MINQUE , MINQUE (0 )  and Method I l l  

f o r  a mixed model including one random (s ire)  effect without interaction , 

over a wide range o f  o2/o2 values . 0 s The new method showed a smaller 

sampling variance than all th� o ther methods over the entire range o f  

o2/o2 s tudied ( from 0 . 5 t o  lOO). 0 s Hudson and Van Vleck ( 1982) corn-

pared Henderson' s new method with Method Ill. The es t imates resulting 

from the two methods were generally s imilar although they occas ionally 

yielded es t imates o f  oppos ite s ign . The possible p roduction o f  
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negative es timates is  an unresolved problem o f  both methods . Both 

methods are unb iased and trans lation invariant . The ease of corn-

putation of the new methods is improved when there are fewer fixed 

e f fect equations to be absorbed although b o th methods are generally 

computationally feas ible with present-day facilit ies . Once the fixed 

e f fects are absorbed the new method converges rap idly and with relat ive 

ease . Thus , Henders on ' s  new method appears to have a number o f  

des irable properties for es timating variance components in animal 

breeding settings . Nevertheless , a universally optimal method is 

no t available for unbalanced data and there are methods other than 

those described which are desirable for p art icular applications . 

F .  Computing Algorithms 

Having derived equations for a p articular method of es timation 

it is then necess ary to ob tain a solution . Attention will be focussed 

here on comput ing algorithms that can be  applied to REML . The com

puting algorithm may involve solving the equations o f  ( 2 . 8 ) - ( 2 . 10) , 

or i t  could incorporate modifications which of fer advantages s uch as 

speeding up the iteration or yielding only solutions which are permitted 

by the parameter space . 

1 .  Mathematical optimization 

Before discuss ing some of the algorithms , a brief descrip t ion o f  

the terminology o f  mathemat ical op timization will b e  given . 

Mathematical op t imization algori thms can be s ingle-variate or 

mul tivariate , cons trained or uncons trained , direct search methods 

or indirect  gradient methods . Gradient methods are based on the 

Taylor series and tend to be  more use ful for variance component 
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es t imation because search methods are usually very time-consuming . 

Harville ( 197 7 )  s tates that the solution for � ' the vector o f  un-

known parameters from the (r + 1 ) s t  iteration of any maximization 

algorithm can be represented as : 

e <r+1) 
( 2 . 1 3 ) 

-r 
where 8 is the solution for 8 from the previous round , w is the 

- r 

vec tor de termining the search direct io n ,  and p is a pos itive 
r 

s calar controlling the dis tance traversed in each round , in the 

direction of the search . Gradient algorithms are further defined , 

for REML , by specifying for L 1 , the likelihood function under REML , 

tha t : 

w - r  N ( 3L / 38) (r)  
-r 1 - ( 2 . 14 )  

for  some square matrix N with order equal to the number o f  random 
- r  

effects in  the model . Equat ion ( 2 . 1 4 )  could j us t  as eas ily have 

been writ ten for ML ,  that is , with 3L/ 3§ . 

The different grad ient algorithms are charac terized by the terms 

they have in p and N . 
r - r A method may be  either first order or 

second order depending on whether or not i t  uses the s econd order 

partial derivatives of the likelihood function as well as the f irs t 

order partial derivatives in N . - r The s teepes t as cent method ( used  

by  Hartley and Rao , 1967 )  is a firs t order me thod , while the Fisher-

s coring and Newton-Raphson algorithms are both second order methods . 

The cons trained o p t imization methods usually apply e ither linear 

or non-linear cons t raints , al though with s ome algorithms ( e . g . , the 

gradient proj ection and the penalty techniques) ,  both can be applied .  

For reasons o f  mathematical s implicity , i t  is generally preferable 
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to apply l inear cons t rains . There are also transformation 

methods available which change a cons trained prob lem into an un-

cons trained one . No te , that "non-linear op t imization method" 

refers to a non-linear obj ective funct ion (e . g . , quadratic for 

variance components) ; it does not specify the type o f  cons traints . 

I t  is also important to recognize that for any given estimat ion 

method , including REML , it is no t poss ible to identify the op timal 

computing algorithm . An algorithm that performs well  in one 

application may perform poorly in another set ting . The rate at 

which the iteration converges and certain op t imali ty cons iderat ions 

(such as whether the iteration converges to a global rather than a 

local maximum , or whe ther only solutions permit ted by the para

meter s pace can be generated) , have resul ted in the derivat ion of 

a varie ty of algorithms . Thus i t  is useful to have some knowledge 

of the performance that can be expected from various algorithms 

under s pecific cond i tions . 

2 .  Uncons trained optimization algori thms 

The method of s teepes t ascent (also known as Cauchy ' s  me thod) used 

by Hartley and Rao ( 1967 )  is a f irs t order method . The iteration 

may be initiated with any set of s tarting values and i t  is 

theoret ically guaranteed to converge . However ,  it  has the dis-

advantage of having a linear convergence rate and is of ten very 

s low to converge (Powell , 1970 ) . This tedious rate is associated 

with the matrix of o rder N ,  the number o f  observations , that has 

to be inverted on each round o f  the i teration . Hartley and Rao 

also outline a modification which Hemmerle and Hartley ( 19 7 3 )  

developed into an algorithm called the W transformation , which can 
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be applied  to other algorithms such as the s teepes t  ascent method . 

It  removes the need to invert this N x N matrix and ensures the 

computations do not depend on N a t  all , thus speeding up the 

iteration . Hemmerle and Hartley actually apply the W trans-

formation to the Newton-Raphson algorithm . This is one of two 

important gradient algorithms , the o ther being Fisher-s coring , 

which will be dis cussed here . 

The method o f  Fisher-scoring is a second-order gradient method . 

I t  also has a linear convergence rate , however ,  it is fas ter than 

the s teepes t ascent method since it does not involve inverting an 

N x N matrix (where N is the to tal number of observat ions ) ,  on 

each iteration . With this metho d ,  p of  ( 2 . 1 3) equals 1 and r 

N of ( 2 . 1 4 )  is a funct ion of the expected values of the second 
-r 

order partial derivat ives . Thus , based on Searle ( 1979b )  the 

solution for � from the (r + 1 ) s t  iteration of applying the Fisher-

scoring algorithm for REML is : 

- 1  
- E 

( 2 . 15 )  

To express ( 2 . 1 5 )  in  a computational form , the informat ion matrix 

of � · denoted I (�) ,  is  f irs t defined (from Searle , 1979b ) , under 

REML as : 

I (G )  = - E [ a2L 1 ] 
� a�' 

Thus I (G )  is used direct ly in the F isher-scorin� algorithm. 

( 2 . 16)  

It  is  

often use ful to denote  8 as a funct ion o f  a2, defined in ( 2 . 2) ,  say 
. 
y ,  where : 

y = (y y ] - o -
( 2 . 1 7 )  



for y = a2 and y = {y. } = {cr �/cr2} for i ,  0 0 - � 1 0 1 ,  . . • c .  

expression for I (y) may be  given as : 

I (y)  { ( N-p*) /cr4 } 0 

{ ( q . - tr [T . .  ] ) /cr� } 1 1 1  1 

{ ( (q . - tr [T . . ] ) /cr�)  ' } 1 - 1 1  1 

diagonal terms : 

tr [ ( I  . -T . . ) 2 ] /y� - q 1  - 1 1 1 

off-diagonal terms : 

tr (T . .  T . . ) IY . r . - 1] - J 1 1 J 

for i ,  j = 1 ,  . . .  c 

29 . 

Then the 

( 2 .  18) 

which may be subs tituted into ( 2.15 )  and the remaining express ion 

for the firs t order part ial derivatives for y from Harville ( 1977)  

is computed by the Fisher-s coring algorithm as : 

- 1  
{ y  (N-p*-y ' P ' y) } 0 - - -

- 1  h .  (q . -tr (T . .  ) )  1 1 _ 1 1  y \) � \) . }  l 0 1 1 

for i = 1 ,  . . . c 

( 2 . 19) 

where P is defined in ( 2.6) , q .  is the number of levels in the ith 1 

random effect , and v .  is an element o f  v which is related to Q ,  the 1 

vector of random effects : 

b Dv 

whe re � = var (� ) .  

T ( I + Z' SZD) - l 

w i th 

s 

T . .  is a submatrix of T :  - 1 1  

T - le 

T • • •  T - c l - cc 

solving ( 2 . 1 9 )  therefore requires es timates o f  P,  ! and � · 

( 2.20 ) 

( 2 . 2 1 )  

( 2 . 22) 

Solutions for T and v are d is cussed in the following section,  F3 . 
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Searle ( 19 79b) has shown tha t : 

( 2 . 23) 

This expression can be  further s implif ied depending on the particular 

specifications of the underlying model . 

can be  assumed then : 

y ' Py 

For example , when R 
"-

I 
" 0 

( 2 . 24)  

The Newton-Raphson algorithm is , in fact , very s imilar to the Fisher-

s coring method except that the second order partial derivat ives 

themselves are used , rather than their expec ted values . Thus , it 

is also a second order gradient me thod . From Searle ( 19 79b) , the 

REML solution to � on the ( r  + 1 ) s t  iteration o f  the Newton-Raphs on 

algorithm is : 

- (r)  G 

( 2 . 25) 

Computing the firs t order term in ( 2 . 25)  is exact ly the same as the 

expression given in ( 2 . 19 )  for the Fisher-scoring method . .  The corn-

putat ion o f  the second order term is given by : 

-� {y-2 (-N+p*+2y ' Py)} { ( v ! v . ) '} 
0 - - - - 1 - 1  

diagonal terms : 
-2 2 - 1 - , -y . tr ( I  -T . .  ) +2y y ,  v . ( I  . .-T . . ) v .  1 - q 1  - 11 0 1 - 1 - q1 - 1 1  - 1  

off-diagonal terms : 
- 1  - 1  - 1 - , -y , y .  t r (T . .  T . .  ) -2y Y .  v . T  . .  v .  1 J - 1J -J I.  0 J - 1 - 1] - J 

for i �  j = 1 ,  c 

( 2 . 26) 

where � � �� is defined as in ( 2 . 23)  or , for R ro2 as in ( 2 . 24) . 
- o ' 
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The advantage of the Newton-Raphson algorithm is that i t  has a 

quadratic  convergence rate and therefore a solution is usually 

obtained in fewer iterat ions than from the Fisher-s coring method . 

Harville ( 1977)  notes that for any function with a negative 

definite Hessian matrix ( the matrix of second order partial 

derivatives of the obj ective function) , convergence will occur in 

a single iterat ion . The difficulty with the Newton-Raphson 

algorithm is that quadrat ic convergence rates are only achieved 

if the i teration is initiated wi th s tarting values that are in 

reasonable proximity to the maximizing value . I f  the s tart ing 

value is poo r ,  the Newton-Raphson algorithm may converge to a local 

rather than a global maximum, or to a s tationary po int which is 

neither ,  or it may fail to converge altogether (Bard , 1974) . 

When es t imating variance components , well-subs tantiated prior 

es timates are usually available as suitable s tarting values for 

the Newton-Raphson algorithm . Jennrich and Sampson ( 1976) found 

the per formance o f  the Newton-Raphson i teration improved if it was 

preceded by at leas t one round of Fisher-scoring and also de faulted 

to this whenever the change in y .  was greater than 1 .  Harville 1 

( 1977)  sugges ts that although the Fisher-s coring metho d us ually 

takes more iterations to converge , that it is of ten eas ier , and 

quicke r , to compute the terms required within each i teration . 

Thus b o th methods have computational attributes . 

3 .  Use o f  the mixed model equations 

When REML es timates of the variance components are to be  generated 

from a mixed model with unbalanced data , it is generally an 

advantage to make use o f  the mixed model equat ions (MME) . The 



MME der ived by Henderson ( 1 9 63 , 

l : : :� :: : : :� :: + �- l ]  [ � 1 
for example) are : 

3 2 . 

( 2 . 27 )  

Harville ( 1 9 7 6 ,  1 9 7 7 )  sugges ted another form o f  the MME which , 

unlike Henderson ' s ,  allowed for singular , D ,  namely : 

( 2 . 28) 

Ob taining a solution for v from ( 2 . 28) and making use of the 

definition of v in (2 . 20) , provides a solution for b .  The lef t  

hand s ide (LHS ) matrix of ( 2 . 28 ) , say � .  is related t o  the LHS 

matrix o f  ( 2 . 27 ) , say � .  by the express ion: 

c 

( 2 . 29) 

In comparison with the matrices such as � .  ! and V which are found 

in the REML equations , ( 2 . 8) - ( 2 . 10 ) , or in some of the computing 

algorithms outlined , the matrices in the MME, � and Z and sometimes 

R and � .  may have relatively s imple s tructures . Ob taining solutions 

for a and b from the MME and us ing these as es timates in such 

equations as ( 2 . 20 )  to ( 2 . 24 )  can offer worthwhile computational 

advantages . Furthermore , use o f  the MME is of ten complementary 

to o ther algorithms , such as the Fisher-scoring and Newton-Raphson 

methods , for es timating REML estimates of the variance components . 

I teration of the basic REML equations involves invert ing y on each 

round o f  the iteration . The matrix V is never known and further-

more , b eing of order N,  is usually very large to invert .  Based on 

earlier s tudies (see , for example , Henderson, 1 973 -and Harville , 
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1975 , 1 9 7 7 ) , Searle ( 1 9 79b) shows that the equations for REML can 

also be expressed as : 

;2 Cr+1 )  = I ' (¥ - x& Cr) - z� (r ) ) 
0 

and , for i 

�2 (r+1 )  
i 

N - p* 

1 ,  c ,  the number of  random effects : 

(T . .  ) (r )  q l.. - tr - 1.1. 

( 2 . 30 )  

( 2 .  3 1 )  

where � . a solution for � .  may b e  ob tained from the MME (e . g . , 

( 2 . 1 ) ) ,  & is the es timate of a defined in ( 2 . 1 1 ) ,  p* is the rank of 

X ,  q .  is the number of levels in the ith random effect and T is - 1. 

defined in ( 2 . 2 1 ) . Searle ( 19 79b) observes that iterating ( 2 . 30 )  

and ( 2 . 3 1 )  always ensures pos itive es timates because ,  as  he  shows , 

the numerators are always pos itive , tr (T . .  ) is always pos itive and - 1. 1. 

q .  is always greater than or equal to t r (T . .  ) when 0 1.� is greater 1. - 1_ 1. 

than 0 .  

The MME can also be usefully applied to obtain an es timate of 1 · 

The algorithm for computing T from Henderson ' s  MME is given in 
A 

the appendix . A s imilar procedure yields ! from Harville ' s  MME . 

The advantage of Harville ' s  MME in this respect is that ! is 

directly obtained as the lower right-hand submatrix of  the 

generalised inverse of � .  whereas for Henderson ' s  MME some 

additional computation is required . 

4 .  Modifications to apply cons traints 

A maj or problem with the unconstrained gradient algorithms ( out-

lined in section F . 2 . )  for variance component es timation is that 

they can all produce negative solutions , which are not permitted 

by the parameter space . Constraints may be applied in a number 
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o f  ways , although procedures such as setting negative solutions 

to zero after each round , or ignoring these solutions completely , 

are unsatisfactory . Such procedures , although they have been 

used (e . g . , Hemmerle and Hartley , 1 9 7 3 ;  Miller , 1 9 7 3 ) , can be 

the cause of convergence to s tationary points which are not 

maxima . A preferable approach is to  modify the uncons trained 

algorithm with a technique such as those discussed below (see 

also , Harville , 1 9 77 ; Bard , 1974 or Gill and Murray , 19 74 , for 

example) . 

To apply non-negativity cons trains for variance component 

estimation there are a number of algorithms available including 

penalty techniques which maintain the solution within the 

parameter space by modifying the obj ective function by some 

penalty term after each iteration . There are also the trans-

formation techniques which transform the constrained op timization 

into an unconstrained problem . Another method is the gradient 

proj ection technique which "can be used whenever all the in-

equality cons traints [for example , o2 > 0 or a� ? o] are linear 0 � 

cons traints (as in computing ML or  REML estimates of variance 

components ) " (Harville , 19 7 7 ) , that is , whenever the cons traints 

can be expressed as a linear function of � - With this technique 

the search d irection is modified after each i teration by a s e t  of 

active cons traints . These are defined by Powell ( in Gill and 

Murray , 1 9 7 4 )  as "a lis t of those  constraints that are satisfied 

as equalities during an iteration . "  Methods for evaluating the 

active se t  at each iteration , that  is active set  s trategies , are 

discussed by Gill and Murray ( 19 74 )  and Adby and Demps ter ( 1974 ) . 
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Harville ( 1977 )  s tates that  the uncons trained search direction , 

denoted by w of  ( 2 . 14) is then modified , to W say ,  where :  -r -r  

w 
-r 

- 1  w U (U 'w  U ) U ' ) w -r-r  -r -r -r -r -r ( 2 . 32) 

where U is the set  of ac tive constraints for the r th iteration . _r 

Harville ( 197 7 )  sugges ts that the gradient proj ection technique 

is probably the bes t of the three methods mentioned in the case  

of  variance component estimation . I t  is considered "superior 

to the penalty technique for handling linear cons traints , especially 

when it is suspected that the maximizing value may be located on a 

boundary . "  I t  is also better than the trans formation me thods 

which should only be used " in conj unct ion with algorithms that 

guarantee at least some increase in the value of the obj ective 

function on each iteration" because , for example , when computing 

REML es timates of variance components it may introduce additional 

s tationary points of the likelihood function . 

There are other methods available for imposing cons traints such 

as the modified Newton-Raphson algorithm outlined by Harville 

( 1977)  and the improved W-trans formation by Hemmerle and Lorens 

( 1976) . Harville ( 19 7 7 )  observes that "the search for improved 

optimization algorithms is an ongoing process . "  Indeed , both 

the continued development of es t imat ion methods and the derivation 

of computing algorithms for applying these methods , are important 

ongoing aspects  of variance component es timation . 
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II . PARAMETER ESTIMATES FOR THE ROMNEY 

A.  Non - Genetic Effects 

36 . 

The phenotypic record of an individual has a genetic and an 

environmental component , although it is the genetic portion that is 

important in terms of  selection . Non-genetic or environmental effects 

mask the breeding value (B . V . ) o f  the individual as , although they are 

not controlled by (or  inherited with) the same genes as the trait ,  they 

may affect its expression . For breeding purposes it i� therefor� use-

ful to identify the important environmental effects and adj us t the 

records for these to give a more accurate indication of B . V .  

A number of s tudies of environmental effects on liveweigh t in the 

Romney (e . g . ,  Ch ' ang and Rae , 196 1 ;  Ch ' ang and Rae , 1970 ; Baker e t  al . ,  

1974 ; Baker et al . ,  1979;  Eikj e and Johnson,  1979 ; Jury et al . ,  1979) 

have indicated that date of birth , year of  b irth , sex and birth-rearing 

rank of the lamb and age of the darn should be cons idered . Jury et al . 

found that between a third and a half of the total within flock variation 

was controlled by environmental effects . Clarke and Rae ( 1976)  s tate 

that from the analys is of large numbers of National Flock Recording S cheme 

(Sheeplan) flocks it  has been found that of the to tal of 40-45 % of the 

variation in weaning weight that is controlled by environmental effects ; 

5% is due to year effects , 2% is due to age-of-dam effects , 15%  is due 

to b irth-rearing rank effects , 5% due to sex effects and 15%  is due to 

date of birth of the lamb . 

Eikj e ( 1979) suggests that hogget fleece weight should be adj us ted 

for sex and, possibl� b irth-rearing rank and date of bir th also . Es t imates 

of environmental effects on hogget fleeceweight ( e . g . , Baker e t  al . ,  1974) 

have generally shown sex to be the s ingle mos t  important effect on this 
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trai t . Baker e t  al . ( 19 7 9 )  found sex effects accounted for 1 6%  of the 

total variation in hogget fleece weigh t ,  while the other environmental 

effects together controlled 3-4% of the total variation . 

The importance of the environmental effects does change with time . 

Maternal and o ther effects associated with the early environment of the 

lamb such as the age of the dam, date of birth and birth-rearing rank 

have a lesser effect as the lamb gets older . For example ,  Baker et al . 

( 1 9 7 9 )  found that the environmental effects , particularly date of birth 

( 1 1 %) and birth-rearing rank ( 1 8%) controlled a total of 35 % of the 

variation in lamb fleece weight ,  but a year later all the environmental 

effects , except sex , were relatively unimportant . The same trend 

occurs with liveweight although environmental effects have more influence 

on hogget liveweight than hogget fleece weight . 

The influence of sex on hogget traits found in these s tudies 

actually includes a grazing mob effect s ince the sexes are usually run 

separately from weaning . Eikj e ( 19 7 8a) notes that a number of  factors , 

such as the poss ibility of interactions between the effects , or the 

presence of s ignificant within-flock or within-year variation should be 

cons idered when choosing a method of adj us tment . Jury e t  al . ( 1 9 79 )  

and Eikj e and Johnson ( 19 7 9 )  concluded that specific within-flock and 

within-year adj us tments for environmental effects could be more accurate 

in flocks weaning more than 1 50 lambs ; excep t that overall adj us tments 

for b irth-rearing rank are suggested unless more than 1000 lambs are 

being weaned .  Overall adj us tments are recommended for smaller f locks . 

Sheeplan uses within-flo ck and within-year deviations from the 

group means to adjus t for s ex and to take account of whether a ewe firs t 

lambed as a hogget or not ( dam class , say) , but uses overall adj ustments 
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for the o ther environmental effects . Liveweight records are adj usted 

by overall correction factors for the effects of b irth-rearing rank , 

date of b irth and age of dam ( i . e . ,  age within the older ewe class ) .  

The effects of sex and dam class are accounted for by within-flock 

deviations from the group mean in each year ( Clarke and Rae� 1976) . 

Hogget fleece weight was not initially adj us ted for environmental 

e ffects except to be expressed as a deviation from the group mean for 

sex and dam class . Callow and Johnson ( 1 982)  note that extens ive 

analys is of data from some Sheeplan flocks has indicated that environ

mental ef fects account for 18% of  variation in hogge t fleece weigh t of 

hoggets that were no t shorn as lambs; although they only contribute 8% 

of this variation in hoggets that were shorn as lambs . Accordingly , 

Sheeplan now uses overall correc tion factors to adj us t hogge t fleece 

weight records for b irth-rearing rank and age of dam . 

Some of  the correction factors used by Sheeplan for liveweight 

and fleece weight ,  the traits of  interes t in this s tudy , are presented 

in Table 2 . 1 .  Adj us tments for a specific trait which are made for 

birth-rearing rank (with s ingles raised as s ingles as the base level) 

and age of dam (with mature dams , 4 years old and older , as the base 

level) are applied by  additive overall correction factors . One year 

old dams do not have an adj ustment factor as hogget dams are accounted 

for by the within-group deviation . Date of  birth is adj usted for by 

a regress ion coefficient which has been computed as an overall regression 

from extensive Sheeplan data . All the correction factors are the same 

for rams and ewes s ince sex is adj usted for by deviation from the group 

mean , following the overall adj us tments . The traits for which Sheeplan 

makes adj ustment include weaning weight (WWT) , autumn liveweight (ALW) , 

winter l iveweight (WLW) , spring liveweight ( SLW) and hogget fleece 
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weight (HFW) . Table 2 . 1 does not cover the complete range of adj us t-

ments available in Sheeplan (e . g . , correction factors for triplets are 

also used and there is another set of correct ion factors for the meat 

breeds ) but it  includes the adjus tments relevant to the present s tudy . 

The correction factors used by Sheep 1 an are the difference in 

environmental effect between the base level and other levels of the 

effect which have been es timated from national flock data . The 

estimates agree well in all cases with the es timates presented in 

Table 2 . 2 .  

Correction factors have tradit ionally been ob tained us ing leas t 

squares procedures . The environmental effects have usually been 

estimated by assuming a conventional fixed effects model (where all 

terms are regarded as fixed excep t for a random, residual term) and 

applying Ordinary Leas t Squares (OLS ) . Under OLS the random , res idual 

effects are assumed to be independently and identically dis tributed ; 

the additional assump tion of normality being required for hypothesis 

tes ting . 

A more general approach , which can be applied to mixed models is 

Generalised Leas t Squares (GLS ) . For the mixed model defined in ( 2 . 1 ) , 

the GLS estimate of � .  the vector of  fixed effects is : 

a = c� ' Y
- 1

�) -
� 'Y- 1

� ( 2 . 32)  

where V is the variance-covariance matrix of the vector of  observations 

When V = Io2 , the GLS and the OLS es timator for a are the same . - - e 

Under the assumption of  normality ,  the GLS estimate , a ,  can be shown 

(see , for example , S earle , 1 9 7 1a)  to be the bes t ,  linear , unbiased 

es timator ( BLUE) and the maximum likelihood estimator (MLE) of � ·  

These des irable properties of the GLS es timator make i t  preferable  to 

the OLS es timator in the mixed model cas e .  
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TABLE 2 . 1 :  CORRECTION FACTORS USED BY SHEEPLAN FOR DUAL-PURPOSE 
SHEEP BREEDS 

Correction factor 1 Trait 2 (adj us tments given in kg . )  

WWT ALW WLW SLW HFW 

Birth-rearing rank 

s s  - TS 2 . 0 1 . 8 1 . 5  0 . 4  0 . 15 

s s  - TT 4 . 2  3 . 1  2 . 7  2 . 2  0 . 26 

Age of dam 

mat . - 2 y . o .  1 . 3  1 . 9 2 . 4  2 . 4 

mat . - 3 y . o .  0 . 2  0 . 4  0 . 9  1 . 0 

Date of b irth 

M 0 . 1 7 0 . 10 0 . 09 0 . 09 

F 0 . 1 7 0 . 10 0 . 09 0 . 08 

1 . s s  single lamb raised as s ingle 

TS twin lamb raised as s ingle 

TT twin lamb raised as twin 

2 y . o .  2 year old dams 

3 y . o .  3 year old dams 

mat . mature dams , 4 years old and older 

M ram lambs 

F ewe lambs 

2 ·Abbreviations given in text 



TABLE 2 . 2 : ESTIMATES OF ENVIRONMENT EFFECTS ON WEANING WEIGHT , HOGGET LIVEWEIGHT AND HOGGET FLEECE WEIGHT 
IN ROMNEY SHEEP 

Environmental Effects 2 (kg . )  

Reference Trait 1 Age o f  dam Birth-rearing rank 

Ch ' ang and Rae ( 19 6 1 ) 3 

Ch ' ang and Rae ( 19 70 )  

Baker et al . ( 1974 )  

Jury e t  al . ( 1979 ) 4 

WWT 

WWT 
HLW 

WWT 
HLW 
HFW 

WWT 
- - ---

mat . -2 y . o .  

1 . 5 

2 . 0  
2 . 4 

1 . 3  
1 . 2  
0 . 0  

1 . 3 
-�� 

mat . -3 y . o .  S S-TS 

0 . 8 2 . 5  

0 . 4 1 . 3  
1 . 0 0 . 4  

0 . 2  2 . 5  
0 . 2  1 . 5 
0 . 0 0 . 0  

0 . 3  2 . 0  

1 .  WWT = weaning weigh t ,  HLW = hogge t liveweigh t ,  HFW = hogge t fleece weight . 

2 •  Abbreviations as for Table 2 . 1 .  

3 .  Average of es timates from 2 flocks , over 9 years . 

4 •  Average of 1 2  flocks . 

S S-TT 

4 . 5 

4 . 2  
2 . 2  

4 . 2  
2 .  1 
0 . 1  

4 . 2  

Sex Regress ion 
on 

M-F birthday 

2 . 3  0 . 10 

- 0 . 1 2 
- 0 . 08 

1 . 9 0 . 1 2 
10 . 8  0 . 05 
0 . 5  0 . 0 1  

2 .  1 -

� 
...... 



B .  Heritabilities 
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Heritab ility (h2) is defined as the proportion of the phenotypic 

variance that is due to the additive genetic effects of the genes . 

That is : 

where a2 is the additive genetic variance and a2 is the phenotypic a p 

( 2 .  3 3) 

variance . Her itability is important in animal breeding because it is 

used to predict a number of parameters such as genetic gain from 

selection and the relative breeding values of  individuals within a 

population . 

Heritability cannot be es timated directly from ( 2 . 33) , because 

although �2 can be ob tained , a 2 cannot be estimated since additive p a 

genetic values are not observable . However ,  a2 and therefore h2 , a '  

can be es timated indirectly us ing records on related animals . The 

mos t common relationships used to estimate h2  are the correlation 

between records on paternal half-sibs , and the regression of records 

of the parent on the of fspring ' s  records . Both methods make use of  

relationships which are readily available in  sheep breeding data and 

which are relatively free of non-additive genetic effects . 

The paternal half-sib correlation is completely free o f  maternal 

e f fects and dominance variance and contains less than 1 / 16 of the 

epis tatic variance . The genetic relationship between paternal half-

s ibs is !,;· thus a2 is estimated as 4 t imes the between s ire variance ' a 

2 • cr • s Similarly , h2 is estimated as 4 times the paternal half-s ib 

intraclass correlation , which can be expressed as : 
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( �
2 ) 

� 

4 
a; +

s

a; ( 2 . 34 ) 

with a 2 denoting the between s ire variance and cr2 the res idual variance . s e 

The paternal half-s ib correlation is frequently based on analyses 

where s ires are nested within years ; hence , i f  any s ire x year inter-

actions are present then they would be included in cr 2 of ( 2 . 34) (Chopra , s 

1 9 78) . Denoting cr2 as the variance due to the sire x year interactions , s t  

Chopra ( 19 78) sugges ts the following express ion may estimate h2 more 

accurately from paternal half-s ib records : 

Interactions between fixed and random effects (such as a 2 ) , are s t  

( 2 . 35 )  

frequently ignored , however ,  because they are difficult t o  interpret 

and often non-s ignificant anyway . Nevertheles s ,  if such interactions 

are significant , but not taken into account and removed from o2 , the h2 
s 

will be over-es timated to some extent . 

The relationship between parent and offspring can also be used to 

estimate h2 • Unlike the parent-offspring correlation , the parent-

o ffspring regression is not biased by selection having been practiced 

among the parents , the independent variable , which makes it particularly 

suitable in an animal breeding context . Selection among the offspring 

b iases both the correlation and the regression, but they have the same 

expectation when selection has not been pract iced in either generation . 

The parent-offspring correlation is free o f  dominance effects and 

includes less than � of  the epistatic variance . It  does however have 

the disadvantage that maternal effects may inflate the covariance and 
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therefore the h2 es t imate . Because the genetic relationship between 

parent and offspring is �. the regression coefficient is doubled to 

( 2 . 36)  

where a denotes the covariance between pairs of records on each po d ' 

parent and their offspring and a2 is the phenotypic variance of the pd 

parents ' records . 

Tne h2 es timates in Table 2 . 3  for a range of traits in the Romney 

breed are estimated from either a parent-offspring regress ion ( POR) or 

paternal half-sib ( PHS ) approach . In some cases the dam-offspring 

regression (DOR) , sire-offspring regression ( SOR) or daughter-dam 

regression (DDR) are used which are specific applications of the POR . 

Chopra ( 1978) uses two variations of the PHS . 1 His PHS approach 

is given in (2 . 35) and PHS 2 method estimates h 2 as : 

( 2 . 37 )  

and is  therefore equivalent to  the usual PHS es timate of ( 2 . 34) . Chopra 

estimated h2 from flocks under two different s tocking rates (control and 

intensive) and also from a combination of these records . For the corn-

bined s tocking rate analysis he also included a term for the s ire x 

s tocking rate interaction variance , �2 alongside ;2 in ( 2 . 35 )  and s t ' s t  

( 2 . 37 ) . There was no s ignificant difference found between the 

estimates of h2 from the different s tocking rates for the traits 

reviewed here , so j us t  the range is given in Table 2 . 3 .  

Chopra ( 1978) did , however ,  find some s ignificant differences 
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TABLE 2 . 3 :  HERITABILITY ESTIMATES FOR VARIOUS LIVEWEIGHT AND FLEECE 
CHARACTERISTICS IN ROMNEY SHEEP 

Estimate Method Age Reference Comments 

GREASY FLEECE WEIGHT 

0 . 26 PHS 1 4  mth McMahon ( 1 943 )  mos t  probable : 
0 . 0 1-0 . 15 

0 . 04 DDR 1 4  mth " " 

0 . 20 DOR 1 4  mth Rae ( 1 946)  

0 . 35 DOR 1 4  mth 1 1  1 1  
� '  I_ . J O  
:i o"' " 'j  0 .  o-1-0 . 1 5  DOR 1 4  mth 1 1  ( 1 948) 

0 . 46 DOR 1 4  mth Wright and S tevens 
( 1953)  

0 . 1 1  DOR 1 4  mth Rae ( 1958)  

0 . 3 1 PHS 1 4  mth 1 1  1 1  

0 . 3 2 DOR 1 4  mth 1 1  1 1  

0 . 4 3  PHS 1 4  mth Tripathy ( 1 9 6 6 )  

0 . 23 PHS 1 4  mth Lundie ( 19 7 1 )  

0 . 002 PHS Radomska and Tyszka 
( 1 972)  1 s t  shear 

0 . 3 24 PHS 1 1  1 1  1 1  2nd shear 

0 . 36 7  PHS 1 1  1 1  1 1  3rd shear 

0 . 29 PHS 1 5  mth Baker et al . ( 19 74 )  

0 . 5 7  PHS 1 5  mth " " " 

0 . 068 Radomska and Klewiec 
( 1975)  

0 . 105  Radomska and Klewiec 
( 1976 )  1st  shear 

0 . 225 PHS 1 4  mth Rae ( 19 7 7 )  

0 . 38-0 . 6 1  PHS 1 14  mth Chopra ( 19 7 8 )  range of  s tock-
ing rates 

0 . 38-0 . 6 1  PHS2 1 4  mth " " 

0 . 28-0 . 55 PHS 1 3  mth Eikj e ( 19 78b)  



TABLE 2 . 3 :  (continued) 

Es t imate Method Age 

GREASY FLEECE WEIGHT 

0 . 37 PHS 1 3  mth 

0 . 4 3  PHS 1 3  mth 

0 . 34 PHS 1 3  mth 

0 . 37 PHS 13  mth 

0 . 1 2 PHS 4 mth 

0 . 2 1 PHS 4 mth 

0 . 1 5 PHS 4 mth 

0 . 27 PHS 1 3  mth 

0 . 4 1  PHS 1 3  mth 

0 . 29 PHS 1 3  mth 

0 . 34 DOR 1 3  mth 

0 . 3 7  SOR 1 3  mth 

0 . 29 14  mth 

0 . 28-0 . 34 PHS 1 3  mth 

0 . 0 7-0 . 1 5 PHS 1 3  mth 

0 . 14-0 . 68 PHS ave . life 

QUALITY NUMBER 

0 . 1 8 PHS 14 mth 

0 . 33 DOR 14  mth 

0 . 37 DOR 14  mth 

0 . 4 1  DOR 1 4  mth 

0 . 27 DOR 14  mth 

0 . 25 DOR mature 

0 . 27 DOR 14 mth 

4 6 . 

Reference Comments 

Eikj e ( 1 9 78b) ram hoggets 

" " ewe hogge ts 

" " singles 

" " twins 

Baker et  al . ( 19 79)  ram lambs 

" " " ewe lambs 

" " 1 1  

1 1  " 1 1  ram hoggets 

" 1 1  " ewe hogge ts 

1 1  1 1  1 1  

" 1 1  " 

1 1  1 1  " 

Baker ( 19 7 7 )  

Blair ( 1 9 8 1 )  ewe hogge ts 

1 1  " ram hoggets 

1 1  " ewes 

McMahon ( 1943)  mos t  p robable : 
0 . 35-0 . 40 

" " 

Rae ( 19 4 6 )  

" ( 19 4 8 )  

" ( 19 5 0 )  

" ( 19 5 8 )  

1 1  1 1  
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TABLE 2 . 3 :  (continued)  

Est imate Me thod Age Reference Comments 

QUALITY NUMBER 

0 . 34 DOR 1 4  mth Rae ( 1958)  

0 . 4 7  PHS 14  mth 1 1  " 

0 . 46-0 . 59 PHS 1 14  mth Chopra ( 19 78 )  

0 . 46-0 . 7 2 PHS 2 14  mth 11 1 1  

0 . 3 1-0 . 39 PHS 1 3  mth Blair ( 19 8 1 ) ewe hoggets 

0 . 46-0 . 58 PHS 1 3  mth 11 1 1  ram hoggets 

0 . 22-0 . 7 3 PHS ave . life 1 1  1 1  ewes 

STAPLE LENGTH 

0 . 16 DOR 14  mth Rae ( 1946)  

0 . 19 DOR 1 4  mth 1 1  1 1  

0 . 2 1 DOR 1 4  mth 1 1  ( 1948)  

0 . 35 DOR 1 4  mth 11  ( 1950)  

0 . 29 DOR mature 1 1  ( 1958)  

0 . 35 DOR 1 4  mth 11  11  

0 . 50 DOR 1 4  mth 11  11  

0 . 48 PHS 1 4  mth 11  11  1 s t  shear 

0 . 46 DDR 14  mth Tripathy ( 1966 )  

0 . 1 27 Radomska and Klewie c 
( 19 75)  

0 . 109 Radomska and Klewiec 
( 19 76) 

0 . 54-0 . 57 PHS
l 

1 4  mth Chopra ( 19 78)  

0 . 5 6-0 . 63 PHS
2 1 4  mth " 1 1  

0 . 09-0 . 33 PHS 1 3  mth Blair ( 198 1 )  ewe hoggets 

0 . 3 9-0 . 4 7  PHS 1 3  mth 1 1  " ram hoggets 
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TABLE 2 . 3 :  ( continued) 

Es t imate Method Age Reference Comments 

STAPLE LENGTH 

0 . 1 8-0 . 3 1  PHS ave . life Blair ( 19 8 1 )  ewes 

CHARACTER 

0 . 18 PHS 14 rnth McMahon ( 1943)  

0 . 1 2 DOR 14 mth " " 

0 . 00 DOR 14 rnth Rae ( 1946 )  

0 . 15 DOR 14 rnth " " 

0 . 1 6 DOR 14 rnth " " 

0 . 27 DOR 14 mth " ( 1948)  s ide 

0 . 20 DOR 14 rnth " " forequarter 

0 . 38 DOR 14 mth " " hindquarter 

0 . 25 DOR mature " ( 1 958 )  

0 . 1 6 DOR 14 rnth " " 

0 . 22 DOR 14 rnth " " 

0 . 1 2 PHS 14 mth " " 

0 . 24-0 . 3 1 PHS 1 
14  rnth Chopra ( 1978)  

0 . 28-0 . 34 PHS
2 

14 rnth " " 

0 . 25-0 . 50 PHS 1 3  rnth Blair ( 198 1 )  ewe hogge ts 

0 . 2 7-0 . 50 PHS 1 3  mth " " ram hogge ts 

0 . 1 8-0 . 5 7  PHS ave . life " " ewes 

FLEECE COLOUR 

0 . 2 2-0 . 34 PHS1 1 4  mth Chopra ( 1978 )  greas y  

0 . 3 1-0 . 44 PHS2 14 mth " " greasy 

0 . 10-0 . 19 PHS1 14 rnth " " s coured 

0 . 30-0 . 39 PHS2 
14  mth 11 " scoured 



TABLE 2 . 3 :  ( continued) 

Es t imate Me thod 

BIRTHWEIGHT 

0 . 0 1 3  

0 . 19-0 . 3 2 PHS 

0 . 32 PHS 

WEANING WEIGHT 

0 . 35 DOR 3 

0 . 30 PHS 3 

0 . 23 DOR 3 

0 . 35 PHS 3 

0 . 6 1 2  PHS 

0 . 18 PHS 3 

-0 . 05 PHS 3 

0 . 18 

0 . 0 7-0 . 18 PHS 

0 . 1 2 PHS 3 

0 . 16 PHS 3 

0 . 15 PHS 3 

0 . 1 1 PHS 3 

-0 . 0 6  PHS 3 

0 . 20 PHS 3 

0 . 08 PHS 3 

0 . 22 DOR 3 

0 . 08 SOR 3 

Age 

mth 

mth 

mth 

mth 

mth 

mth 

mth 

mth 

mth 

mth 

mth 

mth 

mth 

mth 

mth 

4 9 . 

Reference Comments 

Radomska and Klewie c  
( 19 75) 

Blair ( 19 8 1 )  ewe lambs 

1 1  1 1  ram lambs 

Ch ' ang and Rae ( 19 6 1 )  

" 1 1  " ( 19 70)  

" " " " 

Lundie ( 19 7 1 ) 

Radomska and Tyszka 
( 19 72) 

Baker et al . ( 19 74)  

1 1  " " 

Radomska and Klewiec 
( 19 75)  

Eikj e ( 19 78b ) mean = 0 . 14 

1 1  " ram lambs 

" " ewe lambs 

" " s ingles 

" " twins 

Baker et al . ( 1 9 7 9 )  ram lambs 

" 1 1  " ewe lambs 

Eikj e ( 19 78b) 

" " 

" " 



TABLE 2 . 3 : ( continued) 

Es t imate Method 

WEANING WEIGHT 

0 . 08 PHS 

0 . 24-0 . 35 PHS 3 

0 . 19 PHS 3 

Age 

mth 

mth 

HOGGET (YEARLING) LIVEWEIGHT 

0 . 46 DDR 14  mth 

0 . 5 1  PHS 1 3  mth 

0 . 46  DOR 1 3  mth 

0 . 0 15 PHS 1 2  mth 

0 . 22 PHS 15  mth 

0 . 22 PHS 15  mth 

0 . 107  1 2  mth 

0 . 2 1-0 . 46 PHS 1 14 mth 

0 . 4 7-0 . 7 2 PHS 2 14 mth 

0 . 23 PHS 1 3  mth 

0 . 3 1  PHS 1 3  mth 

0 . 2 7 PHS 1 3  mth 

0 .  26 DOR 1 3  mth 

0 . 23 SOR 1 3  mth 

0 . 27 PHS 

0 . 0 6-0 . 5 2  PHS 1 3  mth 

0 . 26-0 . 4 2  PHS 1 3  mth 

LIVEWEIGHT AT OTHER AGES 

0 . 45 PHS 6 mth 

50 . 

Reference Comments 

Baker ( 19 7 7 ) 

Blair ( 1 9 8 1 )  ewe lambs 

" " ram lambs 

Tripathy ( 1966 )  

Ch ' ang and Rae ( 19 70 )  

" " " " 

Radomska and Tyszka 
( 19 7 2) 

Baker e t  al . ( 19 74)  

" " " 

Radomska and Klewie c 
( 19 75)  

Chopra ( 19 78) 

" " 

Baker e t  al . ( 19 79 )  ram hoggets 

" " " ewe hoggets 

Chopra ( 19 78)  

" " 

Baker e t  al . ( 19 7 9 )  

Baker ( 19 7 7 )  

Blair ( 19 8 1 )  ewe hoggets 

" " ram hoggets 

Ch ' ang and Rae ( 19 70 )  
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TABLE 2 . 3 :  (continued)  

Es timate Method Age Reference Comments 

LIVEWEIGHT AT OTHER AGES 

0 . 35 DOR 6 mth Ch ' ang and Rae ( 1 9 70)  

0 . 39 PHS 9 mth 11 11 11 11 

0 . 42  DOR 9 mth 11 1 1  " " 

0 . 1 4 2  PHS 10 mth Radomska and Tyszka 
( 1 972) 

0 . 24 PHS 6 mth Baker et  al . ( 19 74 )  

0 .  24 PHS 6 mth " " " 

0 . 38 PHS 8 mth " " " 

0 . 3 2 PHS 8 mth " 11  " 

0 . 158  10  mth Radomska and Klew iec 
( 19 76)  

0 . 3-0 . 4 1  0-3 mth Ugalde ( 19 78 )  range only 
given 

0 . 22 - PHS 5 mth Baker et al . ( 19 79)  

0 . 33 DOR 5 mth " " " 

0 . 20 SOR 5 mth " " " 

0 . 22 PHS 7 mth " 1 1  " 

0 . 28 DOR 7 mth " 1 1  1 1  

0 . 09 SOR 7 mth " 1 1  " 

0 . 34 PHS 10  mth " " " 

Q . 28 DOR 10  mth " 1 1  " 

0 . 29 SOR 10  mth " " " 

0 . 23 PHS 1 6  mth " " " 

0 . 4 7  DOR 1 6  mth " " 1 1  

0 . 22 SOR 1 6  mth " 1 1  " 



TABLE 2 . 3 : ( continued) 

Es t imate Method Age 

L IVEWEIGHT AT OTHER AGES 

0 . 46 

0 . 2 1 

0 . 26-0 . 48 

PHS 

PHS 

PHS 

10 mth 

10 mth 

ave . life 

5 2 . 

Reference Comments 

Baker ( 19 7 7 )  rams 

" 1 1  ewes 

Blair ( 19 8 1 )  ewes 
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between the PHS 1 and PHS
2 

es timates o f  h 2 , which indicates that the 

interact ions are important for that trai t . He found s ire x year 

interactions to be highly s ignificant for hogget livewe igh t  and greasy 

fleeceweigh t ,  but non-s ignificant for all the other traits reviewed 

here . Sire x s tocking interact ions were highly s ignif icant for hogget 

. liveweight and moderately significant for greasy colour grade . In the 

Romney , apart from reproduct ive rate , hogget liveweight  and greasy 

fleece weight  are the mos t  impor tant selection criteria . The impli-

cat ions of these interact ions , particularly for hogget livewe ight , 

suggest that selecting breeding animals under low s tocking rates (as 

may be found in s tuds ) , which enhance favourable express ion o f  any 

genetic po tential , is l ikely to be less e f fective than selection under 

higher (commercial) s tocking rates . Furthermore , us ing ( 2 . 3 7 ) , or 

( 2 . 34 ) , to es t imate h2 for these traits will tend to over-es t imate h2 

relative to ( 2 . 35 ) . 

Blair ( 1 9 8 1 )  studied genetic parame ters in a control flock of 

Romneys , a flock selected for open-face and another selected for fleece 

weigh t .  These were generally in agreement with each other for the 

traits reviewed here , so again the range only is given . In o ther 

cases , a range of h2 in the table represents a number of repl icates . 

McMahon ( 1943)  presented the h2 range that he cons idered to be mos t  

probable a s  well a s  his own estimates . 

As a general guide , the magnitude o f  the heritab il it ies can be 

interpreted as low between 0 . 0 and 0 . 1 ,  intermediate be tween 0 . 1  and 

0 . 3  and high b e tween 0 . 3  and 1 . 0 (Turner and Young , 1969 ) . 

Mos t  es t imates o f  h 2 in Table 2 . 3  are made at a particular age , 

frequently as hoggets ( 1 3- 1 5  months ) ,  although Blair ( 19 8 1 ) , for 
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example , also es timated h2 from the average lifetime performance records 

of a ewe flock .  When h2 i s  es t imated within a single sex this is 

indicated unless it is otherwise obvious ( e . g . , with DDR estimates ) . 

Blair ( 19 8 1 )  found differences in the h 2 es timates between the 

ram and ewe hoggets although these were generally non-s ignificant . 

However ,  h 2 es timates for greasy f leece weight were s ignif icantly 

lower for the ram hoggets . Blair d iscusses the implications of this 

in an indus t ry where rams have a greater influence on gene tic change , 

but whe re genetic parameters tend to be estimated from ewe data . He 

sugges ts that response to selection for greasy fleece wei gh t  could be 

less than would otherwise be expec ted . Baker et al . ( 19 79 )  found 

when analys ing the sexes separately that the h2 estimates for live

weight  and fleeceweigh t  traits were cons is tently lower for the ram 

progeny (no t all their h2 o f  liveweight es t imates for each sex 

separately are included in Table 2 . 3 ) . This trend was also supported 

by Eikj e ( 19 7 8b)  for weaning we igh t  and hogget fleeceweight . He 

points out that this sugges ts i t  may be des irable to weigh ram and 

ewe records d i f ferently when predicting breeding values for s election 

purposes . The es timat ion of h2 for each sex separately has no t been 

inves tigated extens ively but these three s tudies sugges t the dif ferences 

could be important particularly in liveweigh t  and fleeceweigh t  traits 

which are fundamental selection criteria in a dual purpose b reed such 

as the Romney . 

Baker et  al . ( 19 79 )  also inves t i gated the effect o f  b ir th-rearing 

rank on the h 2 of weaning weight . The paternal half-sib es t imates 

were 0 . 1 2 for s ingles and 0 . 05 for twins . Eikj e ( 19 7 8b )  found a 

s imilar trend for weaning weigh t , but  not for fleeceweight  as h is 

results in Table 2 . 3  show . Work in o ther breeds also ind icates that 
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h2 is higher in s ingles than twins for  weaning weight . G j edrem ( 19 6  7 )  

has sugges ted this may be associated with the bet ter level o f  nutrit ion 

that the dam can provide for a s ingle lamb than for each twin . He 

sugges ts that  the two cases may be considered as es t imating h 2 in two 

different environments .  Baker et al . ( 19 7 9 )  found that the effect 

of birth-rearing rank on h 2 declined after weaning , although they d id 

no t pub lish the es timates , which agrees with this theory . 

Probably the mos t no ticeable feature o f  the es timates in Table 

2 . 3  is the wide variat ion both between and within the various traits . 

This is true o f  h 2 es timates in all breeds , and Turner and Young ( 19 6 9 )  

comment that at  leas t part of the large variation i n  values i s  due to 

the inclus ion of es timates with large sampling errors . Some of this 

variat ion is due to environmental differences such as age , sex and 

birth-rearing rank and the me thod , if any , used to adj us t for these 

factors . There is also , o f  course , the differences in methods used 

to es timate h 2 since these may involve different variance components . 

Generally , however ,  the produc tion charac teris tics tend to have 

moderate to high h2 ' s  in both the wool and liveweigh t traits . 

Greasy fleece weight , quality number and s taple length , amongs t 

the traits reviewed here , all appear to be reasonably heritab le traits 

in the Romney . The estimates on f leece colour are too few and too 

variable to be conclus ive and charac ter has a low heritability . Mos t  

o f  the h2 e s timates for the wool traits have been made o n  hogget data . 

In particular there is l it tle informat ion on important traits such as 

fleece weight at different ages . The h 2 estimates for greasy lamb 

fleece weigh t calculated by Baker e t  al . ( 1979 )  sugges t that it  is 

markedly lower than that  of hogget f leece weight . S tudies in o ther 
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breeds (see , for example , Young et al . ,  1960 ; Mullaney et al . ,  1 9 70 

and Nawara and Duniec ,  1 9 7 2) have also tended to sugges t that h 2 o f  

many production traits increases with age , although the results have 

not always supported this trend . Nevertheless , h2 is of ten 

suf f iciently large , even at  early ages , to support worthwhile selection 

respons es in the production wool traits following selection as hoggets 

or even earlier . 

Liveweigh t also appears to show increased h2 with increas ing age . 

However , although the es t imates of h2 of birthweigh t  are generally 

lower than at older ages , the lack of information on this trait makes 

de finite  conclusions impossible . Blair ( 1 9 8 1 )  ob tained a moderate 

estimat e  of h2 of b irthweigh t  in ram lambs from the fleeceweight  

flock . There was no estimate published for the facecover flock for 

this trait , due to a negat ive s ire component , and no estimates calcu

lated f rom the control flock data for any t rait in the ram progeny , 

due to a lack of sufficient numbers . Baker et al . ( 19 79 )  found that 

h2 of l ivewe ight increased with age from weaning to hogget s tage . 

Other estimates in the table at  intermediate s tages are in general 

agreement with this despite some obvious excep tions . Baker et  al . 

discuss the importance of recognizing that different methods include 

diff erent sources of variation . The fact that some maternal e f fects 

are included in the numerator of the dam offspring regression as well 

as the covariance between individual and maternal e f fects is highly 

relevant in the case o f  liveweight traits . The s ire o f fspring 

regress ion will include the covariance term but not the variance due 

to any maternal e ffects . It is therefore not surpris ing that  h 2 

estimates from the dam offspring regression are no t iceably higher at 

weaning and weights close to weaning and that the difference is reduced 
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with increasing age . The e f f ect o f  the maternal environmental 

decreases from an important role in lamb growth to a minimal level 

in the older lamb and appears to have been eliminated by the hogget 

s tage . Liveweigh t , at all ages, is also influenced by the individual 

lamb ' s  own genotype . However ,  the dis t inction between and relative 

magnitude of  maternal and individual ef fects on liveweight from b irth 

onwards has no t been fully s tudied . Eikj e ( 1978b) no tes that these 

two e ffects on weaning weigh t  should be treated as separate traits . 

Weaning weight  is usually treated as a lamb trait , no t a maternal trait . 

As Baker et  al . ( 19 79)  observe "there are few es t imates in sheep of the 

heritab ility of maternal effects or o f  the genetic correlation be tween 

individual and maternal effects " ,  a topic which warrants further s tudy . 

In general the liveweight traits , like the production wool traits , 

do have moderate to high h 2 ' s  and can also be expected to provide 

reasonable selection response . 

C .  Correlat ions 

The correlation coefficient (r)  is a measure of the association 

between two variates . Inter-trait correlations which usually refer to 

the correlation between two traits measured at the same t ime on the same 

animal will be discussed here , although intra-trait correlat ions on the 

same or different animals also provide a useful indication of expected 

changes of correlated variates in a selected population . The pheno-

typ ic correlation may be divided into a genetic and an environmental 

portion . I t  is the gene tic correlation that determines the correlated 

response that may be expected from selection . Pheno typic correlations 

play an importan t  role in cons tructing select ion indices . 

The phenotypic correlation between two traits ( r  ) may be p 
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estimated from pairs of records on a sample of individuals from a 

population, using the product-moment express ion . 

A 

r p 

That is , 

( 2 . 38) 

where a denotes the covariance be tween two traits 1 and 2 calculated p 1 2 ' 
from p airs of records from a number of individuals , and a2 p

1 
and a2 

P2 
repres ent the pheno typic variances of the two traits . When variance 

and covariance components have been es timated from the data then r p 

can read ily be es t imated . Thus , following an analys is of variance 

and covariance from paternal half-s ib data : 

r p 
( 2 . 39)  

where a2 and a2 denote the s ire and res idual variance components , and 
s e 

a and a the sire and res idual covar iance terms respectively . s 1 2 e 1 2 ' ' 
The covariance may be  of any magni tude and s ign , and therefore the 

correlation can also be pos i t ive or negative . However ,  the standardis-

ation afforded by the denominato r ,  theore tically ensures that the 

correlation ranges between - 1  and +1 . Generally , an absolute value 

between 0 and 0 . 2 is regarded as negligab le ,  0 . 2 to 0 . 4 as low , 0 . 4 to 

0 . 6  as moderate and over 0 . 6  as high ( Brown and Turner , 1968) . These 

guidelines apply to both phenotypic and genetic correlations . 

Es t imation o f  the genetic  correlations is no t as s traightforward 

as the estimat ion of the pheno typ ic correlation us ing ( 2 . 38) . Once 

again the paternal half-s ib and parent-of fspring relationships are mos t 

frequently used . The necessary variance and covariance components can 
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b e  es timated from the data with appropriate analyses of variance and 

covariance . From the paternal half-sib analys is , the covariance be-

tween the traits due to s ires es t imates a quarter of the add itive 

genetic variance , in the same way that cr2 es t imates kcr2 as was d is-
s 4 a '  

cussed for heritability . 
0 

r g 

s 1 2 ' 

s ince the fours cancel out . 

Thus : 

( 2 . 40 )  

The gene tic correlation can also b e  

es timated from the parent-of fspring regress ion although the express ion 

is somewhat different in that it involves 2 d ifferent traits and 2 

classes of individuals on which measurements are made . 

r 
g 

That is 

( 2 . 4 1 )  

The 2 is introduced i n  the denominator to ob tain the mean o f  the 2 

covariances in the numerator . In the denominator the sums of cross 

products al though calculated with in traits , are be tween animals thus 

covariances rather than variances are employed . 

In part I a number of the me thods available for es t imating variance 

components were d is cussed . These methods can generally be  applied to 

the es timat ion o f  covariance components also (see Henderson , 195 3 ,  for 

example) . 

The apportioning o f  the pheno typ ic correlation into a genetic and 

an environmental component is illus trated in equation ( 2 . 39 ) . A 

posi t ive correlation b e tween two traits does not however imply they 

have a common genet ic b ase . The genetic component could be small 

and/or negative and i t  could be the environmental component which is 



caus ing the pos itive value for cr2 .  

p 
The reverse could also apply , 

but a2 itself does no t convey this informa t ion . p 

The genetic correlation also indicates wha t ,  if any , counter-

select ion may be necessary . I t  is also poss ible ,  when a des ired 
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charac teris tic is d i f ficult or expens ive to measure , that there may be 

a highly genetically correlated trait on whi ch indirect selec�ion can 

be practiced . This also applies to phenotyp ic correlat ions with 

respec t to lifetime performance . It  is therefore evident that the 

selec tion obj ectives could be antagonis tic if the gene tic and pheno-

typic correlations have different s igns . S ince the pheno typic 

correlation involves b o th a gene tic and an environmental component , 

whereas the gene tic correlat ion j us t  the former , they are more likely 

to be of the same sign for traits in which the environment has a lesser 

effect . Pleiotropy , and to some extent linkage , are impor tant causes 

of the gene tic correla t ion . 

In Tab les 2 . 4 and 2 . 5  a range of es timates o f  pheno typ ic corre-

lations and genetic correlations , respectively , are presented . As 

with the heritab il i t ies , the es t imates reviewed are conf ined to a 

select ion of wool and growth trai ts that are o f  interes t in the Romney 

breed . The pheno typic correlat ion is invariably estimated from the 

product-moment express ion of ( 2 . 38) ; hence the method of es timation 

is not l is ted . In b o th tables , age pertains to both traits in the 

correlation , unless it is indicated to be o therwise .  The fleece 

trait x l iveweight correlations are excep t ions s ince they generally 

refer to  characteris t i cs of the hogget f leece , with the l iveweights 

being recorded at the ages specified . The r ange o f  correlations 

presented from Blair ( 19 8 1 )  cover the same selection f locks described 
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TABLE 2 . 4 : PHENOTYPIC CORRELATION ESTIMATES BETWEEN VARIOUS LIVE
WEIGHT AND FLEECE CHARACTERISTICS IN ROMNEY SHEEP 

Es timate Age Reference Comments 

GREASY FLEECE WEIGHT x HOGGET FLEECE WEIGHT 

0 . 5 1  2 y . o .  Wright  and S tevens ( 1953)  

0 . 35 5 y . o .  " " " " 

0 . 44 ave . life " " " " excl . hoggets 

0 . 6 2 ave . life 1 1  " " " incl . hogge ts 

GREASY FLEECE WEIGHT x QUALITY NUMBER 

-0 . 33 14 mth Rae ( 1958)  

-0 . 07--0 . 0 3  14 mth Sumner ( 1969)  

-0 . 3 1--0 . 1 8 mixed " " ewes 

-0 . 33 mixed Wickham e t  al . (unpubl . )  ewes 

-0 . 18 14  mth Eikj e ( 19 78b )  ewe hoggets 

-0 . 1 3 14  mth " " ram hoggets 

-0 . 27 14 mth " " both sexes 

-0 . 26--0 . 22 1 3  mth Blair ( 198 1)  ewe hoggets 

-0 . 26--0 . 05 1 3  mth " " ram hogge ts 

GREASY FLEECE WEIGHT x STAPLE LENGTH 

0 . 45 14 mth Rae ( 1958 )  

0 . 48 14  mth Tripathy ( 1966)  

0 .  22-0 . 5 1  14  mth Sumner ( 1969)  

0 . 30-0 . 39 mixed " " ewes 

0 . 4 7  mixed Wickham e t  al . (unpubl . )  ewes 

0 . 1 7 Radomska and Klewiec ( 19 75 )  

0 . 20 " " " ( 19 76)  

0 . 40-0 . 50 1 3  mth Blair ( 19 8 1 )  ewe hoggets 

0 .  29-0 . 5 1  1 3  mth " " ram hogge ts 
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TABLE 2 . 4 : ( continued )  

Es t imate Age Re ference 

GREASY FLEECE WEIGHT x CHARACTER 

0 .  24 14  mth Rae ( 1958)  

0 . 1 2-0 . 22 14 mth S umner ( 1969)  

-0 . 0 1-0 . 18 mixed " " 

-0 . 0 9  mixed Wickham et  al . 

0 . 06-0 . 0 7  1 3  mth Blair ( 1 9 8 1 )  

0 . 00-0 . 1 8 1 3  mth " " 

QUALITY NUMBER x STAPLE LENGTH 

-0 . 54 14  mth Rae ( 1958)  

-0 . 69 mixed Ross ( 1964)  

-0 . 49--0 . 46 14  mth S umner ( 1 969 )  

-0 . 5 2--0 . 4 2  mixed " " 

-0 . 5 3  mixed Wickham et al . 

-0 . 5 8--0 . 5 3 1 3  mth Blair ( 19 8 1 )  

-0 . 55--0 . 3 1 1 3  mth 1 1  " 

QUALITY NUMBER x CHARACTER 

0 . 0 6  1 4  mth Rae ( 1958)  

0 . 39-0 . 58 14  mth S umner ( 1969 )  

0 . 08-0 . 38 mixed " " 

0 . 33 mixed Wickham et al . 

1 . 1 1- 1 . 1 3 1 3  mth Blair ( 19 8 1 )  

0 . 1 3-0 . 36 1 3  mth 11 11 

STAPL E  LENGTH x CHARACTER 

0 .  20 1 4  mth Rae ( 1958)  

-0 . 26--0 . 1 1 1 4  mth S umner ( 1969)  
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Comments 

ewes 

(unpubl . )  ewes 

ewe hoggets 

ram hoggets 

ewes 

ewes 

(unpubl . )  ewes 

ewe hoggets 

ram hoggets 

ewes 

( unpubl . )  ewes 

ewe hoggets 

ram hoggets 



TABLE 2 . 4 : ( cont inued) 

Es t imate Age 

STAPLE LENGTH x CHARACTER 

-0 . 10-0 . 0 5  mixed 

-0 . 27 mixed 

-0 . 15--0 . 09  1 3  mth 

-0 . 15-0 . 1 2 1 3  mth 

Reference 

Sumner ( 19 6 9 )  

Wickham et  al . (unpub l . )  

Blair ( 19 8 1 )  

" 1 1  

GREASY FLEECE WEIGHT x LIVEWEIGHT 

0 . 6 1  14 mth Tripathy ( 1966)  

-0 . 50-0 . 5 2 14 mth Sumner ( 1969)  

-0 . 27-0 . 49 mixed 11 1 1  

0 . 47  mixed Wickham et al . (unpubl . )  

0 . 1 1 birth Radomska and Klew iec ( 19 75)  

0 . 1 7 3 mth 1 1  1 1  1 1  " 

0 . 23 1 2  mth 11 1 1  1 1  " 

0 . 20 10 mth 1 1  1 1  1 1  ( 19 7 6)  

0 .  29 3 mth Eikj e ( 19 78b) 

0 . 30 3 mth 1 1  1 1  

0 . 26 3 mth 1 1  " 

0 . 30 3 mth " " 

0 . 30 3 mth " " 

0 . 25 3 mth Baker e t  al . ( 1 9 7 9 )  

0 . 38 5 mth 11 11  1 1  

0 . 5 2  10 mth 11 11  1 1  

0 . 44 1 3  mth " 1 1  " 

0 . 40 1 6  mth " " " 
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Comments 

ewes 

ewes 

ewe hoggets 

ram hoggets 

ewe ave . life 
FLW 

ewe ave . life 
FLW 

all progeny 

ram progeny 

ewe progeny 

s ingles 

twins 
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TABLE 2 . 4 : ( cont inued) 

Es t imate Age Reference Comments 

GREASY FLEECE WEIGHT x LIVEWEIGHT 

0 . 4 7-0 . 55 1 3  mth Blair ( 19 8 1 )  ewe hoggets 

0 . 44-0 . 5 3 1 3  mth " " ram hoggets 

QUALITY NUMBER x L IVEWEIGHT 

0 . 08-0 . 10 1 4  mth Sumner ( 1969)  

0 . 04-0 . 14 mixed " " ewe ave . life 
QN 

-0 . 0 1  3 mth Eikj e ( 19 78b ) all progeny 

-0 . 0 1  3 mth ,, " ewe progeny 

-0 . 0 3  3 mth " " ram progeny 

-0 . 08-0 . 0 5  1 3  mth Blair ( 1 9 8 1 )  ewe hogge ts 

-0 . 0 7--0 . 02 1 3  mth 1 1  1 1  ram hogge ts 

STAPLE LENGTH x L IVEWEIGHT 

0 .  24 14  mth Tripathy ( 1 9 6 6 )  

0 . 0 1-0 . 18 14  mth Sumner ( 19 6 9 )  

0 . 09-0 . 1 7 mixed " " ewe ave . life 
SL 

0 . 14 mixed Wickham et al . (unpubl . )  ewe ave . life 
SL 

-0 . 0 6  b irth Radomska and Klewiec ( 19 75 )  

-0 . 0 1  3 mth " " " " 

0 . 06  1 2  mth " " " " 

0 . 1 5-0 . 26 1 3  mth Blair ( 19 8 1 )  ewe hoggets 

0 . 03-0 . 2 1 1 3  mth " " ram hoggets 



TABLE 2 . 4 :  (continued) 

Es timate Age Reference 

BIRTHWEIGHT x LIVEWEIGHT AT LATER AGES 

0 . 32 3 mth Radomska and Klewiec 

0 . 27 1 2  mth " " " 

WEANING WEIGHT x LIVEWEIGHT AT LATER AGES 

0 . 82 6 mth Ch ' ang and Rae ( 19 72) 

0 .  74 9 mth " " " " 

0 . 62 13  mth " " " " 

0 . 6 1  1 2  mth Radomska and Klewiec 

0 . 69 5 mth Baker et al . ( 1 9 7 9 )  

0 . 57  10 mth " " " 

0 . 49 13  mth " " " 

0 . 45 16  mth " " " 

( 19 75) 

" 

( 19 75)  

HOGGET (YEARLING) WEIGHT BY LIVEWEIGHT AT VARIOUS AGES 

0 .  74 6 mth Ch ' ang and Rae ( 19 72)  

0 . 85 9 rnth " " " " 

0 . 60 5 mth Baker et  al . ( 19 79 )  

0 . 83 10 rnth " " " 

0 .  70 16 mth " " " 

BETWEEN LIVEWEIGHTS AT VARIOUS OTHER AGES 

0 . 89 

0 . 7 2  

0 . 5 7  

0 . 70 

6 x 9 rnth Ch ' ang and Rae ( 19 72) 

5 x 10 mth Baker et  al . ( 19 79 )  

5 x 1 6  mth 

10 x 16 rnth 

" 

" 

" " 

" " 

65 . 

Conunents  
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for heritab ility . The range of estimates from Sumner ( 19 6 9 )  represent 

two different s tocking rates , control and intens ive . 

From Table 2 . 4  and 2 . 5  it  appears that the gene tic and pheno typic 

correlations generally agree in terms of sign . As mentioned earlier 

this is an important advantage in terms of selection obj ec t ives . The 

. genetic correlation is usually o f  greater magnitude than the pheno typ ic 

correlations . However ,  as with h 2 , there is cons iderab le variation 

within each trait . Although this is of ten associated with high 

s tandard errors of the es timates , i t  may also reflect changes in the 

gene tic variation due to factors s uch as selec tion pressure , inbreeding 

and outbreeding . The phenotypic variation may also change over t ime 

due to both gene tic and environmental changes . Changes in management 

policies and nutritional regimes are typical examples . Thus it is 

desirable to re-est imate parame ters involving variance components , such 

as the correlations and heritab il i t ies , fairly regularly . High s tandard 

errors and estimates lying outs ide the bounds of the correlation have 

often been associated with the analys is of low numbers of records . 

However this is not always the cas e . Several of the gene tic correlat ions 

generated by Radomska and Klewiec ( 19 7 5 )  have a magnitude greater than 1 

although 1 7 1 7  paternal half-s ib records were analysed . 

In both tables , there does no t appear to be a great deal of 

difference in either the genetic o r  pheno typ ic correlations between the 

sexes . Differences in birth-rear ing rank have only been s tudied for 

the correlat ions between greasy fleece weight and weaning weigh t  

(Eikj e ,  1 9 7 8b) . The phenotypic correlation is no different between the 

Singles and twins and the genetic  correlation is higher for the twins ; 

however more es timates of these differences are needed to make con-

clus ions . 
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The es t imation o f  genetic correlations by different me thods has 

been s tudied by several workers in the table . Baker e t  al . ( 1 9 79)  

comment that for their es t imates between the liveweight  traits , 1 1with 

a few excep tions estimates of gene tic  correlat ions ob tained by 

dif ferent methods of es timation showed satis fac tory agreement , although 

sampling errors were relatively large (0 . 0 1-0 . 27) . "  Ch ' ang and Rae 

( 1 972)  also estimated gene tic correlations between the liveweights by 

different methods , and their results also appear to support this , al

though they found a tendency for the DDR es t imates to be slightly 

higher than the PHS es timates . They sugges ted this could b e  due to 

the maternal effects ignored in the DDR and therefore es t imated the 

correlation by a third me thod us ing dam-offspr ing covariance components . 

These es timates were lit tle different from the DDR es t imates and 

sugges ted the dif ference in the PHS es t imates was a proper ty of the 

data , for the between liveweight  correlations , rather than inadequate 

consideration of the maternal effects by the PHS me thod . 

In general it  is evident from the table that both the gene tic and 

phenotypic correlat ions are reasonab ly high between all the liveweigh ts . 

The genet ic correlations between weaning weight and later ages sugges t 

preliminary selection can be made a t  an early age . 

The phenotypic and genetic correlations between liveweight and fleece 

weight  are pos itive , although fairly low , which is an important advantage 

for a dual purpose sheep such as the Romney . The correlations between 

liveweight and fleece quali ty trai ts are cons iderably more variable . 

They are generally low, although the phenotyp ic correlations are 

particularly variable . 

Correlations between the f leece weigh t and fleece quali ty trai ts 
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are also variab le and can be antagonis t ic to some exten t . Thus al-

though greasy fleece weight , clean fleece weight and s taple length 

tend to be positively correlated with each o ther , they are generally 

negatively correlated wi th quality number and character and pos i t ively 

correlated with mean fibre d iame ter and hairiness . The no t iceab ly 

low correlations involving character is one of the reasons that this 

trait has become regarded as a less useful selec tion obj ective . 

In the Romney , fleece weight and liveweight are two important 

obj ectives of improvement . Depending on the end-use demand for the 

wool either coarser or finer f ibre diame ter may be preferred . So 

although f leece weight and l iveweight  can be selected for toge ther 

with li ttle difficul ty , it  may be necessary to monitor changes in 

fibre d iameter so that these can be maintained at the des ired level . 
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TABLE 2 . 5 :  GENETIC CORRELATION ESTIMATES BETWEEN VARIOUS L IVEWEIGHT 
AND FLEECE CHARACTERISTICS IN ROMNEY SHEEP 

Estimate Method Age Re ference Comments 

GREASY FLEECE WEIGHT x HOGGET FLEECE WEIGHT 

0 . 65 PHS 2 y . o .  Radomska and Tys zka 2nd x 3rd 
( 19 72)  shear 

0 . 80 PHS 3 mth Baker ( 1 9 7 7 )  

GREASY FLEECE WEIGHT X QUALITY NUMBER 

-0 . 6 2 PHS 14 mth Rae ( 1958 )  

-0 . 4 7 DOR mature " " 

-0 . 4 9  DOR 14 mth " 1 1  

-0 . 4 7  DOR 14 mth " " 

-0 . 09 PHS 14 mth Eikj e ( 19 78b) ewe hogge ts 

0 . 88 PHS 14  mth 1 1  1 1  ram hoggets 

-0 . 18 PHS 14 mth " " both sexes 

0 . 0 2  PHS 14  mth Chopra ( 19 78) 

-0 . 4 3--0 . 0 7  PHS 1 3  mth Blair ( 19 8 1 )  ewe hoggets 

-0 . 24 PHS 1 3  mth " " ram hoggets 

GREASY FLEECE WEIGHT x STAPLE LENGTH 

0 . 60 PHS 14 mth Rae ( 1958 )  

0 .  26 DOR mature " " 

0 . 21 DOR 14 mth " " 

0 .  25 DOR \ 14 mth " " 

0 . 40 DDR 14 mth Tripathy ( 1966)  

0 . 54  Radomska and Klewiec 
( 19 75 )  

0 . 75 Radomska and Klewiec 
( 19 76 )  

0 . 58 PHS 14  mth Chopra ( 1978)  



TABLE 2 . 5 :  ( continued) 

Es t imate Method Age Reference 

GREASY FLEECE WEIGHT x STAPLE LENGTH 

0 . 35-0 . 58 PHS 1 3  mth Blair ( 19 8 1 )  

0 . 44-0 . 5 6 PHS 1 3  mth 1 1  1 1  

GREASY FLEECE WEIGHT x CHARACTER 

0 . 27 PHS 14  mth Rae ( 1958)  

0 . 09 DOR mature 11 1 1  

-0 . 16 DOR 14  mth 1 1  1 1  

0 . 08 DOR 14  mth 1 1  1 1  

0 . 24 PHS 14  mth Chopra ( 19 78 )  

-0 . 1 7-0 . 39 PHS 1 3  mth Blair ( 19 8 1 )  

-0 . 36--0 . 1 6 PHS 1 3  mth 1 1  1 1  

GREASY FLEECE WEIGHT x COLOUR 

-0 . 19 PHS 14 mth Chopra ( 19 78 )  

-0 . 1 1 PHS 14 mth 1 1  1 1  

QUALITY NUMBER x STAPLE LENGTH 

-0 . 76 PHS 14  mth Rae ( 1958)  

-0 . 7 3  DOR 14 mth 11 1 1  

-0 . 5 3  PHS 14  mth Chopra ( 1 9 7 8 )  

-0 . 9 3--0 . 3 7  PHS 1 3  mth Blair ( 19 8 1 )  

-0 . 65 PHS 1 3  mth 1 1  " 

QUALITY NUMBER x CHARACTER 

-0 . 4 1  PHS 14 mth Rae ( 1958)  

0 . 2 1  DOR 14 mth 1 1  " 

0 . 6 1  PHS 14 mth Chopra ( 1 9 78 )  

70 . 

Comments 

ewe hogge ts 

ram hoggets 

ewe hoggets 

ram hogge ts 

greasy 

s coured 

ewe hoggets 

ram hoggets 



TABLE 2 . 5 :  ( continued) 

Es timate Method Age 

QUALITY NUMBER x CHARACTER 

-0 . 9 3--0 . 37 PHS 13  mth 

0 . 5 7-0 . 64 PHS 13  mth 

QUALITY NUMBER x COLOUR 

0 . 0 2  PHS 14 mth 

0 .  27 PHS 14 mth 

STAPLE LENGTH x CHARACTER 

0 .  74 PHS 14 mth 

0 . 1 3 DOR 14 mth 

-0 . 28 PHS 14 mth 

-0 . 78--0 . 0 6  PHS 13  mth 

-0 . 45--0 . 37 PHS 1 3  mth 

STAPLE LENGTH x COLOUR 

-0 . 0 6  PHS 14 mth 

-0 . 23 PHS 14 mth 

CHARACTER x COLOUR 

0 . 5 7  PHS 14 mth 

0 .  20 PHS 14 mth 

GREASY FLEECE WEIGHT x LIVEWEIGHT 

0 . 54 PHS 14 mth 

1 . 00 PHS 1 2  mth 

- 1 . 29 birth 

0 . 30 3 mth 

0 . 39 12  mth 
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Reference Comments 

Blair ( 19 8 1 )  ewe hoggets 

1 1  1 1  ram hoggets 

Chopra ( 19 78) greasy 

" " scoured 

Rae ( 1958)  

" 1 1  

Chopra ( 19 78) 

Blair ( 19 8 1 )  ewe hoggets 

" " ram hoggets 

Chopra ( 19 78) greasy 

" " scoured 

Chopra ( 19 78) greasy 

" 1 1  scoured 

Tripathy ( 1966)  

Radomska and Tyszka 3rd shear 
( 1 9 7 2) FWT 

Radomska and Klewiec 
( 19 75 )  

" " " 

" " 1 1  
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TABLE 2 . 5 :  ( continued) 

Es timate Method Age Reference Comments 

GREASY FLEECE WEIGHT x LIVEWEIGHT 

0 . 64 10 mth Radomska and Klewiec 
( 1976 )  

0 . 29 PHS 3 mth Eikj e ( 19 78b )  all progeny 

0 . 29 PHS 3 mth " 1 1  ram progeny 

0 . 3 7 PHS 3 mth " 1 1  ewe progeny 

0 . 23 PHS 3 mth " 1 1  s ingles 

0 . 60 PHS 3 mth 1 1  1 1  twins 

0 . 1 1 PHS 14  mth Chopra ( 19 78) 

0 . 39 PHS 3 mth Baker et al . ( 19 79) 

0 . 24 DOR 3 mth 1 1  1 1  1 1  

0 . 04 SOR 3 mth 1 1  " 1 1  

0 . 37 PHS 5 mth " " 1 1  

0 . 08 DOR 5 mth " " " 

0 . 05 SOR 5 mth 1 1  " 11  

0 . 40 PHS 10 mth " 11  " 

0 . 2 1 DOR 10 mth " " " 

0 . 1 1 SOR 10 mth " " " 

0 . 4 1  PHS 1 3  mth " " 1 1  

-0 . 04 DOR 1 3  mth " 1 1  " 

0 . 0 2  SOR 1 3  mth " " 1 1  

0 . 40 PHS 16  mth 1 1  1 1  1 1  

0 . 26 DOR 16  mth 11 1 1  " 

-0 . 14 SOR 16  mth 11  " 1 1  

0 . 64-0 . 89 PHS 1 3  mth Blair ( 19 8 1 )  ewe hogget s  

0 . 49-0 . 59 PHS 1 3  mth 1 1  " ram hogge ts 



TABLE 2 . 5 :  ( continued) 

Es t imate Method Age 

QUALITY NUMBER x LIVEWEIGHT 

-0 . 29 PHS 3 mth 

-0 . 1 1  PHS 3 mth 

0 . 40 PHS 3 mth 

0 . 37 PHS 14  mth 

-0 . 7 1-0 . 1 2 PHS 13 mth 

-0 . 18-0 . 4  7 PHS 1 3  mth 

STAPLE LENGTH x LIVEWEIGHT 

0 . 2 1 DDR 14 mth 

2 . 54 bir th 

0 . 44 3 mth 

0 . 7 3 1 2  mth 

0 . 50 PHS 14 mth 

-0 . 20-0 . 7 7 PHS 1 3  mth 

0 . 2 1-0 . 4 7  PHS 1 3  mth 

Reference 

Eikj e ( 19 78b ) 

1 1  1 1  

1 1  1 1  

Chopra ( 19 78) 

Blair ( 19 8 1 )  

1 1  1 1  

Tripathy ( 19 66) 

Radomska and Klew iec 
( 19 75) 

1 1  1 1  1 1  

1 1  1 1  1 1  

Chopra ( 19 78)  

Blair ( 19 8 1 )  

1 1  1 1  

B IRTHWEIGHT x L IVEWEIGHT AT LATER AGES 

0 . 56 3 mth 

1 . 85 1 2  mth 

Radomska and Klewiec 
( 19 75) 

" 1 1  " 

WEANING WEIGHT x LIVEWEIGHT AT LATER AGES 

0 . 73 PHS 6 mth Ch ' ang and Rae ( 19 72)  

0 . 96 DDR 6 mth " 1 1  1 1  1 1  

0 . 86 PHS 9 mth " 1 1  1 1  1 1  

0 . 9 7  DDR 9 mth " " 11  1 1  

0 .  74 PHS 1 3  mth 1 1  " 1 1  " 
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Comments 

all p rogeny 

ewe • p rogeny 

ram p rogeny 

ewe hogge ts 

ram hoggets 

ewe hoggets 

ram hoggets 



74 . 

TABLE 2 . 5 :  ( cont inued) 

Es t imate Method Age Re ference Comments 

WEANING WEIGHT x LIVEWEIGHT AT LATER AGES 

0 . 9 0  DDR 1 3  mth Ch ' ang and Rae ( 19 7 2) 

0 . 8 6  1 2  mth Radomska and Klewiec 
( 19 75 )  

0 . 78 PHS 5 mth Baker e t  al . ( 19 79)  

1 . 0 2  DOR 5 mth 11  1 1  1 1  

0 . 80 SOR 5 mth 11 11 11 

0 . 74 PHS 10 mth " 1 1  1 1  

0 .  7 2  DOR 10 mth 11  11  11  

0 . 70 SOR 10 mth 11 1 1  1 1  

0 .  7 7  PHS 1 3  mth 1 1  1 1  1 1  

0 . 6 2  DOR 1 3  mth 11 1 1  1 1  

0 . 76 SOR 1 3  mth 1 1  1 1  1 1  

0 . 7 3 PHS 1 6  mth 1 1  1 1  1 1  

0 . 60 DOR 16  mth 1 1  1 1  1 1  

0 . 5 6  SOR 1 6  mth 1 1  1 1  1 1  

HOGGET (YEARLING) WEIGHT x LIVEWEIGHT AT VARIOUS AGES 

0 . 86  PHS 6 mth Ch ' ang and Rae ( 19 7 2 )  

0 . 86 DDR 6 mth 11  11  " 1 1  

0 . 9 6  PHS 9 mth 11  " 1 1  1 1  

0 . 90 DDR 9 mth 11  11  " " 

0 . 8 7  PHS 5 mth Baker et al . ( 19 79)  

0 . 83 DOR 5 mth " 1 1  1 1  

1 . 0 3  SOR 5 mth 11 1 1  1 1  

0 . 9 7  PHS 10 mth 1 1  1 1  1 1  
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TABLE 2 . 5 : ( continued) 

Est imate Me thod Age Re ference Comments 

HOGGET (YEARLING) WEI GHT x LIVEWEIGHT AT VARIOUS AGES 

0 . 90 DOR 10 mth Baker e t  al . ( 19 79 )  

0 . 95 SOR 10 mth 1 1  1 1  " 

0 . 98  PHS 1 6  mth 1 1  " " 

0 . 98  DOR 1 6  mth 1 1  " " 

1 . 00 SOR 1 6  mth 11 " " 

BETWEEN LIVEWEIGHTS AT VARIOUS OTHER AGES 

0 . 9 6  PHS 6 X 9 mth Ch ' ang and Rae ( 1 9 7 2) 

0 . 98  DDR 6 X 9 mth 1 1  " " " 

0 . 8 7  PHS 5 X 10 mth Baker e t  al . ( 1 9 79 )  

1 . 05 DOR 5 X 10 mth 1 1  " 1 1  

0 . 9 1  SOR 5 X 10 mth 1 1  " " 

0 . 84 PHS 5 X 1 6  mth 1 1  " " 

0 . 85 DOR 5 X 1 6  mth 1 1  " " 

0 . 94 SOR 5 X 16  mth 1 1  " " 

0 . 96  PHS 1 0  X 1 6  mth 1 1  " " 

0 . 99 DOR 10 X 1 6  mth " " " 

0 . 9 5  SOR 10 X 16  mth " " " 
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CHAPTER THREE 

SOURCE OF DATA 

I .  RUAKURA SHEEP SELECTION STUDIES 

A .  Introduc t ion and Objec t ives 

76 . 

This s tudy is concerned wi th various liveweigh t and fleece traits 

recorded on the Romney lambs born from 1970  to 1 9 7 2  at Woodlands 

Research S tation near Invercargill . This represents a section of data 

from the establishment phas e of a long- term selection experiment being 

under taken by the Genetics Section of Ruakura Animal Research S tation 

at  Hamilton . A brief out line is given of the full experiment , before 

dis cuss ing de tails of the data set specific to the present analysis , in 

part II . The informat ion has been assembled from a number of sources 

including the Genetics Sec t ion of the MAF Annual Reports , in par ticular 

the 1 9 70 / 7 1 ,  1 9 7 1 / 7 2  and 1 9 7 2 / 7 3  issues , several unpublished publ icat ions 

from Ruakura Genet ics Sect ion, and Clarke (pers . comm . ) and Hickey (pers . 

comm . ) .  

The Ruakura sheep selection s tudies commenced in 1 9 70 and have an 

intended duration of 15 to 20 years . The obj ectives are to provide 

es t imates of direct and correlated responses to s election for repro

ductive , growth and wool p roduct ion traits , and e s t imates of various 

gene tic and phenotypic p ar ame ters . I t  is also intended , where poss ible , 

to  determine the b iological and phys iological bases of the gene tic 

responses to selection . Es timates of the genetic  and phenotyp ic 

parameters will be available for use in the national flock recording 

s cheme , Sheeplan .  
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There are a number o f  different groups within which select ion is 

being practised . These include 3 different locat ions and 7 different 

breed groups although breeds are nei ther completely nes t ed within, nor 

cross-class if ied across locations . There are 6 breeds in the selection 

s tudy ; Romney , Cheviot ,  Corriedale , Dors et  (both horned and polled 

animals ) and Border-Romney cross ewes . The seventh breed group cons is ts 

of Romneys screened for high fertility with the requirement being that 

two-too th ewes have weaned a s e t  of twins and older ewes at leas t two 

lambs from a set o f  triple ts . The 3 locat ions , Tokanui (near Hamil ton) , 

Temple ton (near Chr i stchurch) and Woodlands (near Invercargill) , are all 

Minis t ry of Agriculture and Fisheries Research Stations located through-

out New Zealand . Hence , the comparative selection response between 

the different breeds and environments are two further impor tant obj ectives 

of the experiment . 

B .  Des ign of the Experiment 

1 .  The establishment phase 

The Ruakura sheep select ion experiment has proceeded in 2 d is t inc t 

phases . The f irs t es tab lishment phase includes the 19 70 to 1 9 7 2  

mat ings . The s creened Romneys were purchased from Southland 

f locks only during 1970- 1 9 7 3 . Ewes in the o ther breeding groups 

were purchased from commercial farmers , breed socie ties and research 

ins titutions all over New Zealand b e tween 1970-19 7 2 . There were 

60  different sources for the Romney , 50 for the Border Leices t er , 

20 for the Chevio t and 1 5  for both the Dorset and Corriedale ewes . 

These were collected and distributed evenly each year between the 

3 locations . Each year o f  the 1 9 70- 1 9 7 3  es tablishment phase there 

was an interchange of sheep j us t  prior to mat ing between the 3 
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locations ; Tokanui , Temple ton and Woodlands . This was done to 

estab l ish a bas e  population with s imilar gene tic composition in 

all 3 flocks . This interchange also makes i t  possible to e s t imate 

the extent to which performance is effected by different climates , 

locations and managerial regimes ; although management was kep t as 

uniform as poss ible . 

There was no selection prac t is ed dur ing the es tablishment phase . 

All progeny were retained to hogge t s tage and all rams were lef t 

entire . Numbers were reduced to the required level by a random 

culling of hoggets across all the flocks prior to re-d is tribution . 

The ewes were randomly allocated to s ires , which were also 

purchased from a wide range of breeders throughout New Zealand . 

The methods of management were s tandardized as much as poss ible 

between the locations , and dif ferent classes of sheep were kep t  

in s ingle mobs i n  an effort t o  maintain uniform cond i tions . 

2 .  The select ion phase 

Before mating in 197 3  the flocks at Tokanui,  Temple ton and Wood-

lands were closed . There was no fur ther interchanging of ewes 

between the 3 locat ions , nor were any more sheep brought in from 

o ther s ources . The ewes were divided into 22  flocks with 9 o f  

these at  Tokanui , 5 a t  Templeton and 8 a t  Woodlands . There are 

15 Romney flocks , 1 screened Romney , 2 Border Leices ter , 1 Border

Romney cross , 1 Corriedale , 1 Dorset  and 1 Chevio t flock.  The 

sheep were divided into f locks containing 150 mixed-age ewes and 

some young replacement s tock.  

Each f lock was assigned a selection policy for the duration o f  the 

select ion phase . The Romney was the only breed with control 
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flocks . There are 7 different select ion policies , including 2 

selec t ion indices comprising combinations of the s ingle-trait  

selection criteria . The details of the selection policies and 

their allocat ion across the different breeds and locations are 

shown in Table 3 . 1 .  The to tal number of flocks at each location 

and the approximat e  total number of breeding ewes maintained each 

year are also shown in the table . 

Details of management during the selection phase are no t con

s idered in this s tudy . 



TABLE 3 . 1 :  SHEEP SELECTION EXPERIMENTS AT TOKANUI , TEMPLETON AND 
WOODLANDS 

80 . 

Selection Criteria Tokanui Temple ton Woodlands 
-

Control R R R R 

Fertility Index B R BR R 

Number of lambs born R 

Hogget body weight R 

Uncommi tted R 

Productivity Index Co R D 

Number of lambs born 

Weaning weight 

Hogge t fleece weight  

Number of flocks 9 5 

Number of breeding ewes 1 35 0  7 5 0  

No te : R = Romney , B = Border Leices ter , BR = Border Romney , 

R 

B R 

R 

R 

R 

8 

1 200 

Co = Corriedale , D = Dors e t ,  Ch = Cheviot ,  SR = S creened 

Romney 

Ch 

SR 
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II . ESTABLI SHMENT PHASE OF THE WOODLANDS ROMNEY FLOCKS 

A .  The Sheep and the ir Environment 

During 1 9 69 mixed-age Romney ewes were purchased .for the sheep 

selection s tudy . Early in 1970 a random sample of 762 o f  these ewes 

were trans ferred to Woodlands Research S tation . The Woodlands ewes 

represent 24 different sources of Romney b reeders and research 

ins t i tutions throughout New Zealand . There were also 24 Romney s ires 

from 20 different sources s ent to Woodlands prior to mating in 1 9 70 . 

The ewes were randomly allocated , each year , into s ire groups with 

comparable age s tructures and range of source and liveweigh t .  In 

1970 , the s tart of mating was delayed unt il 10 May as some of the ewes 

were late arriving at Woodlands . In subsequent years , mating s tarted 

about 3 weeks earlier . The ewes also took longer to adj us t to the 

new environment in the f irs t year . Furthermore , the weather conditions 

at lamb ing were  part icularly poor in 1 9 70 .  The mating period las ted 

5 weeks in 1 9 70 and 6 weeks in the following 2 years start ing on 2 1  

April in 1 9 7 1  and 1 7  April in 19 7 3 . The ewes were paddock mated in 

s ingle s ire groups . 

Before mat ing in 19 7 1  all the ewes at Tokanui , Templeton and 

Woodlands , including some additional ewes purchased during the year 

were randomly re-allocated b e tween the 3 s tations and the required 

interchanges were made . In  1 9 7 1 there were 74 1 mixed-age Romney ewes 

at Woodlands which were again mated in 24 single-s ire groups . The 

rams came from 2 1 ,  and the ewes from 5 5  different sources . Rams are 

generally used as sires for 1 season only , although 2 of the rams used 

at  Woodlands in  1970 were used again in the second year . Mat ing was 

slightly delayed due to the exchanging o f  ewes between the 3 s ites . 
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During the winter o f  1 9 7 1 ,  feed shor tages occurred which were accentuated 

by insuf ficient supplementary crops . 

Prior to  mat ing in the f inal year of the es tablishment phase the 

ewes were once again randomly re-distributed between the 3 s tations . 

In 1972  there were 739  mixed-age Romneys re-allocated to Woodlands . 

This year the rams included 8 bred at  Tokanui and 9 bred at  Woodlands 

with the balance of the 24 s ires originating from dif ferent Romney 

breeders . In order to avoid further problems associated with under-

nutrition , all hogge ts were grazed off the s tation during the 1 9 7 2  

winter and early spring . The ram hoggets were sent to a s tation at 

Te Anau and the ewe hogge ts to a Lands and Survey b lock at  Mossburn . 

Feed was in fact also limited at Te Anau ; however , the ram hogge ts 

grew well enough to s t ill be used as sires in 1 9 7 3 . Liveweigh t 

recordings were maintained on the hoggets at approximate ly 2 monthly 

intervals .  

Woodlands Research Station comprises 1 8 3  ha of fertile , Southland 

lowlands (4 7m above sea level)  located 19 km north-eas t o f  Invercargill . 

Temperatures are generally in the range of 5 - 1 5°C al though - 1 1°C fros ts 

can be expec ted for a 1 20-day period  over winter . Rainfall is spread 

evenly throughout the year with a range of 1000- 1 200  mm . 

mately 1650  hours o f  sunshine may b e  expected each year . 

Approxi-

The main soil type at Woodlands is the Waikiwi silt  loam .  The 

parent material is tuffaceous greywacke over weathered gravels . The 

original browntop pas ture has predominantly been replaced by ryegrass 

and white  clover . The pas tures respond well  to superphosphat e ,  lime 

and potash . A s tocking rate o f  1 5 - 18 s . u/ha is carried  a t  present . 



B .  The Data Collected 
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During the estab lishment phase , pedigree information and performance 

records were collected on the Romney lambs born at Woodlands from 19 70-

1972 . A maximum o f  38 variab les were recorded on each lamb from b irth 

to 2-tooth s tage including information on the sire and dam .  The s ire 

code deno tes breed , source and year of use . Identifica t ion code , 

source , b reed and age at the lamb ' s  bir th were recorded for the dam . 

Sex , date of birth and bir th-rearing rank were recorded on the lamb . 

Date o f  b ir th was re-coded for the analysis from the beginning of the 

lamb ing s eason each year . 

The liveweigh t and fleece data recorded on each lamb and the age 

at which the records were collec ted are shown in Table 3 . 2 . The 

abbreviations for each trai t used in subsequent chap ters are also shown 

in the table . 

Birthweight was recorded wi thin 24 hours of bir th . The lambs 

were actually docked at birth ; the trait docking wei gh t  was recorded 

when the lamb was approximately 3-4 weeks old . However the age at 

measurement o f  this trai t was relatively more variable than the other 

liveweights . Weaning weights were recorded on the same day for all 

lambs . After weaning , the 2 s exes were grazed separately and live-

weights were recorded up to a week apart in the two groups . In a few 

of the later liveweights the 2 sexes were weighed up to 15 days apar t . 

Birthwe igh t , docking weight and the greasy f leece weights were 

recorded to the nearest 0 . 0 1  kg . ,  and the remaining l iveweights were 

recorded to the neares t 0 . 1  kg . 

S t aple length was recorded to the nearest 0 . 1  cm from a mid-side 

sample  collected at  shearing . 

I 



84 . 

Quali ty number was recorded as a mean value o f  the sub j ective 

s core ( e . g . , 4 6 /48 was coded as 4 7 )  assessed on the mid-s ide s ample . 

Character was recorded on a sub j ective scale from 1 (very bad )  to 

7 (excellent)  based on an assessment of the overall fleece at shearing .  

Greasy f leece colour was subj ectively assessed a t  shearing o n  a 

s cale from 1 (bad) to 5 (very good)  over the whole fleece . 

Break severity was graded on a subjective scale from 1 denoting a 

s light break on pulling the s tap le f rom each end , to 4 for a very bad 

break . 

Break pos ition was initially scored subj ectively from 1 (near the 

s taple but t )  to 5 (near the s taple t ip) . However ,  the assessment o f  

break pos i t ion was changed t o  a linear measurement from the s taple 

butt during the es tablishment phase ;  this variable has been o�t ted 

from the analys is . 
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TABLE 3 . 2 :  AGE AT MEASUREMENT AND THE ABBREVIATIONS USED FOR THE 
L IVEWEIGHT AND FLEECE TRAITS 

Abbreviations 
Mean age at measurement ( days ) 

Trait used 1970  19 7 1  19 7 2  

Birthweight BWT 

Docking weigh t DWT 3 3  2 5  35 

Weaning wei gh t  WWT 9 4  10 1 99  

March/April weight APR 165  1 7 3  169  

May /June weigh t  JUN 235 248 235 

July/Augus t weight AUG 286 285 2 8 1  

October/November weight NOV 400 4 1 6 3 9 7  

Two-tooth wei ght 2TH 4 6 7  4 8 3  4 9 0  

Lamb fleece weight LFW 1 23 1 3 7  1 1 3 

Hogge t fleece we ight HFW 396 4 18 404 

Staple length STL 11  11  11  

Quality numb e r  QNO 11 1 1  1 1  

Character CHR 1 1  1 1  1 1  

Colour COL " 1 1 1 1  1 1  

Break severity BRS 1 1  1 1  1 1  
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CHAPTER FOUR 

STATISTICAL METHODS 

I .  RESTRICTED MAXIMUM LIKELIHOOD ESTIMATION OF VARIANCE COMPONENTS 

A .  The Model Used 

Previous s tudies suggested the following effects should be con

s idered for a model to describe the l iveweight and fleece data recorded 

on lambs , namely ; year of b irth , sex , birth-rearing rank , age of dam ,  

date of b ir th , dam and s ire . All these effects , excep t dam,  were 

included in the model for estimat ing the variance components . 

The data analysed in this s tudy are , in fact , part of a large-

s cale experiment as dis cussed in Chap ter Three . Each year a random 

s ample of dams was drawn from the total ewe populat ion of the 3 

locations involved in the experiment and re-allocated to Woodlands . 

Some of the lambs born in different years will therefore have the same 

dam . However , the possibility of correlated dam effects is not 

expected to be significant . Accordingly , dam effects were included 

in the res idual variance and the res iduals assumed to be randomly 

and independently dis tributed . In f act , to ob tain REML es t imates 

of the variance components the random effects in the model were 

assumed to be independently and ident ically , normally dis tributed . 

The prob lem of determining which interactions between the fixed 

effects in the model to include , was overcome by us ing a s ub-class 

means model . Thus the model to e s timate the variance components for 

both the l iveweight and the fleece data recorded on the Romney lambs 

at Woodlands was : 
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y
ij klmn 

= �iklm 

where , 

+ s . . + bx . .  kl + e . . kl 1J 1J mn 1J mn (4 . 1 )  

y ij klmn is the obs ervation on the n
th 

lamb born in the i
th 

year , 

with the j
th 

s ire , the kth sex , the l th birth-rearing 

th rank and of the m dam-age group . 

�iklm 

s . .  
1] 

is the mean o f  the observations in the iklmth subclass . 

is the random e f fect o f  the j th sire nes ted in the ith 

year . Sire e ffects are assumed to be ident ically and 

independently, normally distributed with mean zero and 

variance cr2 . s 

is the ( coded) date o f  birth of the i]" klmnth 
lamb . x

ij klmn 

b is the coefficient of the regress ion o f  y . " kl 
on 1J mn 

xij klmn " 

is the random res idual ef fect unique to the i]" klmn
th 

e
ij klmn 

observat ion . Res idual e ffects are ass umed to be identi-

cally and independently , normally dis tributed with mean 

z ero and variance cr2 . e 

Furthermore , s ire ef fects and res idual e ffects are assumed to be  un-

correlated . 

Sires were fitted as a random effec t , nes ted within years . Al-

though there were 6 repeated sires , the data were no t cons idered to 

be sufficiently connected for a cross-classified model . Accordingly , 

the records on the second s e t  of p rogeny of these s ires were deleted 

and a nes ted model adopted . The records on the p ro geny o f  a further 

2 rams which were sons of s ires used in the f irs t year were also 

deleted ; the assump t ion was then made that s ire effects were random 



and uncorrelated . 

Date o f  b irth was included as a covariate in the model . The 

88 . 

overall regression was fitted for the variance components analysis , as 

fitting the within years regress ion was no t expected to affect the 

es timation of the variance components to any great degree . Date o f  

b irth was re-coded from the beginning of the lamb ing season for each 

year so that date o f  b irth reflected the actual age o f  the lamb at  

the time o f  recording . 

where 

The model may be expressed in matrix no tat ion : 

y Xa + Zb + e 

y is an N x 1 vector of observed records 

X is a known N x p design matrix 

a is an unknown p x 1 vector o f  fixed ef fects ; including the 

( 4 . 2) 

covariate , date of b irth , and the subclass means of year , sex,  

birth�rearing rank and dam-age group . 

Z is a known N x q incidence matrix 

b is a non-observable q x 1 vector o f  random sire effects which 

are assumed to b e  � N (0 ,  ra2) 
- s 

e is an unknown N x 1 vector o f  random res idual effects which 

are assumed to be � N (0 ,  ra2) 
- e 

I t  is also assumed that , 

cov (� , e) 0 

and that , 

y is � N (Xa , V) where V 



B .  The Comput ing Algorithm Used 
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The REML es timates o f  the variance components were generated by 

iterating the equations g iven in ( 2 . 1 9 )  and ( 2 . 20 ) . For the model of 

(4 . 2) with j us t  one random e f fect , other than the res idual , the 

equations which generate REML estimates are : 

and , 

� 2 (r+ 1 )  a e 

A2 (r+1 )  a 
s 

y ' y ' X � ( r )  
Y a 

N - p * 

q - tr (T) 

(4 . 3 )  

(4 . 4 ) 

where N is the to tal number o f  records on the trait being analysed,  

p* is the rank o f  � .  q is the number o f  s ires , ! is the matrix defined 

in ( 2 . 2 1 ) , which is es timated from the mixed model equations as shown 
A 

in the appendix,  and a and b are solutions to the MME on each iteratio n .  

With var (b) = Ia 2 and var ( e )  
- s Ia2 Henderson ' s  MME to be solved in - e '  

this case are : 

X ' X 

[ Z ' X  

S ince solving (4 . 5 )  requires invers ion o f  the left-hand-side 

matrix,  the equations for the fixed e f fects were absorbed . 

C .  Comparisons with the Method Ill and MIVQUE Es timates of the 

Variance Components 

(4 . 5 ) 

To compare REML estimates o f  the genetic and pheno typic parame ters 

with estima tes from other methods of estimat ion, the variance com-

ponents were also es t imated by Henderson ' s  Method Ill  and MIVQUE , 



90 . 

under the same model (4 . 2) .  

The MIVQUE ' s  were ob tained directly as the firs t  i terate from the 

REML Fortran computing program . 

The Method III  es timates were ob tained f rom REG , a generalised 

leas t squares p rogram, which has been developed for use on the Prime 

750 at Massey Univers i ty by A . R .  Gilmour . 
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I I .  ESTIMATION OF HERITABILITY 

Heritabilities were es timated from the paternal half-sib correlation 

using the REML es t imates of the variance components . That is : 

h2 = 4 

(4 . 6 )  

Blair ( 1 9 8 1 )  g ives a method for es timating the s tandard error o f  

the heritability , SE  (h2 ) ,  that can be applied t o  any model , namely : 

( 4 . 7 )  

The variances and covariances of the variance components in ( 4 . 9 )  are 

obtained from the variance-covariance matrix of cr2 . That is : 

cov (o2 , o2) 

I 
s e 

var (o 2) s ( 4 . 8 )  

Under REML , v�r (cr2) is  obtained from the following express ion (see also 

Searle , 1 9 70 ; Corbeil and Searle , 1 9 7 6a) : 

( 4 . 9 )  

where I (62 ) i s  the information matrix derived by Searle ( 19 79b) . 

For the model (4 . 2) this is : 

var (a2)  
N-p-q 1 

� { 2 2 
+ 2( tr [T2 ] ) } { ( tr [! ] 

( o  ) o -e e 

The elements of ( 4 . 1 0 )  correspond with those in ( 4 . 8) . 

( 4 . 10 )  

Accordingly 

estimates of these terms and the REML es t imates of the variance corn-

ponents themselves , can be  substituted in (4 . 7 ) to ob tain SE (h2) .  
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However , t ime and computing difficult ies cur tailed the es t imat ion 

of these s tandard errors for the h2 ' s .  

ins tead , was no t cons idered worthwhile . 

Using an approximation me thod 

Es t imates of the Method Ill  and MIVQUE variance component e s t imates 

can also be derived from (4 . 6 ) ,  and compared to the REML es t imates of 

h2 . 
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I I I .  ESTIMATION OF THE CORRELATIONS 

The relationship between the paternal half-s ibs is also used to 

es t imate the correlations . The express ion in (2 . 49 )  generates an 
' 

es t imate o f  the gene tic correlation and ( 2 . 48)  is used for es t imating 

the phenotyp ic correlations . The REML estimates o f  the variance 

components are sub s tituted into these exp ress ions . However ,  ins tead 

of us ing sums of cross products , the covariance between two traits , 

1 and 2 ,  is ob tained by making use of the well-known variance of a 

sum rule : 

�2 + �2 + 2 a 1 2 1 2 ' 
(4 . 1 1 )  

B y  setting u p  an add i tional variable ( 1  + 2 )  and after es t imat ion of 

the variance components for all variables , ( 4 .  1 1 )  can then be  

rearranged to provide an  es t imate of the covariance . The REML 

es t imates o f  the s ire and res idual variances of 1 ,  2 and ( 1  + 2) can 

b e  used to generate the s ire and res idual covariances . The pheno-

typic variance and covariance are then ob tained as the sum of the 

s ire and res idual components . 

Thus , the gene tic correlation is es t imated as : 

r g 

and the pheno typ ic correlation is es timated as : 

�(�2 + �
2 

A 

2 

A 

2 

A

2 a a a 
A 5 1+2 e l+2 s l e l s 2 r 

p 
.; (;2 + ;2 ) (;2 + �2 ) 

5 1 e l s 2 
e

2 

..:. ;2 ) 

e 2 

(4 . 1 2) 

(4 . 1 3) 
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S tandard errors were no t es t imated for either r or r because g p 

the extent to which approximat ions need to be made to account for lack 

o f  knowledge o f  the covariance terms , renders the s tandard error itself 

unreliable . 



IV . ESTIMATION OF THE NON-GENETIC (FIXED) EFFECTS 

A .  The Models Used 

9 5 . 

Analyses o f  variance of the residuals of the liveweight data 

indicated that some heteroscedas ticity was present . This was removed 

when the logari thms of the l iveweigh t  data were analysed . However , 

because the tes ts of s ignificance of the main effects and interactions 

in the model were s imilar for both the liveweight and the log o f  the 

liveweigh t  analyses , it was cons idered that the heteros cedas ticity was 

unimportant for the purposes of es t imating the environmental effects . 

The lambs were maintained in one mob until weaning but separately 

thereafter. Therefore , bir thweigh t ,  docking weight and weaning weight 

were analysed with both sexes together and the later livewe ights and 

the fleece traits were analysed within-sex . 

The covariate , date o f  b ir th ,  was found to be he terogeneous across 

years for the l iveweights up to weaning . Accordingly , the regression 

of l iveweight on date of b ir th was fit ted within-years for b ir th

weigh t , docking weight and weaning weight but the overall regress ion 

was fit ted for the later liveweights and the fleece traits . 

Firs t-order interactions were only found to be s ignif icant in a 

few , isolated cases ; hence all interactions were excluded from the 

models . Age o f  dam was found to have no effect on the fleece traits 

except lamb f leece weight and was therefore not included in the model 

for estimat ing environmental effects on the hogge t f leece traits . 

Thus , 3 different models were f it ted . 

A general form o f  the mixed model is expressed in matr ix notation 

in (4 . 2) . The particular specifications of the model in  this section 
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for es t imating the fixed effects depend only on the compos i t ion o f  �� · 
Thus , � ·  the vec tor of unknown f ixed effects , is now def ined for the 

3 models f i t ted . 

To es t imate the environmental effects for b ir thweigh t , docking 

we ight and weaning weight , a was def ined as : 

where , 

a '  = [� � ' E ' E ' � '  � ' ]  

� is a general mean 

t is a vector of year effects 

f is a vector of sex effects 

r is a vector of birth-rearing rank effects 

d is a vector of dam-age group effects 

b is a vector of wi thin-year regress ion coeff icients of the 

records on date of b ir th . 

(4 . 1 4 )  

T o  es timate the environmental effects for lamb f leece weight and 

the later liveweights (from Apr il through to 2-tooth weigh t) for each 

sex separately , � was def ined as : 

where , 

a '  = r �  : ' r '  d '  b ] (4 . 1 5 )  

b is the overall regression coefficient of the records o n  date 

of b ir th 

and with , 

the remaining terms in (4 . 1 5 )  as defined in (4 . 14 )  • 

• 

To estimate the environmental effect for the hogget f leece traits , 

for each sex separately , a was def ined as : 

a '  = [� E ' : ' b ] ( 4  . 1 6 )  
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with , 

all the terms in (4 . 16 )  as previous ly defined . 

When the vector of observations y is ass umed to be independently , 

normally distributed with mean � and variance o 2 , then the random 

variable : 

u 
N 
L: 

i= 1 

has a chi-square dis tribution with N degrees o f  freedom . 

(4 . 1 7) 

The F dis-

tribution is the d is tribution o f  the ratio o f  two independent chi-

square variables divided by their respective degrees of freedom (Mood , 

Grayb ill and Boes , 19 74) . 

Assuming the REML es t imates of o 2 and o 2 to b e  the known parameter 
s e 

values , the main effects and interactions in the model were tested 

us ing an F-tes t of s ignificance . 

B .  The Computing Algorithm Used 

Assuming that the REML es t imate  of the vector of variance corn-

2 " 2 ponents , � , actually equals £ , the "obvious " REML es t imator for a 

g iven in ( 2 . 1 1 ) is identical to the bes t l inear unb iased es timator 

(BLUE) for a .  The BLUE ' s  o f  the f ixed effects were estimated , us ing 

the computing package , REG , as : 

( 4  . 18)  

where , 

( 4 . 19 )  

� The s tandard error o f  the BLUE o f  a is estimated (see , for  example , 

J 
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Searle , 1 9 7 la) as : 

sE c&> = j cx · v-1
x)

- (4 . 20) 



C H A P T E R F I V E 

RESULTS 
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CHAPTER FIVE 

RESULTS 

Es t imates of the heritab ili t ies for the liveweight and fleece 

traits are presented in Table 5 . 1 .  In many cases the es t imates of h2 

generated by the 3 me thods are the same . The correspondence of the h2 

e s t imates from the two me thods is influenced to a large extent by the 

fac t that the Me thod Ill  and REML es t imators of cr2 diff er only in their 
e 

denominators . The numerators of a2 are identical in both cases , namely , e 

the total sum of squares ( i . e . ,  � ' �) less the reduction in sums of 

s quares due to f itting the full model , ( i . e . ,  y ' X� + y ' Zb ) .  REML 

uses N less the rank of X in the denominator of cr2 ; whereas Me thod I l l  e 

uses N less the rank of the full model ( i . e . , r (�) + r ( �) ) . When N is 

large relative to (r (�) + r (�) ) ,  the denominators will no t b e  greatly 

d i f f erent and therefore the REML and Method I ll es t imates of cr2 will b e  e 

very similar . 

The Method I l l  es timates were used as the a priori values for the 

MIVQUE estimates . Given the general s imilar ity of the Method I ll and 

REML estimates , i t  is not surpris ing to f ind the MIVQUE es t imates of h2 

in Table 5 . 1  are also similar . 

Standard errors were not es t imated for the h 2 estimates , as noted 

in Chap ter Four . However , the h2 e s t imates from the 3 me thods would 

be within the range o f  the s tandard errors since the h 2 estimat es them-

selves are . the s ame in mos t  cases . 

The gene tic and pheno typ ic correlations es t imated with the REML 

es t imates of the variance components are p resented in Table 5 .2 .  In  all 

cas es ,  except  one ( the estimate of the gene t ic correlation b e tween 
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character and break severi ty) , the estimates of  the correlations fall 

within the parameter range from -1 to +1 . The genetic correlation 

es t imates are higher than the es t imates of the pheno typic correlat ions 

in mos t  cases ; a trend commonly observed for the produc tive traits in 

sheep . The es t imates also  agree generally in terms of  s ign . 

There are a few unexpectedly high es t imates in the table ( e . g . ,  

the estimate of  0 . 8 1  for the genetic correlat ion between charac ter and 

s taple length) . I t  is no ticeable that the f ew erratic correlation 

es t imates that occur , involve traits that are assessed sub j e c tively . 

S ub j ective assessment itself is well-known to be one of  the causes o f  

error variance and could inflate the correlat ion es t imate . 

The use of  the F s tatis t ic for tes ts of signif icance of  the 

f ixed effects in the mixed models def ined in (4 . 2 ) and ( 4 . 14 )  - ( 4 . 1 6 )  

was d iscussed i n  Chapter Four . Tables 5 . 3 and 5 . 4 indicate that 

despite the presence o f  some heteros cedas t icity ,  the s ignif icance o f  

the main effects and interact ions i s  prac tically ident ical f o r  the 

l iveweights and the logarithms of the l iveweights . I t  was therefore 

cons idered j us tified to es timate fixed effects on the l iveweight data . 

Firs t-order interactions were found to be s ignif icant in a few 

c as es . The slope of the regress ion l ine was found to b e  s ignif icantly 

d i f f erent for different dam-age classes on b irthweigh t  and for different 

b ir th-rearing rank classes on docking weigh t . However ,  they were non-

s ignif icant in all o ther cases ; hence , the only within-class regress ions 

o f  date of b irth fitted were the within-year regress ions for birthweigh t , 

weaning weight and docking weigh t . 

The interact ion of b irth-rearing rank x age o f  dam on b ir thweight 

was highly s ignificant . An analysis o f  the effects indicated that 
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o lder ewes maintain the bir thweight of s ingles relative to twins b etter 

than do younger ewes . S ince the young ( 2-year-old) ewe is s t ill  growing , 

i t  is to be expec ted that she may b e  less able to "buffer" the b ir th

weigh t of twins than an older ewe can . 

The interaction o f  year x b ir th-rearing rank on weaning weigh t 

was highly signif icant . An analys is o f  the effects indicated that the 

weaning weigh ts o f  twin lambs relative to s ingles were cons iderably 

lower in 1970 than the following 2 years . Given the adverse cond i tions 

that occurred in 1 9 70 (see Chap ter Three) compared to the following 

years , this interac t ion suggests that a poor year affects twins more 

s everely than s ingles . 

S ince these interact ions appear to be unders tandable and b ecaus e 

the interactions were not sys tematic , they were excluded from the models 

for estimating the fixed effects . The BLUE ' s  o f  the f ixed effects 

under the dif ferent models (4 . 14 ) , (4 . 1 5) and (4 . 1 6) are pres ented in 

Tables 5 . 6 , 5 . 7  and 5 . 8 .  The means and s tandard deviations for 

each trait and the numbers o f  records analysed are also l is ted in the 

tables . The term not applicab le (na) appears in the table whenever 

a non-genetic effect  was no t fitted for a particular trai t . 
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TABLE 5 . 1 :  ESTIMATES OF THE HERITABILITIES FROM D IFFERENT METHODS OF 
VARIANCE COMPONENT ESTIMATION 

T . 
1 ra1.t 

BWT 

DWT 

WWT 

APR 

JUN 

AUG 

NOV 

2TH 

I;FW 

HFW 

STL 

QNO 

CHR 

COL 

BRS 

No . o f  
records 

1 6 0 2  

1 5 9 8  

1 5 5 9  

1 5 1 1  

1455  

1427  

1 39 8  

1 3 7 7  

1 5 60 

1 3 9 7  

1 3 9 7  

1 39 6  

1 3 8 7  

1 38 7  

1 20 9  

Heritab ility es timates 

REML Me thod I I I  MIVQUE2 

0 . 08 0 . 0 8  0 . 09 

0 . 05 0 . 05 0 . 05 

0 . 10 0 . 10 0 . 10 

0 . 1 3 0 . 1 3 0 . 1 3 

0 . 1 4 0 . 14 0 . 14 

0 . 1 5 0 . 1 5 0 . 1 5 

0 . 24 0 . 25 0 . 24 

0 . 3 1  0 . 3 2 0 . 32 

0 . 1 9 0 . 19 0 . 19 

0 . 30 0 . 30 0 . 30 

0 . 37 0 . 38 0 . 3 7 

0 . 5 6  0 . 5 5  0 . 5 6  

0 . 19 0 . 19 0 . 1 8 

0 . 26 0 . 26 0 . 25 

0 . 0 7  0 . 08 0 . 09  

1 .  Abbreviations given in  Table 3 . 2 .  

2 .  Us ing the Me thod I I I  es t imates o f  cr2 and cr2 as a priori values . e s 
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TABLE 5 . 2 : ESTIMATES OF THE GENETIC (ABOVE DIAGONAL) AND PHENOTYPIC (BELOW DIAGONAL) CORRELATIONS BETWEEN 
THE LIVEWEIGHT AND FLEECE TRAITS 

Trait BWT DWT WWT APR JUN AUG NOV 

BWT 0 . 79 0 . 78 0 .  25 0 . 04 0 . 0 2  0 . 3 1 

DWT 0 . 4 7  0 . 50 0 . 2 2 -0 . 0 1  0 .  25 0 . 2 1 

WWT 0 . 4 2  0 . 64 0 . 80 0 . 38 0 . 49  0 . 45 

APR 0 . 36 0 . 5 3  0 . 80 0 . 86 0 . 9 1  0 . 85 

JUN 0 . 3 1 0 . 4 7 0 . 68 0 . 8 3  0 . 9 7  0 . 84 

AUG 0 . 35 0 . 50 0 . 7 1  0 . 85 0 . 86 0 . 84 

NOV 0 . 29 0 . 39 0 . 5 7  0 . 68 0 . 69 0 . 74 

2TH 0 . 27 0 . 38 0 . 5 7  0 . 68 0 . 69 0 . 74 0 . 84 

LFW 0 . 36 0 . 50 0 . 65 0 . 5 2 0 . 46  0 . 48 0 . 35 

HFW 0 . 1 3 0 . 14 0 .  26 0 . 4 2  0 . 44 0 . 48 0 . 4 7  

STL -0 . 05 -0 . 08 -0 . 0 2  0 . 1 2 0 . 1 7 0 . 1 5 0 . 18 

QNO 0 . 0 7  0 . 1 2 0 . 08 0 . 0 1  0 . 0 2  0 . 04 0 . 0 2  

CHR 0 . 0 3  0 . 0 7  0 . 0 8  0 . 1 7 0 . 23 0 . 24 0 .  25 

COL 0 . 05 0 . 08 0 . 0 6  0 . 09 0 . 10 0 . 08 0 . 1 1 

BRS 0 . 0 3  0 . 0 3  -0 . 0 1  0 . 05  -0 . 1 1 -0 . 1 2 -0 . 08 

2TH LFW HFW 

0 . 1 8 0 . 80 0 . 5 6  

0 . 3 2 0 . 4 7 0 . 40 

0 . 50 0 . 8 1  0 . 4 8  

0 . 9 3  0 . 6 2 0 . 78 

0 . 85 0 . 26 0 .  70 

0 . 9 1  0 . 28 0 . 60 

0 . 9 1  0 . 32 0 . 54 

0 . 09 0 . 50 

0 . 3 2 0 . 59 

0 . 4 2  0 . 32 

0 . 1 6 0 . 08 0 . 37 

0 . 05 -0 . 0 5  -0 . 1 6 

0 . 1 8 0 . 15 0 . 35 

0 . 08 0 . 09 0 .  1 7  

-0 . 0 6  -0 . 05 -0 . 22 

STL QNO 

0 . 0 7  -0 . 10 

-0 . 40 0 . 14 

0 . 0 2  0 . 04 

0 . 1 6 0 . 14 

0 . 1 8 0 . 1 6 

0 . 0 7  -0 . 0 1  

0 . 45 0 . 1 4 

0 . 19 0 . 24 

0 . 35 -0 . 3 1  

0 . 74 -0 . 3 3 

-0 . 4 3  

-0 . 34 

0 .. 32  -0 . 0 2  

0 . 1 1  0 . 0 2  

-0 . 1 7  0 . 1 4 

--------- - -

CHR COL BRS 

0 . 2 7  0 . 23 -0 . 4 3  

-0 . 4 2  -0 . 2 7 -0 . 0 1  

0 . 00 -0 . 05 -0 . 2 1 

-0 . 06 -0 . 50 -0 . 27 

0 . 06 -0 . 38 -0 . 16 

-0 . 0 7  -0 . 39 0 . 15 

0 . 30 -0 . 10 0 . 02 

0 . 06 -0 . 34 0 . 22 

0 . 38 0 . 0 1  -0 . 68 

0 . 64 -0 . 0 3  -0 . 90 

0 . 8 1 0 . 09 -0 . 38 

-0 . 40 -0 . 1 3 0 .  70 

0 . 44 - 1 . 0 1  

0 . 37 -0 . 22 

-0 . 18  -0 . 08 

.... 0 w . 



TABLE 5 . 3 :  SIGNIFICANCE OF THE ENVIRONMENTAL EFFECTS ON THE 
LIVEWEIGHTS 

APR JUN AUG NOV 

1 BWT DWT WWT 
F M F M F M F M 

YR ** ** ** ** ** ** ** ** ** ** ** 

SEX ** ** ** na na na na na na na na 

BRR ** ** ** ** ** ** ** ** ** * ** 

AOD ** ** ** ** ** ** ** ** ** ** NS 

wrDOB 
** ** ** na na na na na na na na 

rDOB 
na na na ** ** ** ** ** ** ** ** 

DOBxAOD ** NS NS NS NS NS NS NS NS NS NS 

BRRxAOD ** NS NS NS NS NS NS NS NS NS NS 

BRRxDOB NS ** NS NS NS NS NS NS NS NS NS 

YRxBRR NS NS ** NS NS NS NS NS NS NS NS 

104 . 

2TH 

F M 

** ** 

na na 

** NS 

** NS 

na na 

** ** 

NS NS 

NS NS 

NS NS 

NS NS 

1 .  Abbreviations given in Table 5 . 7  for the main effects ; following 

these are the interact ion terms that were s ignif icant for any 

liveweight . 

** S ignificant at the 1% level . 

* S ignificant at  the 5%  level . 

NS non-significant . 

na not applicable - see text . 



TABLE 5 . 4 :  SIGNIFICANCE OF THE ENVIRONMENTAL EFFECTS ON THE LOGARITHM OF THE LIVEWEIGHTS 

1 L (BWT) L (DWT) L (WWT) 

YR ** ** ** 

SEX ** ** ** 

BRR ** ** ** 

AOD ** ** ** 

wrDOB 
** ** ** 

rDOB na na na 

DOB x AOD * NS NS 

BRR x AOD * NS NS 

YR x BRR NS NS ** 

BRR x DOB NS * NS 
-- --

L (APR) L (JUN) 

F M F M 

** ** ** ** 

na na na na 

** ** ** ** 

** ** ** ** 

na na na na 

** ** ** ** 

NS NS NS NS 

NS NS NS NS 

NS NS NS NS 

NS NS NS NS 
-- - - - - -�---- --- - ---

L (AUG) L (NOV) 

F M F M 

** ** ** ** 

na na na na 

** ** ** ** 

** ** ** NS 

na na na na 

** ** ** ** 

NS NS NS NS 

NS NS NS NS 

NS NS NS NS 

NS NS NS NS 
-

L ( 2TH) 

F 

** 

na 

** 

** 

na 

** 

NS 

NS 

NS 

NS 

1 .  Abbreviations given in Tab le 5 . 7 for the main effects ; following these are the interact ion 
terms that were signif icant for any trai t .  

** Significant at the 1% level . 

* Significant at the 5%  level . 

NS non-s ignif icant . 

na not applicable - see text . 

M 

* 

na 

NS 

NS 

na 

* 

NS 

NS 

NS 

NS 

...... 0 VI 
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TABLE 5 . 5 :  S IGNIFICANCE OF THE ENVIRONMENTAL EFFECTS ON THE FLEECE 
TRAITS 

LFW HFW STL QNO CHR COL BRS 
1 

F M F M F M F M F M F M F M 

YR ** ** ** ** ** ** ** ** ** NS ** ** ** '** 

BRR ** ** NS * ** * NS NS NS NS NS NS NS NS 

AOD ** ** NS NS NS NS NS NS NS NS NS NS NS NS 

r
DOB 

** ** ** ** ** ** ** ** ** * NS NS ** ** 

YRxBRR NS ** NS NS NS NS NS NS NS NS NS NS NS NS 

1 .  Abbreviations given in Table 5 . 7  for the main e f fects ; following 

these is the only interaction to be s ignificant for any fleece 

t rait . 

** S ignificant at the 1%  level . 

* S ignificant at the 5% level . 

NS non-s ignif icant . 



TABLE 5 . 6 : ESTIMATES OF THE ENVIRONMENTAL EFFECTS (KG)  ON THE 
L IVEWEIGHTS WITH BOTH SEXES COMBINED 

�bbrevi-
at ion BWT DWT 

10 7 .  

WWT 

Mean (kg) X 4 . 39 10 . 0 8  2 1 . 0 8  

S tandard deviation 
(kg) SD 1 . 09  2 . 76 4 .  24 

No . of  records N 1 5 3 7  1 5 34 1 4 9 5  

Year of Birth YR 
1 9 7 2- 1 9 70 7 2-70 -0 . 25 ± 0 . 1 1 -0 . 45 ± 0 .  25 -0 . 8 1  ± 0 . 43 

1 9 7 2- 1 97 1 72-7 1 -0 . 6 5 ± 0 . 1 2 4 . 54 ± 0 . 26 -4 . 28 ± 0 . 45 

Sex SEX 
ram-ewe M-F 0 . 28 ± 0 . 05 0 . 68 ± 0 . 10 +1 . 68 ± 0 . 1 7 

Age of Dam AOD 
5-2  y ear olds 5-2 0 . 54 ± 0 . 0 7  1 . 1 1  ± 0 . 1 6 1 . 68 ± 0 . 26 

5-3  year olds 5-3 -0 . 0 2  ± 0 . 06 -0 . 26 ± 0 . 14 -0 . 26 ± 0 . 24 

5-4 year olds 5-4 -0 . 1 2 ± 0 . 0 7  -0 . 38 ± 0 . 1 5 -0 . 45 ± 0 .  24 

B ir th/rearing rank BRR 
s ingle/s ingle -

twin/s ingle SS-TS 0 . 9 3 ± 0 . 09 1 . 4 2  ± 0 . 19 1 . 45 ± 0 . 3 2  
s ingle /s ingle -

twin/ twin SS-TT 0 . 9 3  ± 0 . 05 2 . 65 ± 0 . 1 6 3 . 59 ± 0 . 19 

Within-year re-
gress ion o f  
weight o n  date wrDOB of b irth 

1 9 70 70 0 . 0 1  ± 0 . 0 1  -0 . 1 3 ± 0 . 0 1  -0 . 2 1 ± 0 . 0 2  

1 9 7 1 7 1  0 . 04 ± 0 . 0 1  -0 . 25 ± 0 . 0 1  -0 . 1 2 ± 0 . 0 2  

1 9 7 2  72  0 . 03  ± 0 . 0 1  -0 . 1 3 ± 0 . 0 1  -0 . 1 6 ± 0 . 0 2  



TABLE 5 . 7 : ESTIMATES OF THE ENVIRONMENTAL EFFECTS (KG) ON THE LIVEWEIGHTS FOR EACH SEX SEPARATELY 

APR JUN AUG 

1 F M F M F M 

-

X 22 . 82 26 . 66 24 . 7 7 2 7 . 5 2 26 . 39 25 . 5 2 

SD 4 . 05 5 . 04 3 . 95 5 . 25 4 . 0 3  4 . 5 3  

N 7 10 672  709 6 1 7  708 5 90 

YR 
72-76 - 1 . 70 ± 0 . 3 2  3 . 6 3 ± 0 . 4 2  1 . 7 8  ± 0 . 3 2 7 . 65 ± 0 . 44 4 . 1 1 ± 0 . 3 3 6 . 5 3  ± 0 . 7 6 

7 2-7 1 -5 . 25 ± 0 . 34 - 1 . 65 ± 0 . 44 -3 . 4 2 ± 0 . 3 5 2 .  7 7  ± 0 . 45 - 1 . 86 ± 0 . 35 1 . 1 2 ± 0 . 75 

BRR 
SS-TS 1 . 10 ± 0 . 46 0 . 65 ± 0 . 54 0 . 80 ± 0 . 45 0 . 30 ± 0 . 55 0 . 90 ± 0 . 46  0 . 4 3  ± 0 . 5 1  

SS-TT 2 . 24 ± 0 . 26 3 . 09 ± 0 . 34 1 . 7 5 ± 0 . 26 2 . 27 ± 0 . 35 1 . 74 ± 0 . 26 2 . 18 ± 0 . 32 

AOD 
5-2 0 . 4 7  ± 0 . 36 1 . 3 1  ± 0 . 46 0 . 0 7  ± 0 . 36 0 . 9 9  ± 0 . 48 0 .  25 ± 0 .  35  0 .  7 2  ± 0 . 44 

5-3 -0 . 62 ± 0 . 32 -0 . 7 1  ± 0 . 4 3  -0 . 9 1  ± 0 . 3 2 -0 . 4 2  ± 0 . 44 -0 . 90 ± 0 . 3 2 -0 . 44 ± 0 . 40 

5-4 -0 . 49 ± 0 . 33 -1 . 0 2  ± 0 . 4 3  -0 . 6 7 ± 0 . 33 -0 . 6 7 ± 0 . 44 -0 . 88 ± 0 . 33 -0 . 74 ± 0 . 40 

2 -0 . 1 3 ± 0 . 0 1  -0 . 1 9 ± 0 . 0 2  -0 . 1 3 ± 0 . 0 1  -0 . 1 8 ± 0 . 0 2  -0 . 1 2 ± 0 . 0 1  -0 . 20 ± 0 . 0 3  rDOB 

1 .  Abbreviations given in Table 5 . 6 .  

2 .  The overall regression (across years ) of  weigh t on date of birth was fit ted for the later liveweights . 

- ---·--- ----�-------·--- -- - - - ---

I 

..... 0 CXl 



TABLE 5 . 7 :  (continued) 

NOV 2TH 

1 F M F M 

-

X 30 . 68 3 2 . 6 2 4 1 . 9 8  4 3 . 86 

SD 4 . 23 5 . 05 5 . 29 6 . 53 

N 699 5 70 686 5 6 2  

YR 
72-70 1 . 3 2 ± 0 . 44 -4 . 56 ± 0 . 94 6 . 08 ± 0 . 59 -3 . 84 ± 0 . 68 

7 2-7 1 -3 . 58 ± 0 . 46  4 . 26 ± 0 . 9 2  0 . 30 ± 0 . 62 8 . 64 ± 0 . 69 

BRR 
SS-TS 0 . 5 2 ± 0 . 5 7  0 . 0 3  ± 0 . 6 1  0 . 3 2 ± 0 . 7 1 0 . 1 2 ± 0 . 76 

SS-TT 1 . 05  ± 0 . 3 1  1 . 62 ± 0 . 39 1 . 38 ± 0 . 40 1 . 0 3  ± 0 . 4 7  

AOD 
5-2 0 . 3 2  ± 0 . 4 3  0 . 9 2 ± 0 . 5 3  0 . 3 1 ± 0 . 54 1 . 42  ± 0 . 65 

5-3 -0 . 69 ± 0 . 39 0 . 05 ± 0 . 48 1 . 5 6  ± 0 . 49  0 . 25 ± 0 . 59 

5-4 1 . 0 1  ± 0 . 40 -0 . 38 ± 0 . 49  1 . 30 ± 0 . 50 0 . 00 ± 0 . 59 

2 
-0 . 10 ± 0 .  0 1  -1 . 1 1  ± 0 . 0 3  -0 . 10 ± 0 . 0 2  -0 . 1 2 ± 0 . 0 3  rDOB 

1 .  Abbreviations given in Table 5 . 6 .  

2 .  The overall regression (across years) of  weight on date of b irth was 
fitted for the later liveweights . 

I 

1-' 0 1.0 . 
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TABLE 5 . 8 :  ESTIMATES OF THE ENVIRONMENTAL EFFECTS (KG) ON THE FLEECE TRAITS FOR EACH SEX SEPARATELY 

LFW HFW STL 
1 

F M F M F M 

-

X 1 .  2 1  1 . 23 1 . 86 1 . 84 10 . 99 10 . 05 

SD 0 . 38 0 . 40 0 . 54 0 . 5 2  1 . 89 1 . 6 1  

N 7 30 70 1 697  5 7 1  69 7 5 7 1  

YR 
72-70 -0 . 10 ± 0 . 03  -0 . 1 4 ± 0 . 03  -:-0 . 74 ± 0 . 04 -0 . 80 ± 0 . 04 2 . 1 3 ± 0 . 22 1 . 0 3  ± 0 . 22 

72- 7 1  -0 . 55 ± 0 . 0 3  -0 . 68 ± 0 . 03  - 1 . 5 2  ± 0 . 04 - 1 . 22 ± 0 . 05 -0 . 49 ± 0 . 23 0 . 08 ± 0 . 22 

BRR 
SS-TS 0 . 14 ± 0 . 04 0 . 10 ± 0 . 03  0 . 0 6  ± 0 . 04 0 . 04 ± 0 . 05 -0 . 25 ± 0 . 25 0 . 04 ± 0 .  23 

SS-TT 0 . 26 ± 0 . 0 2  0 . 29 ± 0 . 0 2  0 . 0 2  ± 0 . 0 2  0 . 09  ± 0 . 03 -0 . 48 ± 0 . 14 -0 . 34 ± 0 . 14 

2 -0 . 10 ± 0 . 0 0 1  -0 . 0 1  ± 0 . 00 1 -0 . 0 1  ± 0 . 00 1 -0 . 0 1  ± 0 . 002 -0 . 0 3  ± 0 . 0 1 -0 . 0 2  ± 0 . 008 rDOB 

AOD3 

5-2 0 . 10 ± 0 . 0 3  0 . 1 3 ± 0 . 0 3  na na na na 

5-3 -0 . 0 2  ± 0 . 0 3  -0 . 03 ± 0 . 0 3  na na na na 

5-4 -0 . 0 3  ± 0 . 0 3  -0 . 04 ± 0 . 0 3  na na na na 

1 .  Abbreviations given in Table 5 . 6 .  

2 .  Overall regress ion coef ficient of the fleece trai ts on date o f  b irth . 

3 .  Age o f  dam not fitted in model for the hogget fleece traits . 

na . not applicable - see text , 

I I 

...... ...... 0 . 



TABLE 5 . 8 :  (continued) 

QNO 
1 

F M 

x 48 . 0 2  4 7 . 65 

SD 1 . 90 2 . 0 1  

N 698 569  

YR 
72-70 - 1 . 6 3 ±0 . 28 -0 . 1 7±0 . 3 1  

72-7 1 -0 . 7 1 ±0 . 29 -1 . 6 1 ±0 . 3 2  

BRR 
SS-TS -0 . 4 6±0 . 28 -0 . 10 ±0 . 28 

SS-TT 0 . 09±0 . 1 5 . 0 . 26±0 . 18 

2 
-0 . 04±0 . 0 1  0 . 03±0 . 0 1  rDOB 

AOD
3 

5-2 na na 

5-3 na na 

5-4 na na 

F 

4 . 0 1  

0 . 80 

690 

- 1 . 08±0 . 0 8  

- 1 . 04 ±0 . 0 8  

-0 . 0 1 ±0 . 10 

-0 . 05±0 . 0 5  

-0 . 0 1 ±0 . 003  

na 

na 

na 

1 .  Abbreviations given in Table 5 . 6 .  

CHR 

M F 

4 . 14 4 . 03  

0 .  7 7  0 . 66 

568 695 

0 . 1 9 ±0 . 09 -0 . 89 ±0 . 07 

0 . 1 6±0 . 09 -0 . 85 ±0 . 0 7  

0 . 08±0 . 1 1  0 . 10 ±0 . 0 9  

0 . 0 9 ±0 . 0 7  0 . 0 1  ±0 . 0 5  

-0 . 0 1 ±0 . 004 -0 . 004±0 . 00 2  

na na 

na na 

na na 

2 .  Overall regression coefficient o f  the fleece traits on date of birth . 

3 .  Age of dam not fitted in model for the hogget fleece traits . 

na . not applicable - see text . 

COL BRS 

M F 

4 . 1 3 2 . 1 8 

0 . 65 0 . 99 

563  547 

-0 . 5 1 ±0 . 0 8  0 . 87 ±0 . 10 

-0 . 0 2±0 . 08 1 . 02±0 . 0 9  

0 . 05±0 . 09 -0 . 02±0 . 1 5 

0 . 0 7 ±0 . 0 6  0 . 1 1 ±0 . 0 8  

-0 . 0 1 ±0 . 003 0 . 0 1±0 . 003  

na na 

na na 

na na 

- ----------- ---- - -�� 

M 

3 . 1 1  

1 . 3 3 

5 33 

1 .  9 9±0 . 1 1 

1 . 60±0 . 1 1 

0 . 1 8±0 . 1 5 

0 . 09 ±0 . 0 9  

0 . 0 1 ±0 . 0 1  

na 

na 

na 

.... 
.... 
.... 
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I .  NON-GENETIC EFFECTS 

CHAPTER S IX 

DISCUSS ION 

1 1 2 .  

The es t imation o f  non-genetic effects is use ful for exp laining 

some of the variat ion between the pheno typic records of individuals 

and also to adj us t records for these effects prior to their use in 

estimating B .  V .  ' s .  Clarke and Rae ( 1 9 7 6) observe that the increase in 

accuracy of the B . V .  es timate that may be gained from adj us t ing for 

these non-genetic effects , depends on the accuracy with which the 

effects thems elves can be es t imated . This , in turn , depends on how 

well the different environmental levels can be identif ied and the 

animals divided into these classes ( e . g . ,  twins and s ingles ; rams and 

ewes) , how well the effect can , in fact , b e  estima ted for each of thes e 

classes and how much the effect actually varies between individuals 

with in each class . 

In this s tudy the non-gene tic effects es timated from each of the 3 

models defined in Chap ter Four , were found to be s ignificant for mos t  

o f  the trai ts described by the model . The bes t  l inear unb iased 

estimates ( BLUE) of the environmental effects are presented in Tables 

5 . 6 ,  5 . 7 and 5 . 8 for the 3 models used . The s tandard errors are 

relatively high in many cases , par t icularly in the f ew cases where a 

non-s ignif icant e ffect has b een es t imated ( e . g . , the effec t  o f  SS-TS 

on 2-too th l iveweigh t  is 0 . 1 2 ± 0 . 76 for the rams , although in this 

specific case BRR is shown to be  non-s ignificant in Tab le ( 5 . 3 ) ) . 

Year-of-b irth e ffects , although s ignificant , are specific  to  the 

flock and year of s tudy in which they are measured , and cannot b e  
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generalised (as correc t ion factors in Sheeplan, for example) . Never-

theless ,  it  is interes t ing to note that , although 1 9 70 had a large 

adverse effect on the lambs growth relative to 1 9 7 1 ,  particularly in 

the early stages of the lambs' growth , that 1 9 7 2 ,  in fact , had an even 

greater negative influence , although the difference is much smaller . 

This s ame trend is generally evident for the f leece weights in Tab le 

(5 . 8 ) . The fleece quality traits also seem to have been mos t  adversely 

affected in 1972  and leas t in 19 7 1 .  There is also a no ticeably larger 

ef fect of year of birth on the ram than the ewe lambs for the fleece 

traits and the later liveweights . 

The effect of s ex on birthweigh t ,  docking weight and weaning weigh t , 

when the lambs were s till being grazed together , is shown in Table 5 . 6 .  

As expected , the ram lambs have an advantage for l iveweight at  these 

ages . The REML es t imates ob tained here are somewhat lower than p revious 

estimates reviewed in Table  2 . 2  for weaning weigh t . There do not appear 

to be  any previous estimates of environmental effects on b ir thweight or 

docking weight . 

From Tab les 5 . 6 and 5 .  7 i t  appears that until Augus t ( 10 month) 

liveweight lambs with a young dam are at a d isadvantage relative to 

lambs with older dams . Af ter Augus t ,  the effect  o f  age of dam is not 

as large nor as cons is tent . I t  is also apparent that a 5-year-old  

ewe is  a d isadvantage to the lamb relative to 3 and 4 year-old dams . 

By sub tracting the es t imates for the (5-4)  year-old ewe f rom the 

(5-3)  and (5-2) year-old age-of-dam effects in Tables 5 . 6  - 5 . 8  an 

ind ication of dam-age effects relative to the 4 year-old ewe may be  

ob tained . These can then be  comp ared with the age-of-dam effects 

from previous s tudies ( in Table 2 . 2) and those  used for Sheeplan ( in 
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Table 2 . 1 ) , s ince the mature ewe class largely comprises 4 year-o ld 

ewes . 

There seems to be general agreement o f  the BLUE ' s  of age-of-dam 

e f fects on weaning weight from this s tudy and the es t imates previous ly 

ob tained . The "derived" BLUE ' s  of 1 .  23 for (4-2) year-old ewes and 

0 . 19 for (4-3)  year-old dam-age effects , agree well with the values of 

1 . 3  and 0 . 2 ,  respectively , which are currently used by Sheeplan . 

The es t imates of environmental effects after weaning have been 

made within-sex in this s tudy , although this is no t the case for the 

o ther estimates reviewed in Tables 2 . 1  and 2 . 2 .  I t  appears that the 

corresponding BLUE ' s  of age-of-dam effects on livewe igh t are lower for 

the females , and higher for the males , than the previous comb ined-sex 

estimates . However , the s tandard errors are quite high relative to 

the BLUE ' s .  Sheeplan currently makes the same adj us tment to hogget 

l iveweight for age-of-dam ef fects to both sex classes in dual-purpose 

breeds . 

The adj us tments made to th e pos t-hogge t liveweights for age-of-dam 

e f fects are smaller ,  in relation to the s i ze of the animals . This 

reflects the lessening influence of the dam wi th increas ing age of the 

progeny . The BLUE ' s  ob tained in this s tudy for 2-tooth weigh t indicate 

age of dam has a relatively small effect by this s tage . In f ac t ,  Table 

5 . 3  indicates these effects are non-s ignif icant for ram lambs both as 

hoggets and as 2-tooths . 

Hogget f leece traits are no t s ignificantly influenced by age-of-dam 

e ffects , as Table 5 . 5  shows , and these were not ,  therefore , included in 

the model . Sheeplan also makes no adj us tment to hogget fleece weigh t  

for age-of-darn effects . Lamb fleece weigh t is , however ,  s ignif icantly 
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influenced by age-of -dam effects . The BLUE ' s  are s ligh tly larger for 

males than females . There does no t appear to b e  any previous es t imates 

to compare with in the Romney . 

Birth-rearing rank has a s ignificant effect  on the liveweights and 

fleece weights up to the hogget stage . The effects on 2-tooth weight 

and the hogget fleece quality traits are generally less s igni f icant . 

The BLUE ' s  of the e ffects of b irth-rearing rank on weaning weight 

agree well with the f ind ings from previous s tudies . The BLUE ' s  for 

hogget livewe ight for each sex separately are generally lower in both 

cases than the p revious estimates ob tained with the 2 sexes comb ined . 

The effect of b ir th-rearing rank on ewe hogge ts es t imated in this s tudy 

appears to be par ticularly large and is , in fact , higher than the 

es timates in Table 2 . 2 .  

The effect o f  b ir th-rearing rank on l iveweigh t  also decreas es 

with increasing age . Sheep lan makes the same adj us tment to l iveweight 

records for birth-rearing rank effects to both s exes . The BLUE ' s  

ob tained here for Apr il and August liveweight are generally s lightly 

lower for both sexes than the estimates Sheeplan uses for the corres-

pond ing autumn and winter liveweights . The effect of birth-rearing 

rank declines , relative to the weight of the animal , with increas ing 

age . In the males , b ir th-rearing rank was not found to have a 

s ignif icant effect on 2-tooth weigh t  in this s tudy . 

Birth-rearing rank has a s ignificant effect on lamb f leece weigh t 

with the effect being s imilar for both sexes . The effect on the 

hogget f leece traits is more variable and frequently non-s ignif icant 

as Table 5 . 5 shows . The BLUE ' s  for hogget  f leece weigh t  in Table 5 . 8  

)t are lower than the es t imates used by Sheeplan � however ,  they are in 

� 
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fairly close agreement with the estimates of Baker e t  al . ( 19 74) . The 

difference between the sexes for b irth-rearing rank e ffects on the fleece 

traits is qui te variable ; in some cases the effect is greater on the 

ram and less on the ewe , in o ther cases it is greater for the ram , and in 

a number of cases it  is negative in one sex and pos itive in the o ther . 

The es t imates of birth-rearing rank effects on f leece quali ty traits 

ob tained by Chopra ( 1 978) , although no t reported here , also tended to 

be variable . 

The BLUE ' s  for the regress ion o f  the liveweigh t and fleece traits 

on date o f  birth o f  the lamb were found to be significant in mos t  cases 

(Tables 5 . 3 and 5 . 5 ) . In comparing these estimates with the results 

from the previous s tudies reported in Tab le 2 . 2  and from Sheeplan in 

Table 2 . 1 ,  note that  the regress ions in these tables are expressed as 

the regression of livewe ight on the age of the lamb . S ince date of 

birth is equivalent to negative age , the estimates in Tab les 2 . 1  and 

2 . 2  will b e  oppos i te in s ign to the BLUE ' s  in Tables 5 . 6  - 5 . 8 .  

The within-year regression coefficients were f i t ted for b ir thweight 

through to weaning weight . The es timates pertaining to weaning weight  

generally agree with the estimates in  Tables 2 . 1 and 2 . 2 ,  although the 

1 9 70 regress ion is higher than the range of previous es t imates . There 

is also a s ignificant , and relatively large , difference be tween the 

wi thin-year regress ion coefficients from the 3 years for weaning weight  

in  Table 5 . 6 .  This is also evident amongs t  the wi thin-year coeff icients 

for b irthweigh t  and docking weight . Note  that the regress ion o f  b irth-

weight on date of birth is opposite in s ign to the regress ions for all 

the other l iveweights . This is  possibly caused by ewes carrying lambs 

later in the season , when feed supplies are better ; thus , b eing able to 
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d ivert extra resources to the foetus in the late s t ages of ges tation . 

Although ges tation length is fairly s table  in the ewe , there may also 

be some increase in b irthweight associated with a longer ges tation 

period . 

The overall regress ion coeff icients on date o f  b irth were ob tained 

for the later liveweights and fleece trai ts on a with in-sex bas is . 

There is generally good agreement between the BLUE ' s  for the regress ion 

o f  hogge t f leece weigh t on date of b irth with the Sheeplan es timates in 

Table 2 . 1  and the estimates reported from previous s tudies in Table 2 . 2 .  

There is , however , some d isagreement be tween the es t imates in  these 

tables for the regress ion of the later l iveweigh ts on date of birth and 

the correspond ing BLUE ' s  ob tained in this s tudy . There are large within-

s ex differences in the BLUE ' s  which are no t evident in the within-sex 

es t imates used by Sheeplan ,  nor in the comb ined-sex es t imates in Table 

2 . 2 .  The BLUE for the regress ion of hogget fleece we ight  on date of 

b irth in ram lambs is particularly different . Fur ther evidence o f  

such dif ferences would be required t o  substant iate them . 

In general , the BLUE ' s  o f  this s tudy have agreed reasonab ly well 

with previous es timates . 
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I I . HERITABILITY 

The heritab ility es t imates for the traits under s tudy are presented 

in Table 5 . 1 .  As discussed in Chap ter F ive , the 3 me thods (REML , 

Henderson ' s  Method Ill  and MIVQUE) used to estimate h2 are in good 

agreement ; it  is the values of the es t imates themselves that  are o f  

interes t i n  this chap ter . 

Growth traits in the Romney are considered to have medium to high 

heritab il it ies (Dalton and Rae , 1 9 7 8 ) . The es timates of h 2 for the 

liveweight traits that are used in Sheeplan are based on the results of 

some of the earlier s tudies in Table 2 . 3  ( e . g . ,  Ch ' ang and Rae , 1 9 6 1 ,  

1 9 70) . The h 2 estimates of the liveweight  traits in Table 5 . 1  from 

the present s tudy are lower than many of these previous es t imates . 

I t  is , however , a noticeab le trend in Table 2 . 3  that in more recent 

years the h 2 es t imates of liveweigh t  traits in the New Zealand Romney 

(e . g . , Baker et  al . ,  1 9 74 ; Eikj e ,  1 9 7 8b ; Baker e t  al . ,  1 9 7 9 )  are also 

lower and in many cases are in good agreement with the es t imates o f / 

this s tudy . The h2 estimates of livewe ight in the Polish Romney given 

in Table 2 . 3  (e . g . , Radomska and Klewiec , 1 9 75 , 1 9 7 6 )  are also generally 

lower than the early New Zealand Romney es t imates . 

There have not been many es timates for h 2 of b irthweigh t in the 

Romney . The REML es t imate of 0 . 08 is cons iderab ly lower than the 

range of es t imates ( from 0 . 1 9-0 . 35 )  f rom Blair ( 19 8 1 )  for the New 

Zealand Romney , but is similar to the es t imate of 0 . 0 1 3 from Radomska 

and Klew iec ( 1 9 7 5 )  for the Polish Romney . Further estimates are 

required before a trend can be  subs tantiated although it appears likely 

that birthweigh t  has a low-med ium h 2 . Dalton and Rae ( 19 78)  s ugges t 

i t  would be  useful to have more knowledge o f  the h 2 o f  b irthwei gh t . 
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Several s tudies ( e . g . , Right and Jury , 1 9 70 ; McCutcheon , 198 1 ) have 

s hown that b irthweight has an important effect on lamb mortality rates 

and lambing difficulty . 

The particularly low es timate o f  h 2 for docking weigh t  o f  0 . 05 in 

Table 5 . 1  is probab ly largely due to the wide variation in age at  

docking discussed in  Chap ter Three . 

to �2 and therefore decrease h2 . s 

This would increase �2 relat ive e 

There appear to be  no previous 

es t imates of h2 at docking . Variability of environmental factors , 

such as the age o f  the lamb , are typ ical at docking in New Zealand ; 

thus docking we igh t is no t regarded as a useful trait for predict ing 

B . V . , nor as a basis for select ion.  

In  fact , both birthweight  and docking weigh t  are recorded under 

variable conditions in New Zealand . A more uniform environment (e . g . , 

if  animals are housed at lamb ing ; as is done in some other countries) 

would be expected to increase h2 . 

Until after weaning , the young lamb is p articularly influenced by 

the maternal environment . Thus , DOR ( including DDR) es timates o f  h 2 

can be  expected to be  h igher than PHS es t imates ; as dis cussed in 

Chap ter Two (section liB) . The DOR h2 e s t imates o f  weaning weigh t  

are all about 0 . 2  while mos t  o f  the PHS es t imates fall i n  the 0 . 1-0 . 2  

range , including the REML es timate of 0 . 1  from this s tudy . Eikj e 

( 19 78b) observes that the PHS es t imate is a better measure o f  the h2 

o f  the lamb ' s  own gene tic potential and that  individual and maternal 

· ef fects on weaning weight should be considered as 2 separate traits . 

Sheeplan also uses information, if  available , on autumn l iveweight 

(March-Augus t) and winter liveweight (May-Augus t) for predicting B . V .  

for weaning weigh t ,  although these are o f  less importance than weaning 
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weight itself and spring liveweight (Sep tember-November) . The REML 

es t imates o f  h 2 in Table 5 . 1  for l ivewe ight from April to Augus t ,  when 

the lambs are , on average , 7 through to 10 months old , are generally 

lower than the corresponding estimates in Table 2 . 3  from o ther s tudies . 

The trend for h2 to increase as the lamb gets older is maintained , with 

the REML es timates increasing from 0 . 1 3-0 . 15 during this period . 

Hogge t liveweigh t ,  or spring livewe ight  as it is called in Sheeplan 

( Clarke and Rae , 1 9 7 6 ) , is another impor tant trait in dual-purpose 

breeds such as the Romney . Hogge t l iveweight  is regarded as having a 

high h2 ; Sheeplan uses a value o f  0 . 3 5 . The REML estimate for the h2 

of hogge t l iveweight  ob tained in this s tudy of  0 . 24 is no ticeably lower . 

It  does , however , agree well with some o f  the later es t imates in Tab le 

2 . 3  (e . g . , Baker et al . , 1974 ; Baker , 1 9 7 7 ; Baker et al . ,  1 9 79 ) . 

This appears to be  a s imilar trend as was observed with weaning weight . 

Given the particular importance o f  these 2 l iveweigh ts as selection 

criteria in the Romney , i t  is necessary to have reliable es t imates of 

h2 availab le for use in selection plans . 

The es t imate for h2 of 2-tooth liveweigh t  in Table 5 . 1  is also 

somewhat lower than would be expected from previous s tudies . Rae 

(pers . comm . ) comments that es t imates have usually been in the 0 . 4-0 . 5  

range in contras t to the REML estimate o f  0 . 3 1 ob tained in this s tudy . 

Although few es timates have ac tually b een reported for 2-tooth body 

weight itsel f , Blair ( 19 8 1 )  did find that the h2 of l iveweigh t  based on 

average lifetime records of the ewe were in the range of 0 . 26-0 . 48 .  

I t  is evident from this discuss ion o f  the h2 es t imates for l ive

weight that , although they tend to be 0 . 1-0 . 2  units lower than many o f  

the es timates i n  Table 2 . 3 ,  they are generally in closer agreement with 
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some o f  the more recent e s t imates . Furthermore , the trend of in-

creasing h2 of liveweight with increas ing age of the lamb is clearly 

supported by this s tudy . 

The es timates of h2 amongs t the f leece traits tend to be  h igher 

with the measurable traits , such as the f leece weights , and lower for 

the subj ectively assessed traits such as character . Colour is an 

excep tion ; having a moderate h2 estimate despite being an overall 

subj ective assessment for the colour of the fleece as a whole . 

There do not appear to be any p revious estimates o f  h2 of  lamb 

f leece weight  available in the literature . I t  is therefore impos s ible 

to  compare the estimate ob tained in this s tudy us ing REML es t imates 

o f  the variance components . 

low heritab ility . 

The es t imate o f  0 . 19 represents a fairly 

Hogget fleece weigh t  is a particularly important trai t in the 

Romney and it is therefore an advantage that the h2 es t imate ob tained 

here o f  0 . 3 ,  has been sub s t antiated by many o f  the previous s tudies in 

Tab le 2 . 3 .  These es timates are in fact relatively s table compared to 

the h2 es timates for the l ivewe ights and other fleece traits . 

In the Romney , traits associated with fleece quality are less 

important than fleece weigh t , however , certain quality traits do have 

some influence on price . McPherson ( 1982)  found that  the e ffect o f  

s tyle grade o n  price was governed almos t exclus ively b y  the colour o f  

the wool despite the fact that s tyle is purported to reflect character , . 

medullat ion , uneveness and o ther factors as well (Wickham, 1 98 2a) . 

Whi teness of the wool is particularly important in some o f  the end-uses 

of Romney wool such as carpe t  manufacture . The es t imate o f  h 2 o f  

colour o f  0 . 26 is comparable  with mos t  o f  the estimates i n  Table 2 . 3  
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which sugges ts colour may be reasonably heritable . 

The es timate of 0 . 5 6  for the h2 of quality number also compares 

with other es t imates for this trait in Table 2 . 3 .  The sub j ec t ive 

assessment of quality number as a measure of wool  f ineness is now b eing 

discarded in preference to obj ective assessment of f ibre diame ter . 

Although the relationship be tween these 2 traits is no t direct , the 

gene tic and pheno typic correlat ions are commonly in the medium to high 

range (r�ss ,  1964 ; Sumner ,  196 9 ; Blair , 198 1) ; al though some low 

es timates o f  the correlation have also b een obtained (e . g . , Chopra , 

1 9 78) . Thus , quality number is often used as an indicator o f  fibre 

diameter . 

Charac ter and b reak severity both have low h2 es timates in Table 

5 . 1 .  The estimates o f  h2 for charac ter from previous s tudies in Table 

2 . 3  vary markedly . However ,  neither of these two traits are important 

select ion criteria for the Romney . 
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I l l .  CORRELATIONS 

Correlations between d ifferent traits are p ar ticularly impor tant 

in a dual-purpose breed , such as the Romney , where improvement in 

several produc t ive characteris tics are required simul taneously . In 

the Romney , both h igh fleece weight and increased meat production are 

impor tant obj ectives . High levels of meat production are dependent 

on high growth rates and increased reproduc tive performance . In  this 

s tudy , liveweigh t and fleece data have been analysed . The gene tic 

correlations between the liveweight traits and fleece we igh t are of 

par ticular interes t in the Romney . 

Improvement through selection is also enhanced by decreas ing the 

generation interval . Wickham ( 1 982b) s tresses the impor tance o f  early 

breed ing in s ire-producing flocks . In this respect , the phenotyp ic 

correlations between the liveweight traits and between the fleece 

weight traits are impor tant . Early selection of individuals for say , 

lamb fleece weight , will be of lit tle advantage if  the correlations 

(both pheno typ ic and genetic) between lamb fleece weight and hogge t 

fleece weight are low . 

The gene tic and phenotyp ic correlations estimated us ing REML for 
� 

the liveweight and fleece traits are presented in Table � The 

phenotyp ic correlations between the liveweights are generally h igh or 

medium-high . The genetic correlations between the liveweights are 

consistently h igh from weaning , although those involving b ir thweight 

and docking we ight are more variable . 

There are few estimates of e i ther genetic or phenotypic correlations 

between b irthweight or docking weight and o ther trai ts , and appear to be 

none for the New Zealand Romney . Radomska and Klewiec ( 1 9 75 )  have 
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es timated correlations of b irthweight with weaning weigh t , hogget 

liveweight and greasy fleece weigh t . Their es t imates o f  the pheno-

typ ic correlations are in all cas es lower than the es t imates from this 

s tudy . I t  is difficul t ,  however , to compare with their gene tic 

correlation es t imates involving b ir thwe ight since these are outs ide 

the -1 to +1 range for a correlation in 2 of the 3 cases . If  the 

correlation between birthweight and weaning weight is as h igh as this 

s tudy sugges ts then more use could be made of bir thwe igh t as an early 

s elec t ion criterian in s i tuat ions where weighing lambs at bir th is 

practical . 

The es t imates of the genetic correlations between weaning weight 

and later weights in Table 5 . 2  are generally lower than the previous 

estimates reviewed in Table 2 . 5 ,  al though s till in the med ium-high 

range . Given the importance of weaning weight as a selection obj ec tive 

this is an important advantage . The gene tic correlations of weaning 

weight with lamb and hogge t fleece weight are also s trong and pos itive ; 

another very useful trend in terms o f  improvement . The es t imates of 

the pheno typ ic correlations between weaning weigh t and the later live

weights and fleece weights are also h igh and agree well with the 

estimates in Table 2 . 4 .  

Hogget l iveweight is an important l iveweight trait that is in-

corporated in the selec tion index of Sheeplan . I t  is therefore useful 

to note that hogget  liveweight is not only genetically and phenotyp ically 

highly correlated with 2-too th weight ,  but  also with hogget f leece 

weight . Weaning weigh t ,  hogget f leece weight and number o f  lambs 

born are the other 3 traits in the index . The es t imates o f  the genetic 

and pheno typic correlations between hogge t liveweight and the o ther live

weights in Table 5 . 2 are generally comparable with the previous estimates 
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in Table 2 . 4 .  

The estimates of the genetic correlations between s taple leng th 

and the liveweights in Table 5 . 2  is somewhat variable although always 

positive . The correspond ing es t imates in Table 2 . 5  tend to be pos itive 

and medium to s trong . The pheno typ ic correlation estimates between 

s taple leng th and liveweight are low and variable , which is also found 

for the es t imates presented in Table 2 . 4 . 

The other fleece traits s tudied , are subj ectively assessed traits 

and are of less impor tance as breeding obj ec tives . Quali ty number is 

an excep tion insofar as it reflects f ibre diame ter , which is relatively 

important in the Romney . Quality number , character and break sever ity 

have low and var iable estimates o f  their phenotypic and genetic 

correlations with the liveweights . The phenotypic correlation 

es t imates involving colour are also low and variable , however , the 

gene tic correlations between colour and the liveweights are low to 

med ium . 

The genetic and phenotyp ic correlations between pairs of the 

f leece traits are more variable than the correlations between the live

weight traits , and there is less cons is tency in terms of s ign and size  

o f  the genetic correlation relative to  the pheno typ ic correlation . 

Lamb fleece weight has a h igh genetic and a med ium phenotypic 

correlation es timate with hogget f leece weigh t . I t  has already been 

noted that hogget fleece weight is a very important selection criteria 

in the Romney and a reasonable pos itive phenotypic correlation means 

early selection of lambs using fleece weight records may b e  of benef i t . 

However , given the s tronger correlation between weaning and later l ive

weights , and the importance of this trait also as a selection criterian 
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in the Romney ; preliminary select ion based on liveweight  is probably 

more efficient . The positive correlations between liveweight and 

fleece weight are impor tant in this context . 

There are few previous estimates available of  correlations be

tween lamb fleece weight and o ther fleece traits in the Romney . The 

genetic correlation of  0 . 80 between lamb and hogget fleece weigh t 

obtained by Baker ( 1 9 7 7 )  is larger than the es timate of  0 . 59 ob tained 

here , although bo th represent a high correlation . The es t imates of  

the correlations between lamb fleece weight and fleece quality traits 

measured on the hogge t  f leece in Tab le 5 . 2  are var iable in s ize , but 

generally low and in the expected d irection.  

The genetic correlat ion estimates in Table 5 . 2  o f  hogge t fleece 

weigh t with the other fleece traits are high for s taple leng th ,  character 

and break severity ; medium for quali ty number and low for colour . 

The estimates in Tab le 2 . 5  are generally medium to high for s taple 

length and quali ty number , but are quite variable for the o ther sub-

j ective traits . The es t imates ob tained in this s tudy of the gene tic 

correlation between hogget fleece weight and o ther fleece traits are 

therefore in agreement with the common range of es t imates ob tained in 

earlier s tudies . 

The phenotypic correlations between hogget fleece weight and the 

o ther hogget fleece traits are generally lower than the genetic 

correlat ions , but agree in terms of s ign . An excep tion is the pheno-

typ ic correlation b e tween hogget fleece weigh t and colour whi ch is 

slightly larger and pos it ive compared to the low , negative genetic  

correlation . There is general agreement also be tween the es t imates of  

this s tudy and the corresponding es t imates in  Table 2 . 4 .  
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The correlations between fleece weight and quali ty number could b e  

antagonis tic if  a reduct ion i n  f ibre d iame ter i s  a s elec tion obj ec t ive . 

However , this is not always an obj ective in Romney f locks ; i t  is 

usually suffic ient to j us t  maintain the average f ibre diame ter of the 

flock below a certain "ceiling" level .  

Character is not now regarded as an important selection criterian ,  

therefore , the low variable correlations associated with i t  are o f  less 

importance . S ince colour can be  important in the Romney , as no ted 

earlier , the negative gene tic correlation between hogge t fleece weight 

and colour found in this s tudy , which is suppor ted by the few es t imates 

in Table 2 . 5 ,  is undesirable , al though it is small .  

The es t imates o f  the genetic and phenotyp ic correlations between 

s t aple length and the fleece quali ty traits are cons istent in terms of 

s ign and s imilar in terms of s ize . The es t imates fall within the 

common range of estimates reviewed in Tab les 2 . 4  and 2 . 5 . S taple 

leng th , in itself , is no t a very important selection cri teri/n ,  although 

shor t fibres in the s taple may cause process ing problems ; for example , 

in wors ted yarn manufacture (Wickham, 1 982a) . Increased s tap le length 

is , as noted before , pos i t ively correlated with an increase in f leece 

weight which is an advantage . The negat ive correlation b e tween s t aple 

length and quali ty number found in this s tudy is lower than the es t imates , 

both genetic and pheno typ ic , previously ob tained . Negative correlations 

between fleece quantity traits and quality number are antagonis tic  in  

mos t  Romney breeding-ewe f locks and f ibre d iameter needs to be  monitored 

accordingly . However , depending on the end-product (e . g . , carpe t  wools ) 

they may , in fac t ,  be  used to advantage . Generally speaking , however , 

i t  is important in the Romney to keep a check on f leece quali ty traits 

when select ing for increased fleece weigh t . 
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CHAPTER SEVEN 

CONCLUS ION 

This s tudy was concerned wi th the es t imat ion of var iance compon

ents us ing REML ; a new method of es t imation with respect to analys ing 

sheep breeding data in New Zealand . The es timates of the variance 

components were then used to generate es t imates of the her itab ilities , 

phenotypic and gene tic correlations , and the BLUE ' s  of the non-genetic 

( f ixed) effects . 

In a dual-purpose sheep breeds , such as the Romney , where bo th 

meat and wool  production are impor tant selection obj ectives , a selec t ion 

index approach is an eff icient me thod of gene tic improvement . Accord-

ingly , Sheep lan uses a select ion index for dual-purpose breeds which 

incorporates number of lambs born , weaning weigh t ,  spring (hogge t) 

l iveweight and hogget f leece weigh t ( Clarke and Rae , 1 9 7 6 )  . 

In mos t  cases , the parame ter es t imates from th is s tudy were in 

general agreement with the results from previous s tudies and also 

generally agreed with the parameter values currently used by Sheeplan . 

However ,  the h 2 estimates of the l iveweight traits were found to be  

lower than those used by Sheeplan ,  al though they were rela t ively com

parable wi th the more recent h 2 es t imates o f  liveweight in o ther 

s tudies . Genetic parameters may change with time ; hence , i t  is 

poss ible that the h 2 of l iveweight has decreased in the Romney . If  h2 

o f  l iveweight is , in fac t ,  lower than the Sheeplan parameters , then 

current select ion response for l iveweight may not b e  as rap id as would 

be expected f rom Sheeplan . 

The genetic correlation estimates between WWT and the l iveweights 
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from JUN to 2TH were also found to be  lower than the values used by 

Sheeplan . However , these results have not been supported by o ther 

s tudies . The gene tic correlation between WWT and NOV (hogge t ) l ive

weight is of particular interes t since it is involved in the Sheeplan 

selection index . 

With the excep t ion of these differences , i t  is interes ting to note 

that the REML parameter es t imates of this s tudy were generally s imilar 

to the results of previous s tudies where o ther es t imation methods 

(notably Henderson ' s  Methods ; Henderson , 1953)  have been used . The 

close s imilarity , in this s tudy , of  the REML h2 es t imates with the 

Me thod Ill h 2 estimates is also of interes t ,  especially since Me thod 

Ill has the des irable feature of unb iasedness , which REML does no t .  

The eff iciency with which a selection index actually ident if ies 

the individuals of h igher genetic  meri t ,  is affected by the reliability 

o f  the parame ters included . Thus , accurate data collec t ion and 

reliab le parameter es t imates are important . Gene tic and environmental 

changes in the population , technological improvements which improve 

data collec t ion and process ing and the development of new es t imat ion 

methods wi th specific des irable properties , makes it wor thwhile to 

periodically re-es timate the gene tic and phenotypic p arameters of the 

population . 
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APPENDIX 

Ob taining T from the Mixed Model Equat ions (MME) 

Solving Henderson'  s MME ,  as part o f  the REML algorithm d is cuss.ed 

in Chapter Four , yields the inverse o f  the lef t-hand-s ide matrix , 

namely : 

- 1  A X ' Z  

Z ' Z  [ : . : 1 
where A is a symme tric matrix with full rank under the subclass means 

model of (4 . 2 ) . 

Now, 

for D 

D T 

and , 

for S 

where 

it is 

- 1  
Following Searle ( 1968) , the right-hand submatrix of A will be : 

R 

M =  (z ' z  + Io2/o2 - Z ' X (X ' X) - X ' Z ) - 1  
- - - - e s  - - - - - -

1&2 from (4 . 2) and T - s 

(D- 1  

- 1  R -

= r&2 
- e 

+ Z ' SZ)
- 1  

R- 1
X (X ' R- 1

X) -
XR- 1  

from ( 4 .  2) 

( I + Z ' SZD)
- 1  

of ( 2 . 2 1 ) , 

readily shown that , 

Z ' SZ 

so  that , 

That is , 

� 

D T 1 /&2 
e 

� - 1 
the lower right-hand submatrix of � contains T &2/&2 and therefore - s e 

mult iplying the elements o f  this submatrix by &2 /&2 yields T .  e s 
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