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INTRODUCTION

For many years th e  technique o f  developing inbred  l in e s  o f maize 

fo r  subsequent c ro ss in g , followed by c a re fu l in te n se  s e le c tio n  o f those 

l in e  combinations which performed the  b e s t ,  has been recognized as an 

extrem ely u se fu l method o f  improving g ra in  y ie ld s .  In  view o f  the  

tremendous b e n e fits  which have been re a liz e d  from such a procedure in  

m aize, th e re  has been a l o t  o f in te r e s t  in  the  p o s s ib i l i t i e s  o f applying 

s im ila r  methods to  o th e r  organisms inc lud ing  farm an im als. experim ents 

on maize have in d ica ted  th a t  u su a lly  those inbred  l in e s  which perform 

b e s t in  the inbred s t a te  w il l  perform  b est in  l in e c ro s s  com binations. 

C onsiderable d if fe re n c e s , however, have been found to  occur between 

d i f f e r e n t  cross-com binations o f  a s in g le  l in e  in d ic a tin g  th a t  c e r ta in  

l in e s  tend  to  blend to g e th e r b e t t e r  than o th e rs .

The normal e f f e c t  of inbreeding  in  any n a tu ra lly  c r o s s f e r t i l i z in g  

sp ec ie s  is  a genera l decline  in  v ig o r and o v e ra ll  standard  o f p e rfo r 

mance. This is  e sp e c ia l ly  tru e  fo r  t r a i t s  connected with rep roduction  

and l i v a b i l i t y .  As a r e s u l t  any g en e tic  improvements made from such a 

l in e  development and c ro ssin g  study  must be evaluated  in  the  l ig h t  o f 

the  decreased performance o f  th e  l in e  during  the l in e  development phase 

o f  the program.

The o v e ra ll  r a te  o f genetic  improvement in such a hybrid develop

ment program as described  above i s  lim ite d  by the  tim e requ ired  to



2
develop the  inb red  l in e s  and the s e le c t io n  in te n s i ty  which can be 

p ra c t is e d  upon them. The tim e re q u ire d  to  develop th e  inbred  l in e s  i s  

o f course la rg e ly  determ ined by th e  g en era tio n  in te r v a l  o f  th e  p a r t i c u la r  

sp ec ie s  invo lved . S e le c tio n  in te n s i ty  is  la rg e ly  determ ined by rep ro 

d u c tiv e  r a t e ,  i . e .  s iz e  o f  l i t t e r  and number o f l i t t e r s  per y ear and th e  

f r a c t io n  o f  the  anim als which must be saved in  each g en era tio n  to  

m ain tain  breed ing  p o p u la tio n  s iz e .

For a hybrid  development scheme to  be econom ically  fe a s ib le  in  

anim al b reed ing , i t  must produce long term g enetic  g a in s , s ig n i f ic a n t ly  

g re a te r  th an  those  which can be ob ta in ed  under normal s e le c tio n  methods, 

in  o rd e r to  more than compensate fo r  th e  depressed  performance o f  the 

l in e s  under in b reed in g . For th is  to  occur i t  i s  e s s e n t ia l  th a t  non

a d d it iv e  genetic  e f f e c ts  be o f  s ig n i f ic a n t  im portance, e s p e c ia l ly  as 

the  s e le c tio n  in te n s i ty  i s  u su a lly  decreased  in th e  inb red  p opu la tion  

as a r e s u l t  o f  t h e i r  reduced l i v a b i l i t y  and rep ro d u c tiv e  perform ance.

From a p u re ly  th e o r e t ic a l  view point i t  would appear th a t  in  th e  absence 

o f  im portan t n o n -ad d itiv e  g en e tic  e f f e c t s ,  s e le c tio n  under a hybrid  

development scheme would a c tu a l ly  be i n f e r io r  to  th a t  p ra c t is e d  under 

normal a d d itiv e  p ro ced u res , except o f  course th a t  inb reed ing  would 

a llow  th e  tru e  genotype o f  th e  in d iv id u a ls  to  be much more a c c u ra te ly  

e v a lu a te d .

In  the realm o f farm l iv e s to c k , hybrid  development procedures have 

been used w ith  a h igh degree o f  success w ith p o u ltry  and have a lso  

proven valuab le  fo r  sw ine. Both th ese  l iv e s to c k  types have th e  necessary  

q u a l i f ic a t io n s  o f  a  high rep ro d u c tiv e  r a t e  and sh o r t  g en era tio n  in te rv a l



to  make a reasonably  high s e le c tio n  in te n s i ty  p o s s ib le . With regard  to  

th e  la rg e r  slower developing farm anim als much le s s  in v e s tig a tiv e  work 

on the  f e a s i b i l i t y  o f such a b reed ing  program has been perform ed. This 

i s  e s p e c ia l ly  tru e  fo r  la c ta t io n a l  t r a i t s  in  d a iry  c a t t l e .

One o f  the  main problems in  ev a lu a tin g  the importance o f hybrid 

v ig o r in  d a iry  c a t t l e  i s  the  ex trem ely  long period  requ ired  fo r  such a 

s tu d y . The genera tion  in te rv a l  is  long , th e  rep roductive  ra te  is  low 

and th e  tim e requ ired  to  develop the  inbred l in e s  p r io r  to c ro ssin g  is  

c o n s id e ra b le . The low s e le c tio n  p o te n t ia l  which must be p ra c tis e d  w ith 

c a t t l e  a lso  l im i ts  the r a te  a t  which inbreed ing  can occur. The net 

r e s u l t  o f  these  fa c to rs  i s  th a t  a period  o f  about 15 years i s  needed fo r  

the  development o f  l in e s  inb red  to  any considerab le  e x te n t. Because o f  

the  la rg e  tem porary environm ental in flu en ces on la c ta t io n a l  performance 

i t  is  a lso  necessary  th a t  a f a i r l y  la rg e  number o f anim als be a v a ila b le  

fo r  a n a ly s is .  A ll o f th ese  fa c to rs  taken to g e th e r  p o in t to  the 

e s s e n t ia l  requirem ent o f a t  l e a s t  s e v e ra l hundred anim als a v a ila b le  fo r 

study  over a period  o f 20-25 y e a rs . The f in a n c ia l  co st i s  high 

e s p e c ia l ly  i f  th e  e f f e c ts  o f  inb reed ing  a re  severe  and problems w ith 

change in  personnel and continuous a v a i la b i l i t y  o f  breeding stock  a re  

co n s id e ra b le . In  consequence the number o f s tu d ie s  designed to  t e s t  

th e  importance o f  non -add itive  genetic  e f f e c ts  in  d a iry  c a t t l e  l a c ta 

t io n a l  performance has been sm all. While the  number o f s tu d ies  

in i t i a t e d  to  t e s t  th is  c h a r a c te r i s t ic  has been sm all, the  number which 

has a tta in e d  t h e i r  o b jec tiv e s  is  even sm a lle r . Only one such 

in v e s tig a tio n  has ever been rep o rted  as su c c e ss fu lly  concluded and th is  

in v e s tig a tio n  a t  the U n iv e rs ity  o f W isconsin, repo rted  by Mi e t a l . ,
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in  1965 , was extrem ely lim ite d  both in  th e  s iz e  o f  th e  c a t t l e  popula 

t io n  s tu d ie d , th e  number o f s i r e s  rep re sen ted  and the number o f 

d i f f e r e n t  l in e c ro s s  com binations compared. While i t  d id  y ie ld  much 

va lu ab le  in form ation  on th e  p o s s ib i l i ty  o f u t i l i z i n g  h e te ro s is  in  

d a iry  c a t t l e ,  i t  was n ev erth e less  much too  sm all and r e s t r i c te d  to  

provide conclusive answers to  a l l  o f  th e  questions which in v a ria b ly  

a r i s e  when the  to p ic  o f h e te ro s is  i s  being d iscu ssed .

The purpose o f  th is  study i s  to  eva lua te  some o f  th e  e f f e c ts  o f  

re c ip ro c a l c ro ssing  o f l in e s  o f  H o lste in  c a t t l e  on production  and 

o th e r  t r a i t s  o f  economic im portance. I t  is  hoped th a t  th e  in te r p r e ta 

t io n  o f  the d a ta  w il l  improve the  c u rre n t concepts o f the  m erits  o f 

s e le c tio n  procedures designed to  u t i l i z e  non -add itive  g ene tic  e f f e c t s .

1



REVIEW OF LITERATURE

H is to r ic a l  Background

The p ra c t ic e  o f mating c lo se  r e la t iv e s  i s  no t a new concept as 

many accounts o f  i t  a re  a v a ila b le  in  a n c ien t l i t e r a t u r e .  By n e c e ss ity  

Cain and Seth must have m arried  and mated w ith t h e i r  own s i s t e r s  as 

th e re  were no o th e r  p o ss ib le  fem ales on the  e a r th  a t  t h a t  tim e . Abraham 

m arried h is  h a l f - s i s t e r  Sarah and i t  was a lso  a common p ra c tic e  a t  th a t  

time fo r  b r o th e r - s i s te r  mating to  be p ra c tic e d  among th e  Pharaohs to  

p reven t d i lu t io n  o f the  blood o f th e  gods. While very l i t t l e  inform a

t io n  is  a v a ila b le  on th e  incidence o f inbreed ing  among domestic anim als, 

i t  i s  extrem ely l ik e ly  th a t  c lo se  matings took p lace  between th e  sm all 

numbers o f anim als o f each o r ig in a l  species which survived  th e  Noahic 

f lo o d , which deluged the  e a r th  about BC. We can a lso  probably  

assume th a t  a considerab le  degree o f  inb reed ing  d id  take  p lace in  

an c ien t tim es, due to  the  tendency fo r  sep ara te  communities to  e x is t  

as is o la te d  u n i ts  fo r  many g e n e ra tio n s .

In 1716 th e  f i r s t  p la n t  hybrid  was id e n t i f ie d  as such, and in  the  

same year Cotton Mather3,0^ c o r r e c t ly  id e n t i f ie d  the cause o f xen ia  as 

being due to  a windborne in te rm ix tu re  o f v a r ie t ie s  on th e  same e a r  o f 

maize. In  1766 Jo s e f  G o ttlie b  K oebrenter published  h is  w ell known 

d o ss ie r  and e s ta b lish e d  p la n t h y b rid iz a tio n  on a s c i e n t i f i c  b a s is .

5
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In  1865 Mendel described  hybrid  v ig o r in  h is  pea h y b rid s, and in  1876 

th e  te x t  "Cross and S e lf  F e r t i l i z a t io n  in  the  V egetable Kingdom", was 

published  by C harles D arw in^ . In i t  he s ta te d  "The f i r s t  and most 

im portant conclusion  which may be drawn from th e  observations given in  

t h i s  volume, is  th a t  c r o s s - f e r t i l i z a t i o n  i s  g e n e ra lly  b e n e f ic ia l  and 

s e l f - f e r t i l i z a t i o n  in ju r io u s " .

In  1891 Jo h n so n ^  proposed a pre-m endelian in te rp re ta t io n  o f 

hybrid  v ig o r when s ta t in g  "c ro ssin g  commonly gives b e t te r  o ffsp rin g  

than  inb reed ing , and i s  due to  the  f a c t  th a t  in  th e  l a t t e r ,  both 

p a ren ts  a re  l ik e ly  to  possess by in h e rita n c e  the same im perfec tions, 

which are  thus in te n s i f ie d  in  th e  progeny, w hile in  crossbreed ing  the 

p a ren ts  more u su a lly  have d i f f e r e n t  im p erfec tio n s , which o ften  more or 

le s s  compensate each o th e r  in  th e  immediate descendants".

In  1892 G. W. M cClure^ pub lished  h is  famous paper in  which he 

c ite d  observations on th e  c h a ra c te r is t ic s  o f h e te ro s is  in  corn . He 

no ted : (a )  S t e r i l i t y  and deform ity  o f te n  follow  s e l f in g .  (b) Crossing

im parts v ig o r , (c )  That i t  i s  im possible to  t e l l  in  advance what 

v a r ie t ie s  w i l l  produce corn o f  increased  s iz e  when crossed , (d) That 

what appears to  be the b e s t  e a r  does no t always produce the  la r g e s t  

c ro p s , (e )  Most o f  the hybrid  corn grown th e  second year i s  sm aller

than th a t  grown the  f i r s t  year a lthough most o f  i t  i s  y e t  la rg e r  than

th e  average s iz e  o f the p a ren t v a r i e t i e s .

In 1893 Morrow & Gardiner^0 noted that " It seems that crossbred

corn gives larger y ie ld s , at le a s t  for the f i r s t  and second years 

a fte r  crossing , than an average o f  the parent v a r ie t ie s ,  but how much 

longer th is  greater fru itfu ln e ss  w i l l  la s t  i s  undetermined."

v



In  th e  e a r ly  n in e teen th  cen tu ry  the f i r s t  a ttem pts a t  production  

and maintenance o f  purebred animal spec ies  were recorded . The most 

common procedure seemed to  be one o f lin e b ree d in g  to  excep tiona l 

an im als, u su a lly  s i r e s ,  u n t i l  performance began to  d ec line  a f t e r  which 

l in e c ro s s in g  was i n i t i a t e d ,  followed again  by more inb reed ing . This 

p o lic y  combined w ith  c a re fu l  se le c tio n  d id  a c tu a l ly  r e s u l t  in  g re a t

advances in  anim al performance and was th e  b a s is  o f the  ou tstand ing
66work done by Robert Bakewell

One o f  th e  e a r l i e s t  examples o f the  maintenance o f homozygosity 

o f c a t t l e  was the  Duchess fam ily o f Shorthorns developed by Bates10  ̂

in  th e  n in e tee n th  c en tu ry . He s ta r te d  vrith C o lling -b red  stock  a lready  

inb red  by about and kep t the inbreed ing  le v e l  e s s e n t ia l ly  constan t 

fo r  about LjO years even though f e r t i l i t y  was very  low. During th is  

time th e  c o e f f ic ie n t  o f  re la tio n s h ip  o f Duchess cows remained a t  

about 6055.

In  1918 and 1919 th e  r e s u l ts  o f K ing 's famous experiments w ith 

Albino Norway r a t s  were p u b lish ed ^ *  50, $1  ̂ s^e Sh0wecj th a t

s e le c tio n  was seem ingly e f fe c t iv e  in  checking any tendency th a t  

inbreed ing  mipht have had to  b ring  out th e  u n desirab le  l a te n t  e f f e c ts  

in h e re n t in  vhe s t r a in .

In  1922 W right100 rep o rte d  th a t  20 years o f  continuous b ro th e r-  

s i s t e r  mating w ith guinea p ig s produced no obvious sp e c if ic  degenera

t io n s ,  bu t on the average a d ec lin e  in  a l l  elem ents o f v ig o r . There 

were however, s ig n i f ic a n t  d iffe ren c e s  in  th e  e f f e c ts  o f inbreed ing  on 

d i f f e r e n t  t r a i t s ,  in d ic a tin g  th a t  each was in h e r ite d  independently  o f



each o th e r w ith each fam ily  being c h a rac te rize d  by a p a r t ic u la r  

combination o f  t r a i t s  u su a lly  involv ing  s tre n g th  in  some resp ec ts  and 

weakness in  o th e rs .

General Aspects o f H e tero sis  Theory

The fundamental th e o re t ic a l  p r in c ip le s  o f  q u a n ti ta t iv e  genetics

involved in  the occurrence o f the  phenomena o f inbreed ing  and i t s
pq

complement hybrid  v ig o r have been c le a r ly  d iscussed  by Falconer He 

poin ted  ou t th a t  in  the  absence o f s e le c tio n , inbreed ing  in  a population  

a l t e r s  the  genotype frequencies but no t the gene freq u en c ie s . For a 

change o f mean value to  occur in  a popu lation  under inbreed ing  th ere  

must be p re se n t d i re c tio n a l  dominance a t  the  lo c i  concerned w ith the 

c h a ra c te r  being in v e s tig a te d . The dominance may be p a r t i a l  o r com plete, 

o r overdominance may be p re se n t. He showed th a t  th e  magnitude o f the 

change in  mean value depended on th e  in d iv id u a l gene frequenc.ies, w ith 

genes a t  in te rm ed iate  frequencies c o n tr ib u tin g  more than  those o f high 

o r low freq u en c ies . He s ta te d  th a t  when lo c i  combined a d d it iv e ly , the 

change o f mean on inbreeding  was d i r e c t ly  p ro p o rtio n a l to  the c o e f f i 

c ie n t  o f  inbreeding  and th a t  e p is ta t i c  e f f e c ts  depending on in te ra c tio n s  

between dominance combinations tended to  have a  c u rv i l in e a r  depressing  

e f f e c t  on perform ance. The d ire c tio n  o f th e  change in  mean w ith in -  

breeding wa3 shown to  be towards the value o f th e  more rec ess iv e  a l l e l e .  

He a lso  po in ted  out th a t  the  amount o f  h e te ro s is  follow ing a c ross 

between two p a r t ic u la r  l in e s  depended on the square o f  the d iffe ren c e  in  

gene frequency between th e  p o p u la tio n s. He observed th a t  h e te ro s is  was 

e x a c tly  the  opposite  o f inbreed ing  in  a la rg e  closed popu la tion  in  which



no s e le c tio n  had taken  p lace  and th a t  no o v e ra ll  long term genetic  

improvement in  such a  la rg e  popu la tion  could be achieved through a 

system o f  inbreeding followed by l in e c ro s s in g  un less s e le c tio n  fo rces 

accompanied i t .

W haley^  d is tin g u ish ed  between th e  term hybrid  v ig o r—which he 

s ta te d  as r e fe r r in g  to  th e  developed s u p e r io r i ty  o f  h y b rid s , and 

h e te ro s is —which r e fe r re d  to  the  mechanism by which th i s  s u p e r io r i ty  

was developed. He a lso  po in ted  out th a t  hybrid  v ig o r needed to  be

defined  r e la t iv e  to  a s p e c if ic  environm ent.
HAIn 19lj2 Sprague & Tatum pub lished  t h e i r  famous paper in  which 

they  developed and defined  th e  concepts o f General and S p e c ific  

Combining A b il i ty .  The term G eneral Combining A b il i ty  (GCA) o f a l in e  

was used to  designate  th e  average performance of a l in e  in  hybrid  

com binations and provided an in d ic a tio n  o f the importance o f genes 

which were la rg e ly  a d d itiv e  in  t h e i r  e f f e c t .  S p e c if ic  Combining 

A b il i ty  (SCA) was used to  r e f e r  to  those cases in  which c e r ta in  l in e  

com binations d id  r e la t iv e ly  b e t te r  o r worse than would be expected on 

th e  b a s is  o f  the  average performance o f  the  l in e s  involved . They 

p o s tu la te d  th a t  SCA may r e s u l t  from se v e ra l causes such as mendelian 

seg reg a tio n  and recom bination, in c o r re c t  genotype c la s s i f i c a t io n  and 

various types o f fa c to r  in te ra c t io n s .  T h e ir d e f in i tio n s  a t  th a t  time 

were being used in  th e  realm o f  p la n t b reed ing , but they d id  s ta te  

th a t  "nicking" in  farm anim als was id e n t ic a l  w ith t h e i r  concept o f 

s p e c if ic  combining a b i l i t y .

Two main th e o rie s  have been pu t forward in  an a ttem pt to  explain  

hybrid v ig o r and the d e le te r io u s  e f f e c ts  o f inbreed ing  in  mendelian
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term s. The f i r s t  h y p o th esis , commonly c a lle d  th e  "favorab le  dominance" 

th eo ry , is  based on the  observed c o rre la t io n  between dominance and 

b e n e f ic ia l  e f fe c ts  (o r  recess iv en ess  and d e trim en ta l e f f e c t s ) .  

Inbreeding  uncovers d e le te r io u s  rec e ss iv es  and u s u a lly  r e s u l ts  in  a 

d e te r io ra tio n  o f le v e l  o f  perform ance. "When a hybrid  i s  formed, some 

o f  th e  d e trim e n ta l re c e ss iv e s  brought in to  the hybrid  zygote by one 

p a re n t a re  rendered in e f fe c tiv e  by th e i r  dominant a l l e l e s  from the

o th e r , and an in c rease  in  v ig o r i s  the  r e s u l t .  This theo ry  was pu t
1 ft

forward by Keeble & Pellew  in  1910 and more g e n e ra lly  developed in  

m athem atical terms by Bruce^ in  th e  same year when he showed th a t  the  

number o f  homozygous re c e s s iv e  l o c i  would always be le s s  in  the  hybrid 

popu la tion  than  the  mean number in  th e  two p a ren t p o p u la tio n s .

The second hypothesis u su a lly  re fe r re d  to  as the  "overdominance" 

th eo ry , is  based on th e  assum ption th a t  h e te ro zy g o sity  per s e , i s  a 

v i r tu e .  I t  depends on th e  idea  t h a t  a t  c e r ta in  lo c i  th e  heterozygote 

i s  su p e rio r to  e i th e r  homozygote and th a t  th e re  i s  increased  v igo r in  

p ro p o rtio n  to  the  amount o f  h e te ro zy g o s is . This concept o f a stim u

la t in g  e f f e c t  o f h y b rid iz a tio n  began in  1908 independently  w ith S h u l l^  

and E as tcw a t  a  tim e when th e re  was no d i r e c t  evidence o f any locus a t  

which th e  heterozygo te  exceeded e i th e r  homozygote. Hu l l ^3 suggested 

th e  term "overdominance" to  d escribe  th is  e f fe c t  in  I 9ii5 , when, on 

n o ting  cases where hybrids between two inbred maize l in e s  had a g re a te r  

y ie ld  than  th e  sum o f  th e  two in b red s , he re a liz e d  th a t  such an e f f e c t  

as th is  would no t be p o ss ib le  w ith  dominant genes a c tin g  in  a com pletely 

a d d itiv e  manner. He ignored the  p o s s ib i l i ty  o f  im portant e p is ta t i c  

e f f e c ts  in  fo rm ulating  th i s  conclu sion .
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Work by Dobzhansky and h is  co-w orkers on th e  rep ro d u c tiv e  mecha

nisms o f  va rious sp ec ie s  supported  th e  " fav o rab le  dominance" theo ry , 

e .g .  h e te ro s is  in  corn which i s  c ro s s -p o ll in a te d  i s  much h ig h er than  

fo r  tom atoes which a re  9Q& s e l f -p o l l in a te d  s in ce  d e le te r io u s  re c e s s iv e s  

tend to  be more q u ick ly  e lim in a ted  in  the l a t t e r .  In  19l»8 Crow^ 

showed th a t  th e  b e s t  c ro sse s  between inbred  l in e s  o f  maize produce 

y ie ld s  which a re  too high  to  be accounted fo r  w ithou t overdominance a t  

some l o c i .  His rea so n in g , however, was based on s e v e ra l q u estionab le  

assum ptions inc lud ing  th e  prem ise t h a t  th e  behavior o f  l in e c ro s se s  

o r ig in a tin g  from d i f f e r e n t  v a r i e t i e s  was s im ila r  to  l in e s  o r ig in a tin g  

from the  same base p o p u la tio n .

Both o f  these  th e o r ie s  have had f lu c tu a t in g  le v e ls  o f p o p u la r ity  

bu t have managed to  su rv ive  to  th e  p re sen t tim e . They are  n o t m utually  

ex c lu siv e  and in  r e la t io n  to  th e  m u ltip le  fa c to r  in te ra c t io n s  known to  

e x is t  in  th e  d e te rm in a tio n  o f  q u a n ti ta t iv e  t r a i t s ,  a re  a lso  n o t 

c o l le c t iv e ly  ex h au stiv e .

W ith reg a rd  to  th e  phenomenon o f  "n icking" which has been observed 

in  c a t t l e ,  S ea th  & Lush in  191*0®  ̂ brought to  a t t e n t io n  some a sp e c ts  o f  

the  ro le  o f  e p is ta t i c  in te ra c t io n s  in  the  c o n tro l o f  anim al perform ance. 

They s ta te d  th a t  genes in  c e r ta in  s p e c if ic  com binations may have e f f e c ts
i

very  d i f f e r e n t  from t h e i r  average e f f e c t s .  They specu la ted  th a t  because 

o f  th e  la rg e  amount o f  seg reg a tio n  and recom bination o f  genes between 

g e n e ra tio n s , s e le c tio n  had p robably  taken p lace  a g a in s t  gene fa c to r s  

which only had good e f f e c ts  when p re se n t in  sp e c if ic  com binations. I f  

e p i s ta t i c  e f f e c ts  were o f  major im portance, then  h y b r id iz a tio n  would
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be expected to  cause a break-up o f some o f  th e  d e s ira b le  gene combina

tio n s  and r e s u l t  in  a  red u c tio n  o f  o v e ra ll  perform ance.

In  re c e n t years a ttem pts have been made to  in v e s tig a te  the 

phenomenon o f  h e te ro s is  a t  the  m olecular and biochem ical l e v e ls .
Q - i

Schwartz & Laughner have in v e s tig a te d  the polymorphic forms of the 

enzyme a lcoho l dehydrogenase in  m aize. This enzyme i s  a dim er, and 

fo u r a l l e l e s  have been d e te c te d , sp ec ify in g  th re e  d i f f e r e n t  isoenzymes 

in  the  h e te ro zy g o te . The isoenzymes d if fe re d  in  th e i r  s t a b i l i t y  over 

a  wide range o f  pH values and in  t h e i r  a c t iv i ty .  They showed th a t  in  

germ inating maize seed lings the com bination o f  two isoenzyme su b -u n its , 

one w ith the  c h a r a c te r is t ic  o f  s t a b i l i t y ,  the  o th e r  th a t  o f  high 

a c t iv i t y ,  re s u lte d  in  a he te rozygo te  b e t t e r  than  e i th e r  o f the  homo

zygotes. They proposed th a t  in  some o r many cases the  p ro p e r tie s  o f  

h igh  s t a b i l i t y  and high a c t iv i ty  cannot be combined in  th e  same prim ary 

s tru c tu re  and th a t  hybrid  v igo r may in  p a r t  r e s u l t  from combining in  

h e te ro zy g o tes , a l l e l e s  fo r  a c tiv e  but r e la t iv e ly  u n stab le  enzyme forms 

w ith  a l l e l e s  which sp e c ify  s ta b le  but r e la t iv e ly  in a c tiv e  enzymes.

These gene products then  in te r a c t  to  confer both s t a b i l i t y  and a c t iv i ty  

on the  hybrid  enzyme m olecule. This theo ry  was supported by a study o f 

Warner e t  a l . ^ ,  which showed th a t  fo r  n i t r a t e  reductase  in  maize, the 

F i hybrid  resembled one p aren t in  r a te  o f enzyme sy n th e s is  and the o th e r  

p a ren t in  th e  r a te  o f in  vivo decay. They p o s tu la te d  a lso  t h a t  i f  

th ese  a l l e l e s  were c lo s e ly  lin k ed  and in h e r ite d  as one u n i t  on a s in g le  

chromosome, th e i r  e f f e c ts  would correspond to  those a sc rib ed  to  a d d itiv e  

genetic  e f f e c t s .



The review given above o u tlin e s  th e  p au c ity  o f the  understanding  

o f  th e  mechanisms involved in  inbreed ing  dep ression  and hybrid  v ig o r. 

Both th e o r ie s  have t h e i r  s tro n g  and weak p o in ts , w ith our p resen t day 

understanding  o f  the  chem ical na tu re  o f enzymes tend ing  to  favor th e  

,r overdominanc e " hypo thes i s  •

The r e la t iv e  importance o f a d d itiv e  and non -ad d itiv e  genetic  

e f fe c ts  in  d a iry  c a t t l e  herds was in v e s tig a te d  by Freeman & Henderson 

in  1959^ •  They defined  th e  g ene tic  covariance between r e la t iv e s  as

00 V )  ■ aijT10 ♦ d.jV01 4 a.jdijVU 4 a2ijVJO 4 d2ijV02 etc- where 

V, a^j and d  ̂ were re s p e c tiv e ly  th e  variance , a d d itiv e  and dominance

re la tio n s h ip s  between anim als i  and j .  S ince th e  dominance r e la t io n 

sh ips would be zero u n less  th e  anim als were r e la te d  through a t  l e a s t  

one common a n ce s to r , they  were norm ally expected to  be sm all, except 

in  the  case o f  f u l l - s ib s  o r where th e re  had been considerab le  in -  

b reed in g . T h e o re tic a lly , th e  a d d itiv e  e f f e c ts  (a.;*) could have been 

as la rg e  as 0 .5  even w ithout inb reed ing . They found to  support t h e i r  

th e o r e t ic a l  g en e tic  th eo ry , th a t  th e  dominance re la tio n sh ip s  among 

anim als in  a herd  were e s s e n t ia l ly  zero , and th a t  the  mean ad d itiv e  

re la tio n s h ip  o f  a l l  anim al p a ir s  was only O.Olj. The average a d d itiv e  

re la tio n s h ip  o f  r e la te d  anim als was c a lc u la te d  to  be 0 .13 .

C ross-Breeding Vork Among D airy  Breeds

I f  the h is to ry  o f  th e  c a t t l e  b r e e d s ^  i s  trac ed  back fo r  sev era l 

thousand years i t  rev e a ls  the presence o f two f a i r l y  d i s t in c t  sp e c ie s , 

Bos ta u ru s —which r e f e r s  to  th e  European type o f  c a t t l e ,  and Bos 

in d ic u s—which d esc rib es the zebu ty p e , as w ell as many in term ediate



v a r ie t ie s  betveen these  two species ty p es . Evidence seems to  suggest 

a s in g le  common o r ig in  fo r  th e se  two c a t t l e  sp e c ie s , w ith  development 

over long periods o f tim e in  d i s t in c t ly  d i f f e r e n t  environm ents, 

r e s u l t in g  in  n a tu ra l s e le c tio n  fo rces lead ing  to  ever in c reas in g  

d i f f e r e n t ia t io n  w ith in  an o r ig in a l  s in g le  spec ies type. I t  i s  g en era lly  

believed  th a t  the  F r ie s ia n  b reed , o f which th e  H olste in  i s  only one 

p a r t ic u la r  ty p e , o r ig in a te d  from a long horned sub-species o f  European 

c a t t l e  known as Bos p rim ig en iu s. Je rse y s , Guernseys ar.d Brown Swiss 

c a t t l e  are  be lieved  to  have been developed from the Bos lo n g ifro n s 

subspecies which were sh o r t  horned, while A yrshires are be lieved  to  

have come from se le c tio n  w ith in  c ro sses o f th ese  two o r ig in a l  sub

sp e c ie s . Looked a t  in  t h i s  p e rsp e c tiv e , crossbreed ing  is  e s s e n t ia l ly  

the  same b asic  type o f procedure as l in e c ro s s in g . However, in  c ro s s 

breeding the  stock  which a re  being combined have a g re a te r  degree of 

g ene tic  d iv e r s i ty  betveen them, than do the  sep ara te  lin e s  w ith in  a 

breed , which have been k ep t as d i s t i n c t ly  sep a ra te  breeding u n its  fo r  

a much sh o r te r  period  o f tim e. Breed r e g is t r y  s o c ie t ie s  f i r s t  were 

formed around the beginning of the  n in e teen th  cen tu ry , and Robert 

Bakewell i s  given the  c r e d i t  as th e  founder o f  pedigree breed ing . 

However, geographical i s o la t io n  and d i f f e r e n t  o b jec tiv es  in  s e le c tio n  

had long before th is  tim e led  to  the  development o f many d i f f e r e n t  

types o f  c a t t l e ,  and many o f  the  breeds which a re  s t i l l  in  ex is tence  

today can r ig h t f u l ly  claim  t h e i r  o r ig in  to  a period  f a r  in  advance o f 

th a t  o f  Bakewell.

One o f  the  most ex tensive  o f  the e a r ly  American crossbreed ing  

experim ents was begun in  1911 by T. L. Bowlker, who made re c ip ro c a l



crosses between Guernseys and H o ls te in s , to  t e s t  th e  p o s s ib i l i ty  of 

having ch a rac te rs  fo r  h igh  milk y ie ld  and b u t te r f a t  percentage combined 

in  some o f th e  animals in  th e  F2 crossb red  g en e ra tio n . A fte r  h is  death  

th e  c a t t l e  were tra n s fe r re d  to  th e  I l l i n o i s  A g r ic u ltu ra l  Experiment 

S ta tio n  where the experim ent was con tinued . In  a re p o r t  by C a s t le ^ ,  

the  F]_ c rossb red  cows exceeded a mean between the Guernsey and H o lste in  

records by 7 .6  percen t fo r  th e  f i r s t  la c ta t io n  and 1$ p e rcen t fo r  the 

second la c ta t io n .  S evera l subsequent re p o rts  by Gaines e t  a l . * ^  and 

Yappl03 supported th is  f in d in g , and d isc lo sed  a lso  th a t  F2 cows produced 

from the  mating o f  crossbred  p a ren ts  were in f e r io r  in  m ilk production  

to  the  F^ in d iv id u a ls , bu t s t i l l  were s l ig h t ly  b e t te r  than  th e  mean o f 

th e  o r ig in a l  purebred p a re n ts . No hybrid  v ig o r was d e tec ted  fo r  b u t te r -  

f a t  pe rcen tage . The v a l id i ty  o f these  comparisons must be questioned , 

because no account was taken o f  p o ss ib le  environm ental changes which 

could have in fluenced  th e  p roduction  r e s u l t s .  P r io r  to  t h i s  tim e, a 

c rossbreed ing  experiment was s ta r te d  in  1906 a t  T ranek jaer, Denmark 

invo lv ing  Red Danish and J e rse y  cows. J e rse y  b u lls  were used on both 

purebred Je rsey  and Red Danish cows, backcrosses were a lso  made to  both 

breeds and an F2 was developed. R esu lts published*^* in d ica ted  th a t

w hile the  F^ crossbreds exceeded th e  in te rm ed ia te  o f the  p a ren t breeds 

in  both m ilk and b u t te r f a t  y ie ld  measured over th e  f i r s t  70 days o f 

la c ta t io n ,  the d iffe ren ce  was no t o f  a g re a t enough magnitude to  confirm  

th e  presence o f  hybrid  v ig o r. No d e f in i te  in d ic a tio n s  o f hybrid  v ig o r 

were obtained  from any o f  the o th e r  crossbred  ty p es . However, i t  was 

h igh ly  questionab le  i f  p roduction  records estim ated  only over a 70 day 

p e rio d , were o f  s u f f ic ie n t  accuracy to  d e te c t  sm all d if fe re n c e s  in
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production  which may have e x is te d . Reports *̂ 6U f rom a v e ry  lim ite d  

number o f  J e rse y  and H o ls te in  c ro sse s  made a t  th e  S . Dakota A g r ic u ltu ra l  

Experim ental S ta t io n  rev ea led  th e  F2 c ro ssb re d  cows to  be somewhat lower 

th an  th e  Fq_ c ro ssb red  cows in  m ilk and b u t t e r f a t  y ie ld s .

A study7® invo lv ing  th e  c ro ss in g  o f  F r ie s ia n  and J e rs e y  c a t t l e  was 

begun in  Germany in  19U0, b u t was in te r ru p te d  by World War I I  in  191+5*

A one way c ro ss  was made u s in g  fo u r h ig h ly  s e le c te d  J e rse y  b u l l s .

Again numbers were sm all s ince  on ly  U3 anim als were d is t r ib u te d  in  th e  

two purebred and one c ro ssb red  c la s s e s ,  b u t evidence o f  s ig n i f ic a n t  

hyb rid  v ig o r was p re sen t in  la rg e  enough magnitude to  be s t r ik in g .  The 

c ro ssb red  cows exceeded th e  mean o f  the  p a re n t b reeds by 12.2 p e rc en t 

in  m ilk , 15 .2  p e rc e n t in  b u t te r f a t  t e s t ,  and 36.6 p e rcen t in  b u t te r f a t  

y ie ld .  The average b u t t e r f a t  y ie ld  o f  th e  c ro ssb red  cows was h ig h e r 

than  th a t  fo r  e i th e r  p a re n t b reed . 3y c k o v ^  rep o rte d  t h a t  in  compari

sons o f r e c ip ro c a l  c ro sses o f  A yrsh ires and E as t F r ie s ia n s  w ith  the  

p a re n t b reed s , th e  c ro ssb red s  exceeded th e  b e s t  o f the  p a re n t breeds 

in  300 day b u t te r f a t  y ie ld  by alm ost 10$. Rostovcev  ̂ rep o rte d  th a t  

when Gorbatov Red b u l ls  were mated to  E as t F r ie s ia n  cows, the  m ilk and 

b u t te r f a t  y ie ld s  o f  th e  c ro ssb red s  exceeded th a t  o f  e i th e r  p a re n t fo r  

each o f  th e  f i r s t  th re e  l a c ta t io n s .  The c ro ssb reds a lso  exceeded both 

p a re n t breeds in  p e rs is te n c y  o f  m ilk  y ie ld .

P robably  the  most e x ten siv e  c ro ssb reed in g  experim ent ever perform ed 

was conducted by th e  U.S.D.A. a t  B e l t s v i l l e 2^ . The p ro je c t  began in

1939, and both males and fem ales o f  th e  H o ls te in , J e rs e y  and Red Dane

breeds were used  f o r  foundation  s to c k , as w e ll as fem ales o f  th e

Guernsey b reed . The p lan  o f  c ro ssb reed in g  was to  make tw o-breed c ro sse s
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( re c ip ro c a l  where p o ss ib le )  o f  th e  a v a ila b le  breeds using  progeny- 

production  proved s i r e s  in  a l l  m atings. The re s u l t in g  two-breed females 

were mated to  a proven s i r e  o f  th e  th i r d  b reed , and a l l  succeeding 

genera tions o f  c ro ssb red  females were mated to  proven s i r e s  o f the 

H o ls te in , Je rse y  o r Red Dane breed on a b re e d -ro ta tio n  b a s is .  D irec t 

comparisons o f c ro ssb red  and o f  purebred daughters from the  same dam 

were made; 37 p a ir s  being a v a ila b le  fo r  comparison. The average 

production  performance o f the  c rossbred  daughters exceeded th a t  o f  

t h e i r  purebred s ib s  by 1518 pounds o f m ilk , 122 pounds o f f a t  and by 

0.30$ in  b u t te r f a t  t e s t .  Twenty-four o f  the  c ro ssb red  daughters 

produced more m ilk than th e i r  pure s ib s ,  2h had a h ig h e r b u t te r f a t  t e s t ,  

and 31 produced more b u t te r f a t .  The th ree -b re e d  cows averaged h igher 

than  the  two-breed cows in  each o f t h e i r  f i r s t  f iv e  la c ta t io n  reco rd s. 

O v e ra ll, th ey  produced about 600 pounds more m ilk and 13 pounds more 

b u t te r f a t .  The p e rs is te n c y  o f both groups o f  crossbreds was su p e rio r  

to  th a t  o f  th e  purebred foundation an im als, and the o rder o f  breeds in  

a cycle  d id  no t seem to  be p a r t i c u la r ly  im portan t. The conclusion was 

th a t  when production-proved s i r e s  were used fo r  crossbreed ing  in  a 3-  

o r h-breed ro ta t io n ,  a b ig  in c rease  in  m ilk and b u t te r f a t  p roduction  

over p a ren t stock could be expected in  the f i r s t  c ro s s , and s l ig h t  

in creases in  subsequent c ro sse s .

Brandt & Brannon® compared purebred H o lste in s  and Brown Sw iss, and 

t h e i r  c ro s se s . While th e  average milk p roduction  o f th e  two crossbred  

means were h ig h e r than  th e  averages o f th e  two purebred means (li,08f> V 's 

3,922 Kg. F.C.M .) , th e  only s ig n i f ic a n t  in te ra c t io n  c o n s tan t was th a t  

fo r  p e rc en t f a t ,  in d ic a tin g  h e te ro s is  only fo r  th is  t r a i t .  They found
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th e  e f f e c t  o f breed o f dam to  be n o n s ig n i f ic a n t  fo r  a l l  o f  the  produc

t io n  t r a i t s  s tu d ie d . In  a s im ila r  type o f study  the  same re sea rch e rs  

bred Brovin Swiss b u l ls  to  Guernsey and H o lste in  re c ip ro c a l cross cows.

A r o ta t io n a l  crossbreed ing  system u sin g  Guernsey o r  H o lste in  b u l ls  o r 

both  was follow ed, to  ob ta in  th i r d  and fou rth  genera tion  c ro sse s . Data 

analysed  were d e v ia tio n s  o f a c ro ssb red  reco rd  from records o f a 

contemporary purebred . They concluded th a t ,  in  g e n e ra l, non -add itive  

e f f e c ts  were no t im portant fo r  production  t r a i t s  in  c ro sses  among the 

v arious b reeds.

Beal & Martin-* analysed th re e  two-breed crossbred  groups and th re e  

th ree -b re e d  c ro ssb red  groups o f  Red Dane, Red P o ll and M ilking S h o rt

horn c a t t l e .  A ll cows were recorded and a t o t a l  o f  2^6 records were 

a v a i la b le .  S ig n ifican ce  was noted a t  the one p e rcen t le v e l  fo r  e f f e c ts  

due to  breed o f s i r e ,  breed o f dam, and breed o f dam by breed o f  s i r e  

in te r a c t io n .  S ire s  w ith in  breed were a lso  found to  be s ig n i f ic a n t  a t  

the  one p e rcen t l e v e l .  The e f f e c t  o f  type o f  dam, i . e .  purebred o r 

c ro ssb red , was no t s ig n i f ic a n t .  A l a t e r  re p o r t  on t h i s  study by Pan^-* 

concluded th a t  fo r  both growth and la c ta t io n  t r a i t s  th e  degree o f  

h e te ro s is  was sm a ll, w ith  n o n -add itive  e f f e c ts  being much sm aller than 

a d d itiv e  e f fe c ts  e x is tin g  between and w ith in  b reeds.

McDowell & McDaniel^® examined a l l  p o ss ib le  two-breed and th re e -  

breed c ro sses  o f H o ls te in s , Brown Swiss and A y rsh ire s . A yrsh ire  x 

H o lste in  and H o ls te in  x Swiss c ro sses were 6-10J6 above the  p a re n ta l 

mean fo r  p roduction  t r a i t s ,  while no h e te ro s is  was observed in  the  

A yrsh ire  x Swiss c ro s s .  In  g e n e ra l, e s tim ate s  o f h e te ro s is  fo r the 

th ree -b reed  c ro sses were h igher than  fo r  two-breed c ro sse s , and ranged



from 9 .2  to  13. 8$ above the p a re n ta l breed means fo r  m ilk , f a t ,  s o l id s -  

n o t - f a t  and p ro te in  y ie ld .  The average h e te ro s is  fo r  f a t  converted 

m ilk in  two-breed c ro sses was about 6$ , w hile  th a t  fo r  th ree -b reed  

c ro sses  was about 11$. The h igher degree o f  h e te ro s is  estim ated  fo r  

th e  th ree -b reed  c ro sses could have been re la te d  to  a h igher percentage 

o f  H o ls te in  blood in  these  c ro s se s . The v a r i a b i l i ty  in  performance o f  

th e  crossbreds was s im ila r  to  th a t  o f  the pu rebreds, bu t a l l  c ro ssb reds 

averaged fewer days open during la c ta t io n  than  th e  pu reb reds, and th e  

degree o f  h e te ro s is  fo r  th i s  t r a i t  fo r  th e  various two-breed c ro sse s  

ranged from 2-15$. H e te ro sis  fo r  le v e l  o f  feed e f f ic ie n c y  was lj-5$ 

fo r  A yrsh ire  x H o lste in  and Swiss x H o ls te in  c ro s se s , bu t was c lo se  to  

zero  fo r  A yrshire x Swiss c ro s se s . L i t t l e  o r no h e te ro s is  was observed 

fo r  type t r a i t s  o r  m ilking r a t e .  However, s ince  purebred H o lste in s 

c o n s is te n t ly  ou ty ie lded  a l l  c ro ssb red  groups, they  concluded th a t  th i s  

purebreed was su p e r io r , except in  s p e c if ic  c o s t-p r ic e  s i tu a t io n s  where 

g re a te r  economic emphasis was being given to  milk com position and 

e ff ic ie n c y  of feed u t i l i z a t i o n .

H ollon e t  a l .39 , in  L ouisiana compared 6h H o lste in  s ire d  crossbreds, 

6Ij Brown Swiss s ire d  c rossbreds and 20 daughters o f c rossb red  s i r e s  to  

contemporary s i r e s .  P u reb red -s ired  c ro sses  v/ere s ig n i f ic a n t ly  su p e rio r  

to  daugh ters o f c rossbred  s i r e s ,  and H o ls te in -s ire d  crosses were 

su p e rio r to  Brown S w iss-s ire d  c ro s se s . P u reb red -s ired  c ro sse s  had from 

h-lo% p o s it iv e  h e te ro s is  fo r  milk y ie ld ,  0- 7$ fo r  m ilk f a t ,  and 1- 10$ 

fo r  f a t  converted m ilk , but ranged from 1- 8$ below the weighted 

p a re n ta l  mean fo r  percentage m ilk f a t .  A ddition o f  a th i r d  breed 

n e a r ly  doubled th e  magnitude o f  h e te ro s is  fo r  m ilk , i r r e s p e c t iv e  of the
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breed o f the  th i r d  s i r e ,  and e s tim a te s  o f  h e te ro s is  fo r  the o th e r  

production  t r a i t s  were a lso  h ig h e r. I t  was not c le a r  how much o f t h i s  

increased  h e te ro s is  was due to h e te ro s is  in  th e  two-breed dam fo r 

m aternal e f f e c t s .  H o ls te in -s ire d  c ro ssb reds were su p e rio r to  purebred 

H o ls te in s  in  a l l  t r a i t s  except m ilk y ie ld  and len g th  o f la c ta t io n .

Breed group d iffe re n c e s  were not s ig n i f ic a n t  fo r  p e rs is te n c y  o r  leng th  

o f  la c ta t io n .  D eviations from the weighted p a re n ta l  means fo r  

daughters o f crossbred  s i r e s  were negative  fo r  a l l  production  t r a i t s ,  

b u t th is  may have been re la te d  to the  fa c t t h a t  th e  crossbred  s i r e s  

were r e la t iv e ly  u n se lec ted .

Okumu & B e r r y  ̂ in  1966 published  the  r e s u l ts  o f a  Canadian study 

mainly in v e s tig a tin g  the e f f e c ts  o f  in c reas in g  the  use o f  H olste in  

s i r e s  on production  t r a i t s .  They s tu d ied  the  perform ances o f pu re 

b red s , c rossbreds and backcrosses among the  H o ls te in , A y rsh ire , Je rse y  

and Guernsey b reeds, and found evidence o f p o s it iv e  h e te ro tic  e f f e c ts  

among a l l  c ro sses  except H o lste in  x A y rsh ire , when compared w ith  th e i r  

p a re n ta l  means. No c ro sses o r  backcrosses exceeded the purebred 

H o ls te in s . E stim ates o f h e te ro s is  ranged from -2 .2 #  to  +8.5# fo r  two- 

breed c ro sse s . A p o ly a lle l  a n a ly s is  rev ea led  s ig n i f ic a n t  mean squares 

fo r  G eneral Combining A b il i ty ,  S p e c if ic  Combining A b il i ty ,  and 

R eciprocal E ffe c ts  (which included m aternal e f f e c t s ) .  They a lso  looked 

a t  10 a r t i f i c i a l  insem ination  s i r e s  w ith  a reasonable  number o f both 

purebred and crossbred  d au g h te rs , and showed th a t  d iffe re n c e s  in  

ranking occurred , depending on whether th ey  were used to  produce pure

bred o r  crossbred  daugh ters. They concluded th a t  the  b e s t s i r e  fo r  

purebreeding  was not n e c e ssa r ily  b e s t  fo r  c ro ssb reed ing . Crossbred
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daughters tended to  have a h igher degree o f  p e rs is te n c y  o f  la c ta t io n  

than purebred daugh ters. The h igh ly  s ig n if ic a n t  re c ip ro c a l e ffe c ts  

suggested th e  presence o f im portant m aternal o r sex -lin k ed  e f fe c ts  

in flu en c in g  m ilk production  o f th e  o ffsp r in g .

One of th e  most complete accounts o f a crossbreed ing  study was 

th a t  repo rted  by Touchberry®^, on the r e s u l ts  o f  fou r genera tions o f  

c rossb reed ing  between H o ls te in s  and Guernseys, conducted a t  the  U niver

s i t y  o f  I l l i n o i s .  This experim ent was c a re fu lly  designed in  o rd er to 

avoid th e  confounding o f the  comparison o f purebreds and crossbreds 

w ith  s i r e s  and y ears , which occurred a t  least, p a r t i a l l y  in  the  previous 

U.S.D.A. four-b reed  study  a t  B e lts v i l le  . Twenty cows from each o f 

th e  Guernsey and H o lste in  breeds were chosen as the  foundation stock  

fo r  th e  study , h a lf  o f them being cross-m ated, and the o th er h a lf  bred 

pure to  produce the f i r s t  genera tion ] the  breeding p o licy  o f each o f 

the  anim als was reversed  in  the next y e a r . A succeeding s e r ie s  o f 

c a re fu l ly  planned c ross and pure breed m atings was continued fo r  four 

more g en e ra tio n s , to  produce contemporary purebred progeny and c ro ss 

bred  progeny, w ith a wide v a r ie ty  o f  p roportions o f  genetic  components 

from each o f th e  two foundation  b reed s. Attempts were made to  use a 

la rg e  number o f  both Guernsey and H olste in  s i r e s  be lieved  to  be 

re p re se n ta tiv e  o f  the  breeds as a whole, to  e lim in a te  e f fe c ts  duo to  

d iffe re n c e s  in  th e  tra n sm ittin g  a b i l i ty  o f th e  various s i r e s .  C ross

breeding re s u lte d  in  6 .h , 7 . 5 , h .7 and 7 .5  p e rcen t h e te ro s is  fo r  m ilk, 

f a t ,  s o l id s -n o t- f a t  and p ro te in  re s p e c tiv e ly . There was 18# h e te ro s is  

fo r  the  f ra c tio n  th a t  liv e d  to  ca lv ing  age (approxim ately  two y e a rs ) , 

17# fo r  the f ra c tio n  th a t  calved once, and 17# fo r  the  f r a c t io n  th a t
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calved tw ice . H e tero sis  fo r  b i r th  and growth r a te  was approxim ately 

f iv e  p e rc e n t. By in co rp o ra tin g  th ese  measures o f v i a b i l i t y ,  growth 

and production  in to  a measure o f  t o t a l  performance in  terms o f  d o l la r s ,  

crossbreed ing  re s u lte d  in  21.7^ h e te ro s is .  However, when th e  means fo r  

th e  breed groups included in  the  study  were considered , the H o lste in s 

exceeded the crossbreds by about 10 p e rc e n t. In  a previous re p o r t  on 

th e  same p ro je c t ,  B ereskin & Touchberry^ concluded th a t  w hile th e re  was 

no evidence o f s p e c if ic  combining a b i l i t y  between th e  two b reeds, some 

evidence d id  e x is t  to  support th e  presence o f sp e c if ic  combining

a b i l i t y  betveen c e r ta in  b u l ls  and cow-breed groups.
19In  1971 Donald y rep o rted  on a c rossbreed ing  study  involv ing  

B r i t is h  F r ie s ia n  x Je rse y  c rosses conducted in  England. Milk y ie ld  

showed $% h e te ro s is ,  bu t none was observed fo r  m ilk f a t ,  o r  s o l id s -n o t-  

f a t  percen tage . He looked a t  many d i f f e r e n t  t r a i t s  and found the 

degree o f  h e te ro s is  to  vary  from 0-20%, The amount o f h e te ro s is  

appeared to  be in v e rse ly  r e la te d  to  th e  h e r i t a b i l i t y  o f  the  p a r t ic u la r  

t r a i t  being considered .

At p re sen t a study i s  Ju s t  being concluded by th e  U.S.D.A. a t  

B e l ts v i l le  comparing o u tc ro sses , lin e b red s  and c rossbreds o f the 

H o ls te in  (H ), Brown Swiss (S) and A yrsh ire  (A) b reed s . S evera l p rogress
Z n  Z O

re p o rts  have been p resen ted  by Pearson e t  a l . * and Hooven 

e t_ a l.k l*  Animals re s u l t in g  from the use o f  o u tcro ss  s i r e s  have

c o n s is te n t ly  ranked h ig h est fo r  a l l  o f  the y ie ld  t r a i t s .  The only cross 

which o ffe red  a favorab le  comparison to  th e  H o lste in  o u tcro sses was the 

H o ls te in  backcross on S(A x H), which was th e  b e s t producing group in  

the  th ree  mating system s. However, th e  poor performance of the
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preceeding  two and three-w ay c ro sse s  seemed to  be im portant enough to  

tend to  discourage crossb reed ing  in  th is  d i re c tio n . The in v e s tig a to rs  

repo rted  a high p o s i t iv e  c o r re la t io n  between y ie ld  and feed e ff ic ie n c y , 

in d ic a tin g  th a t  the h ig h e s t producing cows were the  most e f f i c ie n t ,  

re g a rd le ss  o f mating system . There were no d iffe re n c e s  among mating 

systems fo r  gross feed e f f ic ie n c y . They concluded th a t  "Unless v a s t ly  

su p e rio r f i tn e s s  and rep roductive  e ff ic ie n c y  o f lin eb red s  and c ro ss 

breds can be dem onstrated, i t  would seem th a t  th e  reduced s e le c tio n  

p ressu re  th a t  can be app lied  in  lin eb reed in g , and th e  lack  o f o th e r 

breeds o f  near equal a d d itiv e  g en e tic  m erit in  system atic  c rossb reed ing , 

l im i t  the  u se fu ln ess  o f th ese  two systems o f breeding under p re se n t 

environm ental and economic c o n d it io n s .1’.

Two breeds o f  c a t t l e ,  th e  Swedish Red & W hite and the  Swedish

F r ie s ia n , which had been developed as sep ara te  breeds fo r  35 years b u t

were s t i l l  very s im ila r  p h en o ty p ica lly , were merged in  1928, and th e

e f fe c ts  o f  inbreeding during  the  se p a ra tio n , and h e te ro s is  during the
32merging were C are fu lly  analysed by Hansson e t  a l . , In  both b reeds, 

inbreeding had a s ig n i f ic a n t  dep ressing  e f f e c t  on y ie ld  o f  f a t  converted 

m ilk , bu t n ick ing  d id  n o t appear to  have any s ig n if ic a n t  e f fe c t  on th e  

genetic  improvement of m ilk y ie ld .  This re p o r t  i s  in  some c o n f l ic t  w ith 

one pub lished  in  1939 by Jo h an n so n ^ , in  which he concluded th a t  the 

average p roduction  o f m ilk and b u t te r f a t  was f iv e  percen t h ig h er fo r  the  

crossbreds than fo r  t h e i r  contem poraries in  th e  two o r ig in a l  b reeds. 

Contemporaries were defined  as cows o f the  same age making th e i r  records 

in  the  same herd .
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In a re p o r t  given in  196b, Johnson e t  a l . ^ ,  pub lished  r e s u l ts  o f a 

comparison between 12b crossbred  and 189 purebred cows s i r e d  by 2b 

H o ls te in , 13 Brown Swiss and 20 J e rse y  b u l ls .  N early a l l  s i r e s  had both 

purebred and crossb red  daugh ters . Comparisons o f  each cro ssb red  animal 

w ith  the weighted mean o f  i t s  contemporary purebred herdmates on a 

w ith in  year-season  mature e q u iv a le n t b a s is  were made, and each p a re n ta l  

purebred group was te s te d  w ith groups o f  crossbreds to  which t h a t  group 

c o n tr ib u te d . The average production  o f the c rossbreds { \  S w i s s J e r s e y ,  

|  Sw iss-^  H o ls te in -^  J e rs e y , ^  H o lste in -!- J e rse y , |  H o ls te in -*  S v is s -  

5 Je rse y ) was s ig n i f ic a n t ly  g re a te r  than the  mean p roduction  o f  th e  

p a re n ta l  purebreds. In creases  fo r  some crossbred  groups were as la rg e  

as 20$ fo r  pounds o f m ilk , 21$ fo r  pounds o f  f a t ,  and 15$ fo r  pounds 

o f  h% f a t  converted m ilk . The performance o f  the crossbreds having 

J e rse y  and Brown Swiss paren tage surpassed  th a t  o f th e  purebred Je rsey s 

o r Brown Sw iss. Performance o f  crossbreds having H o ls te in  parentage 

e s s e n t ia l ly  equalled  o r  surpassed  th a t  o f th e  purebred H o ls te in s . This 

l a s t  f in d in g  i s  q u ite  an exception to  what has been norm ally rep o rted  

in  th e  l i t e r a t u r e .

L inecrossing  S tud ies in  D airy  C a ttle

Severa l re p o rts  have appeared in  the  l i t e r a t u r e  in d ic a tin g  the  

presence o f  h e te ro s is  when inbred  l in e s  o f c a t t l e  a re  ou tcrossed  to  

anim als o f  th e  same b reed . R alston  e t  a l .^Q in  19b8 rep o rted  th a t  when 

an u n re la te d  inbred  s i r e  (Fx c23.0) was mated to  a h ig h ly  inbred  l in e  o f  

H o lste in s (av . Fx *29.8) produced a t  the  U n iv e rs ity  o f C a lifo rn ia  by a 

system o f  s ire -d a u g h te r  m atings, th e  o ffsp rin g  produced 203 pounds more

%



b u t te r f a t  than  t h e i r  inbred  dams and 52 pounds more than  the  mean o f the  

foundation cows used in  th e  l in e  development. No a ttem pt was made to  

a d ju s t  the d a ta  fo r  e f fe c ts  due to  environm ental changes, o r  to 

d if fe re n c e s  in  the  tra n sm ittin g  a b i l i t i e s  o f  th e  s i r e s  involved.
O )

An in te r e s t in g  study was performed by S o l le r  & Bar-Anan in  1961:, 

when th ey  compared the  contemporary comparisons computed by c ro ss in g  

b u lls  o f  both American and Dutch F r ie s ia n  o r ig in  w ith (a )  f u l l  b red  o r 

3 /h  Dutch cows (b) f u l l  b red  o r 3 /h  American cows. The s t r a in  o f  s i r e  

by s t r a in  o f dam in te ra c t io n  was h ig h ly  s ig n i f ic a n t ,  and th e  average 

contemporary comparison in  each case o f th e  daughters o f a s i r e  ou t o f 

a dam o f  the opposite  s t r a in  was g re a te r  than  th e  average contemporary 

comparison o f  h is  daughters out o f  the  same s t r a in  o f  dam. The average 

e f f e c t  o f c ro ssing  the  two s t r a in s  was o f the  o rd er o f  1 .5  kg o f m ilk 

p e r day, o r 1*50 kg over the  course o f a 300 day la c ta t io n .  They 

concluded t h e i r  re p o r t  by s ta t in g  th a t  i f  h e te ro s is  were a cause o f  

s u p e r io r i ty  o f  imported b u l l s ,  then th e  w idespread use o f im ported s ire s , 

s e le c te d  because o f  such s u p e r io r i ty ,  would not co n tr ib u te  to  the  long

term improvement o f  the  c a t t l e  p o p u la tio n .
*37H eizer e t  a l . in  1938 rep o rted  th a t  se v e ra l s i r e s  when crossed  

on th e  daughters o f  another p a r t ic u la r  s i r e ,  and th e  re c ip ro c a l c ro s s , 

showed s ig n if ic a n t  d iffe re n c e s  ( a t  the  one p e rcen t le v e l)  in  the  

e stim ates  o f t h e i r  t ra n sm ittin g  a b i l i t i e s ,  compared w ith  those estim ated  

on a l l  t h e i r  daughters chosen a t  random. The estim ated  tra n sm ittin g  

a b i l i t y  o f a s i r e  seemed to  depend in  some cases on th e  id e n ti ty  o f  the  

s i r e  o f  the  cow to  which he was mated. H eizer and h is  co lleagues seemed 

to  th ink  th a t  th e re  was enough evidence to  support the  exp lanation  th a t



n ick ing  had indeed taken p lace  between c e r ta in  o f the  cow l in e s .  These 

observ a tio n s were made in  a study  designed to  t e s t  the  e f f e c t  o f mating 

system  on the  p ro o f o f  a s i r e .  They a lso  found th a t  one b u l l ,  when 

mated to  15 o f  h is  daugh ters , appeared to  have a much lower tra n sm ittin g  

a b i l i t y  than when he was ou tcrossed  to  o th e r  cows.

A study  o f ap p rec iab le  m agnitude, which has involved the  planned 

development o f  inbred l in e s  and t h e i r  subsequent c ro ss in g , was under

taken in  W isconsin as a coopera tive  venture between the W isconsin 

A g ric u ltu ra l  Experiment S ta tio n  and the  U.S.D.A. An an a ly s is  on the
53

e a r ly  p re lim in ary  d a ta  on production  was pub lished  by Kraemer e t  a l . 

in  1958 and a subsequent re p o rt by Mi e t  a l . ^ ,  summarized the main 

e f f e c ts  o f th e  l in e c ro s s in g  experim ent. The foundation anim als 

c o n s is ted  o f s ix  H o ls te in  proven s i r e s ,  one o r two outbred sons o f each 

and 20 open outbred daughters by each s i r e .  Each o f these  s ix  groups 

was d esig n a ted  as a s i r e - l i n e ,  and matings were planned to  produce 

inbred  daughters w ith in  each s i r e - l i n e  and l in e c ro s s  daughters fo r  each 

s i r e - l i n e  s ire d  by b u lls  o f two o th e r  l in e s .  For th e  f i r s t-g e n e ra t io n  

o f fsp r in g , inbreeding  was continued w ith in  each s i r e - l i n e  by mating the  

foundation s i r e  o r h is  inb red  son to  inbred fem ales o f th e  same l in e .  

Matings were a lso  made o f  inbred fem ales o f  one s i r e - l i n e  to  inbred 

b u lls  o f  two o th e r  l in e s  to  produce l in e c ro s s  o ffsp r in g . The making 

systems used in  the  th i r d  and l a t e r  genera tions were s im ila r  to  those 

o u tlin e d  above, namely c lo se  inb reed ing  w ith in  each s i r e - l in e  and l in e -  

c ro ssin g  (2 - l in e ,  3 ~ lin e , e t c . ) .  There were 12 re c ip ro c a l crosses in  

a d d itio n  to  th e  s ix  inbred  groups during  th e  12 years o f th e  experim ent. 

The l in e c ro s s  h e ife r s  born in  th e  herd  were mated to  as many d if f e r e n t



b u lls  as p o ss ib le , chosen a t  random from two a r t i f i c i a l  breeding a sso c ia 

tio n s  in  W isconsin to  produce outbred o ffsp r in g . These outbred females 

and th e i r  o ffsp rin g  then  were used as a c o n tro l group to  check trends in  

the herd  environm ent. Analyses o f 17b f i r s t  la c ta t io n s  o f  th e se  outbreds 

and t h e i r  outbred progeny did  not re v e a l any s ig n i f ic a n t  e f f e c ts  o f y e a r , 

season o r t h e i r  in te ra c t io n , and th ese  v a ria b le s  were om itted  from the 

main a n a ly se s . A ll anim als which had made records o f  150 days o r g re a te r  

were included in  the  study , incom plete records being extended to  305 

days using D .H .I.A . conversion f a c to r s .  3oth a c tu a l 305 day 2x records 

o f  m ilk and f a t ,  and those ad ju s ted  to  a mature eq u iv a len t b a s is  were 

analysed . Examination o f th e  d isp o sa l records o f  anim als having a 

la c ta t io n  o f leng th  le s s  than  150 days d id  not show any evidence o f 

in te n t io n a l  s e le c tio n  o f  an im als. There were, however, more d isp o sa ls  

in  inbred groups due to  in fe c tio n s  a t  e a r ly  ages, and rep roductive  

d i f f i c u l t i e s  ab l a t e r  ages, in d ic a tin g  some n a tu ra l s e le c tio n  through 

lack  o f  rep roductive  f i tn e s s  and t h r i f t i n e s s .  O vera ll th e re  were a 

t o t a l  o f  760 production  reco rd s , made by 310 inbred  and l in e c ro s s  females 

s ire d  by 31 herd b u lls  out o f s ix  s i r e  l in e s .  The average degree o f 

inb reed ing  v aried  between l in e s ,  rang ing  from 15.7 to  27. 2/S, w ith  an 

o v e ra ll  average o f  25»3%*

Only f i r s t  la c ta t io n  records were used . The average d iffe re n c e s  

in  p roduction  between the  inbreds and lin e c ro sse s  were 2 ,b55 pounds o f  

m ilk and 97 pounds o f b u t te r f a t  on a mature eq u iv a len t b a s is .  This was 

in  c o n tra s t  to  d iffe re n c e s  o f only 1,761 pounds o f milk and U9 pounds 

o f  b u t te r f a t  on a mature eq u iv a len t b a s is  when th e  inbreds were compared 

w ith  th e  o u tb red s . Inbreeding brought a s ig n i f ic a n t  increase  o f  0,12%



in  f a t  t e s t  in  re la t io n  to  o u tc ro sse s , t h i s  being c o n s is te n t w ith the 

inverse  r e la tio n s h ip  o f  f a t  t e s t  w ith  p roduction . When compared w ith 

l in e c ro s s e s ,  the  inbreds produced m ilk which was 0,1% lower in  b u t te r f a t .  

D iffe rences in  general combining a b i l i t y  among l in e s  measured from both 

the  inbred  and lin e c ro ss  progeny were found to be h ig h ly  s ig n if ic a n t  in  

most c a se s . These e f f e c ts  were estim ated  under th e  assum ption th a t  the 

s i r e  l in e s  were random, and the  s p e c if ic  combining e f f e c ts  o f l in e s  in  

c ro ssin g  were n o n e x is te n t. A h igh ly  s ig n if ic a n t  s i r e  l in e  by mating 

system in te ra c t io n  was found fo r  a l l  production  t r a i t s  o f th e  f i r s t  

la c ta t io n .  This in d ica ted  th a t  d i f f e r e n t  mating system s, i . e .  o u t-  

c ro ss in g , inbreeding  and l in e c ro s s in g  would not be expected to  produce 

s im ila r  r e s u l t s  in  d i f f e r e n t  s i r e  l in e s .

E ffe c ts  o f  Inbreeding on Production o f  D airy C a ttle

"While inbreeding had been known fo r  a long time to  r e s u l t  in  a

d e te r io ra tio n  in  the  le v e l  o f  animal perform ance, i t  was no t u n t i l  a f t e r  
99Wright' '  had developed h is  method o f  pa th  c o e f f ic ie n ts  in  1922 th a t  the  

exact e f f e c ts  o f  inbreed ing  could be p re c is e ly  q u a n tif ie d . S everal 

e a r ly  s tu d ie s  in  th e  U.S.A. on the e f f e c ts  o f inb reed ing  on milk produc

tio n  in  d a iry  c a t t l e  were conducted by H a y s^ , Woodward & G raves '^ , 

P lu m ^ , Regan e t  a l .^1 and B a r t l e t t  e t  a l . ^  \  These experiments 

involved g e n e ra lly  only sm all numbers o f  an im als.

S tu d ies  involv ing  inb red  Je rse y  c a t t l e  a t  th e  U n iv e rs ity  o f 

C a lifo rn ia  were repo rted  by R alston  e t  a l .^ °  in  19ii8. The herd had 

been inbred  fo r  11 years by a system o f  s ire -d a u g h te r  m atings. B u tte r

f a t  production  decreased w ith  each successive  generation  o f  s i r e -
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daughter m ating, u n t i l  fem ales w ith an inbreed ing  c o e f f ic ie n t  o f  0.375

o r  above produced lli9 pounds le s s  f a t  than the f i r s t  genera tion  daughters

and 206 pounds le s s  than the  foundation fem ales. A l a t e r  re p o r t by 
75R o llin s  e t  a l . involv ing  fa t-co n v erted -m ilk  y ie ld  records on 171 cows,

in d ic a te d  a reg re ss io n  value o f  -50 pounds w ith a s tan d ard  e r ro r  o f  15
55pounds. Laben e t  a l S '  analyzed 16U f i r s t  la c ta t io n  records s tandard ized  

fo r  le n g th , tim es milked d a ily ,  and age, in  th e  inbred  H o lste in  herd a t  

th e  U n iv e rs ity  o f C a lifo rn ia  in  1955* The average c o e f f ic ie n t  o f 

inbreeding  was j u s t  under 13 p e rc en t and 22 s i r e s  were involved. The 

in t r a s i r e  re g re ss io n  c o e f f ic ie n ts  o f  la c ta t io n  milk y ie ld ,  f a t  y ie ld  

and b u t te r f a t  pe rcen t on p e rcen t inbreed ing  were -209.8 pounds, -I4.88 

pounds and +0.008;*, re s p e c tiv e ly . A s ig n if ic a n t  negative  reg re ss io n  on 

maximum d a ily  y ie ld  was a lso  re p o rte d . No s ig n if ic a n t  e f fe c ts  o f 

inbreed ing  on p e rs is te n c y  o r number o f days p r io r  to  maximum d a ily  

p roduction  were found. S ig n if ic a n t  d iffe ren c e s  were found among th re e  

s i r e s  in  th e  responses o f  th e i r  daughters to  inb reed ing . The e f f e c ts  

o f inbreed ing  a lso  appeared to  in c rease  considerab ly  in  magnitude a t  

le v e ls  above 20- 2$%.

The r e s u l ts  o f th e  breeding experim ent in  W isconsin designed to  

eva lua te  the  e f f e c ts  o f  in b reed in g , outbreeding and cro ssin g  o f inbred
1

lin e s  on q u a n ti ta t iv e  t r a i t s  in  H o lste in  c a t t l e  were rep o rted  by 

T y le r e t  a l .^ °  in  19^9, Kraemer e t  a l . ^  in  1958, and an o v e ra ll  summary 

o f the  e n t i r e  p ro je c t  was given by Mi e t  a l . ^  in  1965. F i r s t  la c ta t io n  

records o f 111 anim als w ith  an average degree o f  inbreeding o f 25*3 

p e rcen t were analyzed. No c u r v i l in e a r i ty  o f  inbreed ing  e ffe c ts  were 

detected  w ith in  s i r e  l in e s ,  and simple l in e a r  regressions o f p roduction
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on p e rcen t inbreeding were -70 pounds, -1 .9  pounds and 0.03 percen t fo r 

mature eq u iv a len t m ilk , f a t  and f a t  t e s t ,  r e s p e c tiv e ly . Inbreeding  had 

s ig n if ic a n t ly  d i f f e r e n t  e f f e c ts  w ith in  th e  s ix  d if f e r e n t  l in e s  which 

were developed, w ith reg re ss io n  c o e f f ic ie n ts  ranging from -1 to  -133 

pounds fo r  a c tu a l m ilk , +0.3 to  -b .6  fo r  a c tu a l  milk f a t  and - 0.006 to  

+0.01U fo r  f a t  t e s t .  On the  average inbreds produced 1,313 pounds le s s  

o f  a c tu a l milk and 35 pounds le s s  o f a c tu a l f a t  than  the ou tb reds .

Inbred cows tended to  be o ld e r  a t  each ca lv ing  than the  outbreds and 

lin e b re d s , the  a c tu a l age d iffe re n c e s  vary ing  from s i r e - l i n e  to  s i r e -  

l in e .  There was no evidence th a t  increase  o f  production w ith age was 

more rap id  in  inbreds than in  ou tb reds.

In 1930 a p ro je c t  invo lv ing  inbreeding combined w ith in ten se  

s e le c tio n  was i n i t i a t e d  in  the  Iowa S ta te  U n iv e rs ity  H o lste in  herd .

In  1958 Von Krosigh & L u sh ^  repo rted  the r e s u l ts  o f reg re ss io n  analyses 

invo lv ing  53b cows, daughters o f 69 s i r e s  w ith  1350 p roduction  rec o rd s . 

Records were on a  305 day 2x mature e q u iv a le n t b a s is ,  and th e  c o e f f i 

c ie n ts  o f  inbreeding  ranged from 0 to  35 p e rcen t w ith  a mean o f 7 .b  and 

a standard  d ev ia tio n  o f 6.U. The simple reg re ss io n s  on one p e rcen t o f 

inbreed ing  were -5b ± 17, -1 .7b  ± 0.57 and +0.003 ± 0.003 fo r  pounds o f  

m ilk , pounds o f b u t te r f a t  and b u t te r f a t  percen tage, re sp e c tiv e ly . There 

was no evidence o f  c u rv i l in e a r i ty  in  the  e f f e c ts  o f  inbreeding  or. f a t  

p ro d u ctio n . Adjustments fo r  body s iz e  only  removed about 25 p e rc en t o f 

th e  dep ressing  e f f e c t  o f inbreed ing  on p roduction . These f ig u re s  were

in  c lo se  agreement w ith those published  by Nelson & L u sh ^  and by
88Thompson & Freeman in  a d d itio n a l analyses o f  th e  same herd .
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Laben & Herman-̂  analyzed the  records o f 299 H o ls te in  cows expressed 

on a 305 day 2x mature eq u iv a len t b a s is  a t  M issoux'i. They ob tained  

i n t r a - s i r e  reg re ss io n s  o f  -66.1  pounds, -2 .07 pounds and +0.003 percen t 

fo r  la c ta t io n  m ilk , f a t  and f a t  t e s t ,  r e s p e c tiv e ly , on 1 pe rcen t o f 

in b reed in g . Using s im ila r  p roduction  records Davis e t  a l .~^ repo rted  

th e  e f f e c ts  o f  inbreed ing  observed in  the  H o lste in  herd owned by the  

duPont fam ily in  Nebraska. The study  included 630 daughters o f  20 major 

herd  s i r e s ,  and the  i n t r a - s i r e  reg re ss io n s  were -30.8  pounds, -0 .66  

pounds and +0.003 p e rc e n t, r e s p e c tiv e ly , fo r  m ilk , f a t  and f a t  t e s t .  

R egressions fo r  in d iv id u a l s i r e s  w ith 20 or more daughters v a ried  irom 

-235 to  +2li0 pounds fo r  m ilk y ie ld ,  -10 .2  to  +9.5 pounds fo r  f a t  y ie ld  

and -0 .091 to  +0.015 fo r  f a t  p e rcen tage . None o f  th e  pooled reg re ss io n s

d if fe re d  s ig n if ic a n t ly  from zero .
28Gaalas e t  a l . analyzed the  reco rds o f  111 inbred  cows having four

la c ta t io n  re c o rd s . The e f f e c t  o f  inbreed ing  o f  the cows was s ig n if ic a n t

fo r  f i r s t  la c ta t io n  m ilk and f a t  only (P < 0 .0 5 ) .  The e f f e c t  o f

inbreed ing  o f  the dam on m ilk p roduction  o f  th e  cow was no t s ig n i f ic a n t .

I n t r a - s i r e  reg re ss io n s  on each one p e rc en t o f  inbreed ing  w ere:

Milk ( l b s . )  Fat ( l b s . )

1 s t  L a c ta tio n  -105.3 -3 .62
2nd L ac ta tio n  -U l.9  -1 .06
3rd L ac ta tio n  -18 .0  -1 .32
lith L ac ta tio n  -26.2 -0 .86

Average o f  1* L ac ta tions -U7.9 -1 .69
17Dayton a t  Michigan S ta te  U n iv e rs ity  analyzed the  reco rd s o f 211 

inbred  J e rse y  cows from 29 d i f f e r e n t  s i r e s .  The i n t r a - s i r e  reg re ss io n s  

on inbreed ing  were -21 pounds, -0 .8  pounds and +0.005 p e rcen t fo r  milk
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and f a t  y ie ld s ,  and f a t  t e s t ,  r e s p e c tiv e ly . The mean degree o f
lOiiinb reed ing  was 18 p e rc e n t. A nalysis o f r e s u l ts  o f a study  a t  S . Dakota 

in v e s tig a tin g  th e  e f fe c ts  o f  rap id  inbreeding  on production t r a i t s  in  

H o ls te in  c a t t l e ,  revealed  th a t  when la c ta t io n  records were expressed on 

a mature eq u iv a len t b a s is  ad ju s ted  fo r  s i r e  e f f e c ts ,  the 57 outbred 

c o n tro l anim als produced 1953 pounds more m ilk and 59 pounds more f a t  

than the 3$ in b red s . Inbreds were su p e rio r  to  outbreds fo r  f a t  t e s t  

and p ro te in - la c to se -m in e ra l pe rcen tage .

A lla ire  Sc Henderson a t  C orne ll estim ated  th e  i n t r a - s i r e  reg re ss io n  

on inbreed ing  in  a group o f 999 H o lste in  c a t t l e  w ith mean Fx = b .9 , to  

be -33 .7  and -0 .9  pounds, r e s p e c tiv e ly , fo r  m ilk and f a t  y ie ld s .

Includ ing  age and body w eight as a d d itio n a l v a ria b le s  in  th e  model had 

a n e g lig ib le  e f f e c t  on the  reg re ss io n  v a lu es . Response to in c reas in g  

le v e ls  o f  inbreed ing  was found to  more c lo se ly  resemble a l in e a r  response 

than a h igher o rd e r ex p ress io n . T heir r e s u l ts  appeared to  in d ic a te  th a t  

the  r a te  o f dep ression  was g re a te r  fo r  the  mean y ie ld  records than  fo r  

f i r s t  l a c ta t io n  re c o rd s .

R o b e rtso n ^  in  195b analyzed the  e f fe c ts  o f  inbreeding from the 

production  records o f 82 B r i t is h  F r ie s ia n  h e if e r s  re s u ltin g  from s i r e -  

daughter m atings. He observed no e f f e c t  on age a t  f i r s t  ca lv ing  o r on 

f a t  pe rcen tage . When records were co rre c te d  fo r  the  genetic  m erit o f 

th e  s i r e  the  average d ec lin e  in  milk y ie ld  was 7b0 ±. 2lj0 pounds, which 

was eq u iv a len t to  a  d e c lin e  o f  0.32 p e rc en t fo r  each one p e rcen t increase  

in  inb reed ing . Hansson e t  a l .^ 2 in  1961 reported  the in t r a - s i r e  

reg re ss io n  w ith in  herds and years  fo r  f i r s t  la c ta t io n  305 day m ilk y ie ld  

to  be -31 .5  pounds in  Swedish Red & White c a t t l e ,  and -2ii.3 pounds in
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Swedish F rie s ian  c a t t l e .  On the average, s ire -d a u g h te r  matings re su lte d  

in  a decrease o f  788 pounds in  milk y ie ld  o f the form er and fT68 pounds 

o f the l a t t e r  b reed .

Brum^ in  1963 d id  an ex tensive  an a ly s is  o f th e  e f f e c ts  o f in -  

breeding  on performance o f the H o ls te in  c a t t l e  popu lations which a re  

being examined in  th is  th e s is .  He looked a t  a c tu a l 305 day 2x records 

independent o f  age a t  c a lv in g , fo r  f i r s t  through fo u rth  la c ta t io n s ,  and 

ob ta ined  the fo llow ing in t r a - s i r e  reg re ss io n  c o e f f ic ie n ts  on percen t 

inb reed ing .

Number o f  Mean 
Animals ?x Milk_____   Fat

F i r s t  L ac ta tio n  123h 3 .3  - h i . 3 ± 9 .2  -1.2h ± 0.33
Second L ac ta tio n  785 2.8 ~b2.9 ± 19.33 -1 .19  t  0.5b
Third L ac ta tio n  b8 l 2 .5  -25 .6  ± 2b .8 -0 .5b  t  1.00
Fourth L ac ta tio n  2ob 2 .1  +b.9 ± bO.O +1.01 ± l .b 8

Nested analyses o f covariance were used to  remove the  e f fe c ts  o f h e rd , 

year-season  and s i r e .  The l in e a r i t y  o f reg re ss io n  on degree o f 

inbreed ing  fo r  f i r s t  la c ta t io n  m ilk y ie ld  was upheld . In c lu s io n  in  

the  model o f h e a r t  g i r th  measurement a t  th ree  months a f t e r  calv ing  had 

very l i t t l e  e f f e c t  on the estim ated  f i r s t  la c ta t io n  reg re ss io n  v a lu es .

He estim ated  th a t  an animal r e s u l t in g  from a s ire -d a u g h te r  m ating, would 

on the average oe on ly  2 .5  percen t sm alle r in  h e a r t  g i r th  than a non

inb red , bu t would produce 10 p e rcen t le s s  m ilk . R egression valui s fo r  

milk and f a t  y ie ld  were s ig n if ic a n t  a t  the  one p e rcen t le v e l  fo r  f i r s t  

la c ta t io n  p roduction , and a t  the 5% le v e l  fo r  second la c ta t io n  produc

tio n  even though the standard  e r ro r  o f the  second la c ta t io n  estim ate  had 

g re a tly  in c reased . For th i r d  la c ta t io n s ,  reg ress io n  e stim ates  were much 

lower and standard  e rro rs  had so increased  as to  alm ost equal the



re g re ss io n  c o e f f ic ie n ts .  In  the  fourth  la c ta t io n  the  reg re ss io n  c o e f f i 

c ie n t  was approxim ately zero . He p o s tu la ted  th a t  the  decreasing  

reg re ss io n  values w ith  in c reas in g  age could be due p a r t i a l l y  to  the  

e f f e c ts  o f  inbreeding  on s iz e  decreasing  as the animal approaches mature 

s iz e .  I t  could a lso  have been a r e s u l t  o f  s e le c tio n  p ressu res  tend ing  

to  favor th e  r e te n tio n  o f anim als w ith  a more heterozygous genetic  

makeup than  would be expected from t h e i r  ped ig ree . T his l a s t  proposal 

was supported by the observation  th a t  f i r s t  la c ta t io n  reg ress io n  

e stim ates  o f animals which had four o r  more records y ie ld ed  values o f

0 .00  + 26.5 and 0.55 ± 0.97 fo r  milk and f a t  y ie ld s ,  re s p e c tiv e ly . S ire  

d iffe re n c e s  w ith re s p e c t to  th e  e f f e c t  o f  inbreed ing  on f i r s t  l a c ta t io n  

m ilk production were p re se n t beyond th e  one p e rcen t le v e l  o f  p ro b a b il i ty .

R esu lts o f  the s tu d ie s  d iscussed  above a re  summarized in  Table 1 

to f a c i l i t a t e  t h e i r  comparison.

In a l l  o f these re p o rts  there  was good agreement th a t  inbreeding 

r e s u l t s  in  a s ig n i f ic a n t  reduction  in  le v e l  o f  p roduction . The exact 

e f f e c ts  o f  inbreed ing  varied  from study  to  study , and th i s  was to  be 

expected because o f v a r ia tio n s  in  the  a d d itiv e  genetic  m e rit o f  th e  

anim als used , e s p e c ia l ly  the s i r e s .  The genera l conclusion  would be 

th a t  inbreeding tends to  reduce milk production  measured on a mature 

e q u iv a len t b a s is  by about 50 pounds and f a t  by about 1 .5  pounds per 

each one p e rcen t in c rease  in  the  inbreed ing  c o e f f ic ie n t .

One a d d itio n a l e f f e c t  of inb reed ing  is  to  uncover undesirab le
73homozygous rec ess iv e  f a c to r s .  Robertson  ̂ in  19U9 repo rted  on 13 inbred 

l in e s ,  in  10 o f  which harm ful rec e ss iv es  appeared. O ther e f fe c ts  o f  

inbreed ing  summarized by Young e t  a l . 10^ include depression  o f  b ir th



Table 1 . Average Change In  Production For Each Increase  o f  1% In  Inbreeding 

Location____________ Authors__________ Type o f  Record No. Cows FY Milk ( lb s )  Fat ( lb s )  F at %
C a lifo rn ia R o llin s , e t  a l . A ctual FCM 171 — -5 0 .0 — —

n Laben, e t  a l . 305 2x JRE 16U 13 .0 -209.8 -b .88 +0.008

W isconsin Mi, e t  a l . 305 2x ME 111 25.3 -7 0 .0 -1 .9 ♦0.03

Iowa S ta te Van Krosigk & Lush 305 2x ME 53b 7 .b -5b.O -1 .7b +0.003

M issouri Laben & Herman 305 2x ME 299 ■* mm -66 .1 -2 .07 +0.003

Nebraska D avis, e t  a l . 305 2x ME 630 — -30.8 -0 .66 +0.003

B e l ts v i l le G aalas, e t  a l . F i r s t  L ac ta tio n 111 -105.3 -3 .62
n n Second L ac ta tio n 111 — - b l .9 -1 .06
ii H T hird  L ac ta tio n 111 — -1 8 .0 -1 .32 _ _
t i ii Fourth L ac ta tio n 111 - - -2  6 .2 -0 .8 6
n ii b L ac ta tio n  Mean 111 — -b7 .9 -1 .69 —

Michigan S ta te Dayton 305 2x ME 211 18.0 -2 1 .C

CO.01 +0.005

C ornell A lla ir e  & Henderson Mean Herdmate 
D eviations

999 b .9 -33.7 -0 .9 —

B rita in Robertson 305 2 y r .  10 mo. 82 25.0 -29 .6 — +0.00

Sweden Hansson, e t  a l . A ctual FCM 12,897 -3 1 .5
it i t A ctual FCM 10,927 mm mm -2b .3 mmtm —

Ohio Brum 1 s t Lact-305 2x 1,23b 3.3 - b l .3 -1 .2 b
n ii 2nd Lact-305 2x 785 2.8 -b2 .9 -1 .19
n ti 3rd Lact-305 2x b8l 2 .5 -25*6 -0 .5b • •
ii n bth Lact-305 2x 26b 2.1 ♦b.9 ♦1.01 —



w eight, growth, l i v e a b i l i t y  and rep roductive  perform ance, and a sm all 

in crease  in  s o l id s -n o t- f a t  percentage be lieved  to  be a t  l e a s t  p a r t i a l l y  

a r e s u l t  o f  the  inverse  r e la t io n s h ip  between milk y ie ld  and percentage 

com position.

The Importance o f Nicking and M aternal E ffe c ts  on Production o f  Dairy 
C a ttle

Johnson e t  a l . ^  in  191*0, in  a study  o f  Je rse y  c a t t l e  concluded 

th a t  w hile some m atings o f one b u ll  d id  show a pronounced d iffe re n c e  

th a t  could be c a lle d  n ick ing , th i s  phenomenon was no t a p re v a ilin g  fa c to r  

among Je rse y  c a t t l e .  They a lso  s ta te d  th a t  "Far too o ften  e f fe c ts  

described  as n icking  may be only a r e f le c t io n  o f th e  su p e rio r t r a n s 

m ittin g  a b i l i t y  o f  th e  s i r e  being u sed ."

In 1965 A lla ir e  & Henderson^" in v e s tig a te d  th e  importance o f  s p e c if ic  

combining a b i l i t y  among s i r e s  by es tim atin g  the  magnitude o f  th e  s i r e  x 

m aternal g ran d sire  in te ra c t io n  component. By r e s t r i c t in g  th e  s i r e  x 

m aternal g ran d sire  sub c lasses  to  those having >  10 anim als, a t o t a l  o f 

359 subc lasses invo lv ing  I*,8l6 anim als were a v a ila b le  fo r  s tu d y . The 

in te ra c t io n  component only  accounted fo r  l.U  percen t o f  the  t o t a l  f i r s t  

la c ta t io n  v a rian ce , and n on-add itive  g en e tic  e f fe c ts  were concluded to

be o f minimal importance in  a genera l breeding program.
92  'Van Vleck & Bradford compared e s tim ate s  o f  h e r i t a b i l i t y  o f

production  t r a i t s  u sin g  the  daughter-dam re g re ss io n  and the p a te rn a l 

h a l f - s ib  c o r re la t io n . H e r i ta b i l i ty  e stim ates  fo r  f i r s t  and second 

la c ta t io n s  were much h igher fo r  daughter-dam reg re ss io n s  than fo r  

p a te rn a l h a lf - s ib  c o r re la t io n s .



H e r i ta b i l i ty  E stim ates

1 s t  L ac ta tio n  2nd L ac ta tio n  3rd L ac ta tio n  
Daughter-dam reg re ss io n  0.37 0 .30 0.2H
P at H.S. c o r re la t io n  0,2b  0,21 0.23

These comparisons suggested a la rg e  m aternal e f f e c t  in  th e  f i r s t ,  

a  sm all in fluence  in  th e  second and a n e g lig ib le  in fluence  in  the  th ird  

l a c ta t io n .

H oltm an^ a t  W isconsin, in  a study  o f  l in e c ro s s in g  in  H o lste in  

c a t t l e ,  rep o rted  th a t  th e re  appeared to  be a negative  genetic  c o rre la t io n  

between m aternal e f f e c ts  and the  genera l combining a b i l i t i e s  o f  the 

l in e s .

Lee & H enderson^ in  1969 analyzed f i r s t  l a c ta t io n  records taken 

from th e  New York D airy Records Processing  L aboratory . They concluded 

th a t  g en e tic  m aternal e f f e c ts  were o f l i t t l e  o r no im portance, and the  

e stim ate  o f non -add itive  genetic  v ariance  computed as the  s i r e  x 

m aternal g ran d sire  in te ra c tio n  was near z e ro .

Numerous in v e s tig a tio n s  summarized by Koch'’ in  1972, found evidence 

o f  a negative  genetic  c o r re la t io n  between th e  m aternal environment 

provided by a  b eef cow dam and the  subsequent p roduction  performance o f 

h e r daugh ter. This was concluded to  be due to  d if fe re n c e s  in  n u t r i t io n a l  

regimes under which the  h e if e r  c a l f  was rea red  under s in g le  suck ling  

management p ra c t ic e s .  S evera l s tu d ie s  summarized by S c h u l tz ^  in  1969, 

found a s im ila r  negative c o rre la t io n  between le v e l  o f  n u t r i t io n  during 

re a rin g  and subsequent production o f  d a iry  c a t t l e .  Under normal d a iry  

herd replacem ent re a rin g  co n d itio n s , calves a re  rea red  on a f a i r l y  w ell 

standard ized  le v e l  o f n u t r i t io n  w ith in  each herd .



MATERIALS AND METHODS

Mating P lan and Data C o llec tio n

In I 9I48 a p ro je c t  designed to  in v e s tig a te  some o f the e f fe c ts  o f 

inbreeding and re c ip ro c a l c ro ss in g  among l in e s  o f H o ls te in  c a t t l e  on 

d a iry  c a t t l e  performance was in i t i a t e d  in  the  s t a te  of Ohio. The study 

was performed by the  D airy Science Department o f the  Ohio S ta te  U niver

s i t y  in  co -opera tion  w ith the  United S ta te s  Department o f  A g ricu ltu re  

Research Center a t  B e l t s v i l le ,  Maryland, and the  Ohio Department o f 

Mental Hygiene and Mental R etardation  and was p a r t  o f  an o v e ra ll  

breeding resea rch  scheme invo lv ing  se v e ra l o f the  North C en tra l S ta te s  

in  the U .S .A ., known as the  NC-2 Breeding P ro je c t.

S ix  inbred l in e s  o f  purebred H o lste in  c a t t l e  were developed 

involv ing  about 600 cows. Three o f  these  l in e s  were in  th re e  se p a ra te  

herdsj one la rg e  herd was d iv ided  in to  two l in e s ,  and 'one l in e  was 

developed w ith in  two sm alle r h e rd s . During the 25 years o f the study , 

the  breeding program, p roduction  te s t in g  and records c o lle c tio n  were 

a l l  under th e  d ire c tio n  and superv ision  o f  Dr. Tom Ludwick of the  D airy 

Science Department a t  Ohio S ta te  U n iv e rs ity  a s s is te d  by E arl Rader, w ith  

various graduate s tu d en ts  a id in g  in  the d a ta  c o lle c tio n  and f ie ld  work.

Two o r  th re e  re la te d  b u lls  were in troduced as the  b asic  foundation 

s i r e s  fo r  each l in e .  The ped ig rees of th e  s ix es  used in  the  development

36



c f  th e  d i f f e r e n t  l in e s  were in spec ted  through seven generations to  

ensure th a t  no two s i r e  l in e s  would have any c lose  common a n c e s to rs .

For each l in e  th e  s i r e s  in troduced a t  i t s  form ation were a t  l e a s t  as 

c lo se ly  re la te d  as h a lf -b ro th e rs  and were se le c te d  on th e  b a s is  o f a 

su p e rio r  p roduction  p ed ig ree . S ince the  herds were owned by the  

Department o f  Mental Hygiene and C orrec tion  in  Ohio, and one o f  the  

s t ip u la t io n s  was th a t  th e  program should not cause a s ig n i f ic a n t  

decrease in  le v e l  o f  p roduction , r e la tio n s h ip  among the  fem ales w ith in  

a l in e  was in creased  as ra p id ly  as p o ss ib le  w hile a ttem pting  to  keep 

the  degree o f  inbreeding as uniform ly low as p o ss ib le . For ease o f 

com putation, sp e c if ic  crosses were designated  as basic  re fe ren ce  p o in ts  

and the subsequent mating plan was arranged to  b u ild  up an average 

degree o f  re la t io n s h ip  o f 25 to  30 p e rcen t among the fem ales w ith in  

each l in e .  The average degree o f  inbreeding  w ith in  each cow popu la tion  

v a ried  from zero to  f iv e  pe rcen t p r io r  to  the i n i t i a t i o n  of the p ro je c t ,  

and the  herds were c losed  when th e  breeding scheme began.

The r a te  o f  l in e  development v a ried  from herd to  herd , and in  1961 

fou r o f th e  l in e s  were w ell enough developed to  allow  lin e c ro s s in g  to  

b e g in (fo r  th i s  s tu d y , a  l in e  o f c a t t l e  was a group o f  females which 

had an average re la t io n s h ip  to  one ano ther o f 25/5 w ith some anim als 

having a r e la t io n s h ip  o f  only  12%.),  At th is  tim e th e  average inbreed

ing o f  th e  fou r e a r l i e s t  developed l in e s  was approxim ately 12 p e rcen t 

and th e  average re la t io n s h ip  among the fem ales was about 28$. S ix ty  

percen t o f  th e  q u a lif ie d  anim als in  each l in e  were se le c te d  a t  random 

w ith in  age groups to  be used in  a l in e c ro s s in g  scheme, the  rem aining h0 

p e rc en t were continued to  be lin eb red  in  order to  m aintain  contemporary
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lin e b re d  s to c k . L inecrossing  began in  th e  rem aining two herds in  1?62 

and in  1965, re s p e c t iv e ly . Semen was frozen  from s i r e s  used to  develop 

the  female groups and by the  use o f a r t i f i c i a l  insem ination  re c ip ro c a l 

c ro sses between a l l  l in e s  were made. A ll re c ip ro c a l  crosses were 

rep resen ted  in  th e  i n i t i a l  four l in e s  used in  l in e c ro s s in g , bu t some 

were m issing when a l l  s ix  l in e s  were considered . Contemporary l in e -  

c ro sses and lin e b re d s  were growing and producing in  the same herd  a t  

the same tim e.

The c o e f f ic ie n ts  o f  Inbreeding (Fx ) were c a lc u la te d  using  the 

method o f path  c o e f f ic ie n ts  developed by W rig h t^ . Five generations 

includ ing  the  fo llow ing  ancesto rs were used in  c a lc u la t in g  inbreeding 

values fo r  the f i r s t  generation  o f lin e b re d  anim als born: s i r e ,  dam,

m aternal g ra n d s ire , m aternal g re a t g ra n d s ire , and m aternal g re a t-g re a t 

g ra n d s ire .

In subsequent genera tions the  inbreed ing  c o e f f ic ie n ts  of th e  s i r e  

and dam were a lso  used in  c a lc u la t in g  Fx fo r  each in d iv id u a l. The 

c o e f f ic ie n t  o f r e la t io n s h ip  between anim als was c a lc u la te d  by th e  

method o f W rig h t^ .  Matings were planned on th e  b a s is  o f  th e  c a lc u la te d  

inbreeding  and degree o f  re la t io n s h ip  o f th e  expecued progeny.

Young s i r e s  fo r  l in e  development were chosen on the  b asis  o f  the 

production  records o f t h e i r  dams and a lso  cn the  c o n tr ib u tio n  which 

they could make towards ach iev ing  the  d esired  degree o f genetic  r e l a 

tio n sh ip  w ith in  each l i n e .  These young s i r e s  which had to  be f re e  from 

se rio u s  physica l d e fe c ts  were chosen from th e  h ig h es t producing cows 

in  th e  l in e  which could be f i t t e d  s a t i s f a c to r i l y  in to  th e  m ating p lan . 

Most s i r e s  chosen perform ed as p lanned, w ith a  few having to  be



rep laced  because o f  i n f e r t i l i t y  problem s. ? c r  a s i r e 's  daughter to  be 

included  in  th e  a n a ly s is ,  he had to  have a t  l e a s t  one lin e b red  ana one 

l in e c ro s s  daughter w ith  the  requ ired  production  and o th e r  d a ta .

No anim als were c u lled  fo r  production  le v e ls  u n t i l  they  had made 

a t  l e a s t  one normal o r extendable production reco rd . A few h e ife rs  were 

unavoidably l o s t  due to  a c c id e n ts , severe i l l n e s s  and ca lv in g  complica

tio n s  e t c . ,  b u t t h e i r  d is t r ib u t io n  was expected to  be random. Complete 

records were kept on a l l  anim als from b ir th  to  s la u g h te r , w ith date and 

reason fo r  d isp o sa l being recorded . H e ife r calves were a l l  blood typed 

by the O.S.U. C a ttle  31ood Typing L aboratory . These blood types 

provided a b a s is  fo r  th e  v e r i f ic a t io n  o f parentage reco rd s , and in  most 

cases enabled any parentage d isp u tes  to  be re so lv ed . I f  th e  parentage 

o f  any anim al could no t be e x ac tly  determ ined, she was excluded from 

the s tu d y .

Degree o f homozygosity as in d ic a te d  by blood and milk polymorphic 

systems was used fo r  checking th e  c a lc u la te d  degree o f  inb reed ing . In  

1966 Hines e t  a l . ^  rep o rtin g  on four o f  the s ix  l in e s  concluded, th a t  

d e sp ite  considerab le  v a r ia tio n  no t accounted fo r by any l in e a r  r e la t io n 

sh ip  between homozygosity o f blood and milk lo c i  and inbreeding 

c o e f f ic ie n ts ,  the  degree o f homozygosity o f seven blood and m ilk po ly -
1

morphic systems appeared to  behave g en e ra lly  as p red ic ted  by inbreed ing  . 

th eo ry , w ith  no good evidence fo r  dev ia tio n  from th e  expected l in e a r  

re la t io n s h ip .

A ll o f th e  m ilk a n a ly s is  work was performed by NC-2 personnel. 

I n i t i a l l y  the follow ing t e s t s  were performed monthly on m ilk samples 

from a l l  l a c ta t in g  cows.
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1 . Milk Fat Percentage by the Tesa Reagent Procedure.

2 . T o ta l S o lid s  Percentage by the Golding D ensity  Beads Method.

3 . Milk P ro te in  Percentage using  the Buffalo Black Dye Absorption 

Method.

b . S o lid s -n o t- fa t  (SNF) Percentage was found from the d iffe ren ce  

between t e s t s  1 and 2 described  above.

Because o f the high r e p e a t ib i l i t y  o f p ro te in  and 3NF percentages

fo r  various la c ta t io n s ,  f i r s t  la c ta t io n  d a ta  were used as an in d ic a tio n  

o f  the g ene tic  a b i l i t y  o f an in d iv id u a l fo r  these  t r a i t s .

A ll records o f  d u ra tion  90-30b days, and not te rm ina ting  w ith a 

dry date  were extended to  a 305 day-2x b a s is .  The one exception was a

f i r s t  la c ta t io n  anim al s lau g h te red  fo r  low production  before she had

produced fo r  90 days. She milked fo r  36 days, and her record was 

extended and included in  the  study . A ll records were expressed on a 

mature equ iva len t (ME) b a s is .  Records in te rru p te d  by an abo rtion  on 

o r a f t e r  1$2 days o f p roduction  were extended from the time o f  the  

a b o rtio n . An ab o rtio n  occu rring  befo re  the  152nd day o f  la c ta t io n  was 

u su a lly  ignored , except in  a few sp e c if ic  in s tan ces  where our d e ta ile d  

reco rds c le a r ly  showed th a t  i t  d id  have a  d ra s t ic  e f f e c t  on th e  

subsequent performance o f  th e  animal during  th e  rem ainder o f th a t  

l a c ta t io n .  A few obviously  abnormal records were a lso  d iscarded 

because the  h e a lth  re p o rts  revealed  se rio u s  in flu en ces o f  chronic 

d iseases  o r  acc id en ts  upon the  anim als making them. Milk and f a t  

p roduction  were recorded through the  D airy  Herd Improvement A ssoc ia tion ; 

SNF and P ro te in  records were kept by p ro je c t  personnel. T otal so lid s  

analy ses were used only to  compute SNF values and were not recorded
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per s e . A ll d a ta  are  a v a ila b le  fo r  in sp ec tio n  in  th e  f i l e s  o f  the

O.S.U. Department o f  D airy S c ience .

The d is t r ib u t io n  o f anim als by l in o s  and lin e c ro s se s  o f th e  six  

l in e s  i s  given in  Table 2 along w ith  the numoer o f  s i r e s  rep resen ted  in  

th e  c rossing  o f  the  various l in e s .  As in d ica ted  p rev io u s ly  a l in e  o f  

c a t t l e  included a group o f c lo s e ly  re la te d  fem ales, however, fo r  

purposes o f  c l a r i t y  in  ta b le s  and d isc u ss io n , when l in e s  were crossed  

the  males which rep resen ted  a  sp e c if ic  group were designated  as a " s ire  

l in e " .  Thu fem ales used fo r  a s p e c if ic  c ross were lab e led  "female lin e " .

Methods o f  A nalysis

E ffe c ts  o f Inbreeding

The e f f e c ts  o f  inbreed ing  on th e  follow ing t r a i t s  were examined 

fo r  each inbred  l in e  se p a ra te ly , the  analyses being performed on the 

f i r s t  la c ta t io n  lin e b red  anim als on ly .

1 . 1 . Mature E qu ivalen t (ME) 305 day Milk y ie ld .

2. ME 301? day B u tte r f a t  Y ie ld .

3 . 1®  305 day S o lid s -n o t-F a t y ie ld .

1). ME 30£ day P ro te in  y ie ld .

5 . Age a t  Calving in  months.

6 . Days in  m ilk during  la c ta t io n —305 days o r  l e s s .

7* Days open du ring  la c ta t io n .

The follow ing fixed  model (Model I )  was used fo r  f iv e  o f  th e  l in e s .

Yi j k l  -  11 + S i  + Yj " + b y ^  ♦ ei j k l

where u i s  the  mean, i s  a measure o f the  performance o f th e  1th

daughter o f  the i *̂1 s i r e  freshen ing  in  the k ^  season o f the y e a r ,



Table 2 . D is tr ib u tio n  o f Linebred and L inecross Animals 
By Line o f  S ire  and Line o f Dam

No. o f
Line o f  S ire  S ire s  Line o f  Dam

1 2 3 h 5 6

1 7a 85a 17 11 11 21 0

2 7 18 102 9 k 8 111

3 5 19 Ik 77 6 0 1

h 7 17 17 13 . 112 12 11

5 6 15 3 0 0 65 2

6 7 0 38 0 0 10 85

^ n l y  6 s i r e s  w ith 79 lin e b red  progeny were included in  
the U l in e  a n a ly s is—one s i r e  d id  no t have lin e c ro s s  progeny 
in  l in e s  2-lj.

The number o f s i r e s ,  and l in e c ro s s  and lin eb red  anim als 
involved in  each o f th e  four l in e  and s ix  l in e  s tu d ie s  can be 
summarized as fo llow s:

Four Line Study -  25 s i r e s ,  370 lin e b re d  and 156 lin e c ro s s
progeny

S ix  Line Study -  39 s i r e s ,  526 lin eb red  and 291 l in e c ro s s
progeny
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ei j k l  re Pre se n ts  random error  a sso c ia ted  w ith  th is  1^  in d iv id u a l 

and '3Y/FX rep re se n ts  th e  l in e a r  reg re ss io n  on inbreeding  o f the  t r a i t  

being s tu d ie d . In  l in e  1 , s i r e s  were confounded w ith y e a rs , and the  

reg re ss io n  c o e f f ic ie n ts  fo r  th i s  l in e  were estim ated  w ith a s im ila r  

model from which s i r e  e f fe c ts  were d e le te d . An a d d itio n a l a n a ly s is  on 

l in e  1 f i t t i n g  Y ear-S ire  su b c la s se s , gave alm ost id e n tic a l  e s tim ates  o f 

th e  reg re ss io n  c o e f f ic ie n ts  and t h e i r  s tandard  d e v ia tio n s .

E stim ation  o f H e te ro tic  E ffe c ts

L east Squares A nalysis o f  Variance procedures were used to  t e s t  

fo r  th e  p resence o f  h e te ro tic  e f f e c ts .  Separate  analyses were conducted 

on a popu la tion  made up o f l in e s  1-ii which developed very c lo se ly  

to g e th e r  w ith  re sp ec t to  time and which had a l l  p o ss ib le  d i a l l e l  c ro sses 

a v a ila b le , w ith  most o f the  s i r e s  having progeny in  a l l  h l in e s .  The 

procedures o f  a n a ly s is  used fo r  both the  fou r and s ix  l in e  groups were 

very s im ila r .

The p lan  o f  th e  a n a ly s is  to  t e s t  fo r  the  presence of h e te ro tic  

e f f e c ts  was arranged to  follow  c lo se ly  th a t  described  as A nalysis I I  

by Gardner & E berhart^0 , and the  follow ing mixed model (Model I I ) was 

i n i t i a l l y  employed.

i 'i jk ln n o  * » + Li  * s i j  * Tk ♦ HI  * \  + SEn * CLT>ik * <ST)i jk  +

(H D ^  -  (H SE)^ ♦ <YSE)mn ♦ ^  ♦ eyMmn0

where Y ^ j- ij^ q  i s  a measure o f the  performance o f the o ^  daughter o f 

the  s i r e  w ith in  the  i ^  s i r e  l in e  born to  the I *'*1 dam l in e  (o r  

herd) and beginning p roduction  in  th e  year and n ^  season , n i s  

the  mean and re fe rs  to  the type o f  breeding involved with each
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animal being e i th e r  a lin e b red  o r  a l in e c ro s s .  The reg re ss io n  o f  Y on 

th e  number o f days each animal was open during the  la c ta t io n  

was included in  the  a n a ly s is  as an independent random v a r ia b le , being 

f i t t e d  as both a l in e a r  and q u ad ra tic  p a r t i a l  re g re s s io n . The term 

e ijklmno "̂s an e s ’̂̂ IIiâ e °̂ * random e r ro r  a sso c ia te d  w ith th i s  o^ 1 

in d iv id u a l. In  the fo u r l in e s  used in  the  f i r s t  a n a ly s is ,  herd o f 

b i r th  and p roduction , and l in e  were id e n t ic a l  and were th e re fo re  

com pletely confounded. The year o f  ca lv ing  was defined  as beginning 

w ith October and running through the  succeeding Septem ber, w ith , fo r  

example, November 1968 being c la s s i f ie d  as 1?69. Each y e a r was d iv ided  

in to  two seasons w ith  season one running from October through May and 

season two running from May through Septem ber. These d iv is io n s  were 

decided upon, on the b a s is  o f in v e s tig a tiv e  work which had been performed 

by r e s e a r c h e r s ^  se v e ra l years e a r l i e r  or. these  same h erd s .

In th is  model th e  mean square and co n stan t e stim ates  fo r  l in e s  

were eq u iv a len t to  t h a t  fo r  the G eneral Combining A b il i ty  (GCA) o f  th ese  

l in e s  estim ated  on th e  b a s is  o f  both  the l in e b re d  and l in e c ro s s  progeny 

o f  the  s i r e s  o f  each l i n e .  The mean square and co n stan t e stim ates fo r  

T^, the  type o f b reed ing , i . e .  e i th e r  lin e b red  o r l in e c ro s s ,  measured 

th e  importance o f h e te ro s is  computed as an average e f f e c t  over a l l  l in e s  

(Av. H e t .) .  The l in e  x type o f  breeding in te ra c t io n  components (LT)
IK

were a measure o f  what Gardner & E berhart re fe r re d  to  as l in e  h e te ro s is  

(L. H e t .) ,  and were an in d ic a tio n  o f  th e  in d iv id u a l d iffe re n c e s  between 

l in e s  in  th e i r  h e te ro tic  e f f e c t s .  The s i r e  w ith in  l in e  x type o f 

breed ing  in te ra c tio n  (S T )^ ^  components in d ic a te d  i f  s i r e s  w ith in  l in e s  

tended to  rank d i f f e r e n t ly  depending on whether they were evaluated  on



th e  b a s is  o f t h e i r  lin eb red  o r l in e c ro s s  progeny, and was an in d ic a tio n  

o f  the  importance o f  in d iv id u a l d iffe re n c e s  in  h e te ro tic  e f fe c ts  between 

s i r e s  w ith in  th e  same l in e .

This a n a ly s is  was performed using a Mixed Model L east Squares 

A nalysis Program as described  by H arvey^ > 35 un(je r  Model Type 07, s i r e s  

w ith in  l in e s  were considered  as being random w ith a l l  o th e r  e f fe c ts  being 

considered  as f ix e d . Since the  r e s u l ts  o f th e  L east Squares A nalysis o f 

Variance revealed  th e  in te ra c t io n s  (ST )^.^, (H3E)^n and (Y SE)^ to  be 

n o n -s ig n if ic a n t , th e se  e f f e c ts  were d e le ted  from the  model and the  

a n a ly s is  was repea ted  as Model Type 03, as described  by H arv ey ^ ,

The l in e a r  and qu ad ra tic  reg re ss io n s  on days open during la c ta t io n  

were o r ig in a l ly  included in  the  model, in  an a ttem pt to  increase  th e  

accuracy o f  ev a lu a tio n  o f the g en e tic  m erit o f  th e  various l in e s  and 

lin e c ro s se s  fo r  th e  t r a i t s  being considered . S ch aeffe r e t  a l . ^ ,  

ana ly sing  the e f f e c ts  o f  days open on la c ta t io n  performance f r  iy

Herd Improvement A ssoc ia tion  Records a t  C ornell U n iv e rs ity , concluded 

th a t  the  h e r i t a b i l i t y  o f days open was e s s e n t ia l ly  zero , and the  e f f e c t  

o f  days open on H o lste in  m ilk p roduction  was la rg e ly  environm ental. The 

re la tio n s h ip  between days open and milk production was found to  be 

c u rv i l in e a r ,  and th ey  concluded t h a t  adjustm ents fo r days open in  s i r e  

e v a lu a tio n s  would in c rease  accuracy  w ithout in troducing  any genetic  

b ia s e s . S im ila r  conclusions have been repo rted  by W ilton e t  a l . ^ ,
* 7 0

Smith & Legates , and R ipley  , S evera l s tu d ie s  in v e s tig a tin g  the 

e f f e c ts  o f  days open on milk production  have been undertaken in  th e  

herds being considered  in  th i s  a n a ly s is .  E tg e n ^  i n 1958 examined th e  

e f f e c ts  o f days open on l£08 ME p roduction  records o f cows th a t  had a



us
previous b0-90 day dry p e rio d . He found th a t  as days open in creased ,

m ilk and b u t te r f a t  p roduction  a lso  in c reased , th e  e f f e c t  being o f  l e a s t

s ig n if ic a n c e  in  2 year o ld  cows (which appeared to  be most p e r s i s te n t ) ,

somewhat la rg e r  in  th ree  and four year o lds and la rg e s t  in  o ld er cows.

O vera ll he found a d iffe ren c e  in  production  o f 1263-268$ pounds o f  milk

and from 35-92 pounds o f f a t  p e r 305 day la c ta t io n  due to  the e f f e c t  o f
85c arry in g  a c a l f  220 days o r  being open a l l  the  la c ta t io n .  Spalding ^ 

in  a l a t e r  study in  1961, concluded th a t hold ing  days dry  co n stan t, a 

d iffe re n c e  in  su ccess fu l se rv ice  period  o f 6U to  16L days re su lte d  in  

an average d iffe re n c e  in  305 day milk y ie ld  o f  about 1170 pounds in  

favo r o f  the  la rg e r  p e rio d .

However, in  th is  study the i n i t i a l  analyses revealed  th a t  type o f 

b reed ing , i . e .  lin e b red  o r l in e c ro s s ,  had a very  la rg e  e f f e c t  on "days 

open" and i t  was decided th a t  in c lu d in g  a re g re ss io n  on "days open" in  

th e  model was u n d e s irab le , because o f the s ig n i f ic a n t  c o rre la t io n  

between these  two e f f e c t s .  The analyses were then repeated  inc lud ing  

"days open" as an a d d itio n a l dependent v a r ia b le . The same model and 

procedure was l a t e r  used inc lud ing  the  l in e a r  reg re ss io n  on inbreeding 

as a continuous independent v a r ia b le .

Includ ing  the  l in e a r  reg re ss io n  on inbreeding  in  the  model, 

re su lte d  in  th e  adjustm ent o f  le v e ls  o f  performance o f  b o th .lin eb red s  

and lin e c ro s se s  to  a base le v e l  equal to  the  average inbreeding  o f  the  

combined popu lation  o f  lin eb red s  and l in e c ro s se s . The mean Fx fo r  the  

lin e b red s  and lin e c ro sse s  combined was 8 .I|JU ± 3.30 while the  lin eb red s 

alone averaged 12.1i9 + 2 .0b . Since a l l  o f the  l in e c ro s se s  had an 

inbreed ing  c o e f f ic ie n t  assumed to  equal zero , and most o f  the  lin e b red
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anim als on in sp e c tio n , were found to have Fx values g re a te r  than  8 . 50, 

adjustm ent o f  both lin e b red  and l in e c ro s s  anim als reco rds to  a  base Fx 

value o f  8 was alm ost as e f f i c i e n t  a procedure as a d ju s tin g  the 

records o f  the  lin eb red s  only  to  an inbreed ing  le v e l  o f  zero . This 

allowed a comparison tc  be made between lin e c ro s se s  and lin eb red s  free  

from inbreed ing  e f f e c ts  and gave some in d ic a tio n  whether o r no t th e  

su p e rio r  performance o f  the  lin e c ro s se s  was th e  r e s u l t  o f  th e  recovery 

o f  v ig o r l o s t  during inbreed ing .

These two a n a ly tic a l  procedures were repea ted  on th e  d a ta  involv ing  

th e  s ix  l in e s ,  th e  herd  by season in te ra c t io n  now being included  in  the 

model, as p re lim inary  analyses rev ea led  i t  to  account fo r  a s ig n if ic a n t  

amount o f  th e  t o t a l  v a r ia t io n .

E stim ation  o f  S p e c ific  Combining A b il i ty  and R esidual R eciprocal 
E ffe c ts

The d a ta  from the four l in e  c ro sses which had a l l  16 sub c lasses  

f i l l e d  were used to  o b ta in  e s tim a te s  o f  S p e c if ic  Combining A b il i ty  (SCA.) 

and R esidual R ecip rocal (RR) e f f e c t s .  These e f fe c ts  were estim ated  

according to  th e  method o f  H arvey^  and the  fo llow ing model (Model I I I )  

was u t i l i z e d ;

yijkH»n ■ « * “ ij  *' s ijk  * h  * SEto * eijkl»m 

where Yjjklmn i s  a  measure o f  the performance o f  th e  nth  in d iv id u a l bred . 

from the s i r e  in  the  i j ^  s i r e  line-darn l in e  subc lass freshen ing  in  

the  1th  y ear and mth  season , u i s  th e  mean and i s  the  random

e rro r  a sso c ia te d  with th i s  m ^  in d iv id u a l. S ire s  were considered  as 

being random w ith a l l  o th e r  e f f e c ts  being considered  as f ix e d . The mean 

square fo r  s i r e  line-dam  l in e  subc lasses was te s te d  u sin g  the  mean square



obtained  fo r  s i r e s .  A ll o th e r  e f fe c ts  were te s te d  by the  e rro r  term 

rem aining a f t e r  absorbing s i r e s  and s i r e  line-dam  l in e  subclasses in to  

a l l  o th e r  e f fe c ts  in  th e  model.

M aternal e f f e c ts  could no t be estim ated  as they  were com pletely 

confounded w ith herd  environm ental e f f e c ts .

The degrees o f  freedom fo r  h e te ro s is  were p a r t i t io n e d  as described  

by H arvey^  and were as fo llow s, (p re p re se n tin g  the  number o f l in e s  

being crossed  “ I ) :

Source o f V aria tio n  Degrees o f Freedom

Mean 1 = 1

Average H e te ro sis  1 = 1

S ire  Lines (p -  1) <= 3

Dam Lines (p -  1) * 3

Line H etero sis  (p  -  1) = 3

S p e c if ic  Combining A b il i ty  E ffe c ts = 2

Residual R eciprocal E ffe c ts Ek-i-21 + l  - 3

The equations were solved a f t e r  imposing th e  follow ing r e s t r i c t i o n s :
/v  A  p - 1  A  p  A  A  A  A

E i Ci j  ■ 3 ° i j  ■ Ei EJ Ci j  ■ L i r i j  ■ h r i }  ’  r i j  * r j i  ■ 0

where c^j and r ^ j  r e f e r  to  th e  e stim ates  o f s p e c if ic  combining a b i l i t y  

and re s id u a l re c ip ro c a l e f f e c t s ,  re s p e c tiv e ly , fo r  crosses between the 

i ^  s i r e  and dam l in e .

These r e s t r i c t io n s  were a p p lied  and the  equations solved using  

the  tran sfo rm ation  m atrix  in  Table 3 given by H a r v e y - ^ .  P rem ultip ly ing  

the  column v e c to r  o f subc lass estim ates by th is  tran sfo rm ation  m atrix



Table 3 •  Transform ation M atrix Used To E stim ate Average H e te ro s is , 
General Combining A b il i ty ,  S p ec ific  Combining A b il i ty  and 
R esidual R eciprocal E ffe c ts  From Model I I I  For th e  Four- 
Line Crosses

L inecross Combination
E ffe c t SDu* SD12 SD]3 SD ii SD21 SD22 SD23 SD2I* SD31 SD32 SD33 SD3k SD]ji 5D^2 SD̂ 3 SDj^D

Average H e te ro sis ~  3 -1 -1 -1 -1 3 -1 -1 -1 -1 3 -1 -1 -1 -1 3 "

OCA
S ire  Line 1 0 6 6 6 c 0 -3 -3 0 -3 0 -3 0 -3 -3 0
S ire  Line 2 0 0 -3 -3 6 0 6 6 -3 0 0 -3 -3 0 -3 c
S ire  Line 3 0 -3 0 -3 -3 0 0 -3 6 6 0 6 -3 -3 0 0

SCA 11
S ig  2k 0 h -2 -2 h 0 -2 -2 -2 -2 0 a -2 -2 a 0
s 13 0 -2 h -2 -2 0 -2 h h -2 0 -2 -2 h -2 0

R esidual R eciprocal
RRl2 0 6 -3 -3 -6 0 3 3 3 -3 0 0 3 -3 0 0
RRl3 0 -3 6 -3 3 0 -3 0 -6 3 0 3 3 0 -3 0
rh23 0 3 -3 0 -3 0 6 -3 3 -6 0 3 0 3 -3 0

aF i r s t  l e t t e r  and d ig i t  in d ic a te s  l in e  o f s i r e ,  second l e t t e r  and d ig i t  in d ic a te s  l in e  o f  dam.

^The c o e f f ic ie n ts  o f  the  l a s t  column o f each row were su b trac ted  from the  o th e r  c o e f f ic ie n ts  in  
th a t  row to  impose th e  r e s t r i c t i o n  = 0.
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was accomplished -using the l in e a r  c o n tra s ts  o p tion  a v a ila b le  on the 

computer program. This procedure a lso  allowed t e s t s  o f s ig n if ic an c e  

to  be made fo r  these  e f f e c t s ,  u t i l i z i n g  the e r ro r  term rem aining a f te r  

absorbing th e  s i r e  and s i r e  line-darn l in e  su b c lasses  in to  the  o th e r 

fixed  e f fe c ts  in  the  model. S im ultaneously  in  th i s  an a ly s is  e stim atio n s  

o f o v e ra ll  average h e te ro s is  (Av. H e t.)  and th e  General Combining 

A b il i ty  (C-CA) o f each l in e  based on the  performance o f i t s  l in e c ro s s  

progeny on ly , were a lso  made by a s im ila r  p rocedure, applying the  

r e s t r i c t io n s  on the  equations th a t  K^h^ * E-jg-^ * 0 where h^ re fe rs  

to  th e  average h e te ro s is  measured on lin e b red s  (k = 1) and l in e 

c ro sses (k = 2 ) , and r e fe r s  to  the general combining a b i l i t y  o f 

the  i ^  l in e  measured on the performance o f i t s  l in e c ro s s  progeny on ly .

i



RESULTS

E ffe c ts  o f Inbreeding on th e  S ix  Lines

P re lim inary  analyses revealed  the  e f f e c ts  o f  inbreed ing  on the

t r a i t s  being s tu d ied  to  be most f u l ly  explained  by a l in e a r  re g re s s io n .

Analyses were performed only on lin e b red  anim als included  in  the study
Kq

on a w ith in - l in e  b a s is .  Mi e t  a l . have estim ated  the  e f f e c ts  o f 

inbreed ing  on popu lations in c lud ing  both lin e b red  and outbred an im als, 

assuming th a t  th e  degree o f  inbreed ing  (Fx ) o f the l in e c ro s s  anim als 

vas equal to  aero . This was a questionab le  assum ption in  view o f the 

fa c t  th a t  i f  a p o s it iv e  h e te ro tic  e f f e c t  was p re s e n t, these  anim als 

should in  fa irn e s s  to  t h e i r  lin e b red  a sso c ia te s  have been assessed  a 

negative  inbreed ing  c o e f f ic ie n t  v a lu e . The e f fe c ts  o f inbreed ing  v a ried  

l i t t l e  among s i r e s  w ith in  l in e s  and th e  mean squares fo r  s i r e s  were 

g e n e ra lly  no t s ig n if ic a n t  excep t fo r  m ilk y ie ld  in  l in e  5 (Taoles 7 -1 3 ). 

Mean Squares fo r  th e  L inear R egression o f Inbreeding were only s i g n i f i 

can t fo r  milk and f a t  p roduction  in  l in e  5 , days in  m ilk for l i r e  3 , acd 

"days open" fo r  l in e  1. The high le v e l  o f  un ifo rm ity  o f  s i r e 3 w ith in  

each inbred  l in e  fo r  a l l  t r a i t s  agreed w ith th e  r e s u l ts  expected from 

q u a n ti ta t iv e  g en e tic  theo ry  on the b a s is  o f t h e i r  c lose re la tio n s h ip  to  

one an o th e r. The number o f  inbred anim als rep resen ted  in  each l in e ,  

th e i r  mean Fx and degree o f  w ith in - l in e  v a r ia tio n  a re  given in  Table h*
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The re s u l ts  o f  th e  reg ress io n  a n a ly s is  on the  average e f fe c ts  o f 

inbreed ing  on each l in e  are given in  Table 5 .

The average e f f e c ts  o f inbreed ing  on the s ix  l in e s  combined 

to g e th e r as a s in g le  p opu la tion  a re  given in  Tabic 6 .

I t  was ev iden t th a t  w hile th e  o v e ra ll  trend  o f  e f fe c ts  o f tne 

inbreed ing  program was to  cause a decreased le v e l  o f perform ance, the 

s p e c if ic  e f f e c ts  o f  such a mating scheme on any p a r t ic u la r  l in e  were 

very  d i f f i c u l t ,  i f  not im possib le , to  a c c u ra te ly  fo re c a s t .  While the  

standard  d e v ia tio n s  o f  th e  l in e a r  reg re ss io n s  were f a i r l y  la rg e  th e  

d iffe re n c e s  in  reg re ss io n  values between l in e s  were o f a la rg e  enough 

magnitude to  dem onstrate c le a r ly  the d iffe re n c e s  in  e f f e c ts  th a t  

inbreed ing  had upon them.

The e f fe c ts  o f inbreed ing  on le v e l  o f  milk p roduction  v a ried  very  

markedly between l in e s  vdth reg re ss io n  c o e f f ic ie n ts  ranging from +86 to  

- l6 0  pounds o f  milk p e r  u n i t  in c rease  in  inbreeding  le v e l ,  ’-'hile the  

s tandard  e r ro rs  o f  reg re ss io n  c o e f f ic ie n t  were la rg e , th e  d iffe re n c e s  

between e s tim ate s  fo r se v e ra l o f  th e  l in e s  were o f  a la rg e  enough 

magnitude to  be s ig n if ic a n t  a t  the 5% le v e l  o f p ro b a b il i ty .  S ig n if ic a n t  

d iffe re n c e s  were a lso  found f o r  y ie ld s  o f f a t  and SNF, and fo r days in  

m ilk during la c ta t io n .  In  fo u r o f th e  l in e s  inbreeding had a depressing 

e f f e c t  on milk p roduction  w hile in  th e  o th e r  two l in e s  the  e f fe c ts  o f  

inbreed ing  were o f  a p o s it iv e  n a tu re . The observed reg re ss io n  c o e f f i 

c ie n ts  fo r f a t ,  SNF and p ro te in  y ie ld  were in  c lose  agreement w ith those 

expected on the  b a s is  o f  the  values observed fo r m ilk y ie ld ,  and th e re  

was no evidence o f  a marked change in  m ilk com position a sso c ia ted  w ith  

changes in  le v e l  o f p roduction . The sm all number o f  anim als rep resen ted



in  each l in e  re su lte d  in  the standard  e rro rs  fo r  th e  reg ress io n  

c o e f f ic ie n ts  o f  inbreed ing  on m ilk com positional q u a li ty  being ra th e r  

la rg e . This fa c to r  in  com bination w ith the  known high c o rre la tio n s  

between y ie ld  o f m ilk and y ie ld s  o f f a t ,  SNF and p ro te in  had the e f f e c t  

o f making th e  comparison between observed reg re ss io n  values fo r milk 

components and those estim ated  from y ie ld s  o f milk o f  very  low 

s e n s i t iv i tv .

There was no r e a l  evidence to  support the hypothesis t h a t  the 

s ig n i f ic a n t  changes in  le v e l  o f m ilk p roduction  r e s u l t in g  from an 

inbreeding program are  accompanied by an inverse  change in  milk 

com positional q u a l i ty .

A nalysis o f  the  Four-Line D ia lle l  C rosses

Lines 1-h were chosen as a su i ta b le  group f c r  a n a ly s is  because 

a l l  p o ss ib le  combinations between l in e s  were p re s e n t ,  and th e  mating 

arrangem ents fo r  each l in e  were p a r a l l e l  on th e  b a s is  o f tim e. The 

a v a i la b i l i ty  o f a l l  p o ss ib le  l in e  combinations allowed th e  estim ation  

o f  S p e c if ic  Combining A b il i ty ,  R esidual R ecip rocal E f fe c ts , Average 

H e te ro sis  and General Combining A b il i ty  based on the  performance o f 

lin e c ro s s  progeny on ly , u sing  Model I I I .  The method o f  estim ation  was 

such th a t  herd e f f e c ts ,  though no t s p e c i f ic a l ly  ad ju sted  fo r  in  th i s  

model, au to m atica lly  can ce lled  ou t o f th e  eq u atio n s . The estim ates 

were th e re fo re  unbiased w ith  regard  to h e rd  environm ental in f lu e n c e s . 

Analyses under Model I I  y ie ld ed  es tim ate s  o f Average H e te ro s is , Line 

H etero sis  and General Combining A b i l i ty  e f f e c ts  based on th e  performance 

o f both lin eb red  and l in e c ro s s  progeny. Model I I  was repeated  with th e
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in c lu s io n  o f the  l in e a r  reg re ss io n  on inbreeding in  the  model as a 

continuous independent v a r ia b le .

R esu lts From Model I I

The Analyses o f  Variance fo r  the  e f f e c ts  o f  in te r e s t  r e s u l t in g  

from th e  two analyses under Model I I  fo r  th e  seven t r a i t s  being examined 

are  given in  Tables lli-2 0 . Constant E stim ates, L east Squares Means and 

S tandard  E rro rs a re  found in  Tables 21-27. The mean square fo r  S i r e s /  

L ines was used to  compute F fo r  L in es, the rem ainder mean square being 

used as the  denominator to  compute the rem ainder o f th e  F v a lu es .

Average H e te ro s is . The importance o f  average h e te ro tic  e f f e c ts  

was estim ated  on th e  b a s is  o f th e  average d iffe re n c e s  between th e  l in e 

breds and l in e c ro s se s , f i t t e d  in  th e  model as "type o f b reed ing". The 

mean squares a t t r ib u ta b le  to  the  l in e a r  reg re ss io n  on inbreeding  were 

no t s ig n if ic a n t  fo r  any o f  the  t r a i t s  except fo r  days in  milk during  

la c ta t io n  (P <  0 .1 0 ) .

When the  a n a ly s is  was performed excluding th e  l in e a r  reg re ss io n  on 

inbreed ing  from the  model, th e  mean square fo r  type o f  breeding o r 

average h e te ro s is  was s ig n i f ic a n t  a t  the  1% le v e l  fo r  f a t  y ie ld .  Mean 

squares fo r  y ie ld  o f  SNF and p ro te in  were s ig n if ic a n t  a t  the  5# le v e l  

and th e re  was evidence o f  a  h e te ro tic  e f f e c t  fo r  milk y ie ld  a t  the  10# 

le v e l  o f  s ig n if ic a n c e . While includ ing  the l in e a r  reg re ss io n  on 

inbreeding in  the model d id  cause a  reduction  in  the magnitude o f the 

p ro p o rtio n  o f  th e  t o t a l  variance a t t r ib u ta b le  to  type o f  b reed inp , the 

F values fo r  se v e ra l t r a i t s  were s t i l l  la rg e  enough to  in d ic a te  the 

presence o f  h e te ro tic  e f f e c ts  in  excess o f  those expected on the b asis



57

o f  a  sim ple recovery o f  th e  performance le v e ls  l o s t  during inb reed ing . 

Mean squares fo r  average h e te ro s is  were s t i l l  s ig n i f ic a n t  a t  th e  5% 

le v e l  fo r  y ie ld s  o f  f a t  and p ro te in ,  and a t  the 10% l e v e l  fo r  SNF y ie ld .  

The F value fo r m ilk was alm ost la rg e  enough to  reach th e  1C$ le v e l  o f 

s ig n if ic a n c e  (P e 0 .1 1 ) .

On th e  average th e  lin e c ro s se s  produced 555> 27.5> h8.0  and 19.6 

pounds more o f  m ilk , f a t ,  SNF and p ro te in ,  r e s p e c tiv e ly , than the  l in e 

b red s . The reg re ss io n  o f  inbreed ing  on these  fo u r y ie ld  t r a i t s  was 

p o s it iv e  due la rg e ly  to  the  ex cep tio n a l perform ance o f l in e  1 lin e b red  

anim als, and when th is  reg re ss io n  was included in  the model i t  had the 

e f f e c t  o f in c reas in g  the  su p e r io r i ty  o f  th e  l in e c ro s se s  over the l in e 

breds .

F i t t in g  th e  model excluding the  l in e a r  re g re ss io n  on inbreeding  

provided no evidence fo r  th e  presence o f average h e te ro tic  e f f e c ts  fo r 

age a t  ca lv ing  o r fo r  days in  milk during th e  l a c ta t io n .  However, 

average h e te ro tic  e f fe c ts  fo r  days open during  la c ta t io n  were h ig h ly  

s ig n i f ic a n t  (P <  0 .01) w ith th e  lin eb red s  being open an average o f 27 .JUO 

day3 longer than th e  l in e c ro s s e s .  A djusting  the  d a ta  fo r  le v e l  o f 

inbreeding  caused the d iffe re n c e  in  days open to  d ec lin e  to lh .8 o  days 

which was not s ig n i f ic a n t .  The adjustm ent o f  th e  d a ta  fo r  degree o f  

inbreed ing  re s u lte d  in  the  mean square fo r  average h e te ro s is  fo r  days 

in  milk becoming s ig n if ic a n t  a t  the  %  le v e l  o f p ro b a b il i ty ,  w ith the 

lin e c ro s se s  on th e  average m ilking 13.63 + 5.77 days longer than the  

lin e b re d s . The simple c o rre la t io n  between days open and days in  milk 

was +0.11.



Line H e te ro s is . The mean square fo r  l in e  h e te ro s is  computed as 

th e  l in e  x type o f  b reeding  in te r a c t io n  component was s ig n if ic a n t  a t  

the  10# le v e l  fo r  y ie ld  o f  m ilk , f a t  and SNF re g a rd le ss  o f  whether the 

d a ta  were ad ju s ted  fo r  the e f fe c ts  o f  inb reed ing  o r n o t. I t  was not 

s ig n if ic a n t  fo r  any o f th e  o th e r  fou r t r a i t s .  L ines 2 and 3 behaved 

very  s im ila r ly  w ith  regard  to  the le v e l  o f s u p e r io r i ty  o f  th e  l in e c ro s se s  

over the lin eb red s  fo r  y ie ld s  o f m ilk , f a t  and SNF. In l in e  the l in e 

breds produced considerab ly  le s s  m ilk , SNF and p ro te in  than th e  l in e 

c ro sses but were alm ost equal to them in  y ie ld  o f  f a t .  The e f f e c ts  o f 

inbreeding  on l in e  1 were s t r ik in g ly  un ique. The lin e b re d s  produced 

1225, 19, 92 and 31 pounds more o f  m ilk , f a t ,  SNF and p ro te in ,  

re s p e c tiv e ly , than  the l in e c ro s s e s ;  the  use o f  l in e a r  func tions and 

" t M te s t s  rev ea lin g  the  d iffe re n c e s  to  be s ig n i f ic a n t  a t  the  5# le v e l  

fo r  m ilk, and a t  th e  10# le v e l  fo r  SNF and p ro te in  y ie ld s  (Table 28). 

These d iffe ren c e s  s t i l l  remained a t  th e  same le v e l  o f  s ig n if ic a n c e  

when the  reg re ss io n  on inbreed ing  was included in  the  model. Regardless 

o f whether th e  re g re ss io n  on inbreed ing  was included in  the model o r not 

the  rep roductive  performance o f  l in e  1 l in e b re d s , as  in d ic a te d  by days 

open during the  f i r s t  l a c ta t io n ,  was s ig n i f ic a n t ly  b e t te r  than th a t  o f 

the  lin e c ro sse s  (P « 0 .025 ). L inebreds from l in e  1 on the  average were 

open fo r  28 days le s s  than lin e c ro s se s  when th e  d a ta  were a d ju s te d  fo r 

e f f e c ts  o f  inb reed ing . The on ly  t r a i t s  fo r  which inbreed ing  appeared 

to  have a p o ss ib ly  depressing  e f f e c t  on th e  perform ance o f l in e  1 were 

age a t  calv ing  and days in  m ilk . However, th e  d if fe re n c e s  between l in e 

crosses and lin e b red s  fo r  these  two c h a r a c te r i s t ic s  were not q u ite  la rg e  

enough to  be s ig n if ic a n t  a t  the  10# le v e l .
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L in ecro sses  m ilked c o n s is te n t ly  lo n g er th an  lin e b re d s  in  each o f 

th e  fou r l in e s  when th e  d a ta  were a d ju s te d  fo r  inb reed ing  e f f e c t s ,  

d e s p ite  th e  f a c t  th a t  in  th re e  ou t o f  th e  fou r h e rd s , th e  l in e c ro s se s  

became p regnan t from 10—1*3 days b e fo re  th e  l in e b re d s . T his tre n d  

provided evidence fo r  th e  e x is te n c e  o f h e te r o t ic  e f f e c ts  f o r  m ilking 

p e rs is te n c y . A part from l in e  1 th e  rep ro d u c tiv e  perform ance o f the  

l in e c ro s s e s  was s u b s ta n t ia l ly  b e t t e r  than  t h a t  of th e  l in e b re d s , even 

though ad justm ents fo r  th e  e f f e c ts  o f  in b reed ing  were made to  th e  d a ta .

G eneral Combining A b i l i ty .  Under Model I I ,  g enera l combining 

a b i l i t y  e f f e c ts  fo r  each l in e  v;ere e stim ated  on th e  b a s is  o f  both l in e -  

bred and l in e c ro s s  progeny. The mean square fo r  l in e s  was te s te d  

a g a in s t  th e  mean square  fo r  s i r e s / l i n e s  to  d e te c t  d if fe re n c e s  between 

l in e s  in  t h e i r  g en e ra l combining a b i l i t i e s .  D iffe ren ces  between s i r e s  

nested  w ith in  l in e s  were observed a t  th e  $% l e v e l  fo r  y ie ld s  o f  m ilk 

and f a t ,  and a t  th e  IQ? le v e l  fo r  y ie ld s  o f SNF and p ro te in .

R egard less o f  w hether th e  d a ta  were a d ju s te d  fo r  e f f e c ts  o f 

inb reed ing  o r  n o t, d if fe re n c e s  between l in e s  were s ig n i f ic a n t  a t  the 

$% l e v e l  fo r  y ie ld s  o f  m ilk and SNF, and a t  th e  10# le v e l  f o r  y ie ld  o f 

f a t .  D is t in c t  d if fe re n c e s  were no t found fo r  p ro te in  y ie ld ,  days in  

m ilk c r  days open during  th e  l a c ta t io n .  A d ju stin g  fo r  the  le v e l  o f  

inb reed ing  in c reased  s l i g h t l y  th e  p ro p o rtio n  o f  th e  variance  o f  ige a t  

c a lv in g  accounted fo r  by l in e  d if fe re n c e s ,  causing  th e  mean square fo r 

l in e s  to  be s ig n i f ic a n t  a t  th e  IQ# le v e l  o f  p ro b a b i l i ty .

Exam ination o f  th e  c o n s ta n t e s tim a te s  fo r  th e  fou r l in e s  fo r  th e  

fo u r  components o f  y ie ld  in d ic a te d  th a t  th re e  o f  th e  l in e s  were o f 

approx im ate ly  equal g en e tic  m e r it ,  w hile  l in e  2 was s u b s ta n t ia l ly



i n f e r io r  to  a l l  o f them. D espite  the un iquely  su p e rio r performance o f 

the  lin e b red  progeny from l in e  1 , th is  l in e  only ranked th ir d  o f  the  

li l in e s  fo r  y ie ld s  o f  milk and f a t .  This was due to  the  poorer than 

average performance o f i t s  l in e c ro s s  progeny. The o v e ra ll  rep roductive  

performance o f l in e  1 was co n sid erab ly  b e t te r  than  th a t  o f  the  o th e r  

l in e s ,  i t s  lin e b red  progeny perform ing much b e t t e r  than the  lin eb red s 

o f  th e  o th e r  th ree  l in e s ;  i t s  l in e c ro s s  progeny perform ing s l ig h t ly  

worse. The d iffe re n c e  in  genera l combining a b i l i t y  fo r  days open 

between l in e  1 and the  mean o f the r e s t  o f th e  l in e s ,  was s ig n i f ic a n t  

a t  the  0.02552 le v e l reg a rd le ss  o f  whether the  da ta  were ad ju s ted  fo r 

th e  e f f e c ts  o f  inbreeding  o r  n o t.

R esu lts From Model I I I

Under Model I I I  each s i r e  line-darn l in e  combination was considered  

a sep a ra te  su b c lass . Because a l l  lin e b red  anim als from a s in g le  l in e  

were only lo ca ted  w ith in  a s in g le  herd i t  was no t p o ss ib le  to estim ate  

herd e f f e c ts  from th is  a n a ly s is .  Using the  tran sfo rm ation  m atrix  

described  e a r l i e r ,  th e  l in e a r  fu n c tio n s being f i t t e d  were o f  such a 

n a tu re  th a t  herd e f f e c ts  were a u to m atica lly  can ce lled  out in  the  

computation o f average h e te ro s is ,  genera l combining a b i l i t y ,  sp e c if ic  

combining a b i l i t y  and re s id u a l  re c ip ro c a l e f f e c t s .  M aternal e f fe c ts  

were t o t a l ly  confounded w ith  herd  e f fe c ts  and could not be estim ated  

in  th is  manner. The rem ainder mean squares from Models I I  and I I I  were 

s im ila r  in  magnitude in d ic a tin g  th a t  both models accounted fo r  an 

approxim ately equal p ropo rtion  o f  th e  t o t a l  v a ria n ce . Computing 

c o n s tan t estim ates fo r  h e te ro tic  e f f e c ts  by the  use o f l in e a r  functions



allowed them to be te s te d  fo r  s ig n if ic a n c e  a g a in s t th e  e r ro r  term 

rem aining when s i r e s  and s i r e  line-dam  l in e  su b c lasses  were absorbed 

in to  a l l  o th e r  e f f e c ts  in  the  model, u t i l i z in g  the " t"  t e s t  by a  sub

ro u tin e  b u i l t  in to  the  s t a t i s t i c a l  computer program.

Average H e te ro s is . The c o n s tan t e s tim a te s , le a s t- s q u a re s  means 

and stan d ard  e rro rs  fo r  average h e te ro s is  e f f e c ts  were c a lc u la te d  fo r  

th e  seven v a ria b le s  being examined and a re  given in  Table 2$ . When 

Model I I I  was used om itting  the l in e a r  reg re ss io n  on inb reed ing , average 

h e te ro s is  e f f e c ts  were s ig n i f ic a n t  a t  the  1* le v e l  fo r  a l l  four y ie ld  

t r a i t s .  When the  d a ta  were ad justed  fo r  the  e f f e c ts  o f in b reed in g , 

average h e te ro s is  e f fe c ts  were s t i l l  s ig n if ic a n t  a t  the  %  le v e l  fo r  f a t  

and p ro te in  y ie ld s  but d id  not reach  s ig n if ic a n c e  a t  the  10% le v e l  fo r  

y ie ld s  o f m ilk and SNF. The " t"  values in  th e  l a t t e r  two t r a i t s  were

l.hOLi and 1.522 rep re se n tin g  p ro b a b il i ty  va lues o f  0.17 and 0 .13 , 

re s p e c tiv e ly .

Evidence fo r  th e  presence o f  average h e te ro s is  e f f e c ts  e x is te d  a t  

the  1$ le v e l  fo r  rep roductive  performance when no adjustm ent fo r  th e  

e f f e c ts  o f inbreed ing  was made to  th e  d a ta . This s ig n i f ic a n t  d iffe re n c e  

between lin eb red s and l in e c ro s s e s , as under Model I I ,  d isappeared  vhen 

the l in e a r  reg re ss io n  on inb reed ing  was included in  th e  a n a ly s is .

S im ila r r e s u l ts  occurred fo r  days in  m ilk as under Model I I  with a d ju s t

ment fo r  inbreeding e f fe c ts  causing a marked increase  in  the  " t"  value 

fo r  average h e te ro s is ,  ra is in g  i t  from the le v e l  o f non s ig n if ic a n c e  to 

th a t  o f  s ig n if ic a n c e  a t  th e  le v e l  o f p ro b a b il i ty . No evidence was 

found fo r  h e te ro s is  e f fe c ts  r e la t in g  to  age a t  c a lv in g . A ll o f the 

co n stan t estim ates fo r  average h e te ro s is  ob tained  from Model I I I  were
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sm a lle r  than those found from Model I I ,  but the d iffe re n c e s  between the  

two s e ts  o f e stim ates  were not s ig n i f ic a n t .  The standard  e rro rs  o f the  

e stim ates  under Model I I I  were sm a lle r , in d ic a tin g  th a t  the estim ates 

under th is  model were more accu ra te  than those  ob tained  from Model I I  

(Table 30).

General Combining A b i l i ty .  G eneral combining a b i l i t i e s  o f  th e  

fou r l in e s  were estim ated  on the  performance of t h e i r  l in e c ro s s  progeny 

a lo n e . This method provided a more r e l i a b le  estim ate  o f th e  a d d itiv e  

g ene tic  m erit o f  a l in e  than i f  l in e b red s  were a l^o  included in  the 

e v a lu a tio n . I t  i s  p o ss ib le  in  lin e b re d s  fo r  c e r ta in  gene combinations 

to  be fix ed  w ith inb reed ing , which due to  e p is ta t i c  in te ra c tio n s  may 

make a p a r t i c u la r  s e t  o f  lin eb red s  perform  b e t te r  o r worse than  would 

be expected on th e  b a s is  o f t h e i r  a d d itiv e  genetic  m erit a lone . I f  

such a l in e  i s  c rossed , s e ts  o f genes ac tin g  e p i s ta t i c a l ly  e i th e r  

extrem ely favorab ly  o r unfavorably  a re  broken up, and a c le a re r  view 

o f  the r e la t iv e  a d d itiv e  genetic  p o te n t ia l  o f the d i f f e r e n t  l in e s  can 

be ob ta ined .

A comparison o f th e  estim ates o f  genera l combining a b i l i ty  under 

Models I I  and I I I  fo r th e  seven t r a i t s  being examined i s  given in  

Table 29. Under Model I I I  i t  was o f  i n t e r e s t  to  note t h a t  l in e  1 

ranked l a s t  o f th e  four l in e s  fo r  f iv e  o f th e  seven t r a i t s .  This 

in d ic a te d  th a t  th e  apparent g ene tic  s u p e r io r i ty  which lin eb red s  from 

l in e  1 had over a l l  th e  o th er lin e b re d s  was not tran sm itte d  to  i t s  

l in e c ro s s  progeny. Line 3 had improved the s tre n g th  o f  i t s  p o s itio n  

as being the b e s t o f the U l in e s  fo r  a d d itiv e  genetic  a b i l i t y  fo r  

y ie ld s  o f  milk and SNF, and had improved s u b s ta n t ia l ly  i t s  estim ated



r e la t iv e  m erit fo r  y ie ld s  o f  f a t  and p ro te in . The performance o f  l in e  

2 fo r  components o f y ie ld  evaluated  under Model I I I  was much b e t te r  

r e la t iv e  to  th a t  o f th e  o th e r  l in e s  than under Model I I ,  due la rg e ly  

to  th e  f a c t  th a t  th e  poor performance o f the  lin eb red s  had now been 

removed. The r e la t iv e  m erit o f  l in e  b d ec lin ed  when estim ated  under 

Model I I I  fo r a l l  fou r y ie ld  t r a i t s .

S p e c if ic  Combining A b il i ty  (SCA), The im position  o f the  

r e s t r i c t io n s  req u ired  to  enable the equations fo r  sp e c if ic  combining 

a b i l i t y  e f f e c ts  to  be so lved , re s u lte d  in  only two degrees o f freedom 

being l e f t  fo r  th ese  e f f e c t s ,  one fo r  the  estim ate  o f SCA fo r  the c ro ss  

between l in e s  1 and 2 (S -^ ) , the  o th e r  fo r the  c ro ss  between l in e s  1 

and 3 ( S ^ )«  E stim ates fo r  SCA fo r  o th e r  l in e b re d  combinations were 

then c a lc u la te d  on the  b a s is  o f the  r e s t r i c t io n s  th a t  had been imposed. 

The re la tio n s h ip  between SCA e s tim a te s  fo r th e  various l in e  com binations 

i s  i l l u s t r a t e d  f ig u ra t iv e ly  below, th e  l e t t e r  'a '  rep re sen tin g  the  

e stim ate  fo r  S ^ >  'b 1 rep re sen tin g  th e  e s tim ate  fo r  S ^ *

Line o f  Line o f S ire
Dam________  1 2 3 F ~
1 0 a  b -(a+b)

2 a 0 -(a+b) b

3 b -(a+b) 0 a

b________ -(a+b)_______ b_________ a________ 0

The e stim ates  o f s p e c if ic  combining a b i l i ty  e f f e c ts  compared the  

observed performance o f  s p e c if ic  re c ip ro c a l l in e  c ro sses w ith t h e i r  

expected performance le v e ls  based on th e  general combining a b i l i t i e s  

o f  the  l in e s  from which th ey  were derived . E stim ates o f  th e  computed



s p e c if ic  combining a b i l i t y  e f f e c ts ,  t h e i r  s tan d ard  e rro rs  and " t"  va lues 

used in  e stim atin g  t h e i r  s ig n if ic a n c e  fo r  each o f  the  seven t r a i t s  a re  

given in  Table 32. The estim ates  o f  SCA fo r  the rem ainder o f  the l in e -  

cross combinations c a lc u la te d  as described  above are  p resen ted  in  a 

m a tr ix - lik e  form in  Tables 33 and 3h.

One t r a i t  fo r  which th e re  appeared to  be a s ig n if ic a n t  sp e c if ic  

h e te ro s is  e f f e c t  between l in e s  was fo r  rep ro d u c tio n . This involved the 

progeny re s u l t in g  from c ro ss in g  l in e  1 and l in e  3> l in e  1 and l in e  ii, 

l in e  2 and l in e  3» and l in e  2 and l in e  !|. Animals re s u ltin g  from th is  

f i r s t  c ross showed very poor rep roductive  performance and were open 

17.36 days longer than the  average o f a l l  c ro sse s . This d iffe re n c e  was 

s ig n i f ic a n t  a t  th e  10$ le v e l  (P = 0 .0 7 ) . Examination o f  the  estim ates 

o f  sp e c if ic  combining a b i l i t y  fo r age a t  calv ing  revealed  th a t  they  

calved on the average 0.65 months o ld er than the average o f a l l  o th e r 

c ro sse s . This d iffe re n c e  was not q u ite  s ig n if ic a n t  a t  the 10$ le v e l 

(P * 0 .1 3 ), bu t the  tren d  seemed to  support the s ig n i f ic a n t  SCA e f fe c ts  

fo r  days open which had been observed. Progeny from the  c ross between 

l in e  1 and l in e  h showed much b e t te r  than  average rep roductive  p e rfo r 

mance being open 16.1U days le s s  than would be expected on the  b a s is  o f 

th e  general combining a b i l i t i e s  o f  t h e i r  p a re n ta l  l in e s .

The 23 anim als from th e  c ross between l in e s  2 and 3 were on3y open 

fo r  approxim ately 107 days. This was 23 days le s s  than would have been 

expected from the  average performance o f th e  lin e c ro sse s  from th ese  two 

l in e s  estim ated  from Model I I  and the d iffe ren c e  was s ig n i f ic a n t  a t  the  

10$ le v e l .  The 21 lin e c ro s s  anim als from mating l in e s  2 and i» a lso  

performed s ig n if ic a n t ly  b e t te r  on the average than expected,and were



open approxim ately  20 days le s s  than expected from the average p e rfo r 

mance o f l in e c ro s se s  from these  two l in e s .  However, the d iffe re n c e  

between the  re c ip ro c a l c ro sses  was approxim ately 90 days and th is  tended 

to  com plicate th e  conclusions drawn from th is  o b se rv a tio n . Taken as 

th e  simple average o f  th e  two re c ip ro c a l c ro sse s  th is  l in e c ro s s  had a 

poorer rep roductive  performance than average.

R esidual R eciprocal E ffe c ts  (HR). R esidual re c ip ro c a l e f f e c ts  

in  th is  an a ly s is  involved d iffe re n c e s  between re c ip ro c a l crosses which 

were caused by sex -linked  genes. Because m aternal e f f e c ts  were 

com pletely confounded w ith he rd s , they cance lled  ou t along w ith the  

herd  e f f e c ts  when the l in e a r  c o n tra s ts  fo r  e s tim atin g  re c ip ro c a l e f f e c ts  

given in  Table 3 were a p p lied . Three degrees o f freedom fo r  re c ip ro c a l 

e f f e c ts  remained a f t e r  the  r e s t r i c t io n s  requ ired  to  so lve  the  equations 

had been imposed. This allowed estim ates  o f  the  re s id u a l re c ip ro c a l 

e f f e c ts  fo r th e  c ro sses between l in e  1 and l in e  2 (R R ^ ), l in e  1 and 

l in e  3 (RR^-j) and l in e  2 and l in e  3 (R R ^ ) . By the n a tu re  o f the 

r e s t r i c t io n s  involved the estim ate  o f these  e f fe c ts  in  a re c ip ro c a l 

c ross were equal and opposite  in  s ig n . The method o f  u t i l i z i n g  the 

r e s t r i c t io n s  imposed to  compute th e  rem ainder o f the  re s id u a l re c ip ro c a l 

e f f e c ts  fo r  o th e r  lin e c ro sse s  i s  i l l u s t r a t e d  f ig u ra t iv e ly  below, the  

l e t t e r  ' a 1 rep re se n tin g  the  e f f e c t  fo r  the  RR12 c ro s s , *b' the  RR^

cross re c ip ro c a l e f f e c t  and rc ' the  RR23 re s id u a l re c ip ro c a l e f f e c t .

Line o f __________ Line o f S ire
Dam 1 2 3 U

1 0 -a  -b (a+b)
2 a 0 -c - ( a -c )

3 b c C -(b+c)

U -(a+b) (a -c )  (b+c) 0
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E stim ates o f  th e  computed re s id u a l re c ip ro c a l e f f e c t s ,  th e i r  standard  

e rro rs  and " t"  values computed a g a in s t the rem ainder mean square from 

the  a n a ly s is  o f  variance a re  given in  Table 35* The rem ainder o f  the  

re s id u a l  re c ip ro c a l e f fe c ts  estim ated  on the  b asis  o f the  r e s t r i c t io n s  

which had been imposed, a re  given in  Tables 36 and 37*

S ig n if ic a n t  re c ip ro c a l d if fe re n c e s  fo r  rep roductive  performance 

were observed in  c ro sses  between l in e  1 and l in e  3 a t  the 1C# le v e l ,  

and in  c ro sse s  between l in e s  1 and l in e  h. a t  the  le v e l  o f p ro b a b il i ty . 

The progeny r e s u l t in g  from th e  mating of dams from l in e  1 w ith s i r e s  from 

l in e  3 had a much poorer rep roduc tive  performance than the rec ip ro ca l 

c ro s se s . The d iffe re n c e  in  environm ental in flu en ces from Model I I  fo r 

rep ro d u c tio n ,fo r  l in e s  1 and 3 was 17 days in  favo r o f  l in e  1, the  a c tu a l 

d iffe re n c e  in  days open between the  c ro sses was however h2 days. The 

environm ental d iffe re n c e  fo r  days open between dams from l in e s  1 and I4 

was 27 days in  favor o f  l in e  U, the  a c tu a l observed d iffe ren c e s  between 

th e  re c ip ro c a l c ro sses  was 20 days in  favor o f  th e  crosses perform ing 

under the  environm ent o f l in e  1 , in d ic a tin g  a hi day d iffe ren c e  in  days 

open between th e  re c ip ro c a l c ro s se s . The d iffe re n c e  in  days open 

between the  re c ip ro c a l  c ro sses  o f l in e s  2 and h was 8? days in favor o f 

the  fem ales from l in e  2. When t h i s  d if fe re n c e  was ad ju s ted  for herd  

environm ental e f f e c ts  the  d iffe re n c e  in  days open decreased to 16 days 

s t i l l  in  favo r o f  th e  o ffsp r in g  whose dams came from l in e  2. A close  

exam ination o f the  animals whose dams came from l in e  h revealed  two 

o f  them to  be open fo r  le s s  than  100 days w hile th e  o th e r  two were each 

open fo r  about 270 days, the  r e l i a b i l i t y  o f the  average rep roductive  

performance estim ate  o f  th is  s id e  o f th e  re c ip ro c a l c ross had th e re fo re



to  be s e r io u s ly  questioned , and v a lid  conclusions could not be made on 

the  r e la t iv e  reproducing a b i l i t i e s  o f  these  re c ip ro c a l c ro sse s .

Comparison o f  L inebreds V ith  the  Mean o f  th e  R eciprocal L in ecro sses. 

There e x is te d  the  p o s s ib i l i ty  th a t  the s i r e s  chosen to  rep resen t each 

l in e  vere  not t r u ly  re p re se n ta tiv e  o f  the gene tic  m erit o f t h a t  l in e .

In o rd e r to  d e te c t  the  presence o f such an occurrence the genetic  m erits  

o f  th e  l in e s  vere  a lso  estim ated  on the  b a s is  o f  the  performance o f  the  

re c ip ro c a l lin e c ro s se s  o f  th a t  l in e  i . e .  th e  means o f  s ix  groups o f  

anim als vere  used to  a sse ss  the  le v e l  o f performance o f  the l in e c ro s se s  

from each l i n e .  S ub -c lass means estim ated  from Model I I I  vere  ad ju sted  

fo r  herd  environm ental e f f e c ts  using  the  e s tim ate s  o f  herd e f f e c ts  

found from Model I I .  The mean values fo r a l l  o f  the re c ip ro c a l c ro sses 

o f  each l in e  vere  averaged to  determ ine the  average performance o f the  

l in e c ro s se s  fo r  each l i n e .  The mean values o f  the  lin eb red s and

re c ip ro c a l  lin e c ro s se s  fo r  each l in e  are  compared in  Table 38.

This a n a ly s is  revealed  th a t  l in e s  1 , 3 and li vere  very s im ila r  in  

g en e tic  m erit f o r  m ilk p roduction , th e  l in e c ro s se s  in  each case y ie ld in g  

a l i t t l e  more than th e  l in e b re d s . The d iffe re n c e  between lin e c ro s se s  and 

lin e b re d s  fo r  th ese  th ree  l in e s  ranged from 70 to  270 pounds. The l in e -

bred  anim als o f  l in e  2 produced 2100 pounds le s s  milk than the  mean o f

the  o th e r  th ree  l in e s ,  i t s  l in e c ro s s  progeny a lso  producing 1100 pounds 

le s s  m ilk . On the  average over a l l  four l in e s  the  lin e c ro sse s  produced 

IjlO pounds more m ilk than the l in e b re d s . Based on the performance o f  

t h e i r  l in e c ro s s e s , a l l  l in e s  were approxim ately equal in  genetic  m erit 

fo r  y ie ld s  o f  f a t ,  SNF and p ro te in .  The lin e b re d  anim als from l in e  2 

performed a t  a low er le v e l  than the lin e b re d s  from the o th er th ree  l in e s
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in  y ie ld  o f  m ilk c o n s t itu e n ts . Crossbreds from l in e  2 produced m ilk o f  

h ig h er f a t ,  SNF and p ro te in  c o n ten t than the  rem ainder o f  th e  l in e c ro s s e s . 

A comparison o f  th e  milk com positional q u a li ty  o f  th e  lin e b red s  and 

lin e c ro sse s  from l in e  2 in d ic a te d  the  l in e c ro s se s  exceeded th e  lin eb red s 

fo r f a t  (3 .92 v s . 3 .6 3 ) , SNF (9*37 v s . 8 . 86) and p ro te in  percentages 

(3 .72 v s. 3 .9 8 ) . Over a l l  l in e s  th e  l in e c ro s se s  produced 30 pounds more 

each o f  f a t  and p ro te in , and 71 pounds more o f  SNF.

In  th ree  o u t o f  fou r o f  the l in e s  the  l in e c ro s se s  calved a t  an 

e a r l i e r  age than the l in e b re d s . The mean d iffe re n c e  between a l l  l i n e 

breds and lin e c ro sse s  was 0.26 months. A part from l in e  1 , the  l in e 

c ro sse s  had a b e t te r  reproductive  performance than  th e  l in e b re d s , the  

d iffe re n c e  in  days open fo r  each l in e  ranging from 18.6 to  Ij2.5 days.

In l in e  1 the lin e b re d s  were open 12.8 days le s s  than  th e  l in e c ro s s e s .  

There was a tendency fo r  the l in e c ro sse s  to  be more p e r s i s te n t  than the  

lin e b re d s , but the c l a r i t y  o f  th is  fea tu re  was somewhat obscured by 

th e  e f fe c ts  o f  inbreed ing  and l in e c ro s s in g  on the r e la te d  fa c to r  o f  

rep ro d u c tio n . In  l in e s  3 and b th e  lin eb red s  a c tu a l ly  milked longer 

than  th e  l in e c ro s se s , bu t the  d iffe re n c e  was sm a lle r than would have 

been expected on th e  b a s is  o f  t h e i r  much poorer rep roductive  perform ance.

A nalysis o f  th e  S ix-L ine Crosses 1

The progeny o f a l l  s ix  l in e s  were combined and analysed as a s in g le  

p o p u la tio n . The lin eb red s  from l in e s  1-b were the same as used fo r  th e  

fo u r- lin e  analyses except fo r  the progeny o f  s i r e  seven from l in e  1 

which were om itted  from the  e a r l i e r  analyses because th is  s i r e  d id  not 

have any lin e c ro s s  progeny in  l in e s  2, 3 o r  li. Because a l l  l in e c ro s s



combinations vere no t a v a ila b le  i t  was no t p o ss ib le  to  perform an 

a n a ly s is  u t i l i z in g  Model I I I  on these  d a ta . The method o f a n a ly s is  

performed under Model I I  was e x a c tly  the  same as described  fo r the fou r- 

l in e  c ro ss . The model was i n i t i a l l y  f i t t e d  om itting  the l in e a r  re g re s 

sion  on inbreed ing , and was then repeated  includ ing  th e  adjustm ent fo r  

th e  e f fe c ts  o f  inb reed ing . The analyses o f  variance fo r  the seven t r a i t s  

being examined are given in  Tables 39-b5> the  constan t e s tim a te s , l e a s t -  

squares means and s tandard  e r ro rs  a re  found in  Tables 1*6-52. F values 

fo r  making t e s t s  o f  s ig n if ic a n c e  were computed in  the  same way as fo r 

the  fo u r- lin e  c ross a n a ly s is .

Average H e te ro s is . R esu lts from the Analyses o f  Variance revealed  

th a t  when the  data  were unadjusted fo r  the  le v e l o f  inb reed ing , the  mean 

square fo r average h e te ro s is ,  as in d ic a te d  by type o f breed ing , was 

s ig n if ic a n t  a t  the 1% le v e l  fo r  a l l  fou r y ie ld  t r a i t s .  The average 

y ie ld  o f  the  l in e c ro s se s  exceeded th a t  o f  th e  purebreds by 723, ? 3> 63 

and 26 pounds o f  m ilk , f a t ,  SNF and p ro te in , re s p e c tiv e ly . When the  

l in e a r  reg re ss io n  on inbreeding was included in  the  model the  reg ress io n  

c o e f f ic ie n ts  were o f  sm all magnitude and negative  in  n a tu re  fo r  y ie ld s  

o f  m ilk , f a t  and SNF, b u t the  c o e f f ic ie n t  fo r  y ie ld  o f  p ro te in  equalled  

+0.20. However, in  a l l  four cases the s tandard  e rro rs  fo r  the  

reg re ss io n  c o e f f ic ie n ts  were s u b s ta n t ia l ly  la rg e r  than th e  a c tu a l 

e s tim a te s . A djusting the d a ta  fo r le v e l  o f inbreeding increased  the 

s iz e  o f  the  standard  e rro rs  fo r  a l l  o f  the  constan t e s tim a te s . As a 

r e s u l t ,  though l i t t l e  change was observed in  th e  r e la t iv e  y ie ld s  o f  

lin e b red s  and lin e c ro s se s  fo r  a l l  fo u r  y ie ld  t r a i t s  the F values were 

decreased  considerab ly  in  s iz e .  When the d a ta  were ad ju sted  fo r
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inb reed ing  the  mean square fo r milk y ie ld  was no longer s ig n if ic a n t  a t  

th e  10$ le v e l  (P = 0 .1 5 ) . The mean square fo r  average h e te ro s is  fo r  

y ie ld  o f SNF j u s t  f a i le d  to  be la rg e  enough to  meet th e  10$ le v e l  o f 

s ig n if ic a n c e  requirem ents (P * 0 .1 1 ) . However, the mean squares fo r  

y ie ld s  o f  f a t  and p ro te in  though considerab ly  reduced in  s iz e  were s t i l l  

s ig n i f ic a n t  a t  the  %  le v e l  o f  p ro b a b il i ty .

When the d a ta  were uncorrected  fo r  le v e l  o f inbreeding the mean 

square fo r average h e te ro s is  fo r  age a t  calv ing  was s ig n if ic a n t  a t  the 

5% l e v e l .  Adjustment o f th e  d a ta  fo r  le v e l o f inbreeding caused th i s  

mean square to  d ec lin e  to  an extrem ely  low le v e l  and i t  would appear 

t h a t  the o ld e r age a t  calv ing  (+0.5 Mo.) o f  the  lin eb red s when compared 

w ith  th e  lin e c ro sse s  could be exp la ined  on the  b a s is  o f the e f f e c ts  o f 

inbreed ing  a lone . The observations from th e  analyses o f  variance fo r 

days open during la c ta t io n  were very  s im ila r  in  nature  to  those made 

from the analyses on age a t  ca lv in g . Using the  model excluding the 

adjustm ent fo r  le v e l  o f  inbreed ing  revealed  th a t  the  lin eb red s  were open 

fo r  21 days longer than  the  l in e c ro s s e s .  A djusting fo r  the le v e l  o f  

inbreed ing  caused th is  d iffe re n c e  to  be reduced to  12 days, which while 

n o t s ig n i f ic a n t ,  d id  in d ic a te  the  p o ss ib le  presence o f some small 

h e te ro t ic  e f fe c ts  fo r  rep roductive  perform ance. No evidence was found 

fo r  s ig n if ic a n t  average h e te ro s is  fo r days in  milk using both an a ly se s . 

However, even though the lin e c ro s se s  on the  average were open fo r  12 

days le s s  than the  l in e b re d s , th e i r  leng th  o f  la c ta t io n  was f iv e  days 

g re a te r .

When l in e a r  c o n tra s ts  were used to  compare the  lin e c ro sse s  w ith the 

lin e b red s  the r e s u l ts  given in  Table 53 in d ic a te d  s ig n if ic a n t ly  su p e rio r
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performances o f  the l in e c ro s se s  fo r  s ix  out o f  the  seven t r a i t s  when the 

d a ta  were unadjusted  fo r  le v e l  o f  ino reed ing . A fte r  adjustm ents fo r 

le v e l  o f  inb reed ing , the  lin e c ro sse s  were s t i l l  s ig n i f ic a n t ly  su p e rio r 

to  th e  lin e b re d s  fo r  y ie ld s  o f  f a t  and p ro te in  and age a t  f i r s t  ca lv in g .

Line H e te ro s is . The adjustm ent o f  the  d a ta  fo r e f f e c ts  o f  

inbreed ing  by inc lud ing  in  th e  model the l in e a r  reg ress io n  cn le v e l  o f 

inbreed ing  d id  not cause any app reciab le  change in  the  s iz e  o f  the mean 

square fo r  l in e  h e te ro s is ,  as in d ic a te d  by s i r e - l in e  x type o f  breeding 

in te ra c t io n ,  fo r  any o f  th e  seven t r a i t s .

The mean squares fo r  l in e  h e te ro s is  were s ig n if ic a n t  a t  the $% 

le v e l  fo r  y ie ld s  o f  milk and f a t ,  and a t  the 10# le v e l  fo r  y ie ld s  o f  

SNF and p ro te in . No evidence was found fo r  l in e  h e te ro s is  fo r  the  th ree  

o th e r  t r a i t s .  An exam ination o f th e  le a s t-sq u a re s  means and standard  

e rro rs  revealed  th a t  fo r  a l l  o f  the l in e s  except l in e  1 the lin e c ro sse s  

exceeded the lin e b red s  in  production  o f  m ilk , SNF and p ro te in . The 

y ie ld s  o f f a t  fo r  th e  lin e b red  and l in e c ro s s  progeny from l in e  b were 

alm ost eq u a l. In  a l l  the o th e r l in e s  except l in e  1 the lin e c ro sse s  

c o n s is te n tly  outperform ed the l in e b re d s  fo r  y ie ld  o f  f a t .  The rep ro 

ductive  performance o f the  l in e c ro s se s  was su p e rio r  to  th a t  o f th e  

lin e b red s  in  a l l  6 l in e s .  D ifferences between lin e c ro sse s  and lin eb red s  

in  days open during la c ta t io n  ranged from 6-b l  days. No uniform p a tte rn  

o f  d iffe re n c e s  between lin e c ro sse s  and lin eb red s  was observed fo r  age 

a t  f i r s t  ca lv ing  o r days in  milk during la c ta t io n .

General Combining A b il i ty .  The mean square fo r l in e s  fo r  a l l  

t r a i t s  was not s ig n i f ic a n t ly  changed by includ ing  the  l in e a r  reg re ss io n  

on inbreed ing  in  the model. For each o f the  four y e ild  t r a i t s  i t  was
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h igh ly  s ig n i f ic a n t  a t  the  1% le v e l  o f  p ro b a b il i ty .  This confirm ed, as 

expected from the r e s u l ts  o f  the  fo u r- lin e  c ro ss  d a ta , th a t  s ig n if ic a n t  

d iffe re n c e s  in  breeding values fo r  production  t r a i t s  ex isbed between 

l in e s .  The o rd er o f  ranking o f  l in e s  1—U was e s s e n t ia l ly  th e  same as 

th a t  found from th e  fo u r - lin e  an a ly s is  except th a t  l in e  1 was now ranked 

above l in e  It. Line 2 was s t i l l  computed to  be much lower in  general 

combining a b i l i ty  than the l in e s  1 , 3 o r li. L ines 5 and 6 were even 

lower in  breeding  value than l in e  2 and were ranked in  th a t  o rd e r .

L i t t l e  d iffe re n c e s  in  genera l combining a b i l i t y  were found to  e x is t  

between l in e s  1 , 3 and li, when th e i r  breeding values were estim ated  

on the b a s is  o f the  performance o f  both t h e i r  lin e b red  and l in e c ro s s  

daugh ters.

The mean squares fo r  l in e s  were no t s ig n i f ic a n t  fo r  age a t  f i r s t  

ca lv ing  o r fo r days in  milk during f i r s t  l a c ta t io n .  The mean square 

fo r  l in e s  was s ig n if ic a n t  a t  the %  le v e l  o f  p ro b a b il i ty  fo r  days open 

during la c ta t io n  in d ic a tin g  s ig n i f ic a n t  d iffe re n c e s  in  breeding value 

fo r  rep roductive  performance between l in e s .  The average number o f  

days open during  la c ta t io n  ranged from 115 days fo r  progeny o f  l in e  5 

to  151* days fo r  progeny o f l in e  lu

i



DISCUSSION

The r e s u l ts  which have been p resen ted  in  the previous sec tio n  

revea led  ex tensive  g ene tic  d iffe re n c e s  between l in e s .  The e f f e c ts  o f 

an inbreed ing  program d if fe re d  w idely between l in e s .  The re la tio n s h ip  

between the performance o f  lin e b re d  and l in e c ro s s  progeny w ith in  a 

l in e  d if fe re d  w idely between l in e s .  W ithin a s in g le  l in e  the e f f e c ts  

o f  inbreeding  on d i f f e r e n t  t r a i t s  tended to  be f a i r l y  uniform, however 

in  c e r ta in  o f the l in e s  excep tions to  t h i s  were observed. The 

observation  o f  th ese  d if fe r in g  and sometimes even c o n f l ic t in g  r e s u l ts  

would le a d  to  the suggestion  th a t  the types o f  gene a c tio n  most 

im portant fo r  some o f  the  t r a i t s  were d i f f e r e n t  in  d i f f e r e n t  l in e s .

The o v e ra l l  e f f e c t  o f  inbreed ing  on y ie ld s  o f  m ilk, f a t ,  SNF and 

p ro te in  was to  depress s l i g h t ly  t h e i r  le v e ls  o f  p roduction . However, 

in  l in e s  1 and b s ig n i f ic a n t  improvement in  le v e l  o f  production  was 

observed. These in c reases  in  y ie ld  were o f  a la rg e  enough na tu re  to  

re fu te  the  commonly expressed view th a t  inbreed ing  always r e s u l ts  in  

a  decreased  le v e l  o f  perform ance. The e x te n t to  which inbreeding 

depressed m ilk production in  the  o th e r  fo u r l in e s  v a ried  w idely . The 

e f f e c t  on l in e  3 was reasonably  sm all in  magnitude, the reg re ss io n  

c o e f f ic ie n t  e q u a llin g  -11 pounds per one p e rcen t increase  in  le v e l  o f  

in b reed in g . The reg re ss io n  c o e f f ic ie n ts  o f  m ilk y ie ld  on p e rcen t
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inb reed ing  le v e l  fo r  l in e s  2 and 6 o f  -38 and - 2b pounds, re sp e c tiv e ly , 

agreed f a i r l y  c lo s e ly  w ith  th e  r e s u l ts  o f  previous inbreeding  ex p e ri

ments rep o rted  in  th e  review o f  l i t e r a t u r e .  These two l in e s  were 

developed w ith in  the same h e rd . The constan t e stim ates  and l e a s t -  

squares means fo r  herd  e f f e c ts  revealed  th a t  th is  herd  had the  b e s t 

environment o f  a l l  the herds included in  the  s tu d y . In l in e  5, 

inbreed ing  had a  d r a s t ic  e f f e c t  on le v e l  o f  milk production  as the 

reg re ss io n  c o e f f ic ie n t  o f -160 pounds c le a r ly  suggested .

The breeding program used in  an inbreeding scheme has the e f f e c t  

o f  in c reas in g  homozygosity o f  l i n e s .  I f  th e re  were a number o f genes 

p resen t in  the homozygous s ta te  which acted  in  an e p is ta t i c  manner 

w ith  each o th e r , then  inbreed ing  could  r e s u l t  in  the  f ix in g  o f  sp e c if ic  

gene com binations. I f  e p is ta t i c  gene in te ra c tio n s  were im portant in  

determining the performance o f  an in d iv id u a l fo r  a t r a i t ,  then th e  

fix in g  o f  e i th e r  favo rab le  o r unfavorable combinations o f  genes by 

inbreed ing  could cause extreme d ev ia tio n s  in  le v e l  o f performance o f 

the l in e b re d s  from the  mean o f t h e i r  l in e c ro s s  contem poraries. When 

those l in e s  in  which e p is ta t i c  gene e f fe c ts  vere  im portant would be 

crossed  w ith  l in e s  having d i f f e r e n t  gene frequencies and gene combina

t io n s , t h e i r  s p e c if ic  gene com binations would be broken up and the  

re s u l tin g  progeny would be expected to  perform a t  a le v e l  r e f le c t in g  

only th e  a d d itiv e  g ene tic  m erit o f  t h e i r  p a re n ts . The favorable e f f e c ts  

which inbreeding  had on the m ilk production  o f  l in e s  1 and b could in  

theory  be due to  e i th e r  (a ) The s i r e s  chosen to  s t a r t  th ese  l in e s  being 

o f  ou tstand ing  g en e tic  m e rit, the  inbreeding program causing th e i r  

o ffsp rin g  to  receive  an in c reas in g  p ro p o rtio n  o f  th e i r  su p e rio r genes,



o r  (b) An accum ulation and f ix a t io n  o f  a s e t  o r s e ts  o f genes rendered 

homozygous by inbreeding  and ac tin g  favorab ly  to g e th e r  as a u n i t  in  

e p is ta t i c  com bination. I f  each o f these  gene p a ir s  vere  homozygous 

w ith in  a l in e  then c ro ss in g -o v e r would not cause a change in  the 

e p is ta t i c  com binations.

I f  the  f i r s t  circum stance were c o rre c t we would expect the l in e  to  

tran sm it i t s  su p e rio r  a d d itiv e  g en e tic  m erit to  i t s  l in e c ro s s  o f fsp r in g , 

re s u l t in g  in  an extrem ely high genera l combining a b i l i t y  estim ate  fo r 

th i s  l i n e .  I f  th e  good performance o f  th e  lin e b red s  was due la rg e ly  to  

e p i s ta t i c  gene in te ra c t io n s  then we would expect l in e  cro ssing  to  cause 

a d is ru p tio n  o f  the  gene com binations and th e  re s u l t in g  lin e c ro ss  

progeny to  perform  poorer than expected from the production  le v e ls  o f  

the  p a re n ts .

When favorable dominance e f f e c ts  p lay  an im portant p a r t  in 

determ ining the le v e l  o f  milk p roduction , th e  in c reas in g  degree o f  

homozygosity r e s u l t in g  from an inbreed ing  program would be expected 

to  r e s u l t  in  a depression  o f le v e l  o f perform ance. I f  d i f f e r e n t  a l l e l e s  

were homozygous in  d i f f e r e n t  l in e s ,  l in e c ro s s in g  would be expected to  

cause a sudden in c rease  in  degree o f  h e te ro zy g o sity  and an improvement 

in  le v e l  o f  production  should r e s u l t .

The mean squares fo r  average h e te ro s is  fo r milk y ie ld  in d ica ted  

th a t  the l in e c ro s se s  s ig n i f ic a n t ly  ou ty ie lded  the lin e b re d s . When th e  

d a ta  were co rrec ted  fo r  le v e l  o f  inb reed ing , the F values fo r  average 

h e te ro s is  were s t i l l  q u ite  la rg e  but d id  not q u ite  a t t a in  th e  1(# le v e l  

o f  s ig n if ic a n c e . This in d ica ted  th a t  w hile dominance e f f e c ts  were o f



s ig n if ic a n c e  in  determ ining m ilk y ie ld ,  the importance o f  s i tu a t io n s  

in  which the  heterozygous gene p a ir  was su p e rio r to  e i th e r  o f  the 

homozygotes was r a th e r  low.

When the  m ilk y ie ld  o f  each o f  th e  l in e s  was considered  se p a ra te ly  

th e re  appeared to  be evidence fo r  d i f f e r e n t  types o f  gene e f f e c ts  being 

im portant fo r  the  same t r a i t .  The r e s u l ts  from Model I I  in d ic a te d  th a t  

th e  lin e b re d  progeny from l in e  1 perform ed much b e t t e r  than th e  o th er 

l in e b re d s , even o u ty ie ld in g  i t s  own l in e c ro s s e s . This a n a ly s is  examined 

only the  lin e c ro ss  anim als on a w ith in  s i r e  and l in e  b a s is  and ignored 

the  performance o f  the re c ip ro c a l c ro s s . When th e  re c ip ro c a l c ro sses 

were included in  th e  comparison, no d iffe ren c e  in  m ilk y ie ld  was found 

between th e  l in e c ro s s  and lin e b re d  progeny o f  l in e  1 , w ith the  lin eb red s  

producing a t  a s im ila r  le v e l  to  those  o f  l in e s  3 and h . These two 

methods o f  e stim atio n  o f  the mean y ie ld  o f  the  lin eb red s  produced values 

d i f fe r in g  by 700 pounds fo r  milk y ie ld .  This change was m ainly respon

s ib le  fo r  the  y ie ld s  o f  the  l in e b re d s  and lin e c ro s se s  being no longer 

s ig n i f ic a n t ly  d i f f e r e n t .  No s ig n if ic a n t  re c ip ro c a l d iffe re n c e s  fo r  any 

o f  the production  t r a i t s  were found fo r  any o f  the  l in e c ro s s e s .  Line 1 

a lso  had a h igh ly  s ig n if ic a n t  p o s it iv e  reg re ss io n  fo r  milk y ie ld  on 

degree o f  inb reed ing . The d iffe re n c e  between the r e s u l ts  o f  the  two 

analyses fo r  l in e  1 a re  no t easy  to  e x p la in . In  the  a n a ly s is  which 

included the re c ip ro c a l lin e c ro s se s  no adjustm ent was made fo r  herd  x 

y e a r in te ra c t io n s  which Model I I  revealed  to  be o f  s ig n i f ic a n t  impor

tan c e . However, th i s  was l ik e ly  to  account only fo r  a sm all p o rtio n  o f  

the d iffe re n c e  as a c lo se  exam ination o f  the d a ta  revealed  th a t  both 

th e  lin eb red s  and l in e c ro s se s  were f a i r l y  uniform ly d is t r ib u te d  across



herds and y e a rs . The f a i lu r e  o f inbreed ing  to  cause a decrease in  milk 

y ie ld  would in d ic a te  t h a t  favorab le  dominance a l l e l e s  were o f minor 

importance in  r e la t io n  to  a d d itiv e  gene tic  e f f e c ts  in  determ ining milk 

production  fo r  l in e  1 . Line 1 appeared to  be o f  approxim ately equal 

ad d itiv e  g en e tic  m erit to  l in e s  3 and Li.
Line It performed f a i r l y  s im ila r ly  to  l in e  1 fo r  production  t r a i t s  

during inb reed ing . The le v e l  o f  m ilk production o f  i t s  lin e b red  

progeny increased  s l ig h t ly  w ith  in c reas in g  degree of inb reed ing . The 

s u p e r io r i ty  o f  i t s  l in e c ro s se s  to  i t s  lin eb red s  was about the average 

fo r  a l l  l in e s  as in d ic a te d  by the constan t e stim ates fo r  l in e  h e te ro s is .  

The sm all though n o n -s ig n if ic a n t su p e r io r i ty  o f the lin e c ro s se s  over 

the lin e b red s  suggested th a t  dominance e f f e c ts  fo r  m ilk y ie ld  were 

p re se n t in  th is  l in e  b u t vere  o f  r e la t iv e ly  minor importance in  r e la t io n  

to  a d d itiv e  e f f e c ts .

Line 3 showed a sm all depression  in  m ilk y ie ld  during inb reed ing , 

but i t s  l in e c ro s s  progeny performed s im ila r ly  to  the lin e c ro sse s  from 

l in e s  1 and U. The evidence fo r  a depression  in  milk production  w ith 

inbreeding  would imply th a t  dominance gene e f f e c ts  had a sm all but 

im portant ro le  in  c o n tro llin g  i t s  le v e l  o f  p roduction .

Line 2 su ffe re d  a s ig n i f ic a n t  depression  in  milk y ie ld  w ith 

inb reed ing , in d ic a tin g  th a t  dominance o r e p is ta t i c  gene e f f e c ts  were 

o f  importance in  c o n tro llin g  th is  t r a i t  in  th is  p a r t ic u la r  l in e .  The 

performance o f  both i t s  lin e b re d  and lin e c ro s s  progeny were below the 

average o f  the lin e b re d  and l in e c ro s s  progeny from the o th e r f iv e  l in e s ,  

in d ic a tin g  i t  to  be o f  low a d d itiv e  genetic  m erit fo r  m ilk p roduction .

I t  ranked fou rth  o f  the  s ix  l in e s  s tu d ie d . There appeared to be no



evidence o f  over-dominance occurring  in  the  c ro sses o f  th is  l in e ,  and 

th e  improved performance o f  the lin e c ro s se s  over the lin eb red s  appeared 

to  be la rg e ly  due to  the  recovery o f  th e  v ig o r l o s t  during inbreed ing  

and to  favorable ad d itiv e  genes i t  received  from o th e r  l in e s .

The m ilk y ie ld  o f  the  progeny o f  l in e  $ was very se v e re ly  depressed 

under inbreed ing  as the reg ress io n  c o e f f ic ie n t  o f - l 60 pounds pe r degree 

o f  inbreed ing  suggested . The e x te n t o f  t h i s  dep ression  could in d ic a te  

th e  p resence o f  im portant d e le te r io u s  re c e s s iv e s , the very  la rg e  

importance o f dominance gene e f f e c ts  in  determ ining th i s  t r a i t ,  o r  the 

development o f the  l in e  from s i r e s  o f  extrem ely low a d d itiv e  genetic  

m e r it . The development and fix in g  o f unfavorable combinations o f  genes 

a c tin g  in  an e p is ta t i c  way to g e th e r  could a lso  cause th i s  dep ress io n .

The performance o f  the l in e c ro s s  progeny from l in e  5 r e la t iv e  to  th e  

lin eb red s  was not as g re a tly  su p e rio r  as a n tic ip a te d , had the  inbreeding  

depression  been due to  the  f ix in g  o f unfavorable gene com binations, the 

removal o f  favorable dominance in  mean y ie ld  being only about $C0 

pounds. This would support the  th eo iy  th a t  th e  foundation s i r e s  fo r  

l in e  5 were o f  extrem ely low a d d itiv e  genetic  m erit and th a t  th e  la rg e  

l in e a r  red u c tio n  in  milk p roduction  viith inbreeding was mainly due to  

an in c reas in g  le v e l o f r e la tio n s h ip  to  them.

The e f f e c t  o f  inbreed ing  on the milk y ie ld  o f  l in e  6 was not q u ite  

as d e trim en ta l as on l in e  2 lin e b red  in d iv id u a ls . However, the  general 

combining a b i l i t y  o f  l in e  2 estim ated  on the b a s is  o f  both lin e b re d  and 

lin e c ro s s  progeny performances was very  s ig n i f ic a n t ly  b e t t e r .  Line 6 

was c le a r ly  much in f e r io r  to  a l l  o f  the  o th e r  l in e s  in  a d d itiv e  genetic  

m erit fo r  milk p roduction . The milk y ie ld  o f  i t s  l in e c ro s s  progeny was
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below th a t  o f both th e  l in e c ro s s  and lin e b re d  progeny o f  a l l  l in e s  

except fo r  the  lin e b red s  from l in e  5 . The moderate dep ression  in  milk 

y ie ld  th a t  occurred w ith  inbreed ing  would in d ic a te  th a t  dominance 

e f f e c ts  were im portan t, bu t th e  r e la t iv e  e x te n t by which the s u p e r io r i ty  

o f  the  l in e  6 lin e c ro s se s  over th e  lin e b red s  was due to  th e  recovery o f  

the  heterozygous co n d itio n  o r to  th e  recep tio n  o f su p e rio r  a d d itiv e  

genes from the l in e s  on which i t  wo.3 being cro ssed  was d i f f i c u l t  to  

a s c e r ta in .

The s ig n if ic a n t  mean squares fo r  average h e te ro s is  fo r y ie ld s  of 

f a t  and p ro te in  rem aining a f t e r  the d a ta  had been ad ju s ted  fo r le v e l  o f  

in b reed in g , in d ica ted  th a t  over-dominance e f fe c ts  were o f  importance 

fo r  these  t r a i t s .  The mean square fo r  y ie ld  o f  SNF when th e  d a ta  were 

co rrec ted  fo r  le v e l  o f  inbreeding  d id  not q u ite  reach th e  1C$ le v e l  o f  

s ig n if ic a n c e  but was la rg e  enough in  magnitude to  in d ic a te  th a t  over

dominance gene e f fe c ts  may have played a minor ro le  in  c o n tro llin g  th is  

t r a i t .  I t  was in te re s t in g  to  note in  th e  a n a ly s is  comparing th e  l in e 

breds w ith  the  re c ip ro c a l l in e c ro s se s  t h a t  in  only one case d id  the 

y ie ld  o f  a l in e c ro s s  f a i l  to  exceed the y ie ld  o f  the  b e s t l in e b re d  fo r  

f a t ,  SNF and p ro te in . T his excep tion  was due to  th e  extrem ely  high f a t  

y ie ld  o f l in e  I4 l in e b re d  anim als which exceeded a l l  o f the  l in e c ro s s e s .

The mean squares fo r  l in e  h e te ro s is  fo r  y ie ld s  o f  f a t  and SNF were 

s ig n i f ic a n t  in  both the  a n a ly s is  o f  th e  fo u r- lin e  c ro sses and the 

a n a ly s is  o f  th e  s ix - l in e  c ro s se s . The mean square fo r  l in e  h e te ro s is  

fo r  y ie ld  o f  p ro te in  was only  s ig n i f ic a n t  fo r  the a n a ly s is  o f  th e  s ix -  

l in e  c ro sse s .



No d e f in i te  p a tte rn s  o f  change in  percentage o f  milk c o n s titu e n ts  

vere  observed, but over a l l  l in e s  th e  lin e c ro ss  anim als besides 

producing about 720 more pounds o f m ilk than  the lin e b red s  a lso  

produced milk which averaged s l i g h t ly  h igher (0 .05$) in  f a t  co n ten t. 

Percentages o f  SNF and p ro te in  fo r the  lin e b red  and lin e c ro s s  anim als 

appeared to  be e s s e n t ia l ly  the  same. I t  would appear th e re fo re  th a t  

th e re  i s  evidence to  support the  concept o f  h e te ro s is  fo r  f a t  percen tage 

in  m ilk , but th a t  the  d iffe ren c e  in  le v e ls  o f y ie ld  o f  the  l in e c ro s s  and 

lin e b re d  anim als fo r  SNF and p ro te in  was la rg e ly  due to  the high c o rre 

la t io n  between the y ie ld  o f  milk and th a t  o f  i t s  c o n s t i tu e n ts .  There i s  

in  genera l an inverse  re la tio n s h ip  between milk y ie ld  and milk composi

t io n a l  q u a l i ty  which tends to  cause the  variance o f  m ilk c o n s titu e n t 

y ie ld s  to  be r e la t iv e ly  sm alle r than  th a t  o f  milk y ie ld  i t s e l f .  The 

ob serv a tio n  th a t  the lin e c ro s se s  produced considerab ly  more m ilk , o f  

equal SNF and p ro te in  q u a li ty , than  the  lin eb red s  would suggest th a t  

th e re  was p re se n t a sm all amount o f h e te ro tic  e f f e c ts  fo r  SNF and 

p ro te in  percentage which overcame th e i r  u su a lly  negative  c o rre la tio n s  

w ith m ilk y ie ld .

Inbreed ing , on the  average, appeared to  s l ig h t ly  increase  the age 

a t  ca lv ing  o f the  l in e b re d s , the d iffe ren c e  being approxim ately 0 .5  

months when estim ated  under Model I I ,  however, the r e la t iv e  e f f e c ts  o f  

inbreed ing  v a rie d  w ith d i f f e r e n t  l i n e s .  I t  was im possible to  say 

whether th e  delayed age o f the  lin e b red s  a t  ca lv ing  was due to  poorer 

rep roductive  perform ance, o r  perhaps to  th e i r  somewhat sm alle r s iz e  

than th e  l in e c ro s se s  a t  breeding tim e. The observation  th a t  the l i n e 

c ro sses  had a b e t te r  rep roductive  performance than th e  lin eb red s  during



t h e i r  f i r s t  l a c ta t io n  would lend  support to  th e  f i r s t  p ro p o sa l. In  

fou r out o f  the  s ix  l in e s  the  l in e c ro s se s  calved  a t  a younger age than  

th e  l in e b re d s , in  one o th e r  l in e  th e  ages were alm ost id e n t ic a l  while 

in  l in e  3 the lin eb red s  freshened O.li months before  th e  l in e c ro s s e s .

The d iffe re n c e s  in  age a t  ca lv in g  only exceeded one month fo r  lin e b red  

and l in e c ro s s  progeny o f  l in e s  1 and 5 . Since th ere  was nc evidence fo r 

s ig n i f ic a n t  l in e  h e te ro s is  e f f e c ts  i t  would appear t h a t  the  in fluence  o f 

inbreed ing  and lin e c ro s s in g  on age a t  ca lv in g  was e s s e n t ia l ly  the same 

fo r  each o f the  s ix  l in e s .

One o f  th e  main g u id e lin es  which the  d a iry  farmer uses to  term inate  

th e  la c ta t io n  o f a cow i s  h e r expected freshen ing  d a te .  Advancing 

pregnancy a lso  has an in h ib ito ry  p h y sio lo g ica l a c tio n  on m ilk y ie ld .

The time a t  which the  dairyman a c tu a l ly  term ina tes the  la c ta t io n  o f  a 

cow is  u su a lly  decided by a sim ultaneous c o n sid e ra tio n  o f these  two 

fa c to rs  o f  d a ily  y ie ld  and expected freshen ing  d a te . The length  o f  

la c ta t io n  and the number o f  days a cow i s  open du ring  th is  period  should 

th e re fo re  be considered  to g e th e r  as in te r r e la te d  to p ic s .  The l in e 

c ro sses on the  average m ilked 3 days lo n g e r than th e  lin e b red s  y e t were 

open fo r  21 days l e s s .  This would suggest th a t  th e re  was d e f in i te  

evidence fo r  h e te ro s is  fo r  l a c ta t io n  le n g th  in  the  l in e c ro s s e s .  A 

c lo s e r  comparison o f  days open and days in  milk fo r  th e  lin eb red s and 

lin e c ro s se s  o f each l in e  revealed  th a t  except in  the case  o f  l in e  5 the 

l in e c ro s se s  appeared to  be more p e r s i s te n t  than th e  l in e b re d s . In  l in e s  

3 and h th e  lin eb red s  were open 36 and 51 days, respec tive ly ,m ore  than  

t h e i r  l in e c ro s s  contem poraries y e t they  only milked about 2-3 days 

lo n g er, and i t  would appear th a t  t h e i r  p e rs is te n c y  was r e la t iv e ly  lower
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than th a t  o f the  l in e c ro s s e s . I t  is  perhaps o f in te r e s t  to  note the 

unique performance o f  the  l in e b re d  anim als from l in e  1 which under 

Model I I  were open fo r  6 days lo n g er and milked fo r  11 days le s s  than 

t h e i r  l in e c ro s s  contem poraries, y e t  s t i l l  managed to  produce a sub

s t a n t i a l l y  g re a te r  volume o f  m ilk .

A comparison o f  the performance o f  th e  lin e b re d  and lin e c ro s s  

progeny from l in e s  $ and 6 fo r  m ilk y ie ld  and rep roductive  performance 

in d ic a te d  th a t  inbreeding  d id  not have uniform e f f e c ts  fo r a l l  t r a i t s .  

Inbreeding  o f l in e  5 had a very  d ra s t ic  e f f e c t  on milk p roduction , y e t 

f e r t i l i t y  did no t appear to  have been a l te r e d .  A s im ila r  though le s s  

s t r ik in g  comparison was seen fo r  l in e  6. From the p o in t o f  view o f  l in e  

b the  s i tu a t io n  was reversed  w ith th e  e f f e c t  o f  inbreed ing  on milk y ie ld  

being e s s e n t ia l ly  zero to  s l ig h t ly  p o s it iv e  in  natu re  and the  e f f e c t  on 

reproduction  being c le a r ly  adverse .

There was no d e f in i te  s t a t i s t i c a l  evidence fo r  n ick ing  among l in e s ,  

fo r  any o f  the h l in e s  evaluated  in  th is  re sp e c t, fo r y ie ld s  o f m ilk , 

f a t ,  SNF and p ro te in . However, th i s  d id  not ru le  out the p o s s ib i l i ty  o f 

a n ick ing  e f f e c t  occurring  due to  e p is ta t i c  e f f e c ts  among o th e r  l in e  

com binations. There was evidence fo r  s ig n if ic a n t  sp e c if ic  combining 

a b i l i t y  e f fe c ts  fo r  rep roductive  performance fo r  four o f  the l in e c ro s s  

com binations, and fo r  re s id u a l re c ip ro c a l e f fe c ts  fo r  rep roduction  in 

two o f the  c ro s se s . The d a ta  a v a ila b le  d id  not provide d e f in i te  

exp lanations o f the  observed re c ip ro c a l c ro ss d if fe re n c e s  in  reproduc

t io n  to  be made w ith any ap p rec iab le  degree o f r e l i a b i l i t y ,  however, 

i t  i s  p o ss ib le  th a t  genotype x environment in te ra c t io n s  may have been 

involved. In  view o f the known c o n tr ib u tio n  o f  se v e ra l d i f f e r e n t



hormones to  the rep roductive  p ro cess , and the requirem ent fo r  them to  

be p re se n t in  c o r re c t  r a t io s  to  each o th e r , i t  would seem fe a s ib le  th a t  

the  s ig n if ic a n t ly  poorer o r  b e t t e r  than average rep roductive  performance 

os some o f  the  l in e c ro s s  com binations could have been due to  the 

presence o f  s e ts  o f  genes whose gene products ac ted  in  a (fav o rab le  o r 

unfavorab le) synchronous manner to c o n tro l the whole rep roductive  

p ro ce ss•



Table It. Degree o f  Inbreeding Within Each Line

S ire  Line
No. o f 

Cows Mean Fx S . D eviation

1 85 11.1*7 3.22

2 102 lb .  00 b.50

3 77 10.52 3.86

b 112 11. b0 3.78

5 65 10.78 b .16

6 85 16.21 5 .11

A ll Herds 526 12.U9 2.0b
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Table 5. R egression C o e ffic ie n ts  and S tandard E rro rs For 
E ffe c ts  o f  Inbreeding  on In d iv id u a l Lines

S ire  Line

1 2 3 h 5 6

Milka 86.00+86.80 -3 8 .h 0 t5 l.7 0 -ll.CO±82.hO 55.60+102.30 •-160.10±85.60 -2h.30±6o.OC

B. F ata 3 .Ll± 3.22 -1.13+ 1.91 0.93± 2.63 3.2C± 3.33 -6.031 2.93 -0.721 2.20

S .N .F .a 7.66+ 7.63 -2.82± h.26 0.65± 6.68 1.85± 8 .21 -12.031 7 .60 -0.83± h.90

P ro te in 3 3.08± 3.06 -0.78± 1 .6? 0 .7 0 t 2.50 0.56± 3.22 -3.78± 3.08 0 .2 0 t 1.9h

Age a t  Calvingb 0.02+ 0 .10 -0.02+ 0.C3 0.02± 0.10 -0.17± 0.11 O .O li 0.09 0.00± O.Oh

Days in  Milk 1.99± 1 .25 o .ia+  1.18 1.81+ 0.97 -0.C7+ O.83 -1.37+ 1 .62 -1 .2 h t  1.39

Days Open 6.06± 2.66 - l . C l i  1.31 2.h6± 3.37 -3.90± 3.35 1.58* 2.65 0.20± 1.32

^ n i t s  a re  in  pounds.

^Age a t  ca lv ing  i s  expressed in  months.

CDvn



Table 6 . Mean E ffects o f Inbreeding Over A ll Herds

L inear Regression 
V ariable C o e ffic ie n t S . E rro r

Milka -7 .03 26. 1a

Fata 0.29 0.95

S .N .F .a -O.Uli 2.23

F ro te in a 0.27 0.89

Age a t  Calving -0 .05 0.03

Days in  Milk 0.28 O.bl

Days Open 0.7b o.eit

®Units a re  in  pounds.

^Age a t  ca lv ing  i s  expressed in  months.



Table 7 .  A nalysis o f  Variance For E ffe c ts  o f  Inbreeding  On 
Milk Y ield  (10 lb s )  For In d iv id u a l S ire  Lines

S ire  Line____________ Source_____________ d f  Mean Squares_______ F

1 Rgrsn Inbreed ing-L inear 1 60720.20 0.983
Remainder 7U 6178U.32

2 S ire s 6 U923U.38 1.0U2
Rgrsn Inb reed ing-L inear 1 26028.98 0.551
Remainder 8b h72U7.aii

3 S ire s U 23786.90 0.361
Rgrsn Inb reed ing -L inear 1 1179.62 0.018
Remainder 62 65891.82

U S ire s 6 109391.0U 1.536
Rgrsn Inbreed ing-L inear 1 210U1.97 0.295
Remainder 9U 71229.61

5 S ire s 5 106068.17 2.1U7*
Herds 1 3510.88 0.071
Rgrsn Inb reed ing -L inear 1 172887.35 3.U99**
Remainder U8 U9U10.21

6 S ire s 6 36067.88 0.90U
Rgrsn Inb reed ing-L inear 1 65U8.97 0.16U
Remainder 69 39815.23

^ S ig n if ic a n t  a t  10$ le v e l .

^ S ig n if ic a n t  a t $% l e v e l .
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Table 8. A nalysis o f Variance For E ffe c ts  o f  Inbreeding 
On Fat Y ield  ( lb s )  In  In d iv id u a l Herds

S ire  Line____________ Source_____________ d f Mean Squares F

1 Rgrsn Inbreed ing-L inear 1 9536.85 1.125
Remainder 7lt 8k80.89

2 S ire s 6 k858.33 0.759
Rgrsn Inbreed ing-L inear 1 2272.06 0.355
Remainder 8k 6k03.92

3 S ire s k 226.0k 0.03k
Rgrsn Inbreed ing-L inear 1 830.68 0.12k
Remainder 62 671k.k2

It S ire s 6 13001.k6 1.728
Rgrsn Inbreed ing-L inear 1 6953.71 C.92k
Remainder 9k 752k.70

5 S ire s 5 7789.72 1 .3 k l
Herds 1 138.10 0.02k
Rgrsn Inbreed ing-L inear l 2kk99.37 k.218#*
Remainder k8 5807.85

6 S ire s 6 5182.3k 0.962
Rgrsn Inbreed ing-L inear 1 580.65 0.108
Remainder 69 5385.06

^“S ig n if ic a n t a t $% l e v e l .
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Table 9 . A nalysis o f Variance For E ffe c ts  o f  Inbreeding On 
S o lid s-N o t-F a t Y ie ld  ( lb s )  In  In d iv id u a l Herds

S ire  Line____________ Source_____________ d f Mean Squares_______ F

1 Rgrsn Inbreed ing-L inear 1 18103.58 1.008
Remainder 71* h770lt.31

2 S ire s 6 33279.56 1.038
Rgrsn Inbreed ing-L inear 1 11*051*.76 0.1+38
Remainder 81* 32065.81

3 S ire s 1* ll*13l*.88 0.326
Rgrsn Inbreed ing-L inear 1 U13.99 0.010
Remainder 62 U3297.02

1* S ire s 1* 77 6146.0? 1.691*
Rgrsn Inbreed ing-L inear 1 232I4.U4 0.051
Remainder 62 1*5823.32

5 S ire s 5 59809.19 1.533
Herds l 22.92 0.001
Rgrsn Inbreed ing-L inear l 97612.57 2.502
Remainder 1*8 39007.13

6 S ire s 6 20312.20 0.761*
Rgrsn Inbreed ing-L inear 1 770.09 0.029
Remainder 69 26597.30
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Table 10. A nalysis o f Variance For E ffe c ts  o f  Inbreeding  On 
P ro te in  Y ield  ( lb s )  In  In d iv id u a l Herds

S ire  Line____________ Source_____________ d f Mean Squares_______ F

1 Rgrsn Inbreed ing-L inear 1 7792.67 l.Ollx
Remainder 7lx 7682.21

2 S ire s 6 6029.90 1.202
Rgrsn Inbreed ing-L inear 1 1076.92 0.215
Remainder 81x . 5018.27

3 S ire s U 1519.35 0.250
Rgrsn Inbreed ing-L inear 1 1x69.93 0.077
Remainder 62 6069.39

Ix S ire s 6 1C861.5U 1.51x1
Rgrsn Inb reed ing-L inear 1 215. Ii2 0.031
Remainder 9h 701x7.86

5 S ire s 5 7258.90 1.136
Herds l 218. Oix 0.0314
Rgrsn Inbreed ing-L inear 1 9628.78 1.508
Remainder 1x8 6387.20

6 S ire s 6 3602.98 0.859
Rgrsn Inbreed ing-L inear 1 1x2.37 0.010
Remainder 69 1x19!x.67
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Table 11* A nalysis o f  Variance For E ffec ts  o f  Inbreeding On 
Age At C alving (Ko.) In  In d iv id u a l Herds

S ire  Line____________ Source_____________ d f Mean Squares_______ F

1 Rgrsn Inbreed ing-L inear 1 0*30 o.obo
Remainder 7b 7.50

2 S ire s 6 l .b 5 0.692
Rgrsn Inbreed ing-L inear 1 1.10 0.52b
Remainder 8b 176.32

3 S ire s b b.?3 0 .b62
Rgrsn Inbreed ing-L inear 1 0.39 0.0b2
Remainder 62 9.15

b S ire s 6 13.30 1.7b8
Rgrsn Inbreed ing-L inear 1 19. b8 2.560
Remainder 9b 7.61

5 S ire s 5 9.86 1.790
Herds 1 2.01 0.365
Rgrsn Inbreed ing-L inear l 0.12 0.021
Remainder b8 5.51

6 S ire s 6 1.15 0.623
Rgrsn Inbreed ing-L inear 1 0.00 0.000
Remainder 69 1.85
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Table 1 2 . A nalysis o f  Variance For E ffe c ts  o f  Inbreeding 
On Days In  K ilk  For In d iv id u a l Herds

S ire  Line____________ Source_____________ d f Mean Squares_______ F

1 Rgrsn Inbreed ing-L inear 1 3252.1*1 2.51*1
Remainder 71* 1280.08

2 S ire s 6 1995.1*0 0.807
Rgrsn Inb reed ing-L inear 1 289.1*9 0.117
Remainder 81* 21*72.57

3 S ire s 1* 255.88 0.281
Rgrsn Inbreed ing-L inear 1 3166.06 3.1*82*
Remainder 62 909.35

1* S ire s 6 181*.32 0.396
Rgrsn Inbreed ing-L inear 1 3.1*6 0.007
Remainder 91* 1*66.31

5 S ire s 5 3278.38 1.860
Herds l 3061*. 91* 1.739
Rgrsn Inbreed ing-L inear l 1271*. 58 0.723
Remainder 1*0 1762.23

6 S ire s 6 2568.03 1.192
Rgrsn Inbreed ing-L inear 1 1697.68 0.788
Remainder 6 9 2151*. 1*3

■^Significant atlO^ le v e l .



Table 13. A nalysis o f Variance For E ffe c ts  c f  Inbreeding 
On "Days Open" For In d iv id u a l Herds

S ire  Line____________ Source_____________ d f Mean Squares_______ F

1 Rgrsn Inbreeding-L inear 1 30110.2li 5 . I 8I4***
Remainder 714 5808. Ii8

2 S ire s 6 I8 6 7 .h l 0.619
Rgr3n Inbreed ing-L inear 1 1789.90 0.593
Remainder 814 3017.21

3 S ire s 14 1608.20 0.1h6
Rgrsn Inbreed ing-L inear 1 5858.08 0.532
Remainder 62 11021.31

b S ire s 6 151414.58 0.202
Rgrsn Inbreed ing-L inear 1 10328.33 1.35b
Remainder 9b 7628.142

5 S ire s 5 314147.35 0.727
Herds 1 290.97 0.061
Rgrsn Inbreed ing-L inear 1 1682.8U 0.355
Remainder U8 I47I1I4.65

6 S ire s 6 983.92 0.510
Rgrsn Inbreed ing-L inear 1 1*5.15 0.023
Remainder 69 1930.16

'’̂ S ig n i f ic a n t  a t 1% l e v e l .
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Table II4. A nalysis o f  Variance For Milk Y ield  (10 lb s )  
o f  th e  Four-Line D ia l le l  C rosses

______ Source__________________d f_____Mean Squares________ F

a . Excluding the L inear R egression on In b reed in g .

S ire  Lines 3 3372li6.17 3.901**
S ire s /L in es 21 86JU57-51 1.558**
Type o f  Breeding 1 205833.95 3.708*
S . L ines x Type o f  Breeding 3 135727.70 2.Uj5*
Remainder Ii57 55507.73
b. Includ ing  the  L inear R egression on Inbreed ing .

S ire  Lines 3 3I4UOO7.98 3.976**
S ire s /L in e s 21 86527.86 1.557**
Type o f  Breeding 1 H 46167.89 2.630
S . L ines x Type o f  Breeding 3 137798.52 2.1479*
Regression on Inbreeding 1 22109.714 0.398
Remainder h$6

^ S ig n if ic a n t a t  10# le v e l .

““S ig n if ic a n t  a t  $% l e v e l .
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Table 15. A nalysis of Variance For Fat Y ield  ( lb s )  
o f th e  Four-Line D ia l le l  Crosses

Source d f  Mean Squares

a . Excluding the  L inear R egression on Inbreed ing .

S ire  Lines 3
S ire s /L in e s  21
Type o f  Breeding 1
S . L ines x Type o f  Breeding 3
Remainder U57

28397.82i 
11050.98 
$061*2.18 
15872.60 

6881.99

b . Includ ing  th e  L inear R egression on Inb reed ing .

S ire  Lines
S ire s /L in e s
Type o f Breeding
S . Lines x Type o f  Breeding
Regression on Inbreeding
Remainder 156

30619.7k 
11012.23 
2̂3314.76

16550.53
8731.7b
6877.93

2.570*
1 .606**
7.359*** 
2.306*

2 .781* 
1 .601** 
6.155** 
2 .106* 
1.270

■“S ig n if ic a n t  a t  lC# le v e l .

“^ S ig n if ic a n t a t  $% l e v e l .

■“"“■“S ig n if ic a n t  a t  1% l e v e l .
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Table 16. A nalysis o f Variance For S o lid s-N o t-F a t Y ield ( lb s )
o f  th e  Four-Line D ia l le l  Crosses

Source d f Mean Squares F

a .  Excluding the  L inear Regression on Inbreed ing .

S ire  Lines 3 179596.50 3.058#*
S ire s /L in e s  21 58722.08 1.536#
Type o f  Breeding 1 151*316.27 11.035***
S . L ines x Type o f  Breeding 3 81023.99 2. 11?#
Remainder hSl 3821*0.08

b . Includ ing  th e  L inear R egression on Inbreed ing .

S ire  Lines 3 186020.81 3.172##
S ire s /L in e s  21 5861*3.59 1.532*
Type o f  Breeding 1 112877.07 2.91*8*
S . L ines x Type o f  Breeding 3 82336.11* 2.151*
Regression on Inbreeding  1 18165.1*3 0.1*71*
Remainder 1*56 38 281*.10

■^Significant a t  Wf, l e v e l .

■“■“S ig n if ic a n t  a t  5% l e v e l .
i
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Table 17. A nalysis o f Variance For P ro te in  Y ield ( lb s )  
o f  th e  Four-Line D ia lle l  Crosses

Source__________________d f_____Mean Squares________ F

a . Excluding the  L inear Repression on Inbreed ing .

S ire  Lines 3 13632.87 1.593
S ire s /L in e s 21 8556.02 1 . 1*1*6*
Type o f  Breeding 1 25803.06 li.36l**
S . L ines x Type o f  Breeding 3 9563.38 1.616
Remainder 1*57 5917.1^3

b . Includ ing  the  L inear R egression on Inbreed ing .

S ire  Lines 3 11x829.51* 1.71*1*
S ire s /L in e s 21 8503.82 1.1*37*
Type o f  Breeding 1 22708.51 3.836*#
S . L ines x Type o f  Breeding 3 9887.38 1.670
R egression on Inbreeding 1 5091*.19 0.861
Remainder 1x56 5919.23

^ S ig n if ic a n t a t  10$ le v e l .

^ S ig n i f i c a n t  a t  $% l e v e l .
i
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Table 18. A nalysis o f  Variance o f  Age a t  Calving (Mo.) 
For th e  Four-Line D ia l le l  Crosses

Source__________________d f_____Mean Squares________ F

a . Excluding th e  L inear R egression on Inb reed ing .

S ire  L ines 3 11.51 2.005
S ire s /L in es  21 5.7k 0.957
Type o f  Breeding 1 5.h7 0.913
S . Lines x Type o f  Breeding 3 U.02 0.671
Remainder h$7 6.00

b . Including  th e  L inear Regression on Inbreed ing .

S ire  Lines 3 11. 8h 2.109*
S ire s /L in e s  21 5.61 0.936
Type o f  Breeding 1 9.69 1.615
S . Lines x Type o f  Breeding 3 0.706
R egression on Inbreeding 1 1.67 0.779
Remainder b56 6.00

^ S ig n if ic a n t a t  IQ* l e v e l .

i
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Table 19* A nalysis o f Variance For Days in  Milk During 
L ac ta tio n  o f  the  Four-Line D ia l le l  Crosses

Source__________________d f_____Mean Squares________ F

a . Excluding the  L inear R egression on Inbreed ing .

S ire  Lines 3 783.90 1.011
S ire s /L in e s  21 775.25 0.737
Type o f  Breeding 1 71*1.32 0.707
S . Lines x Type o f  Breeding 3 696. lh 0.662
Remainder hSl 1052.12

b . Includ ing  the L inear Regression on Inbreed ing .

S ire  Lines 3 1035.1*5 1.286
S ire s /L in e s  21 805.08 0.769
Type o f  Breeding 1 1*102.56 3.919**
S . L ines x Type o f  Breeding 3 826.51* 0.790
Regression on Inbreeding 1 31*93.20 3.337*
Remainder k$6 101*6.76

* S ig n if le a n t a t  1(# le v e l .

'^^S ig n ifican t a t  $% l e v e l .
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Table 20. A nalysis o f  Variance For Days Open During L ac ta tio n  
o f  th e  Four-Line D ia l le l  Crosses

Source__________________d f Mean Squares________ F

a . Excluding th e  L inear R egression on Inbreed ing .

S ire  Lines 3 2279.16 0.729
S ire s /L in e s 21 3126.51 0.1*96
Type o f  Breeding 1 50221.60 7.971***
S . Lines x Type o f  Breeding 3 7881.80 1.251
Remainder U57 6300.19

b . Includ ing  the L inear Reg:cession  on Inbreed ing .

S ire  Lines 3 2372.77 0.752
S ire s /L in e s 21 3155.27 0.501
Type o f Breeding 1 1*831.22 0.767
S. L ines x Type o f Breeding 3 8121.52 1.289
Regression on Inbreeding 1 5233.78 0.830
Remainder 1*56 6302.52

* * * S ig n ifican t a t  1% l e v e l .



Table 21. L is tin g  o f  C onstant E stim ates , Least-Squares Means and Standard
E rro rs For Milk Y ield  (10 lb s )  From the Four-Line D ia l le l  Crosses

v - * .
Excluded From Model ”y/ fx Included in  Model

V ariable No. o f 
O bservations

C onstant
Estim ate

L ea s t-
Squares
Means

Standard
E rro r

C onstant
E stim ate

L east-
Squares
Means

Standard
E rro r

Mean $26 1551.52 1551.52 19.51 1556.97 1556.97 22.93

GCA S . Line 1 118 26.08 1577.59 b2.79 26.U5 1583.b2 bb.70
S . Line 2 133 -111. liO lbb0.12 b5.62 -113.90 lbb3.C7 b6.09
S . Line 3 116 19.66 1601.17 b3.35 51.26 1608.23 b6.1b
S . Line b 159 35.66 1587.18 38. b3 36.19 1593.16 bO.63

Averaee K etero sis
Linebreds 370 -27.7b 1523.77 21.3b -bC .70 1516.27 26.07
L inecrosses 156 27.7b 1579.26 26.86 b0.70 1597.6? bO. 39

Line H eterosis
S . Line 1 . L inebreds 79 90.08 1639.93 65.39 90. b2 1633.1b 66.81

L inecrosses 39 -90.08 1515.26 52.3b -90 .b2 1533.70 63. bO
S . Line 2 . L inebreds 102 -b8.72 1363.65 59.61 -51.56 1350.80 65.19

L inecrosses 31 L8.72 1516.59 6b. 15 51.56 1535.33 73.96
S . Line 3 . L inebreds 77 -b l.b 2 1532.01 65.02 -39.51 1528.01 65.50

L inecrosses 39 b l.b 2 1670. 3b 5b. b0 39.51 1688.bb 6b .88
S . Line b . Linebreds 112 0.07 1559.50 6b.3b 0.65 1553.11 65.6b

L inecrosses

V fx

b7 -0.07 161b .85 50.71 -0.65

2.19

1633.20 61.87

3.b8 i_i
0--------------- -—r



Table 22. L is tin g  o f  C onstant E stim ates, L east-Squares Means and S tandard  E rro rs
For F at Y ield  ( lb s )  From th e  Four-Line D ia lle l  C rosses

V ariable No. o f  
O bservations

Excluded From Model V fx Included in  Model

C onstant
E stim ate

L ea s t-
Squares

Means
S tandard

E rro r
C onstant
Estim ate

L east-
Squares

Means
Standard

E rro r

Mean 3>26 560.19 560.1x9 7.02 563.91 563.91 8.23

C-CA S . Line 1 118 1.58 562.07 15.39 1 .8a 565.75 16. oa
S . Line 2 133 -30.91* 529.5b 16 . a3 -32.65 531.27 16.56
S . Line 3 116 9.59 570.C8 15.60 10.68 5 7 a .60 16.56
S . Line U 159 19.77 580.26 13.82 20.13 5ea.oa ia .5 8

Average H eterosis
Linebreds 370 -13.76 51*6.73 7.65 -21.90 5 a 2 .c i 9.32
L inecrosses 156 13.76 5 7 a .25 9.57 21.90 585.82 l a .30

Line H eterosis
S . Line 1 . L inebreds 79 23.15 571.76 23.36 23.67 567.52 23.82

L inecrosses 39 -23.L5 552.38 18.70 -23.67 563.99 22.60
S . Line 2 . L inebreds 102 -21.13 a9a.65 21.32 -22.92 as6 .a5 23.27

L inecrosses 31 21.13 56a.a3 22.9a 22.92 576.09 26. ao
S . Line 3 . L inebreds 77 -15.18 5a i . i a 23.23 -13.98 538.72 23.35

L inecrosses 39 15.18 599.02 19. aa 13.98 6 io .a8 23.13
S . Line h. L inebreds 112 12.85 579.35 22.98 13.22 575.36 23. ao

L inecrosses hi -12.85 581.16 18.11 -13.22 592.72 22.05

V fx 1.38 1.22 1102



Table 23. L is tin g  o f  C onstant E stim ates, L east-Squares Means and S tandard  E rro rs
For S o lid s-N o t-F a t Y ield  ( lb s )  From th e  Four-Line D ia l le l  Crosses

V ariable No. o f  
O bservations

*>Y/FX Excluded From Model V f* Included in  Model

C onstant
E stim ate

L e a s t-
Squares
Means

Standard
E rro r

C onstant
E stim ate

L east-
Squares

Means
S tandard

E rro r

Mean 526 13140.60 13li0.60 16.03 13U5.55 13L5.55 18.81

GCA S. Line 1 118 27.62 1368.22 35.16 27.99 1373.53 36.67
S . Line 2 133 -81.31 1259.29 37. L6 -83.76 1261.78 37.79
S . Line 3 116 33.77 137^.37 35.61 35.3U 1380.89 37.85
S . Line L 159 19.92 1360.52 31.58 20. Lh 1365.98 33.3a

Average H etero sis
Linebreds 370 -2U.G2 1316.58 17.56 -35.77 1309.78 21. aa
L inecrosses 156 2L.02 136U.62 22.17 35.77 1381.31 33.ao

Line H e te ro sis
S . Line 1 . L inebreds 79 70.29 llilli.5 0 53.91 70.61 ia08.37 55.02

L inecrosses 39 -70.29 1321.95 1(3.15 -70.61 1338.69 52.22
S . Line 2. L inebreds 102 -35.1(1 1199.86 1*9.12 -37.99 1188.03 53.66

L inecrosses 31 35. Ill 1318.73 52.86 37.99 1335.5a 60.88
S . Line 3 . Linebreds 77 -33.22 1317.13 53.60 -3 1 .L9 1313.63 53.9a

L inecrosses 39 33.22 1131.61 Lh.85 31.L9 iaa8 .m 5 3 .a3
S . Line a .  L inebreds 112 -1 .66 1331.81} 53.05 -1 .13 1329.08 5a .07

L inecrosses Ii7 1.66 1386.20 1(1.81 1.13 1L02.88 50.96

1.99 2.89



Table 2k, L is tin g  o f C onstant E stim ates, L east-Squares Means and S tandard  E rro rs
For P ro te in  Y ield  ( lb s )  From the  Four-Line D ia lle l  Crosses

V ariable No. o f 
O bservations

V fx Excluded From Model bY/Fx Included in  Model

Constant
Estim ate

L east-
Squares

Keans
Standard

E rro r
Constant
E stim ate

L east-
Squares

Means
Standard

E rro r

Moan 526 531 .Oh 531.Oh 6.03 533.&S 533.6& 7.05

GCA S . Line 1 118 10.01 5hl.C5 13. ?h 10.22 5h3.87 13.76
S . Line 2 133 -21.59 509 .hh lh .07 -22.97 510.69 l h . lh
S . Line 3 116 O.hh 531 .h7 13. h i 1.32 53h.97 lh .2 0
S . Line h 156 l l . l h 5h2.l8 11.90 11.1*3 5h5.C9 12.52

Average H etero sis
Linebreds 370 -9 .02 521.21 6.66 - 16. Oh 517.61 8.13
L inecrosses 156 9.02 5h0.86 3.53 l6 .0 h 5h9.70 12.9h

Line H eterosis
S . Line 1. Linebreds 79 25.26 556.h9 20.61 25.h2 553.26 20.99

L inecrosses 39 -25.26 525.61 l o .  h9 -2 5 .h2 53h.h9 19.92
S . Line 2. Linebreds 102 -1 2 .h6 h07.16 18.73 -13.03 h80.82 20. h i

L inecrosses 31 12. L6 531.73 20.16 13.83 5h0.56 23.16
3 . Line 3 . L inebreds 77 -6 .9? 5lh.68 20.h9 -6 .06 512.37 20.57

L inecrosses 39 6.97 5h8.27 17 .lh 6.06 557.07 20.38
3 . Line h . Linebreds 112 -5 .82 526.5h 20.29 -5 .5h 523.51 20.63

L inecrosses h7 5.02 557.82 15.99 5.5L 566.67 19. h5

V fx 1.05 1.13



Table 25. L is tin g  o f  Constant E stim ates , L east-Sauares Means and S tandard E rrors
For Age At Calving (Mo.) From th e  Four-Line D ia l le l  Crosses

by/jr Excluded From Model by/p^ Included in  Model

V ariable No. o f 
O bservations

C onstant
E stim ate

L east-
Squares

Means
Standard

E rro r
Constant
Estim ate

L ea s t-
Squares
Means

S tandard
E rro r

Mean 526 27.35 27.35 0.11* 27.27 27.27 0.17

GCA S . Line 1 118 0.61 27.96 0.31 0.60 27.87 0.33
S . Line 2 133 -0.0U 27.31 0.32 0.00 27.28 0.33
S. Line 3 116 -O.liO 26.95 0.32 -0.1*3 26.81* 0.31*
S . Line Lt 159 - 0.16 27.19 0.28 -0.17 27.10 0.30

Average H e te ro sis
Linebreds 370 o . ia 27. U9 0.17 0.33 27.60 0.21
L inecrosses 156 -0.1U 27.21 0.21* -0 .33 26.91* 0.38

Line H etero sis
S . Line 1 . L inebreds 79 0.U8 28.58 0.55 0.1*7 28.68 0.56

L inecrosses 39 -0.1*8 27.33 0.1*1* -0.1*7 27.06 0.53
S . Line 2 . Linebreds 102 0.00 27.1*6 0.1*9 -0 .05 27.65 0.51*

L inecrosses 31 0.00 27.16 0.53 0.05 26.9C . 0.61
S . Line 3* Linebreds 77 -0 .35 26.71* 0.55 -0.37 26.80 0.55

L inecrosses 39 0.35 27.15 0.1*6 0.37 26.88 0.55
S . Line U. Linebreds 112 -0.11* 27.20 0.55 -0 .15 27.29 0.56

L inecrosses U 7 O.lt* 27.18 C.!*3 0.15 26.92 0.52

hr/F* -0 .03 o.ol*



Table 26. L is tin g  o f  Constant E stim ates, L east-Squares Keans and S tandard  E rro rs
For Days In  Milk During L ac ta tio n  For the  Four-Line D ia l le l  Crosses

V ariable No. o f  
O bservations

V f, Excluded From Model »r/Fx Included in  Model

Constant
E stim ate

L east-
Squares

Means
Standard

E rro r
Constant
Estim ate

L east-
Squares

Means
Standard

E rro r

Kean 52b 252.98 292.28 1.87 295.15 295.15 2.19

OCA S . Line 1 118 -0.32 292.66 8.13 -0 .18 298.96 8.30
S . Line 2 133 - l i .92 288.06 8.27 -5 .85 289.29 8.30
S . Line 3 116 1.66 2914.68 8.18 2.26 297.81 8.83
S . Line 8 159 3.58 296.56 3.73 3.78 298.92 3.93

Average H etero sis
Linebreds 370 -1.67 291.31 2.21 -6 .82 288.33 2.78
L inecrosses 156 1.67 298.65 3.16 6.82 301.96 5.06

Line H etero sis
S . Line 1 . L inebreds 79 -5 .70 285.28 7.31 -5 .57 282.58 7.88

L inecrosses 39 5.70 300.03 5.85 5.57 307.38 7.06
S . Line 2 . L inebreds 102 -1 .91 288.89 6.53 -3 .03 279.88 7.12

L inecrosses 31 1.91 291.68 7.03 3.03 299.15 8.07
S . Line 3 . L inebreds 77 3.50 296.87 7.26 8.26 298.88 7.29

L inecrosses 39 -3 .5 0 292.81 6.07 -8 .26 299.97 7.22
S . Line 8 . L inebreds 112 8.11 299.00 8.38 8.38 296.85 7.38

L inecrosses 87 -U .l l 298.12 5.69 -8.38 301.80 6.92

h f /fx 0.67 0.88



Table 27. L is tin g  o f  C onstant E stim ates, Least-Squares Means and S tandard E rro rs
For Days Open During L ac ta tio n  For th e  Four-Line D ia l le l  Crosses

i* Excluded From Model Included in  Model

V ariab le No. o f  
O bservations

C onstant
Estim ate

L east-
Squares
Means

S tandard
E rro r

C onstant
Estim ate

L east-
Squares

Means
S tandard

E rro r

Mean 526 1U6.77 lb6 .77 b.58 Ib9.b2 Ib9 .b2 5.38

GCA S . Line 1 118 - 8 . lib 138.33 10.11 -8 .2 6 lb l .1 6 10.56
S . Line 2 133 0.25 lb 7 .02 10.b6 -0 .9b Ib8 .b8 10.56
S . Line 3 116 2.69 Ib9 .b6 10.22 3.b5 152.87 10.97
S . Line h 359 5.50 152.27 9.13 5.75 155.17 9.65

Average H eterosis
L inebreds 370 13.70 160 .b7 5.b2 -7 . bO 156.92 6.81
L inecrosses 156 -13.70 133.07 7.72 7 .bO lb2 .02 12.b2

Line H eterosis
S . Line 1 . Linebreds 79 -21.78 130.26 17.89 - 21.61 126.95 18.27

L inecrosses 39 21.78 Ib6 .b0 l b . 32 21.61 155.37 17.3b
S . Line 2. L inebreds 102 -0 .96 159.76 15.97 -2 .35 153 .5b 17. b6

L inecrosses 31 0.96 13b .28 17.19 2.35 Ib3.b3 19.81
S . Line 3 . L inebreds 77 8.85 172.02 17.76 9.78 170.05 17.88

L inecrosses 39 -9 .85 126.90 lb .  86 -9 .78 135.69 17.71
S . Line b . L inebreds 112 13.88 179.86 17.67 lb .  17 176.7b 18.01

L inecrosses b7 -13.88 12b.68 13.92 - l b . 17 133.60 16.98

bY/Fx 1.07 1.17



Table 28# L is t  o f  t  Values For the 
Comparison o f  S ire  L ine 1 
L inebred Progeny With 
Linebred Progeny From 
S ire  L ines 2-h

T ra i t t  Values

Milk Y ield 2.010**

F at Y ield l.ii6 h

S.N .F. Y ield 1.903*

P ro te in  Y ield 1.792*

Age a t  Calving 1.312

Days in  Milk 1.3bb

Days Open 2.550**

* S ire  Line 1 lin eb red s  
a t  10# le v e l .

su p e rio r

**3i r e  Line 1 lin eb red s  
a t  5# le v e l .

su p e rio r
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Table 29. E stim ates o f Average H e te ro sisa From Model I I I  
For the  Four-Line D ia l le l  Crosses

5y/F x Excluded From Model by/Fx Included in  Model

V ariable C onstant
Estim ate

Standard
E rro r t C onstant

E stim ate
Standard

E rro r t

Milk (10 lb s ) L l. 51 i l l .  68 2.828**-* 37.77 26.91 1.505

Fat ( lb s ) 114.91 5.88 3.0514*** 19.77 8.98 2.202**

3.N .F . ( lb s ) 314.66 12.22 2 . 836*** 3l4 .ll 22.1i2 1.522

P ro te in  ( lb s ) lli.78 14.53 3.060*** 18. 2li 8.87 2.057*-*

Age a t  Calving 
(Mo.) -0.133 0.17 0.77U -0.17 0.32 0.557

Days in  Milk 2.00 1.56 1.369 6.66 2.69 2.575**

Days Open -111.60 3.87 2 . 699*** -5.07 7.10 0.715

aEstim ated as d iffe re n c e  between Least-Squares Means fo r  
L inecrosses and L inebreds.

^ S ig n i f i c a n t  a t  le v e l .

^■^^Significant a t  1% l e v e l .
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Cl

Table 30. A Comparison o f E stim ates o f Average 
H etero sis  From Three Analyses

S t a t i s t i c a l  Model I I
V ariable

Milk (10 lb s)

Fat ( lb s )

S.N .F. ( lb s )  

P ro te in  ( lb s )  

Calving Age (Mo.) 

Days in  Milk 

Days Open

Six-L ine 
Crosses

72.30 ± 2^.98 

32.96 ± 8Ji3 

63.18 + 21. 2a 

25.9b ± 7.77 

-0.5U + 0.2a  

3.16 t  3.15

Four-Line
Crosses

S t a t i s t i c a l  Model I I I  
Four-Line 
Crosses

55.as t  2a.10 

27.52 ± 8.61  

a8.oa t  19.87 

19.6a ± 7.60  

- 0.29  +  0.20  

3.3a ± 2.69

- 20.60 + 6 .aa  - 27. ao ± 6.57

a i.5 1  ± i a .68 

ia .9 1  ± a .88

3a . 66 + 12.22

ia .7 8  ± a.83 

- 0.13 + 0.17 

2.00 + i . a 6 

- lU .60 ± 3.87

aMean d iffe re n c e  between lin e c ro s se s  and l in e b re d s .
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Table 31. A Comparison o f  E stim ates o f General Combining 
A b il i ty  From th e  Four-Line D ia l le l  Crosses 
Based on the  Performance o f (a .)  L inecross 
Progeny Only (b.) L inebred & L inecross Progeny

a . From L inecross b . From Linebred £• 
Progeny Only L inecross Progeny

V ariable bV Fxa
Constant
Estim ate

Standard
E rro r

C onstant
E stim ate

S tandard
E rro r

Milk (10 lb s )  
S . Line 1 +8.60 -1*9.61* 1*3.81* 26.08 1*2.79
S. Line 2 -3.81* -38.32 19.99 -111.1*0 1*5.62
S . Line 3 -1 .10 67.97 UU.52 1*9.66 1*3.35
S . Line 1* +5.56 19.99 1*9.33 35.66 38.1*3
F a t ( lb s )  
S . Line 1 +3.b l -19.09 11*.58 1.58 15.39
S . Line 2 -1 .13 -7 .90 16.62 -30.91* 16.1*3
S. Line 3 +0.93 22.27 11* .80 9.59 15.60
S. Line 1* +3.20 1*.72 16.1*2 19.77 13.82
S.N .F. ( lb s )  
S . Line 1 +7.66 -27.66 36.51 27.62 35.16
S . Line 2 -2 .82 -26.72 1*1.63 -81.31 37.1*6
S . Line 3 +0.65 51.01 37.0? 33.77 35.61
S. Line 1* +1.85 3.37 1*1.13 19.92 31.58
P ro te in  ( lb s )  
S . Line 1 +3.C8 -8.5U 11*. 1*2 10.01 13.21*
S. Line 2 -0.78 -5.01* 16.1*1* -21.59 11*. 07
S . Line 3 +0.70 6.51 ll*.6l* 0.1*1* 13.1*1
S • Line 1* +0.56 7.07 16.21* 11.11* 11.90
Age a t  Calving^ (Ko.) 
S . Line 1 +0.02 0.018 0.51 0.61 0.31
S . Line 2 -0 .02 0.36 0.58 -o.ol* 0.32
S. Line 3 +0.02 -0.1*7 0.52 -0.1*0 0.32
S. Line I* -0.17 -0.07 0.57 - 0.16 0.28
Days in  Milk 
S . Line 1 +1.99 8.02 It.36 -0 .32 I*.13
S . Line 2 +0.1*1 -5.1*1* li.97 -1*.92 1*.27
S . Line 3 +1.81 -2.75 ]*.i*5 1.66 1*.18
S . Line I* -0 .07 0.17 5.05 3.58 3.73
Days Open 
S . Line 1 +6.C6 11.29 11.55 -8.1*1* 10.11
S . Line 2 -1 .01 -0.03 13.17 0.25 10.1*6
S. Line 3 +2.1*6 -3.61* 11.72 2.69 10.22
5 . Line L -3 .90 -7 .62 13.32 5.50 9.13

a Inbreeding reg ress io n  c o e f f ic ie n ts  estim ated  from l in e  
bred anim als in  each s i r e  l in e .
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Table 32. S p e c if ic  Combining A b il i ty  E ffe c ts  and 
T h eir Level o f  S ig n ifican ce

V ariable S p ec ific
L inecross

C onstant
Estim ate

Standard
E rro r t

Milk (10 lb s ) S i2a
S13

-17.30  
36.38

33-U6
35.99

0.517
1.019

F at ( lb s ) s 12
s 13

0.91
5.U9

11.13
11.97

0.081
0.1:58

S.N .F. ( lb s )
s 1213

-18.92
22.50

27.86
29.97

0.679
0.751

P ro te in  ( lb s ) S12
S13

-1.07
0.96

11.01
11.81:

0.170
0.081

Age a t  Calving (Mo.)
s 12bi3

-0 .29
0.65

0.39
0.1:2

0.71:6
1.553

Days in  Milk s 12
s 13

0.61
-0 .16

3.32
3.58

0.181:
O.Ohl*

Days Open s 12
s 13

-1 .22
17.36

8.81
9.U8

0.138
1.832*

aF i r s t  d i g i t  r e f e r s  to  l in e  o f  s i r e ,  second d i g i t  to  l in e  o f  dam.

^ S ig n if ic a n t a t  0*0756 le v e l ,  a l l  o th e r  e f fe c ts  were not 
s ig n i f ic a n t .
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Table 33. S p e c if ic  Combining A b il i ty  E stim ates For Four Y ield 
T ra i ts  For A ll C rosses Between Four Lines

Milk Y ield  (10 lb s )

Line o f Line o f  S ire
Dam 1 2 3 li

1 0 -17 +37 -20

2 -17 0 -20 +37

3 +37 -20 0 -17

li -20 +37 -17 0

Fat Y ield ( lb s )

Line o f   Line o f  S ire_____
Dam 1 2 3 U

1 0 +0.9 +5.5 - 6 .il

2 +0.9 0 - 6 .I4 +5.5

3 +5.5 - 6 .I4 0 +0.9

li - 6 .[i +5.5 +0.9 0

Line o f  
Dam

S.N .F . ( lb s )

Line o f  S ir e Line o f  
Dam

P ro te in  ( lb s )  

Line o f  S ir e
1 2 3 li 1 2 3 li

1 0 -19 +23 -li 1 0 -2 +1 +1

2 -19 0 -li +23 2 -2 0 +1 +1

3 +23 -li 0 -19 3 +1 +1 0 -2

li -h +23 -19 0 li +1 +1 _ o4_ 0



Table 3h» S p ec ific  Combining A b il i ty  E ffe c ts  For Age At C alving, 
Days in  Milk and Days Open During L ac ta tio n  Fcr A ll 
Crosses Between Four Lines

Ape At Calving (Mo.) Days in  Milk

Line o f Line o f S ire  Line o f  Line o f  S ire
Dam 1 2 3 V " Dam 1 2 3 a

1 0 - 0.29 +0.65 - 0.36 1 C +0.61 - 0 . l6 - 0 . 1*5

2 - 0.29 0 -0 .3 6 +0.65 2 +0.61 0 -o .a $ -0 .1 6

3 +0.65 - 0.36 0 - 0.29 3 -0 .1 6 -0 .a 5 0 +0.61

1* -0 .3 6 +0.65 -0.29 o ' a - 0 .L5 -0 .1 6 +0.61 0

Days Open 

Line o f  Line o f  S ire
Dam

1 0 - H 22 +I7T36 - 16 .il*

2 -1 .22 0 -I6 .il*  +17.36

3 +17.36 -16.11* 0 -1 .22
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Table 35. R esidual R eciprocal E ffec ts  
Level o f  S ig n ifican ce

and T heir

V ariable S p e c ific
L inecross

C onstant
Estim ate

Standard
E rro r t

Milk (10 lb s ) “ IS*
**13

33.83
l . l l t

-35.59

37.50
37.81
lil.99

0.902
0.030
0.81)8

F a t ( lb s ) RRl2
RRl3
RR23

16.27
1).28

-7.35

12.1)7
12.57
13.96

1.305
0.31)0
0.527

S.N .F . ( lb s ) RR-, p
RR13
RR23

25.32
0.01

- 29.87

31.23
31.U8
3U.96

0.811
0.000
0.85U

P ro te in  ( lb s ) r r 12 9.87
-3 .05
-6 .30

12.31)
12. 1)1)
13.81

0.800
0.2h5
0 . 1)56

Age a t  Calving (Ko.)

RRg

0.29
0.12

-0 .36

O.ll,
0 . 1)1)
0.1)9

0.658
0.268
0.731

Days in  Milk ? J l 2RR13
RR23

-2 .71
-2.57
U.60

3.73
3 .76
I). 17

C.728
0.681)
1.102

Days Open r r 12
RR13
RR23

- 6 .11* 
18.1)5 

-2U.09

9.88
9.96

11.06

0.622
1.853*
2.179**

aF i r s t  d ig i t  r e fe r s  to  l in e  o f  s i r e ,  second d ig i t  to  l in e  o f  dam 

^ S ig n if ic a n t  a t  1(# le v e l  o f  s ig n if ic a n c e .

"^ S ig n if ic a n t  a t  5# le v e l  o f  s ig n if ic a n c e .
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Table 36. R esidual R eciprocal E ffe c ts  For Four Y ield T ra its  
For A ll Grosses Between Four Lines

Milk Y ield (10 lb s)

Line o f  Line of S ire
Dam ~1 2 3 H

1 0 -31 -1 35

2 3li 0 36 -70

3 1 -36 0 35

h -35 70 -35 0

Fat Y ield ( lb s )

Line o f  Line o f S ire
Dam “ l  2 3 U

1 0 -16 -li 20

2 16 0 7 -23

3 li -7 0 3

li -20 23 -3 0

5 .N .F . Y ield ( lb s )

Line o f Line o f  S ire
Dam 1 2 3 li

1 0 -25 0 25

2 25 0 30 -55

3 0 -30 0 30

li -25 55 -30 0

P ro te in  Y ield  ( lb s )

Line o f Line o f  S ire
Dam 1 2 3 li

1 0 -10 3 7

2 10 0 6 -16

3 -3 -6 0 9

li -7 16 -9 0
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Table 37. R esidual R eciprocal E ffe c ts  For Age a t  Calving,
Days in  Milk and Days Open During L ac ta tion  For 
A ll Crosses Between Four Lines

Age a t  Calving (Mo.) Days in  Milk

Line o f  Line o f S ire  Line o f  Line o f  S ire
Dam 1 2 3 h~~ Dam 1 2 3 li'

1 0 -0 .29 -0 .12 O.hl 1 0 2.7 2.6 -5 .3

2 0.29 0 0.36 - 0.65 2 -2 .7 0 -It.6 7 .3

3 0.12 -0 .36 0 0.2h 3 -2 .6 It.6 0 -2 .0

h -O.I4I 0.65 -0.2lj 0 h 5 .3 -7 .3 2 .0 0

Days Open

Line o f __________ Line o f S ire
Dam 1 2 3 IT

1 0 6.1 -18. I* 12.3

2 —6.1 0 21*.1 -18 .0

3 I8 .ii -21*.1 0 5 .7

h -12.3 18.0 -5 .7 0
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Table 38. Comparison o f Linebreds With R eciprocal 
L inecrossesa (Four Lines)

__________________Breeding Lir.e O verall
__________ T ra i t_____________ 1_________ 2_________ 3 1* Means

Milk (10 lb s )
Linebreds 1569. 1356. 1550. 1560. l5 lh .
L inecrosses 1576. 11*72. 1577. 1595. 1555.

F a t ( lb s )
L inebreds 562. 1*93. 51*8. 585. 51*7.
L inecrosses 566. 578. 581. 582. 577.

SHF (lb s )
Linebreds 1365. 1202. 1325. 1351*. 1312.
L inecrosses 1373. 1379. 1396. 1381*. 1383.

P ro te in  ( lb s )
Linebreds 536. 1*86. 519. 531*. 519.
L inecrosses 5!|9. 51*9. 5U7. 5 5 l. 51*9.

Ape a t  Calving (Mo.)
Linebreds 27.98 27.71 27.11* 27.1*2 27.56
L inecrosses 27.27 27.35 27.06 27.51 27.30

Days in  Milk
Linebreds 263.0 285.2 296.5 299.9 291.2
L inecrosses 298.0 293.9 291*.0 291*.7 295.2

Days Open
Linebreds 128.5 156.1 162.5 181.6 157.2
L inecrosses ll*1.3 137.5 137.8 139.1 138.9

aData estim ated  from subclass means found using  Model I I I  ad ju s ted  
fo r  herd e f f e c ts  c a lc u la te d  from Model I I .
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Table 39 . A nalysis o f Variance o f Milk Y ield (10 lb s )  
For th e  S ix-L ine Crosses

Source d f Mean Squares F

a .  Excluding the  L inear Regression on Inbreeding

S ire  Lines 5 631378.27 8.1*2#**
S ire s /L in es 33 75006.78 1.1*8**
Type o f  Breeding 1 1*8681*1.02 9 . 60***
S . Line x Type o f  Breeding 5 120659.87 2.38**
Remainder 717 50719.78

b . Includ ing  the  L inear Regression on Inbreeding

S ire  Lines 5 611611.314 8.16***
S ire s /L in e s 33 71*953.35 I . I 18#*
Type o f  Breeding 1 109326.35 2.15
S . Line x Type o f  Breeding 11533L'. 01* 2.27**
Rgrsn Inb reed ing-L inear 1 8192.LI* 0.16
Remainder 716 50779.18

"^ S ig n if ic a n t a t  $% l e v e l .

^ ^ S ig n i f ic a n t  a t  156 le v e l .
i
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Table b0. A nalysis o f Variance o f F at Y ield ( lb s )  
For th e  S ix-L ine Crosses

__________ Source_________________d f______Mean Squares

a .  Excluding th e  L inear R egression on Inbreeding

S ire  Lines 5 90639.79 10.98##*
S ire s /L in es 33 825b.80 1.26
Type o f Breeding 1 10120b.92 1 5 .b3***
S . Line x Type o f Breeding 5 19926.93 3.0b#*
Remainder 717 656o.5b

b . Includ ing  the  L inear R egression on Inbreeding

S ire  Lines 5 89570.15 10.85***
S ire s /L in e s 33 825b.81 1.26
Type o f  Breeding 1 3b382.5b 5.23#*
S . Line x Type o f  Breeding 5 19b76.73 2.97**
Rgrsn Inbreed ing-L inear l 1.63 0.00
Remainder 716 6569.70

^ S ig n i f i c a n t  a t  5% l e v e l .

■fr^^Significant a t  1$ le v e l .
i
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Table ill .  A nalysis o f Variance o f S o lid s-N o t-F a t 
Y ield  ( lb s )  For th e  S ix-L ine Crosses

Source_________________d f______Mean Squares________ F

a .  Excluding the  L inear R egression on Inbreeding

S ire  Lines 5 1*58070.67 8.98***
S ire s /L in e s 33 50999.81 1.1*1*
Type o f  Breeding 1 3719li8.29 10.26***
S . Line x Type o f  3reeding 5 77792.1*7 2.15*
Remainder 717 3621*5.03

b . Includ ing  th e  L inear R egression on Inbreeding

S ir e  Lines 5 1*1*81*05.06 8.7?***
S ire s /L in e s 33 5101*2.62 l . l i l*
Type o f  Breeding 1 97236.79 2.68
S . Line x Type o f  Breeding 5 75531.59 2.08*
Rgrsn Inb reed ing-L inear 1 2612.31* 0.07
Remainder 716 36292.00

"^S ignificant a t  1Q£ le v e l .

" ^ ^ S ig n if ic a n t a t  l e v e l .
t
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Table 1*2. A nalysis o f  Variance o f  P ro te in  Y ield ( lb s )  
For th e  S ix -L ine  Crosses

Source_________________d f______Mean Squares________ F

a . Excluding th e  L inear R egression on Inbreed ing

S ire  Lines 5 7621*0.143 10.83***
S ire s /L in es 33 701*1.80 1.23
Type o f  Breeding 1 62676.81 10.91****
S . Line x Type o f Breeding 5 11783.1*6 2.06*
Remainder 717 5731.93

b . Including  th e  L inear Regre ss io n  on Inbreeding

S ire  Lines 5 76115.21 10.82***
S ire s /L in es 33 7031.96 1.2?
Type o f  Breeding 1 25277.67 1*.1*0**
S . Line x Type o f  Breeding 11781*. 1*6 2.05*
Rgrsn Inbreed ing-L inear 1 290.39 0.05
Remainder 716 5739.53

^ S ig n if ic a n t a t  10% l e v e l .

■ ^S ig n ifican t a t  $% l e v e l .

'‘̂ S i g n i f i c a n t  a t  2% l e v e l .
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Table U3• A nalysis o f Variance o f  Age a t  Calving (Mo.) 
For th e  S ix-L ine Crosses

Source_________________d f______Mean Squares_______ F

a . Excluding th e  L inear Regression on Inbreeding

S ire  Lines 5 7.1)5 1.18
S ire s /L in e s 33 6.33 1.29
Type o f  Breeding 1 27.59 $ .6 0 *
3 . Line x Type o f  Breeding 5 6.93 l . l l l
Remainder 717 li.92

b . Includ ing  the  L inear Regre ss io n  on Inbreeding

S ire  Lines 5 6.98 1.10
S ire s /L in e s 33 6.33 1.29
Type o f  Breeding 1 5.72 0.025
S . Line x Type o f  Breeding 5 7.11* 1.1)5
Rgrsn Inbreed ing-L inear l 7.70 1.57
Remainder 716 b.92

■ ^ S ig n ifican t a t  5% l e v e l .
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Table hb. A nalysis o f Variance o f  Days in  Milk 
For th e  S ix-L ine Crosses

Source_________________d f______Mean Squares_______ F

a . Excluding the L inear R egression on Inbreeding

S ire  Lines 5 1019.09 0.85
S ire s /L in e s  33 1196.56 0.97
Type o f Breeding 1 935.68 0.76
S . Line x Type o f Breeding 5 1007.11 0.82
Remainder 717 1231.62

b . Includ ing  the  L inear R egression on Inbreeding

S ire  L ines 5 997.55 0.83
S ire s /L in e s  33 1198.29 0.97
Type o f Breeding 1 572.63 0.U6
S . Line x Type o f  Breeding 5 1003.Oh 0.81
Rgrsn Inbreed ing-L inear 1 57.90 0.05
Remainder 716 1233.26
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Table 15. A nalysis o f  Variance o f  Days Open 
For the  S ix-L ine Crosses

Source_________________d f______Mean Square_________ F

a . Excluding th e  L inear Regression on Inbreeding

S ire  Lines 5 7609.3U 2.75#*
S ire s /L in es  33 2768.33 0.5U
Type o f  Breeding 1 39li99.29 7 .66a*
S. Line x Type o f Breeding 5 U73Lu 56 0.92
Remainder 717 5159.51

b . Including the  L inear R egression on Inbreeding

S ire  Lines 5 7228.68 2.61*#
S ire s /L in es  33 2769.92 0.5U
Type o f Breeding 1 15U9.85 0.88
S . Line x Type o f  Breeding 5 5166.28 1.00
Rgrsn Inbreed ing-L inear 1 3151.71 0.67
Remainder 716 5161.93

■“̂ S ig n if ic a n t a t  5$ le v e l .



Table b6. L is tin g  o f  C onstant E stim ates, L east-Squares Means and Standard E rro rs
For Milk Y ield (10 lb s )  From th e  S ix-L ine Crosses

V ariable No. o f 
O bservations

Excluded From Model bY/Fx Included in  Model

C onstant
Estim ate

L ea s t-
Squares

Means
Standard

E rro r
Constant
Estim ate

L ea s t-
Squares

Means
S tandard

E rro r

Mean 817 11*51.15 11*51.1*5 23.32 lbb9.38 lbb9.38 2 b .b l

GCA S . Line 1 115 100.70 1552.15 38.69 100.00 I5b9 .33 39.77
S . Line 2 155 -1*8. lib lb03.01 b2.70 -b6.80 lb02.57 b2.7b
S . Line 3 117 108 .b9 1559.9b bb.99 107. b8 1556.86 b6.13
S . Line b 182 8 b .36 1535.81 bO.91 8b .10 1533.b8 b l .67
S . Line 5 85 -72.3b 1379.11 51.27 -73.53 1375.85 52. bo
S . Line 6 133 -172.77 1278.68 b5.5C -171.26 1278.12 b5.55

Average H eterosis
Linebreds 526 -36.15 11*15.31 22.71 -29.56 lb l9 .8 3 25.88
L inecrosses 291 36.15 lb 8 7 .60 29.06 29.56 lb78.93 36.52

Line H eterosis
S . Line 1 Linebreds 85 90.29 1606.29 58.97 89.8b 1609.67 59.85

L inecrosses 60 -90.29 lb 98.01 1*1.02 -89.8b lb89.09 b8.67
S . Line 2 L inebreds 102 b.27 1371.13 b8.72 5.17 1378.19 53.11

L inecrosses 53 -b.27 lb3b.89 b7.20 -5 .17 lb26.95 53. bo
S . Line 3 Linebreds 77 -b0.b8 lb83.32 63.0b -b l.8 b Ib85.b7 6 3 .bb

L inecrosses 1*0 b 0 .1*8 1636.57 52.5b b l.8 b 1628.25 57.96
S . Line b L inebreds 112 16.76 1516.1*2 65.08 16.39 1520.32 66.18

L inecrosses 70 - 16.76 1555.19 b2.20 -16.39 I5b6.65 b9.29
S • Line 5 Linebreds 65 -3 b .82 1308.15 60.2b -35.99 1310.31 60.72

L inecrosses 20 3b .82 lb50.07 75.32 35.99 lb b l.3 9 79.99
S . Line 6 Linebreds 85 -36.02 1206.52 b6.21 -33.57 121b.99 52.10

L inecrosses 1*8 36.02 1350.8b 52.b6 33.57 13bl.2b 59.56



Table 1*7. L is tin g  o f  C onstant E stim ates, Least-Squares Means and S tandard  E rro rs
For Fat Y ield  ( lb s )  From th e  Six-L ine Crosses

by/px Excluded From Model by/px Included in  Model

L ea s t-  L east-
No. o f C onstant Sauares S tandard  C onstant Squares Standard

O bservations Estim ate Means E rro r Estim ate Means E rro r

Mean 817 511*.91* 511*. 91* 7.1*2 5lli.97 511*. 97 7.77

GCA S . Line 1 11*5 27.90 51*2.81* 12.39 27.90 51*2.88 12.73
S . Line 2 155 -7.91* 507.00 13. b l -7 .96 507.01 13.1*3
S . Line 3 117 32.39 51*7.33 l b . 35 32.1*0 51*7.37 11* .7 2
S . Line 1* 182 1*0.60 555.55 13.01 1*0.61 555.58 13.26
S . Line 5 85 -20.80 1*91*.15 16.32 -20.78 1*91.19 16.68
S . Line 6 

Average H etero sis
133 -72.15 1*1*2.79 ll* .73 -72.17 1*1*2.80 11*. 75

Linebreds 526 -16.18 1*93.1*6 7.18 -16.57 1*98.1*0 8 .36
L inecrosses 

Line H eterosis
291 16.1*8 531.1*2 9.69 16.57 531.51* 12.1*9

S . Line 1 Linebreds 85 26.83 553.18 19.71* 26.83 553.13 20.01*
L inecrosses 60 -26.83 532.U9 13.73 -26.83 532.62 16.29

S . Line 2 Linebreds 102 1.00 191.52 16.06 0.99 1*91.1*2 17.52
L inecrosses 53 -1 .00 522.1*8 15.56 -0 .99 522.59 17.61

S . Line 3 Linebreds 77 -17.53 513.32 21.C5 -17.51 513.29 21.18
L inecrosses 1*0 17.53 581.3b 17.51* 17.51 5 81.1*6 19.35

S . Line I* Linebreds 112 18.36 557.13 21.67 18.37 557.37 22.01*
L inecrosses 70 -18 .36 553.67 l b .  05 -18.37 553.79 16. 1*2

S . Line 5 Linebreds 65 -9 .21 1*68.1*6 20. G7 -9 .19 1*68.1*3 20.23
L inecrosses 20 9.21 519.83 25.26 9.19 519.95 26.65

S . Line 6 Linebreds 85 -19.145 1*06.87 15-60 -19.1*6 1*06.75 17.59

»r/Fx

L inecrosses I18 19.15 1*78.72 17.71 19.1*8

-0.015

1*78.86 20.11

0.950



Table li8» L is tin g  o f  C onstant E stim ates, Least-Squares Means and S tandard E rro rs
For S o lid s-N o t-F a t Y ield ( lb s )  From th e  S ix-L ine Crosses

Excluded From Model by/Fx Included in  Model

V ariable No. o f  
O bservations

Constant
Estim ate

L east-
Squares

Means
Standard

E rro r
C onstant
Estim ate

L east-
Squares

Means
Standarc

E rro r

Mean 617 1258.50 1258.50 19.01 1257.36 1257.36 19.92

GCA S . Line 1 ia5 89.09 13a7.59 31.59 88.8a 13a6.20 32 . a9
S . Line 2 155 -28.02 1230.a9 3a.68 -27 . a5 1229.91 3a.75
S . Line 3 117 83.16 1 3a i.66 3a.69 82.81 13ao.l7 37.66
S . Line U 182 60.a5 1318.95 33.33 60.36 1317.72 33.99
S . Line 5 85 -a7.65 1210.86 ai.78 -a8.06 1209.30 a2.75
S . Line 6 133 -157.03 1101. as 37.26 -156.50 1100.85 37.3a

Average H e te ro sis
Linebreds 526 -31.59 1226.91 18.17 -27.87 1229. a9 21.20
L inecrosses 291 31.59 1290.10 2a. 00 27.87 1285.23 3o.ao

Line H eterosis
S . Line 1 Linebreds 85 73.79 1389.78 as.75 73.5a 1391.87 a9.52

L inecrosses 60 -73.79 1305. ao 33.91 -73.5a 1300.5a ao.26
S. Line 2 Linebreds 102 7.22 1206.12 ao.10 7.73 1209.77 a3.75

L inecrosses 53 -7.22 125a.86 38.85 -7 .73 1250.05 a3 .99
S . Line 3 Linebreds 77 -3a.31 1275.76 52.08 -35.08 1272.22 52 . aa

L inecrosses ao 3a.3i ia07.57 a3.ai 35.08 ia 03. l l a 7 .9 i
S . Line U Linebreds 112 12.88 1300.2a 53.73 12.67 1302.52 5a .67

L inecrosses 70 -12.88 1337.66 3a.83 -12.67 1332.91 ao.72
S . Line 5 Linebreds 65 -3a .25 n a 5 .o i a9.73 - 3 a .91 n a 6 .5 i 50.17

L inecrosses 20 3a.25 1276.7c 62.59 3a. 91 1272.08 66.08
3. Line 6 Linebreds 85 -25.3a lcaa.55 38.30 -23.95 10a9.C3 a3.2i

L inecrosses
•

»r/Fx

as 25.3a 1158.a i ib.ae 23.95

-0.599

1152.68 ap.ao

2.233



Table 1»9. L is tin g  o f  Constant E stim ates, L east-Squares Means and S tandard E rro rs
For P ro te in  Y ield  ( lb s )  From th e  S ix-L ine Crosses

bY/Fx Excluded From Model hY/Fx Included in  Model

V ariable No. o f  
O bservations

C onstant
Estim ate

L east-
Squares

Means
Standard

E rro r
Constant
Estim ate

L east-
Squares

Means
Standard

E rro r

Mean
*

817 U98.h8 a98.a8 6.81 a98.88 198.88 7.12

GCA S . Line 1 lb5 3b. b3 532.91 11.37 3a. 61 533. as 11.68
S . Line 2 155 -0.57 a97.91 12.27 -0.97 a97.90 12.27
S. Line 3 117 20. h9 518.97 13.17 20.71 519.61 13. b9
S . Line h 182 28.50 526.98 11.93 28.57 527. aa 12.1b
S . Line 5 85* -16.19 a82.29 ia.96 -15 .90 a82.98 15.28
S . Line 6 133 - 66.67 a31.8l 13.55 -67.0a a31.83 13.56

Average H etero sis
Linebreds 526 -12.97 a85.5l 6.57 - i a .21 U8U.66 7.68
L inecrosses 291 12.97 511.L5 8.96 i a .21 513.09 11.58

Line H etero sis  
S . Line 1 Linebreds 85 26.3a 5a6.28 13.25 26. h2 5a5.70 18.52

L inecrosses 60 - 26. 3a 519.5a 12.70 -2 6 .b2 521.27 15.06
S . Line 2 Linebreds 102 5.78 a90.73 ia .82 5.61 a89.31 16.15

L inecrosses 53 -5.78 505.10 ia .36 - 5.61 506.50 16 . 2a
S . Line 3 Linebreds 77 —8.26 U97.73 19 . a6 -8 . Cl h97.bO 19.57

L inecrosses ao 8.26 5ao .20 16.22 8.01 5b l.83 17.88
S . Line U Linebreds 112 i .a 5 515. a6 20.03 1.52 a56.76 20.36

L inecrosses 70 - i .a 5 538.50 12.99 -1 .52 509.20 15.16
S . Line 5 Linebreds 65 - 12.23 a57.08 18.55 -12.01 a56.76 18.69

L inecrosses 20 12.23 507. a9 23. 3a 12.01 509.20 2b .62
S . Line 6 Linebreds 85 -13.08 ao5.77 ia .a5 -13.5U bob.09 16.28

L inecrosses ae 13. C3 a57.86 16. ao 13.5a 159.58 18.61

V f* 0.2C0 0.388 3



Table 50. L is tin g  o f  C onstant E stim a tes , Least-Squares Means and S tandard  E rro rs
For Age a t  C alving (Mo.) For th e  S ix-L ine Crosses

V ariable No. o f 
O bservations

bY/Fx Excluded From Model Included in  Model

C onstant
E stim ate

L east-
Squares

Means
Standard

E rro r
C onstant
Estim ate

L east-
Squares
Means

Standard
E rro r

Mean 817 27. Ob 27.0b 0.21 26.98 20.98 0.22

CCA S . Line 1 lb5 0.51 27.55 0.3b 0.b9 2 7 .b7 0.35
S . Line 2 155 -C.17 26.88 0.37 -0 .12 26.86 0.38
S . Line 3 117 -0 .b2 26.62 o.bo -0 .b5 26.53 O.bl
S. Line b 85 -0 .1 0 26.95 0.36 -0 .1 0 26.88 0.37
S . Line 5 133 0.37 27 .b l 0.b5 0.3b 27.32 0.b7
S . Line 6 182 -0 .20 26.8b O.bl -0 .16 26.82 O.bl

Average H eterosis
Linebreds 526 0.27 27.31 0.20 0.b7 27. b5 0.23
L inecrosses 291 -0 .27 26.77 0.27 -0.b7 26.50 0.3b

Line H e te ro sis
S . Line 1 L inebreds 85 0.59 28. b2 0.55 0.58 28.52 0.55

L inecrosses 60 -0 .59 26.68 0.38 -0.58 26. b l 0.b5
S. Line 2 Linebreds 102 -0.09 27.06 o.b5 -0 .06 27.27 0.b9

L inecrosses 53 0.09 26.70 0.b3 0.06 2 6 .b5 Q.b9
S . Line 3 Linebreds 77 -0 .b9 26 .b l 0.58 -0 .53 26. b8 0.59

L inecrosses lo 0.L9 2o.8b 0.b9 0.53 26.59 0.5b
S . Line b Linebreds 112 -0 .3b 26.88 0.60 - 0.35 27.00 0.61

L inecrosses 70 0.3b 27.02 0.39 0.35 26.76 O.b 5
S . Line 5 Linebreds 65 0.26 27.9b 0.56 0.22 28.01 0.56

L inecrosses 20 —0*2t> 26.89 0,70 -0 .22 26.62 0.7b
3 . Line 6 Linebreds 85 0.07 27.19 0.b3 0.15 27. bb 0.b9

L inecrosses b8 -0 .0? 26.50 0.b9 -0.15 26.20 0.56

V fx 0.033 0.026 1



Table $1. L is tin g  o f  C onstant E stim ates, L east-Squares Means and S tandard E rro rs
For Days in  Milk For the  S ix-L ine Crosses

V fx Excluded From Model *Y/FX Included in  Model

V ariable No. o f  
O bservations

Constant
Estim ate

L ea s t-
Squares

Means
Standard

E rro r
Constant
E stim ate

L ea s t-
Squares

Means
Standarc

E rro r

Mean 817 287.9h 287.9b 2.65 288.10 288.10 2.77

GCA S . Line 1 lb5 2.h7 290.hi h.h7 2.h6 290.56 b«60
S . Line 2 155 -5.06 282.88 h.6h -5 . oh 283.06 h.65
S . Line 3 117 2.83 290.77 5.1h 2.82 290.92 5.28
S • Line li 182 5.3h 293.78 h .63 5.8h 293.9h b.72
S . Line 5 85 -3 .15 28h.79 5.81 -3 .16 28h.9h 5.9b
S . Line 6 133 -2 .92 285.01 5.hh -2 .91 285.19 5.h5

Average H eterosis
Linebreds 526 -1.58 286.35 2.51 -2 .1 h 285.96 3.08
L inecrosses 291 1.53 289.52 3.78 2.1h 290 .2h 5.06

Line H eterosis
S . Line 1 Linebreds 85 -3 .8 5 28h.97 7.7h -3 .81 28b .6 l 7 .86

L inecrosses 60 3.85 295.8h 5.38 3.81 296.52 6.39
S . Line 2 Linebreds 102 -1.68 279.62 6.1h -1 .75 279.16 6.70

L inecrosses 53 1.68 286.lh 5.95 1.75 286.95 6.73
S . Line 3 Linebreds 77 2.38 291.56 8.22 2.h9 291.27 8.27

L inecrosses hO -2.38 289.97 6.85 -2 .h9 290.57 7.56
S . Line li L inebreds 112 2.83 295.02 8.h2 2.86 29b.66 8.57

L inecrosses 70 -2.83 292.53 5.h6 -2 .86 293.22 6.38
S . Line 5 Linebreds 65 6.92 290.12 7.81 7.02 289.82 7.87

L inecrosses 20 -6 .92 279.h5 9.83 -7 .02 280,06 10.37
S . Line 6 Linebreds 85 -6 .59 276.8h 6.20 —6.80 276.25 6.99

L inecrosses he 6.59 293.19 7 .Oh 6.80

0.089

29b.13 8.00

0 .h l2



Table 5 2 . L is tin g  o f  C onstant E stim ates , L east-Squares Means and S tandard E rrors
For Days Open For th e  S ix-L ine Crosses

V ariable No. o f  
O bservations

W/Fx Excluded From Model
h*/*7L

Included in  Model

Constant
Estim ate

L ea s t-
Squares

Means
S tandard

E rro r
Constant
E stim ate

L east-
Squares

Means
S tandard

E rro r

Mean 817 lh l .1 6 lb l .1 6 5.h2 lb 2 .5 0 lh 2 .5 o 5.67

GCA S . Line 1 lh5 -3 .51 137.65 9.15 -3 .1 1 139.39 9 .b l
S . Line 2 155 2.01 1U3.17 9.b9 1 .06 lb3 .55 9.50
S . Line 3 117 5.18 lh6 .3h 10.52 5.77 lh8 .26 10.80
S . Line b 182 12.95 I 5 h . l l 9.h7 13.10 155.59 9.65
S . Line 5 85 -25.87 115.29 11.89 -25.18 117.31 12.16
S . Line 6 133 9.2h 1 50 .ho 11. lh 8.37 150.86 11.15

Average H etero sis
Linebreds 526 10.30 151.h6 5.1b 6.03 lh8 .52 6 .30
L inecrosses 291 -10 .30 130.87 7.7b -6.03 136 .b7 10.35

Line H etero sis
S . Line 1 Linebreds 85 -7.23 lh0 .71 15.8b —6.9b 138. b8 16.08

L inecrosses 60 7.23 13b.58 11.02 6.9b lb 0 .3 0 13.08
S* Line 2 L inebreds 102 0.10 153.57 12.56 -0 .b8 lb9 .10 13.70

L inecrosses 53 -0 .10 132.78 12.17 0.b8 138.01 13.77
S . Line 3 Linebreds 77 7.90 l6b .5b 16.82 8.78 163.07 16.92

L inecrosses 10 -7 .90 128.15 lb .  01 -8.78 133 .b6 I5 .h 6
S . Line h Linebreds 112 15.16 179.57 17.2b 1 5 .b l 177.03 17.5b

L inecrosses 70 -15.16 128.65 11.18 -1 5 .b l 13b.16 13.06
S . Line 5 Linebreds 65 -7 .b9 118.10 15.98 -6.73 116.61 16.11

L inecrosses 20 7.U9 112.h8 20.11 6.73 118.01 21.22
S . Line 6 Linebreds 85 -8 .b5 152.25 12.69 -10.03 lb6 .86 lb .3 1

L inecrosses h8 8.h5 lb 8 .5 6 lb .b l 10.03 I5b .86 16.36

0.687 0.8h2 &rO



Table 53* A Comparison o f L inecrosses With Linebreds 
From the S ix-L ine Crosses Using L inear 
C ontrasts

T ra i t  For Comparison_____________ t _______________ t a

Milk Y ield 2.518** 1.208

Fat Y ield 3.501*** 2.0l»3*x

S.N.F. Y ield 2.701*** 1.380

P ro te in  Y ield 2.983*** 1.896*

Age a t  Calving 2.087** 2.108**

Days in  Milk 0.88b 0.691

Days Open 3.777-*** 1.282

aData ad ju sted  fo r  le v e l  o f  inb reed ing .

^L inecrosses s ig n i f ic a n t ly  su p e rio r  to  lin eb red s 
a t  1055 le v e l .

■^^Linecrosses s ig n i f ic a n t ly  su p e rio r  to  lin e b red s  
a t  5% l e v e l .

‘̂̂ L in e c ro s s e s  s ig n i f ic a n t ly  su p e rio r  to  lin eb red s  
a t  1% l e v e l .



SUMMARY Afro CONCLUSIONS

During the  period  19b8-197h, S ta te s  o f  the North C en tra l Region 

cooperated w ith the  United S ta te s  Department o f  A g ricu ltu re  and o th e r 

agencies to  eva lua te  some o f the e f f e c ts  o f  systems o f  breeding on the 

long range improvement o f d a iry  c a t t l e  perform ance. A p o rtio n  o f the  

c o n tr ib u tio n  by Ohio, in  cooperation  w ith U nited S ta te s  Department o f  

A g ric u ltu re , Ohio Department o f  Mental Hygiene and C o rrec tio n , and 

Ohio A g ric u ltu ra l  Research and Development Center has been concerned 

w ith  some o f  the e f f e c ts  o f  re c ip ro c a l c ro ss in g  among l in e s  o f  H o lste in  

c a t t l e  on p roduction  and o th e r  t r a i t s  o f economic im portance. The 

c u rre n t in v e s tig a tio n  involves a p o rtio n  o f the s tu d ie s  which r e la te s  

to  genera l and s p e c if ic  combining a b i l i t i e s ,  and inb reed ing .

Over a p e riod  o f  2£ y e a rs , s ix  l in e s  o f  H o ls te in  c a t t l e ,  invo lv ing  

approxim ately 800 m ilking cows, were developed in  s ix  la rg e  herds owned 

by Ohio Department o f  M ental Hygiene and C o rrec tio n . Three to  f iv e  

c lo se ly  r e la te d , unproved, b u l ls  were se le c te d  by p ed ig ree , and 

performance o f t h e i r  re sp ec tiv e  s i r e s  to  develop the  l in e s .  The s i r e  

groups which were s e le c te d  to  s t a r t  the development o f th e  various 

l in e s ,  d id  not have any common an cesto rs  w ith in  the f i r s t  seven genera

t io n s .  S ire s  w ith in  a  group were u su a lly  h a lf  b ro th e rs  o r  more c lo se ly  

r e la te d .  Matings were designed to  develop a high re la tio n s h ip  among

13U
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the females and y e t  to  hold inbreed ing  as low as p o s s ib le . A l in e  of 

c a t t l e  rep resen ted  a group o f  females which were, on th e  average, 25% 

o r more re la te d  to  one a n o th e r. A f te r  th ree  to  four genera tions o f  

l in e  development, the  l in e s  were r e c ip ro c a lly  crossed  sim ultaneously  

by th e  use o f  A .I .  A percentage o f  the  anim als in  each l in e  was a lso  

continued to  be lin e b re d  in  o rd e r to  produce contemporary lin eb red  and 

l in e c ro s s  in d iv id u a ls .

D eta iled  records o f  p roductive  and reproductive  performance were 

k e p t, as w ell as inform ation  on h e a lth  s ta tu s  and reasons fo r  d isp o sa l. 

T ra i ts  examined in  t h i s  study  included  mature eq u iv a len t y ie ld s  o f  m ilk, 

f a t ,  s o l id s - n o t - f a t  and p ro te in ;  la c ta t io n  le n g th , age a t  f i r s t  calv ing  

and rep roductive  performance during  f i r s t  l a c ta t io n .  L east-squares 

mixed model a n a ly tic a l  procedures vrere used to  analyze the d a ta .

F eatu res s tu d ied  fo r  the t r a i t s  included  g en era l and s p e c if ic  combining 

a b i l i t i e s ,  average and l in e  h e te ro s is  and re c ip ro c a l e f f e c t s .

R esu lts  o f  the  analyses in d ic a te d  th a t  d i f f e r e n t  types o f  gene 

e f f e c ts  were im portant in  c o n tro ll in g  p roduction  in  H o lste in  c a t t l e .  

A dditive o r  a d d itiv e  x a d d itiv e  g en e tic  e f f e c ts  appeared to  be o f  most 

im portance, and the  s ig n if ic a n c e  o f  dominance e f fe c ts  appeared low and 

v a rie d  between l in e s .

The ev a lu a tio n  o f th e  inbreed ing  d a ta  in d ic a te d  w id e ly .d if fe r in g  

e f f e c ts  o f  inbreed ing  on the  d i f f e r e n t  l in e s ,  w ith  reg re ss io n  c o e f f i 

c ie n ts  on degree o f  inbreed ing  ranging from +86 to  - l 60, +3.b to  -6 .0 , 

+7.7 to  -12 .0  and +3.1 to  -3 .8  pounds fo r  y ie ld s  o f  m ilk , f a t ,  SNF and 

p ro te in , re s p e c tiv e ly . A l in e a r  re g re ss io n  l in e  most fu l ly  explained 

the e f f e c ts  o f inb reed ing . These find ings in d ic a te d  t h a t  i t  was
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p o ss ib le  to  improve production  by lin e b ree d in g , and su b s ta n tia te d  th e  

claim s which had been made by c a t t l e  b reeders o f  tne p a s t who believed  

t h a t  inbreed ing  had been a source o f  g en e tic  improvement in  t h e i r  h e rd s . 

The r e s u l ts  found by many previous re sea rch e rs  in d ic a tin g  th e  undesirab le  

e f f e c ts  o f  inbreed ing  on rep roduction  were v e r i f ie d .  In  fiv e  out o f the  

s ix  l in e s  the lin e b re d s  were open during  th e  f i r s t  la c ta t io n  fo r a 

lo n g er p e rio d  o f  time than  the l in e c ro s s e s .  In l in e  1 th e  comparison o f  

the  reproductive performances was a l i t t l e  u n c lea r w ith  two d if f e r e n t  

methods o f  a n a ly s is  g iv ing  c o n f l ic t in g  r e s u l t s .  In  some cases the 

d iffe re n c e s  between the  lin eb red s  and lin e c ro s se s  w ith in  a l in e  were 

no t s ig n if ic a n t  bu t th e  tren d  was uniform . The mean d iffe re n c e  between 

th e  lin e b re d s  and lin e c ro s se s  o f a l l  s ix  l in e s  was 21 days.

Examination o f  the  g en era l combining a b i l i t i e s  o f the l in e s  

revealed  d i s t in c t  d iffe re n c e s  in  a d d itiv e  genetic  m e rit. Three o f  the  

l in e s  were o f  approxim ately equal genetic  m erit and were su p e rio r to 

the remaining th re e  l in e s  fo r  production  t r a i t s .

No evidence was found fo r  the ex is ten ce  o f  s p e c if ic  combining 

e f f e c ts  fo r  production  t r a i t s  between the four l in e s  examined fo r  th is  

e f f e c t .  However, th e re  was d e f in i te  evidence to  suggest the  presence 

o f  n ick ing  fo r  rep roductive  performance fo r  four o f  the lin e c ro s s  groups.

R eciprocal d iffe re n c e s  fo r  sp e c if ic  lin e c ro s se s  were observed only 

fo r  rep roductive  performance involv ing  two o f the l in e  com binations.

When a l l  l in e s  were considered as a whole, th e re  appeared to  be 

d e f in i te  evidence fo r h e te ro s is  fo r  m ilk f a t  pe rcen tage . The o v e ra ll  

s u p e r io r i ty  o f  the  l in e c ro s se s  over th e  lin e b red s  was sm all, and in  view 

o f  the  p re sen t trend  away from milk con ta in ing  a h igh f a t  con ten t i t  was
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probably o f  l i t t l e  r e a l  economic v a lu e . The h igher m ilk y ie ld  o f the 

l in e c ro s se s  when compared w ith the lin eb red s  was achieved w ithout a 

decrease in  com positional q u a li ty .

When considered in  the l ig h t  o f  rep roductive  perform ance, th e re  

appeared to  be some h e te ro tic  e f f e c ts  in fluenc ing  p e rs is te n c y  of 

l a c ta t io n .  Over a l l  s ix  l in e s  the l in e c ro s s e s , on the  average, m ilked 

fo r  th ree  days longer than the  l in e b re d s .

The decrease in  le v e l  o f  production  o f  se v e ra l o f  the l in e s  during  

inbreed ing  appeared to  be due la rg e ly  to an in c reas in g  degree o f r e l a 

tio n sh ip  to  s i r e s  o f low ad d itiv e  genetic  m e rit r a th e r  than to  the lo s s  

o f  favorab le  dominance a l l e l i c  e f f e c t s .  The p o s s ib i l i ty  o f nicking 

between c a t t l e  l in e s  fo r  p roduction  t r a i t s ,  while not excluded, was 

considered  to be o f low lik e lih o o d .

i
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