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Selection, Linkage, and Dominance in Small Populations 
I. Effects  o n  C o e f f i c i e n t  o f  I n b r e e d i n g  

C. C. MILLER, J . L .  GILL and L . D .  McGILLIARD 

Summary. Linkage, dominance, and selection interact significantly to alter the mean coefficient of inbreeding. The 
effect of one is not predictable without the other two. Close linkage between adjacent loci in the presence of intense 
selection caused a different response with overdominant gene action from with partial dominance. When selection was 
random, effects of linkage and dominance on the coefficient of inbreeding were nonexistent; but when seIection was by 
either phenotype or genotype, linkage and dominance became important. Joint effects between linkage, dominance, 
and selection are illustrated in specific simulated populations. 

Plans of selection for genetic improvement of eco- 
nomic traits depend upon genetic variances, covari- 
ances, and means. These characteristics of the popu- 
lation are influenced by method of selection, frequen- 
cies of genes, modes of gene action, and system of 
mating. Relatively simple models for mathematical  
description of relationships among these elements 
usually are restricted by unrealistic pretensions such 
as infinite size of population, equal numbers of pa- 
rents of each sex, no linkage, no interactions between 
nonallelic genes, and random or regular systems of 
mating. Various theoreticians have relaxed one or 
more pretenses, but  because of complexity rarely 
have they considered many simultaneously. 

Simulation of genetic populations by computer has 
enabled assessing effects of several factors interacting 
on genetic parameters. For example, Fraser (t957, 
1960 a, b, c) considered effects of linkage and selection ; 
linkage, dominance, and epistasis; and reproductive 
rate and selection intensity of genetic structure. Gill 
(t965a, b, c) evaluated the effects of population size, 
selection intensity, linkage and nonadditive variabili- 
ty  upon genetic change. Jain and Allard (1966) 
reported the effects of linkage, epistasis and inbreed- 
ing on population changes from selection. Lewontin 
(1964a, b) dealt with the interaction of selection and 
linkage. Many others have published on one or two 
factors that  affect genetic parameters. 

This s tudy was proposed to ascertain how linkage, 
dominance and mode of selection affect gene fre- 
quency, genotypic mean, genotypic variance, coeffi- 
cient of inbreeding, and genotypic covariance of rela- 
tives in small populations. The model, simulation 
program, and results for the coefficient of inbreeding 
are discussed in this paper. Other results will be in 
later communications. 

M e t h o d s  and Procedure  
The Model 

The model was a 33 factorial plan. Variable factors 
were : 

1. Linkage: One autosome was simulated with 
recombination fractions of 0.50, 0.26, or 0.02 between 
adjacent loci. Functionally, 0.50 is equivalent to 
having one locus per autosome. 

2. Dominance: Three models of gene action were 
partial dominance, complete dominance, and over- 
dominance. More precisely, [h -- (d + r)/2] -- 2, 4, 
and 6, respectively, where d, h, and r represent geno- 
typic values of homozygous dominant, heterozygous, 
and homozygous recessive genotypes, r----0 and 
mean = 6 for a ratio of t : 2: t for each locus. 

3. Mode o] se'lection: Eight individuals from each 
population of 48 were selected to become parents of 
the succeeding generation by one of three methods. 
Selection was at random, or for largest genotypic 
values, or for largest phenotypic values. Expected 
environmental variance in phenotypes was three 
times as large as the genotypic variance in the original 
population. This is equivalent to an initial heritabil- 
i ty of 0.25 (in the broad sense). 

Three replicates (populations) per factorial combi- 
nation were simulated, and trends and interactions of 
quanti tat ive factors were evaluated with orthogonal 
polynomial contrasts. Orthogonal polynomials for 
unequally spaced independent variables were used for 
assessing effects of linkage. 

A parental population included four individuals of 
each sex; an individual contained a single pair of 
autosomes with 50 loci, two alleles per locus. Simu- 
lation forced initial Hardy-Weinberg equilibrium 
at each locus with gene frequency of one-half. Initial 
linkage disequilibrium was not controlled. 

Of individuals selected to be parents, each male was 
paired with each female to produce three offspring. 
This generated a population of 48 offspring which in- 
cluded 48 possible full-sib pairs, 432 half-sib pairs, 
and 648 non-sib pairs. Parental  genes were "trans-  
ferred" to offspring one locus at a time with probabil- 
i ty of recombination between adjacent loci specified 
by  the linkage. From the 48 offspring, eight indi- 
viduals were selected to be parents for the next  gene- 
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ration. The first four selected individuals were assign- 
ed one sex, and the remaining four, the opposite sex. 
Choice of male or female for the first group of four 
was random. Each population continued for 20 ge- 
nerations. 

Additional restrictions were: (t) no interlocus 
interactions (epistasis); (2) linkage for adjacent loci 
only (no interference)'  (3) no multiple alleles; and (4) 
individuals were unisexual and diploid. 

Note on Degree o /L inkage  

All studies we reviewed defined intensity of linkage 
as the probabili ty of crossing over between adjacent 
loci on one autosome. Intensi ty  may  be defined by  
the average probabil i ty of recombination between 
n (n --  1)/2 pairs of loci. The probabili ty of recom- 
bination for all possible pairs of loci is ra,b = 
= Et -- (1 - - 2  r)b-~3/2, where a and b are linearly 
ordered loci numbered consecutively on an autosome, 
and r is the probabili ty of recombination between 
adjacent loci. All probabilities of recombination 
between loci on different autosomes are 0.50. Rowe 
(1966) defined the average probabili ty of recombi- 
nation for loci on the same autosome: 

ri---- {1 -- [(1 - - 2 r ) / n i r ~  + (t - - 2 r )  2 
[ t  - ( t  - 2 r ) ( . , - ' l ] / 2  ni (ni - t )  r ~ } / 2 ,  

where nl is the number of loci per autosome. For n 
loci distributed over several autosomes, the average 
recombination probabili ty is : 

= 0.5 + X [ni (n -- 1) (ri -- 112)/n (n --  t)] . 

Only recombination rates between adjacent loci can 
be controlled easily in simulated populations, but  the 
t rea tment  above shows the high probabil i ty of re- 
combination among a large number of loci in a poly- 
genic system. Low recombination rates, such as 0.05 
and 0.005, between adjacent loci do not cause a major 
reduction in average recombination value. Because 
all linkages between loci must be considered in eva- 
luating the effect of various recombination rates on 
different genetic parameters, the average recombi- 
nation rate seems more descriptive of the linkage 
intensi ty than the rate between adjacent loci only. 

Average recombination rates were 0.t85, 0.48t, 
and 0.500, respectively, for populations with recom- 
bination rates between adjacent loci of 0.02, 0.26, and 
0.50. 

Mechanism o/ S imulat ion 

A general purpose digital computer, Control Data 
5600, was used for the simulation. Magnetic core 
provided 65,536 48-bR words of storage capacity. 
"Packing"  a single word stored complete information 
about one allele, including parental origin, whether 
the allele was dominant or recessive, and unique 
identification of  the origin of the allele in the i n i t i a l  
population. Only 800 unique "genes" were present 
in any population. At time of pairing of chromoso- 
mes, unique identification as well as dominance or 

recessive symbol for an allele was transferred to the 
offspring. 

Our system for generation of uniformly distributed 
pseudo-random numbers from 0 to I was first pro- 
posed by Lehmer in 195t and modified by Rotenberg 
(1960) and Greenberger (196t). The equation, by the 
multiplicative congruential method, is Xi+t = 
-= (2P + t) X i + C, with p > 2 and C odd. Initial Xi 
must be supplied. Improved generators recently have 
been proposed by Marsaglia and Bray (1968). 

Evaluation o /Popula t ion  Parameters 

Frequency of the favored allele, genotypic mean 
and variance were evaluated per generation of off- 
spring. Because each replicate population was an 
inbred line, parameters were averaged within lines. 
Genotypes of offspring were evaluated by  masking 
operations. These operations compared two operands 
(chromosomes) bit by  bit (locus by locus) and as- 
signed either a zero or one at tha t  location to two 
logical variables depending on the particular logical 
operation and bit structure. Operations and resulting 
bit values were: 

Operands Logical Operation 

B x B~ B 1 .AND. B~ B 1 .OR. B~ 

1 1 t t 
1 0 0 1 
0 1 0 1 
O 0 0 0 

B I and B 2 represent masking operands while .AND. 
and .OR. represent logical masking operators. 

By this process each locus was identified as homo- 
zygous dominant (t , t) ,  homozygous recessive (0,0), 
or heterozygous (0,1) or (1,0). Genotypic values were 
assigned to each locus according to the genotype of 
the locus and level of dominance. Genotypic values 
per locus were : 

Genotype 
Level of Dominance 

Partial Complete Over 

II (AA) 10 8 6 
10 (Aa) 7 8 9 
Ol (aA) 7 8 9 
oo  (aa)  o o o 
Initial Mean 
(per locus) 6 6 6 
Initial Variance t3.5 12.0 t3.5 
(per locus) 

Parameters of relationship were measured each 
generation for full-sibs, half-sibs, and non-sibs. All 
48 pairs of full-sibs, 48 chosen at random from 432 
possible pairs of half-sibs, and 48 chosen at random 
from 648 pairs of non-sibs were included in measuring 
genotypic covariances between individuals in re- 
spective sib groups. 
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Maldcot  (1948) gave  a precise  p robab i l i s t i c  def ini-  
t ion to  the  concept  of "a l ikeness  b y  descen t "  or 
" i d e n t i t y  b y  descen t "  and,  thus ,  c lar i f ied inbreed ing  
and  re la t ionsh ip .  Two al leles a and  b, for example ,  
are  al ike b y  descent  if t h e y  are  copies of a single allele 
in some prev ious  gene ra t ion  or  one is a copy  of the  
other .  The  p r o b a b i l i t y  of a and  b be ing  al ike b y  des-  
cent  is P (a = b). This  p r o b a b i l i t y  is r e l a t ive  to  some 
base  popu la t i on  in which all  al leles are  un l ike  b y  
descent .  

An  i nd iv idua l  X has  a t  a ce r ta in  locus a g e n o t y p e  
which  m a y  be r ep re sen t ed  as  A~d A.~s where  the  sub-  
sc r ip t s  ind ica te  the  origin of the  al leles;  A , s  was  t r ans -  
m i t t e d  to  X b y  i ts  sire, and  A~d was o b t a i n e d  from 
the  d a m  of X.  The  coeff ic ient  of inbreed ing ,  F ,  of 
i nd iv idua l  X ,  is the  p r o b a b i l i t y  t h a t  the  two genes of 
X a t  a ce r ta in  locus are  al ike b y  descen t ;  i.e., F ,  = 
= P (Axs -~ Axa), where  A,s  = A,,a is "A,,s is l i k e A , a  
b y  descen t " .  Mal fco t  also def ined  the  "coeff ic ient  de 
p a r e n t 6 "  (r,y) be tween  i nd iv idua l s  X and  Y as  the  
p r o b a b i l i t y  t h a t  a r a n d o m l y  chosen gene f rom Y a t  a 
g iven locus is b y  descent  l ike a r a n d o m l y  chosen gene 
f rom X a t  the  same locus. W h e r e  the  g e n o t y p e  of Y 
is AysAyd and  of X i s  Ax~ A,,d, rx~may  be r e p r e s e n t e d  
as : 

rxy = [ (P  (A, ,  = Ays) + P (A , ,  = Aye) + P (A,a = 

= Ay,) + P (A,d ---- Aye)I/4 �9 

The  u ,  v in the  covar iances  be tween  r e l a t ives  in 
r a n d o m  m a t i n g  p o p u l a t i o n s  ( K e m p t h o r n e  1954, t 957) 
is def ined b y  p robab i l i t i e s  as:  

uxy = P (Axs = Ay~ =/: Axa = Ayd) + 

+ P (A , ,  = Aya r A ,a  = Ays). 

H a r r i s  (1964), in l ike manne r ,  a d d e d  four  a dd i t i ona l  
p robab i l i t i e s  of a l ikeness  b y  descent  to  r,y, u ,  r, F, ,  Fy. 
These a re :  

sx, = [P (A , ,  -~ A ,a  = A , , )  + P (A,s  = A ,d  

= Aya) l /2 ,  

Syx = [ P  (Ays  = Avd = A,~) + P (Ay, = Aya 
--- A , a ) l / 2 ,  

txy = P (A,d = A,~ ---- Aya = Aye) , and  

v~y = P (A,,, = Axa =/= Ay,  + Ayd) �9 

s,y is t he  p r o b a b i l i t y  t h a t  bo th  genes of X b y  des-  
cent  are  l ike a r a n d o m l y  chosen gene of Y a t  a ce r ta in  
locus;  syx is the  p r o b a b i l i t y  t h a t  bo th  genes of Y b y  
descent  are  l ike a r a n d o m l y  chosen gene of X ;  t,y is the  
p r o b a b i l i t y  t h a t  all  four  genes b y  descent  are  l ike each 
o the r ;  and  v~y is the  p r o b a b i l i t y  t h a t  the  two genes 
of X b y  descent  are  l ike each other ,  the  two genes of Y 
b y  descent  a re  l ike each other ,  b u t  the  genes of X are 
no t  l ike the  genes of Y b y  descent .  Also,  t,y equals  ty, 
and  v,y equals  V~,x, b u t  s~y is no t  necessa r i ly  equa l  to  
Sy x. 

Discuss ion  of  Results 
The mean  coeff ic ients  of i nb reed ing  in gene ra t ions  

3, 8, t3 ,  and  18 for each of the  28 combina t ions  of 

Table 1. Coefficients o/inbreeding with probability 0.5 ~ o/ 
recombination between adjacent loci 

Generation 
Domi- Selection nance 3 8 t 3 18 

Random Par t ia l  . t2 .31 .51 .64 
Complete .12 .31 .49 .62 
Over . t0 .30 .45 .57 

Geno- Par t ia l  .16 .42 .65 .79 
typic  Complete .16 .46 .66 �9 75 

Over .12 .33 .50 .59 
Pheno- Par t ia l  .13 .36 .52 .67 
typic  Complete .12 �9 37 �9 50 .64 

Over .10 .33 .52 .64 
Standard  
error* 20.018 -t-0.031 +0.038 2t-0.036 

* Standard error of each mean coefficient in that column. 

select ion,  l inkage,  and  d o m i n a n c e  are  in Tab les  1 
t h r o u g h  4. Averages  are  for the  specif ied gene ra t ion  
a n d  the  two p reced ing  a n d  two succeeding  gene ra t i ons  
for th ree  rep l ica t ions .  Therefore ,  each resu l t  is the  
mean  of 36,000 b inomia l  events ,  each  occur r ing  a t  one 
locus in one ind iv idua l .  A sample  ana lys i s  of v a r i a n c e  
of the  mean  coeff ic ient  of i nb reed ing  is in Tab le  5. 

Table 2. Coefficients o[ inbreeding with probability 0.26 o[ 
recombination between adjacent loci 

Generation 
Domi- Selection nance 3 8 13 t 8 

Random Par t ia l  .t3 .33 .50 .63 
Complete .09 .3t .46 .61 
Over .14 .4t .55 .67 

Geno- Par t ia l  .15 .41 .62 .78 
typic  Complete .15 .45 .64 .79 

Over .14 .38 .52 .60 
Pheno- Par t ia l  .12 .28 .48 .62 
typic  Complete .13 .4t .54 .67 

Over . t2 .32 .48 .60 
Standard  
error* 20.018 2t-0.031 +0.038 -]-0.036 

* Standard error of each mean coefficient in that column. 

Table 3. Coefficients o/inbreeding with probability o.oz o/ 
recombination between adjacent loci 

Generation 
Domi- Selection nance 3 8 t 3 18 

Random Par t ia l  .09 .35 .49 .65 
Complete .09 .26 .51 .65 
Over .09 .33 .44 �9 54 

Geno- Par t ia l  .2t .49 .71 .82 
typic  Complete . t 4 .38 �9 50 �9 55 

Over .14 .35 .42 .48 
Pheno- Par t ia l  .t I .41 .59 .74 
typic  Complete .07 .32 .50 .66 

Over .10 .29 .43 .51 
Standard 
error* -t-0.0t8 i 0 .031  -t-0.038 -t-0.036 

* Standard error of each mean coefficient in that column. 
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Interaction o/Selection with Dominance 

The interaction of selection and dominance was 
prominent .  In teract ion of selection with the linear 
effect of dominance was the largest source of varia-  
tion among orthogonal polynomial fractions. Popu- 
lations affected by  part ial  dominance achieved the 
highest inbreeding regardless of mode of selection 
(Table 4). Differences in inbreeding between popu- 
lations with complete dominance or overdominance 
and those with part ial  dominance were largest when 
selection was on genotypic value, intermediate when 
selection was on phenotypic  value, and negligible 
when individuals were selected at random. 

Inbreeding should be proportional  to the efficiency 
of selection because animals selected as parents  should 
have more advantageous genes alike by descent when 
selection is efficient. Selection should locate less 
effectively animals with homozygous superior genes 
in populations affected by  complete dominance than 
in populations affected less by  dominance. When 
genes exhibit  overdominance, heterozygous indi- 
viduals have the highest meri t ;  thus, selected indi- 
viduals tend to be the least inbred in the population. 
Even when selection was under  perfect heritability, 
the mean coefficient of inbreeding, averaged over all 
recombinat ion rates, in populations affected by  over- 
dominance was less in the twentieth generation than 
for populations where selection was random. 

Populat ions selected by  phenotypic value at all 
levels of dominance had coefficients of inbreeding 
between those of populations selected by  genotypic 
meri t  and at  random. Efficient and inefficient selec- 
tion are contrasted by  populations affected by  partial  
dominance and selected on genotypic value and po- 
pulations selected on a phenotypic basis with com- 
plete dominance. Selection in the lat ter  is less effec- 
t ive because of dominance and environmental  varia-  
tion. 

Interaction o/Linkage with Dominance 

A large fraction of variat ion in inbreeding caused by  
the interaction of linkage and dominance was attri-  
butable to interaction of linear effects of each factor 
(see bo t tom section of Table 4). Over all modes of 
selection and all populations excepting those selected 
randomly and exhibiting overdominance, for a given 
degree of dominance, inbreeding was similar for the 
two higher rates of recombination (~ = 0.50 and 

= 0.48). However, among populations with partial  
dominance, populations with tight linkage were more 
inbred than those with less linkage and were more 
inbred than populations having complete dominance 
or overdominance.  Populat ions exhibiting over- 
dominance and selected by genotype had significantly 
lower inbreeding than other populations with the two 
higher recombination rates. The average restriction 
in inbreeding for t ight linkage and complete domi- 
nance or overdominance was caused most ly  by  popu- 
lations selected on genotypic values. For any  degree 

Table 4. Coefficients of inbreeding [or combinations of 
selection, linkage, and dominance -- 18th generation 

D o m i n a n c e  

Selection Recombi -  Par t i a l  Corn- Over  Average  
na t ion  plete  

Random 0.50 .641 .62 .57 .613 
0.26 .63 .61 .67 .64 
0.02 .65 .65 .54 .61 

Average .64 z .63 .59 -62 a 

Genotypic 0.50 .79 .75 .59 .71 
0.26 .78 .79 .6O .72 
0.02 .82 .55 .48 .62 

Average .80 .70 .56 .69 

Phenotypic .50 .67 .64 .64 .65 
0.26 .62 .67 .60 .63 
0.02 .74 .66 .51 .64 

Average .68 .66 .59 .64 

2 - w a y  0 .50  .70 z .67 .60 .66 a 
A v e r a g e s  0 .26  .68 .69 .63 .67 

0 .02  .74 .62 .51 .62 

Main effect .713 .66 .58 .65 
A v e r a g e s  ~ 0 . 0 0 7  

1 S t a n d a r d  error  for 3-way subc las s  ave rages  = -4-0.036 
2 S t a n d a r d  error  for 2 -way  ave rages  = -[-0.021 
a S t a n d a r d  error  for m a i n  effect  ave rages  = =}=0.0t2 

Table 5. Analysis o/ variance o/ coefficients o! inbreeding 
- -  18th generation 

Source d.f. S.S. F Ra t io  

Selection (S) 2 0.0602 7.8** 
Dominance (D) 2 0.2221 28.8** 
Linkage (L) 2 0.0302 3.9** 
S •  4 0.0957 6.2** 
S X DLinear 2 0 .0950  1 2 . 2 " *  
S X Dquadratie 2 0 .0007  < t  .0 
S X L  4 0 .0405  
S X LLinear 2 0 .0351 4 . 5 * *  
S X tquadratic 2 0 .0055  ~ 1 . 0  
D x L 4 0.0789 
D XL linear Xlinear 1 0.0669 f 7.3** 
D • L linear x qua- 
dratic f 0.0068 t .8 
D • L quadratic • 
linear I 0.0034 ~1.0 
D • L quadratic x 
quadratic 1 0.0018 ,~1.0 
S • L x D 8 0.0630 2.00 
Residual 54 0.2083 

** Signi f icant  a t  P < O.01. 
* S igni f icant  a t  P .< 0.05. 

of linkage, the average inbreeding was highest for 
populations with partial  dominance, nearly as high 
for those with complete dominance, and lowest for 
those with overdominance. A non-significant ex- 
ception was slightly higher inbreeding with complete 
dominance than with partial  dominance when linkage 
was moderate  (~ = 0.48); (Table 4). 
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Interaction o[ Selection with Linkage 
Interaction of selection and linkage was primarily 

attr ibutable to interaction of selection with the linear 
effect of linkage. The slowing of inbreeding by tight 
linkage was significant only when selection was effec- 
tive (genotypic). 

Interaction o] Selection 
with Linkage and Dominance 

Although the three-way interaction was statisti- 
cally significant only at P % 0.08, differences between 
coefficients of inbreeding within populations selected 
for genotypic value, for various degrees of dominance, 
were sufficiently different to warrant  comment. Tight 
linkage retarded rates of inbreeding for populations 
with complete dominance or overdominance but  not 
in populations with partial dominance. 

Tight linkage with intense selection should affect 
inbreeding in different ways with varying degres of 
dominance. When genes act additively or nearly so, 
as with partial dominance, selected individuals should 
have more advantageous alleles for the trait  than if 
genotypic values were affected by  either complete 
or overdominance. But  with tight linkage a geneti- 
cally superior individual also will transmit to the 
following generation more unfavorable alleles than if 
recombination were not restricted. The unfavorable 
alleles will not be removed from the population as 
rapidly when linkage is tight as in free recombination. 
As a result, the finite size of population allows random 
sampling more opportuni ty  to fix some of these un- 
desirable alleles along with favorable ones. Tight 
linkage should also tend to limit increases in the fre- 
quencies of favored alleles unless overdominance is 
present. 

Complete dominance and overdominance cause 
selection to favor heterozygous individuals as much or 
more than homozygotes. If recombination is hin- 
dered, the population will not recover as large a pro- 
portion of homozygotes in the next  generation as if 
recombination were free. Thus, the increase of in- 
breeding in the populations is restricted for both com- 
plete dominance and overdominance. 

Comparisons with Other Studies 
Populations with partial dominance should have 

more fixation than populations with complete domi- 
nance or overdominance when recombination is re- 
stricted. The lack of a larger difference in this study 
might be at t r ibuted to deliberately mating less related 
animals then expected in random mating. When 
eight individuals were selected for parents, the first 
four were one sex, and the last four, the opposite sex. 
This caused pairs of full sibs t - -2 ,  2--3, 3--4, and 
5--6, 6--7, 7--8 to be one sex and did not allow any 
individuals within a pair to be mated with the other 
in the same pair. If selection were efficient, as for 
partial dominance, then two individuals within a pair or 
within one sex would tend to be more related than two 

individuals of the eight chosen at random or than one 
from the one sex with any other of the other sex. 
This deviation could account for the lack of expected 
increase in fixation caused by tight linkage. 

For random selection and selection on phenotype, 
linkage had little effect on fixation. Variances within 
combinations differed considerably. Populations 
with tight linkage and little or no directional selection 
varied considerably more in inbreeding than others. 
Average inbreeding within populations in which 
selection was random with linkage tight was largest 
for partial dominance and smallest for overdominance. 
For both random selection and selection on phenoty- 
pic value, populations with tight linkage were inter- 
mediate to the other two levels of recombination in 
amount of inbreeding. For both of these modes of 
selection the degree of linkage appeared to have little 
or no effect on inbreeding. 

Wright (1951) showed that  the fraction of a popu- 
lation that  is heterozygous decreases each generation 
by  a proportion which is approximately [ t / (2N)] ,  
where N is the size of the breeding population. The 
amount of heterozygosity is proportional to P or 
( t  - -  F) for inbred populations derived from random 
mating populations where F is the coefficient of in- 
breeding. Wright (1951) called F the fixation index 
and P the panmictic index. For random mating with 
effective population size N, Ft = [(1 + Ft-2)/2 NJ 
+ ~1 -- (l/N)] Ft_, and P t =  [Pt-212N] + [1 -- 
-- (t/N)] Pt-l .  After t generations of inbreeding the 
panmictic index would become (for moderately large 
N) approximately Pt = Po e--t/2N, as given by Mal~- 
cot (1948). For the randomly selected parents, the 
effective size of the breeding population is eight. By 
Maldcot's approximation, the expected values of F 
are 0.12, 0.35, 0.53, and 0.65 for generations 3, 8, 13, 
and t 8 where the number of generations of inbreeding 
is one less than the number of a particular generation 
in this case. By Wright 's  recurrence relation, the 
corresponding expected values are 0.t2, 0.34, 0.51, 
and 0.64. For random selection and free recombi- 
nation the observed inbreeding values were consist- 
ently less than the values expected by  Maldcot's ap- 
proximation, but  the differences were not statistically 
significant. In the second generation the coefficient 
of inbreeding was slightly lower than expected (0.06). 
Since inbreeding is cumulative, the early discrepancy 
may have been responsible for results in later gene- 
rations. 

The effect of selection on inbreeding did not agree 
well with projected figures from Robertson's theory 
(1961). He showed that  selection for a character 
with high heritabili ty can cause important  reduction 
in effective population size and, thus, increase in- 
breeding. However, Robertson specified that  genes 
act additively, whereas all models in this s tudy in- 
eluded dominance. Also, two-thirds of the popu- 
lations had linkage, which was not considered in 
Robertson's theory. The effective number "N ," ,  
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which  R o b e r t s o n  found  to be a func t ion  of h e r i t a b i l i t y  
and  select ion in t ens i ty ,  for per fec t  h e r i t a b i l i t y  (gen- 
o t y p i c  selection) was 3.5 in our  s t udy .  F o r  th is  value ,  
Mal6cot ' s  a p p r o x i m a t i o n  gave  an e x p e c t e d  inb reed -  
ing of 0.91 for the  18th genera t ion .  The  cor respond-  
ing f igure f rom W r i g h t ' s  equa t ion  was  0.90. The  
g roup  of p o p u l a t i o n s  wi th  p a r t i a l  dominance  (selected 
on geno type )  h a d  inb reed ing  closer t h a n  o the r s  to  the  
t heo re t i ca l  coeff ic ient  in the  18th gene ra t ion  (Table  4). 
Since gene ac t ion  was no t  comp le t e ly  add i t i ve ,  one 
should  no t  expec t  per fec t  ag reemen t  wi th  t heo re t i ca l  
f igures.  Also,  p a r e n t s  were se lec ted  on geno type ,  and  
the  f i rs t  four  se lec ted  were of one sex. Fo rc ing  rela-  
t ives  to  be the  same sex v io l a t ed  spec i f ica t ions  in the  
d e r i v a t i o n  of the  p red i c t i on  formula .  

W h e r e  e n v i r o n m e n t a l  v a r i a t i o n  c o n s t i t u t e d  th ree-  
four ths  of the  t o t a l  p h e n o t y p i c  v a r i a t i o n  in the  f i rs t  
gene ra t ion  (pheno typ i c  select ion) ,  Ne was 4.3, and  
the  e x p e c t e d  inb reed ing  in the  t 8 t h  gene ra t i on  was 
0.86. The  g roup  se lec ted  on p h e n o t y p e  d id  no t  ap-  
p roach  the  t heo re t i c a l  F in the  18th gene ra t ion  as 
c losely  as the  g roup  se lec ted  on geno type ,  P a r t  of the  
d ive rgence  of the  group  se lec ted  on p h e n o t y p e  can be 
e x p l a i n e d  b y  the  decrease  in h e r i t a b i l i t y  f rom r e duc e d  
g e n o t y p i c  va r i ance  wi th in  the  l ine a f te r  severa l  gene-  
r a t i ons  of select ion.  Essen t i a l ly ,  se lect ion became  
less and  less effect ive  in th is  g roup ;  and  as i t  did,  
se lec ted  i n d i v i d u a l s  were no t  as c losely  r e l a t ed  as t h e y  
would  have  been  if h e r i t a b i l i t y  h a d  been cons tan t .  

Gill  and  Clemmer  (1966) found  a def in i te  increase  in 
i nb reed ing  when the re  was  t i gh t  l inkage  be tween  ad-  
j a c e n t  loci, b u t  our  s t u d y  does no t  show the  same 
t rend .  T h e y  also r e p o r t e d  t h a t  l inkage  and  select ion 
j o i n t l y  caused  an increase  in i nb reed ing  in ea r ly  gene-  
ra t ions ,  an effect  ev iden t  in th is  s t u d y  on ly  in l a t e r  
gene ra t ions  for p o p u l a t i o n s  w i th  p a r t i a l  dominance  
and  p h e n o t y p i c  select ion.  
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