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Summary 

Gill and Clemmer performed an inbreeding experiment by using Monte Carlo 
simulation techniques and reported that both selection and linkage significantly 
increased the rate of inbreeding in a population of a given size. The results could 
not be explained by the theoretical explanation that linkage should not affect in· 
breeding coefficient in the absence of selection. A programme was written to repeat 
Gill's and Clemmer's experiment .. 

The results of our experiment are different from those reported by Gill and 
Clemmer. It is assumed that there was a randomization error in their programme 
since, by introducing a very simple randomization error, we Qould show a significant 
increase in the inbreeding coefficient even in the absence of selection. When applying 
correct randomization procedures we obtained results very much similar to what 
one would expect from theory. Linkage in the absence of selection does not produce 
any effect on the inbreeding coefficient but does affect the variance of the estimates 
(just as one would expect from the results of Schnell). Truncation selection has an 
increasing effect on the inbreeding coefficient, but does not affect the variance of the 
estimate. With both linkage and truncation selection active an interaction will be 
evident in the more advanced generations of inbreeding. 

I. INTRODUCTION 

Gill and Clemmer (1966) performed an experiment using Monte Carlo simulation 
techniques and reported that both selection and linkage significantly increased the 
rate of inbreeding in populations of given size. They found the effect of linkage to be 
a significant factor in inflating the average inbreeding coefficient of individuals of the 
progeny population. This astonishing result could not be explained by theoretical 
justification; in fact all theoretical considerations demand that all computed inbreeding 
coefficients should have the same expectation, irrespective of linkage. Since there was 
a possibility that Gill and Clemmer could have been in error by some systematic bias 
introduced in the simulation programme, it was decided to repeat the experiment with 
an entirely fresh programme written specifically for the purpose. The following 
results will show that linkage does not have any effect on increasing the inbreeding 
coefficient and will also show how a very small systematic bias in the simulation 
programme can introduce an error similar to that obtained by Gill and Clemmer. 
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II. METHODS 

Two sets of experiments were carried out: one with a parent population size 
(N) of four (two males and two females) and another one with a parent population 
size of eight (four males and four females). Each experiment was a 3 x3 x2 factorial 
with the following levels: three levels of linkage (0, o· 60, and O· 99) corresponding to 
the recombination probabilities of 0·5,0·2, and 0·005 respectively; three levels of 
parent-offspring population size contrasts (I : I, I : 2, and I : 4); and two modes of 
selection-truncation selection and random selection. The level of linkage was the 
same for all the loci on every chromosome. The difference between the modes of 
selection was simulated by either reordering the offspring population before selecting 
parents or by selecting without reordering. 

Each individual in the population had five pairs of chromosomes with five loci 
on each one. The initial gene frequency at every locus of the original parent 
population was generated to be 0·5, although no effort was made to force the initial 
population to be in Hardy-Weinberg equilibrium. Gamete production was achieved 
by using a binary mask and since this masking procedure is a potential source of bias, 
some clarification about the procedure seems to be in order. 

The method of producing a single gamete involves testing a random number 
against the vector of test frequencies. Since the possible number of different loci and 
also the possible number of crossover types is 2n , where n is the number of loci per 
chromosome, the length of the vector is 2n, in this experiment 32. The crossover 
mask to be used is chosen by testing a random number in the range 0-1 against each 
of the preca}culated test frequencies in turn until the requirement that the random 
number have a value less than the test frequency is satisfied. The index of the test 
frequency will then select the binary mask which is used to operate on the parent 
genotype. The operation consists of calculating the logical product of the mask and 
one of the chromosomes and logically adding this to the logical product of the 
complement of this mask and the pair of the chromosome chosen in the first place. 

In order to evaluate the estimated inbreeding coefficient (F) all parental genes 
were identified uniquely. Genes were represented by a binary bit in the computer, thus 
plus genes were identified as l's and minus genes as O's. Each computer word (36 bits 
long) represented a chromosome. The rightmost five bits were used to represent the 
five genes in question, the sixth bit was always empty and set to zero. The next 15 
bits were used to identify individual genes in sets of three (since the largest parental 
population was eight), the leftmost 15 bits were used to distinguish between the 
homologous chromosome pairs, thus making the identification completely unique. 
The crossover masks were designed so that when a crossover occurred the same 
crossover also carried the identification bits simultaneously to the gamete word. In 
evaluating the inbreeding coefficient the total number of identical gene pairs were 
counted (again by using masks) in the progeny population and F was estimated as 
the proportion of these pairs out of the total number of possible pairs (25 times 
the progeny population size). 

A completely additive model (no dominance, no epistasis) was used and the 
phenotypic value was made equal to the sum of the plus genes per individual. The 
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value of a single individual thus varies between 0 and 50. For truncation selection 
the individuals were ranked according to their phenotypic value (which, since no 
environmental effect was simulated, equals the genotypic value); for random selection 
no ranking was performed. The first p proportion (where p is the selection pressure) 
of the offspring population was chosen to be parents of the next generation, with the 
first N /2 being males and the second N /2 being females. 

In order to investigate the source of a systematic bias in the sampling procedures 
two different versions of the simulating programme were run. In the first version 
the crossover mask was always applied to chromosome I of the individual and the 
complement of the mask applied to chromosome II. In a second version this 
procedure was changed and the original mask was applied at random to either the 
first or to the second chromosome. 
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Fig. l.-Mean inbreeding by levels of linkage (no selection) for populations 
of eight parents with incorrect (a) and correct (b) randomization. 

III. RESULTS 

While the first version of the programme gave both F values and F variances 
much lower than those obtained by Gill and Clemmer, the results still showed a 
significant effect of linkage on inbreeding, even in the absence of selection. Possible 
sources of error were then considered and one of them, namely a procedure which 
could effect the random choice of gametes, was considered as a potential source of 
error, since a bias in choosing the gametes could reduce the effective population size 
considerably. A different randomization procedure, the second version, was then 
introduced and this changed the results dramatically. All effects of linkage in the 
absence of selection disappeared. Figures 1 (a) and 1 (b) contrast the differences between 
the results of the two simulating procedures. All future references apply to results 
obtained by the "correct" simulating procedure. Since results for parental populations 
of size four were similar to those with size eight, results for only the latter will be shown. 
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Table 1 is the combined analysis of variance of simulated F values. It shows 
very clearly that, in the second generation of breeding, linkage (over all levels of 
population size and mode of selection) is completely ineffective in changing the level 
of inbreeding. Mode of selection (truncation v. random), on the other hand, is a most 
powerful factor in influencing the inbreeding coefficient and remains such over all 
generations (Fig. 2). 
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Fig. 2.-Mean inbreeding by modes of selection 
over all levels of linkage and parent-offspring 
population size contrasts for populations of 
eight parents. 

Parent-offspring population size contrast (over all levels oflinkage and modes of 
selection), as expected, is the other factor which has significant effect on the inbreeding 
coefficient, starting'from the second generation and continuing over all generations of 
breeding [Fig. 3(a)]. Because of the highly significant interaction between modes of 
selection and parent-offspring population size contrasts, Figure 3(b) gives the curve 
for the contrasts for truncation selection over all levels of linkage, and Figure 3(c) the 
same curves with random selection. All lines follow the theoretical curve for 
N e = N = 8, as expected. 

It has already been established from Figure 1 (b) that, in the absence of selection, 
linkage has no effect on influencing the inbreeding coefficient, and the curve over 
generations follows the theoretical curve exactly. However, as the analysis of 
variance table shows, averaged over all modes and levels of selection a significant 
linkage effect appears in the seventh generation of breeding and this effect becomes 
more and more evident generation after generation beyond the seventh [Fig. 3(d)). 
This difference is almost entirely due to the highest level of linkage (99%), the 60% 
level following the "no linkage" line almost exactly. Since this line is an average line 
over all levels of selection, some of which have been shown (and are known) to increase 
the inbreeding coefficient, one would expect this line to be somewhat above that of 
the theoretical one. The 99% line is not a simple function of the effective parent 
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population size 
F t = (1/2N)(I+Ft- 2)+[I-(I/N)]Ft- 1 , 

but seems to be influenced also by the increased gene frequencies caused by selection. 

~~-~-7-=- t- + ~ 1~ il 1~ ~~---,_~L 

4 6 8 9 10 11 12 

Generaiion 

Fig. 3.-(a)-(c) Mean inbreeding by parent-offspring population size contrasts over 
all levels of linkage for populations of eight parents for (a) all modes of selection, 
(b) truncation selection (correct randomization), and (c) random selection. (d) Mean 
inbreeding by levels of linkage over all modes and levels of selection for populations 

of eight parents. 

In the case of very tight linkage this seems to favour entire chromosomes rather than 
genes and in effect reduces the effective population size. Further evidence of this is 
shown by the diagram of the variances of the inbreeding coefficients over generations 
[Fig. 4(a)]. The variances of the inbreeding coefficient estimates in the absence of 
selection show a slow but general increase in the variances over generations with 
populations of size N = 8 [Fig. 4(b)] and an increase followed by a decrease for parent 
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populations of size N -: 4 [Fig. 4(c)]. This confirms that the expected values of these 
variances are functions of F(I-F). In both population sizes tight linkage is expected 
to increase the variances as pointed out by Schnell (1963). The variances of the 
inbreeding coefficient estimates are not affected by selection, irrespective of whether 
they are averaged over all levels of linkage [Fig. 4(d)] or not [Fig. 4(e)]. 
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Fig. 4.-{a) and (b) VariaIlce of inbreeding coefficient by levels of linkage for 
populations of eight parents (correct randomization) over all levels of selection 
(a) and with no selection (b). (c) As for (b) but for populations offour parents. 
(d) and (e) Variance of inbreeding coefficient for populations of eight parents 
(correct randomization) by levels of selection over all levels of linkage (d) and 

by levels of random selection with no linkage (e). 

IV. DISCUSSION 

The primary concern of this study was the effect of linkage on the inbreeding 
coefficient in the absence of selection. The theoretical expected F in small populations 
with no selection has been given by Wright (1931) as: 

Fn = (1/2N)(I+Fn-2)+[I-(I/N)]Fn- 1• (1) 

Gill and Clemmer (1966) in their simulation experiment compute the inbreeding 
coefficient as an average value over all loci and all individuals in a particular genera
tion. In the absence of selection, irrespective of linkage, the expected value of F 
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remains as given by equation (1). This can be shown as follows: Let F,,(o) be the 
expectation of the computed inbreeding coefficient for no recombination at the ith 
locus and Ft(0'2), F'I(0'5) be the corresponding expectations for 0·2 and 0·5 values of 
recombination. Since normal segregation and random union of gametes is assumed, 
F,,(o) must be equal to Ft(0'2) and F'/,(0.5) because what happens to other loci is com
pletely ignored. Thus, any estimate Ft(O), 1''/,(0.2), 1''1(0,5) by taking an identity by 
descent over individuals in any particular generation must have the same expected 
value, F". In the present study the counting procedure was to calculate first the average 
inbreeding coefficient over all loci (i = 1, ... , n) for the kth replicate (k = 1, ... , r) 
for any particular level of linkage (q) as 

F qk = ~1'"qkjn, 

" 
and, after all replications have been completed, to average over all replications 

Fq = ~Fqkjr. 
k 

Averaging F iqk over replications first and then over all loci will furnish identical results. 

Selection, of course, will increase F because it causes the effective number of 
parents to be less than the census number. An approximate formula, of the ratio of 
census number to effective number, based on heritability, was given by Robertson 
(1961) as 

NjNe = 1+2i2h2[1 - h2i(i - x)], (2) 

where x is the abscissa of the unit normal curve at the point of truncation, and i is 
the standardized selection differential. 

The effect of linkage on the variance of F was discussed by Schnell (1961, 1963). 
He showed that the distribution of m, the number of loci homozygous by descent 
after a period of inbreeding is related to the inbreeding function and that the variance 
of iii, the mean number of loci, homozygous by descent, consists of two parts, one 
which is equivalent to nF(l - F) and another which gives the contribution due to 
linkage. Using Schnell's parameters, F'/,j, the probability of two given genes being 
simultaneously identical by descent (which in the absence of linkage should be equal 
to F2) it can be shown that the variance of estimates of F, 1', is affected by linkage, 
and inbreeding will increase this variance. Let Fij be the frequency with which genes 
are identical at the ith locus and not identical at the jth, F"'1 be the frequency with 
which the genes are identical at the jth locus but not at the ith and Fi'i' the frequency 
with which the genes are not identical at both loci. With complete linkage (q = 0) 
with each gene being identified uniquely in the base population, F,,'j(o) = Fw(o) = 0 
since a recombination is required for these frequencies to be different from zero. 

Moreover, for q = 0, F'/,1(o) = F'I(o) = 1'j(O) for every estimate. Consequently 

2 ~ +~ 2~ 2~ 2~ 2~ 
(J 0'5(Fi(0) F1(O» = (J (F1.j(O» = (J (Fi(O» = (J (Fj(O» = (J (F '(0»' 
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With free recombination (q = 0'5), however, 

Ptj(O'5) = F t (O'5)Fj (O'5) = F2(O'5), 

and 
2 ~ + ~ _ .l[ 2 '; + 2 ~ ] - .1 2 ~ cr O·5(Ft(O.5) F j (O.5» - 4 cr (Ft(O'5» cr (Fj(O'5» - 2 cr (F(O'5»' 

but for any particular generation cr2 (F(O» = cr2 (F(O.5» = cr2 (1h. In the case of com

plete linkage the loci estimates are perfectly correlated, the general result for m 
completely linked loci being 

2 ~ I 2 ~ cr (L'Ft(O» m = cr (F), 
t 

while for m independent loci 

2 ~ I 2~1 cr (L'Ft(O'5» m = cr (F) m. 
t 

To avoid further misunderstanding it should again be emphasized that a clear 
distinction must be made between F (the probability of a single locus being identical 
by descent) and Fij (the joint probability of two or more genes being identical by 
descent). The variance of F for a particular locus among unrelated individuals or 
among unrelated groups of individuals is a function of F(1 - F) alone and this 
variance is not affected by linkage. Linkage will, however, affect Fij and this will 
lead to a correlation of the actual F values among loci. It will reduce the variation 
among F values among loci of the same individuals or of averages of groups such as 
individual computer runs. Since the F's among loci are correlated within computer 
runs, averages of them will have greater variances among computer runs. These 
results follow directly from the results of Schnell (1963). While it may be difficult to 
quantify, it seems logical that selection will augment this increase in the variances 
because it will increase F. 
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