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Abstract An iterative selection strategy, based on es-
timated breeding values (EBV) and average relationship
among selected individuals, is proposed to optimise the
balance between genetic response and inbreeding.
Stochastic simulation was used to compare rates of
inbreeding and genetic gain with those of other stra-
tegies. For a range of heritabilities, population sizes and
mating ratios, the iterative strategy, denoted ADJEBYV,
outperforms other strategies, giving the greatest genetic
gain at a given rate of inbreeding and the least breeding
at a given genetic gain. Where selection is currently by
truncation on the EBV, with a restriction on the number
of full-sibs selected, it should be possible to maintain
similar levels of genetic gain and inbreeding with a
reduction in population size of 10-30%, by changing to
the iterative strategy. If performance is measured by the
reduction in cumulative inbreeding without losing more
than a given amount of genetic gain relative to results
obtained under truncation selection on the EBYV, then
with the EBV based on a family index, the performance
of ADJEBV is greater at low heritability, and is gen-
erally greater than where EBV are based on individual
records. When comparisons of genetic response and
inbreeding are made for alternative breeding scheme
designs, schemes which give higher genetic gain within
acceptable inbreeding levels would usually be favoured.
If comparisons are made on this basis, then the selection
method used should be ADJEBYV, which maximises the
genetic gain for a given level of inbreeding. The results
indicated that all selection strategies used to reduce
inbreeding had very small effects on the variance of gain,
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and so differences in this respect are unlikely to affect
choices among selection strategies. Selection criteria are
recommended based on maximising a selection objec-
tive which specifies the desired balance between genetic
gain and inbreeding.

Key words Inbreeding - Selection + Genetic
improvement

Introduction

Recent developments in animal breeding strategies de-
signed to increase short-term genetic gain also have the
potential to increase rates of inbreeding to levels of
concern. These developments include evaluation using
the records of all relatives (e.g., best linear unbiased
prediction using an animal model), increased female
reproductive rates (e.g., in cattle, use of multiple ovula-
tion and embryo transfer or in vitro embryo produc-
tion), and selection of animals at a younger age, using
pedigree rather than progeny information. In the short
term increased genetic gain associated with increased
inbreeding will in the long term lead to decreased genetic
gain due to declines in fitness and genetic variance. In
many breeding schemes a balance between genetic gain
and inbreeding is sought (Quinton et al. 1992). If in-
breeding rates are sufficiently low to be of no concern,
the best procedure is to select by truncation on es-
timated breeding values (EBV) of maximum accuracy.
In practice, long-term inbreeding rates are controlled by
maintaining large populations and by restricting the
number of close relatives allowed to breed. Toro and
Perez-Enciso (1990) used linear programming to select
parental pairs which maximised the mean EBV but
limited the mean inbreeding coefficient of the progeny,
which reduced immediate inbreeding of progeny but did
not have much effect on the long-term inbreeding rate,
because it considered only relationships among mating
pairs rather than relationships among all pairs of
animals selected (De Boer and van Arendonk 1994).
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Recently, Brisbane and Gibson (1995a), Verrier et al.
(1993), and Grundy and Hill (1993) proposed strategies
designed to reduce inbreeding while maintaining genetic
response, based on reducing the correlation of the EBV
of relatives through changes in the methods of genetic
evaluation. Such methods are partially effective, but do
not explicitly set a goal for selection.

If G, is the genetic mean after n generations of
selection, and F, is the mean inbreeding coefficient, then
a reasonable selection objective is
M,=G,+DF, (1)
where D is the value of unit of inbreeding relative to a
unit of genetic gain and is usually negative. The value of
D is often difficult to define (see Discussion). Neverthe-
less, there is in any breeding scheme a balance between G
and F that will be optimum for a given n. Given M, it
seems logical to find a method of selection based ex-
plicitly on predictions of G, and F,. The objective of this
study was to examine a selection strategy based on an un-
biased EBV and predictions of inbreeding contributions
from relationships among selected animals. Wray and
Goddard (1994) have proposed the same objective as (1)
and defined an alternative approach (see Discussion).

Theory

To use the mean EBV of selected animals as a measure of
the effect of a selection decision in a given generation on
G, seems reasonable. A measure of the effect on F, is less
obvious. In practice, the contribution of a particular
animal to long-term inbreeding depends on changes in
the frequency of its genes in the gene pool of future
generations of descendants, which are dependent upon
future selection decisions. Wray and Thompson (1990)
noted that, with discrete generations of selection, the
frequency of genes from a given ancestor reaches a stable
equilibrium in the long term. They showed that if the
genetic contribution of an ancestor is defined as the
proportion of genes originating from that ancestor, then
the asymptotic rate of inbreeding is equal to one-quarter
of the sum of squares of stabilised genetic contributions
across ancestors. The stabilised genetic contribution of
an ancestor is partly dependent on its own genetic merit,
and partly on Mendelian sampling and environmental
contributions to the EBV of its descendants. The latter
two are random events which are unknown when the
ancestor is selected. However, it is known that, with Nm
sires and Nf dams in each generation, the average
stabilised contribution is 1/(2Nm) across sires and
1/(2Nf) across dams. These are also the actual contribu-
tions of every sire and dam to their progeny generation
prior to selection. The mean relationship among ani-
mals in generation t, given by
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(where ag, a, a,, are the mean additive relationships
among sires, among dams, and between sires and dams
of generation ¢ animals) is a weighted sum of squares of
contributions from all ancestors to parents of animals in
generation t. Ifit is assumed that the contributions of all
ancestors have reached their stabilised values, then the
mean relationship among animals in generation n{n > r)
is equal to a, plus the weighted sum of squared contribu-
tions to parents of generation n from animals in gener-
ations between ¢ and n. This would be true if within-
family selection was practised in the interval between
generations ¢ and n. Animals is generations between ¢

and n do not exist at the time of the selection decision in
generation t, and so the second term is independent of
the first (i.e., a, is equal to g, plus a term independent of
the selection decision in generation t). If mean relation-
ship is a good measure of mean inbreeding under ran-
dom mating, then g, is a good measure of the effect of
selection in generation ¢t on F,, subject to the assumption
that contributions of ancestors of generation ¢ remain
constant in subsequent generations. An empirical ap-
proach to the prediction of the effect of selection on F,,
accounting for the effect of ancestral genetic merit on
stabilised contribution, will be presented elsewhere
(Brisbane and Gibson 1995b).

In generation t the population selection criterion to
be maximised is
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where k is an arbitrary constant and EBV, ; and EBYV, ;
are the mean EBV of selected sires and dams. This
selection strategy is termed ADJEBV, and its perform-
ance will be compared with those of strategies OMIT
and SUBOPT described by Brisbane and Gibson
(1995a), and the strategy REST, widely used in practice
where animals are selected on EBV, but with the maxi-
mum number of animals selected from the same full-sib
family restricted.

Methodology
General simulation methods and assumptions

Stochastic methods were used to simulate repeated cycles of selection,
under the strategics OMIT, SUBOPT, ADJEBV and REST de-
scribed below. The trait conforms to an additive infinitesimal model
{e.g., Bulmer 1971), generations were discrete and selected animals
were mated at random in a hierarchical design. Breeding values of
base animals were distributed as N(0, aio), environmental effects were
distributed as N(0, ¢2) in all generations, and the phenotypic record
for each animal was the sum of the breeding value and the uncor-
related environmental effect. In each generation subsequent to the
base, progeny breeding values were generated as

1 1
Aj=-A+=A,+ D, 4
'1 2 s+2 d i ()



where A; and A, are the breeding values of the sire and dam,
and ®; is the Mendelian sampling term, distributed as
N[0,0.5(1-0.5(F, + F )a>,], where F, and F, are the inbreeding
coeflicients of the sire and dam. Inbreeding coefficients were cal-
culated using the FORTRAN subroutine FINBRD (B. Tier 1986,
unpublished). Each of the four selection strategies can produce a
range of possible inbreeding and response rates. For each strategy,
mean genetic merit was plotted against mean inbreeding after nine
generations of selection. The units of genetic merit are initial genetic
standard deviations, o ., = 1 and o7 = (1 — h?)/h%, where h? is herita-
bility. In each generation there were Nm sires, Nf dams, n,,/2 progeny
of each sex per dam, and N = Nf.n/2 selection candidates of each sex.

Computing strategy for maximising the population selection
criterion of ADJEBV

Nm sires and Nf dams are initially selected by truncation on the EBV
based on a family selection index of the individual record, and the
records of the full- and half-sibs. For the ith male candidate, the mean
relationship with selected sires, a,, is calculated as
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where x; = 1 if male jis a selected sire or 0 if male j is unselected, and
a,;; is the relationship of the ith male with the jth male (here, and
throughout, the subscript . denotes averaging over the indicated level
of the effect). If male i is a selected sire, 4 ; involves summation of
Nm-1 relationships, because the case where j=1is not included at this
stage. If male i is not selected, summation is over Nm relationships.
An adjustment is then made to account for the relationship of the
animal with itself (a, ;), to yield
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e P
LT ( Nm

The mean relationship of the ith male with selected dams, a, ; is
calculated as

Ny

s,i. (6)
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Mean relationships of females with selected dams and with selected
sires are obtained similarly. Note that a}; is equal to the mean
relationship of the ith male with selected males (including self) if the
ith maleis in the selected group. If the ith male is not selected then @,
is a weighted combination of the relationship of the ith male with
itself, and the mean relationship of the ith male with selected sires,
such that the relationship of the animal with itself is given the same
weight as it would be given for an animal in the selected group. The
same is true of @}, , for females.
Adjusted EBV are then calculated as

EBY,

s, fadj

1 1, 1
= EEBVs,i. —k gas,i. + Zasd,i. ®

for the ith male, and

1 1 1
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for the Ith female, where k is the adjustment factor of the mean
relationships. The adjusted EBV given by (8) and (9) measure the
contribution of each animal to M ,. In the adjusted EBV, relationships
with selected animals of the opposite sex are given twice as much
weight as relationships with animals of the same sex, because this
subsequently happens in M,. This ensures that the adjusted EBV
provide an accurate measure to rank animals on the basis of their
effect on M, when they are selected.
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In most situations the number of possible combinations of se-
lected animals is too large to find the maximum of (3) directly. Thus,
the following iterative procedure is used. The unselected animal with
the highest adjusted EBV is switched for the selected animal with the
lowest adjusted EBV, and adjusted EBV for all animals are re-
calculated. If this switch results in an increase in the population
selection criterion, M,, it is accepted and the process repeated.
Otherwise, it is rejected. When a switch is accepted, the animal
switched out of the selected group returns to the unselected group,
and is available for re-selection. When switches are accepted, one
switch in males is followed by Nf/Nm switches in females. When a
switch is rejected, the process shifts to the opposite sex, and if the
switch there is rejected, the search is terminated. This iterative
procedure has not been proven to maximise the population selection
criterion, M ,.

Unadjusted EBV are calculated from a family selection index
(Hazel 1943) of the individual record, the mean of n,, full-sib records
(including the individual record) and the mean of d.n,, half-sib records
(including the individual and full-sib records, so d = Nf/Nm). Index
weights are calculated using base-population genetic parameters and
remain constant in every generation. The value of k used in the
adjusted EBV and in M, is varied in order to achieve a range of
inbreeding and response rates. The number of times each candidate is
selected is recorded to indicate how many cycles of selection are
required and the pattern of selection across animals.

The OMIT strategy

Details of assumptions and methods used for simulation of
OMIT were described by Brisbane and Gibson (1995a). Animals are
selected on an index of their individual record, all half-sib records,
and a variable number of full-sib records. Ranges of inbreeding and
response rates are obtained across breeding schemes by varying
the number of full-sib records used in the index. Within a given
simulation, the number of full-sib records used is constant and
index weights are calculated which maximise the accuracy of the EBV
for the records which are used. In each generation of selection, index
weights are re-calculated to maximise accuracy given the
effect of selection on the parental variances (Brisbane and Gibson
1994a).

The SUBOPT strategy

Details of assumptions and methods used for simulation of SUBOPT
were described by Brisbane and Gibson (1995a). Animals are selected
on an index of their individual record, and all records of full and
half-sibs. The index weights are found by the following procedure.
The optimum index weights are calculated in the usual way (Hazel
1943) using base population genetic parameters, and then the index
weight on the individual record is increased by some proportion (e.g.,
10%, 20% or 30%). Because of this increase, the regression of true
breeding value on the index is no longer unity. The index weight for
the full-sib records is then reduced progressively until the regression
returns to unity. The index weight on the half-sib records is not
changed. Selection proceeds using these index weights in every gener-
ation. The size of the increase in the weight on the individual record is
varied across simulations, which leads to different index weights and
different combinations of inbreeding and genetic gain across breeding
schemes.

The REST strategy

The unadjusted EBV is calculated for each animal as for the ADJEBV
strategy. Nm sires and Nf dams are selected such that the mean
unadjusted EBV is maximised in each sex, given restrictions that no
more than S sires and D dams can be selected from any full-sib family.
Across breeding schemes, S and D are varied to achieve a range of
inbreeding and response rates.
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Parameter combinations investigated
Effect of heritability

The four strategies, ADJEBV, REST, OMIT SUBOPT were
compared at heritabilities of 0.1, 0.3 and 0.5. Small population
sizes were used to save computing time, with Nm =Nf=35 and
n,, = 12 for each heritability. The number of replicates was 1000 in
each case.

Effect of population size and mating ratio

The selection strategies were studied for the following four popula-~
tion structures: (1)Nm=38, Nf=64, (2JQNm=16, Nf=12§,
(3)Nm = 8, Nf =128, (4)Nm = 16, Nf = 64.

In cach case n,, = 6, h* = 0.3, with 800 replicates made for (1) and
(3), and 600 replicates for (2) and (4). Comparison of (1) with (2)
examines the effect of population size. Comparisons of (1) and (2)
with (3) and (4) are designed to show the effect of varying the mating
ratio.

Options for reduced population size with ADJEBV

At a given rate of inbreeding, ADJEBYV is expected to give more
genetic gain than REST. Tt is of interest to ask how much larger the
population would have to be using REST to obtain the same response
and inbreeding as with ADJEBV. The ADJIEBV strategy was
simulated for Nm = 8, Nf = 64, n,, = 6 and * = 0.3. With REST three
different population sizes were used, each with n,, =6, h* =0.3 and
800 replicates: (1)Nm = 9, Nf = 72, (2)Nm = 10, Nf = 80, (3)Nm = 11,
Nf =88.

ADJEBYV and REST with EBV based on individual performance

ADJEBV and REST were examined for EBV based only on the
individual record, as opposed to an index of relatives. All simulations
had Nm = 8, Nf = 64, n,, = 6 and h* = 0.3. Number of replicates was
800 for REST and 600 for ADJEBV.

Results

The results are presented as plots of genetic gain versus
inbreeding after nine generations of selection, in Figs. 1
to 9. Moving to the Ieft, points on (1) the ADJEBV line
represent increasing values of &, (2) those on the OMIT
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line represent decreasing numbers of relatives included
in the index, (3) those on the SUBOPT line represent
increasing weight on the individual record, and (4) those
on REST line represent increasing the restrictions (i.e.,
decreasing the number) of full sibs allowed to breed. The
values of k used to obtain each point for the ADJEBV
strategy are given in the legend for each figure. Lines for
ADIJEBYV, SUBOPT, and REST converge to the same
point on the right of each plot, representing truncation
selection on the EBV based on the optimum index
calculated using base-population parameters, with no
subsequent re-optimisation of the index weights. The
line for OMIT does not end at the right-hand side at the
same point as the other strategies, because index weights
are re-optimised in each generation of selection. Moving
to the left on any graph, the lines diverge as selection
strategies differ increasingly. In all figures, one strategy
is deemed to give a better performance than another if
the combination of response and inbreeding achieved by
the first strategy lies above and to the left of the combi-
nation acheived by the second. The first strategy then
gives a better response at a given inbreeding, or lower
inbreeding at a given response. Standard errors ranged
from 0.01 to 0.025 for genetic gain, and from 0.0002 to
0.002 for cumulative inbreeding. ADJEBV and
SUBOPT tended to give similar results, especially for
higher inbreeding rates and in earlier generations.

The comparisons of SUBOPT with OMIT are given
in more detail by Brisbane and Gibson (1994a), and are
included here for comparison with the other methods.
From Figs. 1 to 9 the strategies generally rank AD-
JEBV > SUBOPT > REST > OMIT in terms of the
genetic gain achieved at any rate of inbreeding. For no
instance shown in Figs. 1 to 9 did any strategy signifi-
cantly outperform ADJEBV in terms of genetic gain ata
given level of inbreeding. When the mating ratio is 1:1
(Figs. 1, 2 and 3) strategy REST becomes inferior in
performance to OMIT at lower levels of inbreeding
where more severe restrictions are placed on the number
of full sibs selected. Figures 1,2 and 3 are for six progeny

Fig. 1a,b Genetic gain plotted against inbreeding for four selection
strategies with five parents of each sex in each generation and
h* = 0.1.a Nine generations of selection; n,, = 12,k = 0.3,1,2,3,5,and
10. b Three generations of selection; n,, =12; k=03, 1,2,3,5 and 10
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Fig. 2 Genetic gain plotted against inbreeding for four selection
strategies after nine generations, with five parents of each sex in each
generation and h* =0.3;n,, =12, k=0.5,1,2,3,10 and 20

6.2
6.0~

5.8

56~

Genetic gain {op)

SA SUBOPT
5.2 -

0.2 03 0.4 05 06 0.7
Average cumulative inbreeding

ADJEBV

— = —

OMIT  REST

Fig. 3 Genetic gain plotted against inbreeding for four selection
strategies after nine generations, with five parents of each sex in each
generation and h? =0.5;n, =12; k=0.5, 1.5, 3, 8, and 15

of each sex per dam, and the four points for REST
represent maximum of four, three, two and one males
selected from a full-sib family. At generation 9, as the
maximum number of full sibs selected decreased from
four to two, response generally increased while inbreed-
ing decreased, but when the maximum was further
decreased to one, there was a sharp drop in response,
presumably due to loss in selection intensity. For
Nm =5, Nf=15, n, =12 and h* =0.1, 0.3 or 0.5, and
with the larger number of full-sib families, even the most
stringent restriction had little effect on selection inten-
sity, and REST outperformed OMIT in all cases (data
not shown). Also ADJEBV had greater superiority over
SUBOPT in this situation. The performance of
SUBOPT might, however, be improved if the index
weight on half-sib information were reduced in addition
to that on full-sib information. Figures 1a, b show ge-
netic gain and inbreeding at generations 9 and 3 for the
same simulations (Nm = Nf = 5, h? = 0.1, n,, = 12), illus-
trating greater curvature of lines in later generations.
After three generations, maximum genetic gain was
achieved at close to the highest level of inbreeding,
whereas after nine generations, maximum genetic gain
occurred at much less than the highest level of inbreed-
ing, due to the cumulative effect of inbreeding reducing
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genetic variance and hence selection response. Similar
differences at generations 3 and 9 were observed for
other parameter combinations (data not shown), al-
though the effect was smaller for larger population sizes.

Effect of heritability

Figures 1a, b, 2 and 3 show results for four selection
strategies with #%2 =0.1, 0.3 and 0.5, at Nm = Nf=5,
with all figures drawn to the same scale. There was much
less genetic gain, more inbreeding, and better perform-
ance of strategies ADJEBV, SUBOPT and REST at
lower heritability. As inbreeding was reduced using
ADIJEBYV, the loss of genetic variance due to inbreeding
decreased, which increased response, while the selection
intensity was reduced, which decreased response. The
shape of the line observed on each graph is the net result
of these two opposing actions. After nine generations of
selection with h?=0.1 (Fig. 1a), genetic gain was in-
creased by about 0.36 units using ADJEBV, compared
to truncation selection on the optimum index (equiva-
lent to ADJEBV with k = 0). Inbreeding was reduced
from 0.75 to 0.60. With h% = 0.5, the increase in response
was about 0.24 units (Fig. 3) and inbreeding was reduced
from 0.65 to 0.46. The proportionate increase in re-
sponse was 12% at h> = 0.1 but only 4% at h*> =0.5. In
the simulation model, genetic variance is close to a linear
function of average inbreeding level [the variance of
Mendelian samplingis 0.5(1 — 0.5(F, + F ) 63,), as men-
tioned earlier, and the genetic variance is the sum of this
and a linear function of the parental genetic variance].
The proportionate increase in variance retained is
(1-0.6)/(1—0.75)—1=0.6 at h*=0.1, and (1 — 0.46)/
(1 —0.65)—1=0.54 at h* = 0.5. With truncation selec-
tion on the EBV derived from family indexes, genetic
gain should be roughly proportional to genetic variance.
With ADJEBYV the results were a 12% increase in gain
with 60% more variance retained at low heritability and
a 4% increase in gain with 54% more variance retained
at high heritability. The fact that the increase in gain
achieved in relation to the increase in variance retained
was almost three-fold greater at low heritability suggests
that loss in selection intensity is less at low heritability.
When heritability is lower, so that EBV are more highly
correlated and the effect of selection on inbreeding is
greater, the ADJEBV procedure may find animals in
families less related to the initially selected group which
are of better additive genetic merit. At h* =0.1 using
ADIJEBYV, cumulative inbreeding can be reduced from
0.75 to 0.35 with no loss of genetic response (Fig. 1). At
h? = 0.5 cumulative inbreeding can be reduced from 0.63
to 0.33 with no loss of genetic response (Fig. 3).

Effects of population size and mating ratio

Figures 4 to 7 show results for the four selection stra-
tegies for four population sizes with A% = 0.3. All figures
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are drawn to the same scale. In these larger populations,
rates of inbreeding ranged from 1.1% to 3.5% per
generation, and are representative of some rates which
occur in the animal breeding industry.

ADIJEBYV performs better at the smaller population
size. At the small population size (Fig. 4) inbreeding was
reduced from 0.31 to 0.23 with no loss of genetic re-
sponse, and at the large population size (Fig. 5) inbreed-
ing was reduced from 0.19 to 0.14 with no loss of
response. The proportional reduction was, however,
26% in both cases. The k values from right to left are 0, 1,
2,5, 10 and 25in Fig. 4 and 0, 0.5, 1, 2, 5, 10 and 20 in
Fig. 5. Thus a given value of k had similar proportional
effects in the two populations. Strategies SUBOPT,
OMIT, and REST also gave slightly better absolute, but
not proportional, performance at the lower population
size (Fig. 4 vs 5).

In Fig. 6 the mating ratio is 16:1, with the same
number of sires as in the small population size (Fig. 4),
but with the same number of dams as in the large
population size (Fig. 5). Because the increased number
of dams has little effect on effective population size,
inbreeding levels were similar to those in the small
population (Fig. 4). The performance of ADJEBV for
reducing inbreeding, while maintaining selection re-
sponse, was almost the same for the two mating ratios
(Fig. 4 vs 6). In Fig. 7, the mating ratio is 4:1, with the
same number of sires as in the large population size
(Fig. 5), and the same number of dams as in the small
population size (Fig. 4). As expected, given effective
population sizes, inbreeding levels were similar to those
in Fig. 5, though responses were less due to reduced
selection intensity in males. The performance of AD-
JEBYV was almost idential to that in Fig. 5. Thus, per-
formance of ADJEBV appears not to be affected by the
mating ratio and selection intensity in males.

SUBOPT and REST gave a similar performance at
low effective population size (Figs.4 and 6), but
SUBOPT was superior for performance at high effective
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Table 1 Number of changes

made to the initially selected Generation Number of changes Proportion remaining

group and proportion of initially

selected parents remaining in k=10 k=2 k=10 k=2

the finally selected group with ) -

eight sires and 64 dams in each Sires Dams Sires Dams

generation®
1 16.87 +£0.14 6.04 +0.07 0.773 0.830 0.901 0.961
2 19.13+0.17 7.73 4+ 0.09 0.724 0.805 0.870 0.942
3 19.43+0.18 7.86 +0.09 0.718 0.802 0.868 0.938
4 19.15+0.17 7.77 4+ 0.09 0.724 0.804 0.876 0.940
5 19.23+0.17 7.68 +0.08 0.718 0.805 0.878 0.938
6 19.21+0.17 7.48 4+ 0.08 0.722 0.805 0.878 0.942
7 18914+0.17 7.3740.08 0.723 0.809 0.886 0.945
8 18.6040.17 7.30 £ 0.07 0.726 0.812 0.884 0.944
9 18.54 +0.17 7.2340.08 0.731 0.812 0.886 0.946

f 6 K03 10 18.46 +0.17 7.2140.08 0.728 0.814 0.884 0.947

population size (Figs. 5 and 7). At very low effective
population sizes and mating ratios of 1:1 (Figs. 1-3),
however, SUBOPT performed better than REST, prob-
ably because imposition of even mild restrictions in
REST limits opportunities to select high-EBV males.
Apart from these differences, comparisons between stra-
tegies do not appear to be affected by population size
and selection intensity. As mating ratios increase and
numbers of progeny per dam decrease, an increasing
amount of inbreeding will arise from selection of half
sibs. REST and OMIT should be less effective in re-
ducing inbreeding in these situations, as was observed
(compare Fig. 4 with Fig. 6 and Fig. 5 with Fig. 7; the
point with the lowest inbreeding on the OMIT lines in
Figs. 6, and 7 can be ignored for this comparison, as it
applies to mass selection), because they are designed to
reduce the selection of full sibs.

Efficiency of iteration in ADJEBY selection

The number of changes made to the group sclected
initially by truncation on the EBV is illustrated for two k
values in Table1 for Nm =8, Nf=64, n,=6 and
h? = (.3. The number of changes to the selected group
was slightly less in the first generation than in later
generations. This difference is most likely a result of a
reduction in the variance of the unadjusted EBV across
selection candidates after the first generation, due to
previous generations of selection. A higher variance of
the EBV means that at fixed k, M, places more emphasis
on high-EBV animals, which are those selected initially.
As the number of changes increases, the proportion of
initially selected parents which remain in the selected
group decreases. The number of changes was higher for
k=10 than for k=2, as expected given the larger
negative weight attached to average relationship.
Table 2 shows the increases in M, by generation for
k =10. When k was reduced from 10 to 2 (last row of
Table 2), the average increases in M, were reduced
substantially, because there was less to gain by altering
the selection from truncation on the unadjusted EBV.

Table 2 Increases in the population selection criterion with eight
sires and 64 dams in each generation®

Generation Initial value Increase
1 0433 0.109
2 1.040 0.155
3 1.592 0.159
4 2.137 0.154
5 2.663 0.151
6 3.184 0.151
7 3,700 0.146
8 4207 0.140
9 4714 0.134

10 5.210 0.134

Average (2-10) 0.147

Average (2-10) when k=2 0.010

2Tabulated values are for k = 10. Standard errors of increases in the
population selection criterion are about 0.003

Options for reduced population size with ADJEBV

Mean genetic gain is plotted against mean inbreeding
after nine generations of selection in Fig. 8, for ADJEBV
at one population size, and REST at four population
sizes. For ADJEBV, Nm =8, Nf=64 and for REST,
Nm =28 and Nf=64(RP1), or Nm=9 and Nf=72
(RP2), or Nm = 10 and Nf= 80 (RP3), or Nm =11 and
Nf=88 (RP4). In each case n, = 6 (three males, three
females). Restrictions used for RP1 were maxima of two
males (no restriction on females), two males and two
females, one male (no restriction on females) and one
male and two females selected from a full-sib family. For
RP2, RP3 and RP4, restrictions were maxima of two
males (no restriction on females), one male (no restric-
tion on females), one male and two females, and one
male and one female selected from a full-sib family. The
objective was to determine by how much population size
could be reduced if ADJEBV were used to achieve a
certain balance of response and inbreeding compared to
the use of REST. Figure 8 indicates that the answer is
highly dependent on the initial goal. If the initial popula-
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Fig. 8 The benefits of ADJEBYV in terms of population size: genetic
gain plotted against inbreeding after nine generations of selection.
n,=6h*=03;k=1,2,510and 25

tion is defined by RP4 (i.e, Nm = 11, Nf = 88) and the
goal is to keep inbreeding below 0.15, ADJEBV would
achieve that goal and would give a better response than
RP4. Thus population size could be reduced by about
27%. For a higher acceptable inbreeding of 0.2, AD-
JEBV (with Nm = § and Nf = 64) gave a lower response
than the optimum RP4, and population size with AD-
JEBV could be reduced by less than in the previous
example. In general, the lower the inbreeding rate desir-
ed, the greater the reduction in population size possible
in moving from strategy REST to ADJEBYV. Although
difficult to generalise from the limited situations exam-
ined here, reductions of the order of 10-30% should be
possible in many situations. Although not shown here,
similar conclusions were obtained from results after
three and six generations of selection.

If a breeding scheme operates at a fixed population
size, governed by costs and returns, and within a certain
tolerable rate of inbreeding, then ADJEBV would not be
used to change population size, but would be used to
increase genetic gain slightly at the desired maximum
rate of inbreeding.

Performance of ADJEBV and REST with EBV
based on individual performance

Mean genetic gain is plotted against mean inbreeding
after three, six and nine generations of selection in Fig. 9,
for ADJEBV and REST when Nm =8, Nf =64, n,,= 6,

and h* = 0.3 with the EBV based on individual records.
ADJEBYV gave a significantly better performance than
REST. Genetic gain and inbreeding were both much
lower than with a family index (Fig. 9 vs 4). For AD-
JEBYV with a family index (Fig. 4) and with individual
records (Fig. 9) compared at the same level of inbreed-
ing, the index gave greater genetic gain. When inbreed-
ing was reduced from 0.18 to 0.13 using ADJEBV with
individual records (Fig. 9), genetic gain decreased from
6.3 to 5.9 while the same absolute decrease in inbreeding
with the family index (Fig. 4) decreased genetic gain
from 6.6 to 6.0. Starting at their initial levels of inbreed-
ing, ADJEBV with the index (Fig.4) would reduce
inbreeding by one-half with about a 10% reduction in
response, while a similar reduction with individual re-
cords (Fig. 9) would reduce response by more than 20%.
The rapid reduction in response with ADJEBV and
individual records occurs because inbreeding is at a
lower level and is closer to the lower limit imposed by
the population size. For Nm = 8, Nf =64 the lowest
possible rate of inbreeding is 8.79 x 1073, with within-
family selection (Dempfle 1975), giving F = 0.0764 after
nine generations of selection.

Table 3 shows the ratio of the difference in mean EBV
between initially selected sires and finally selected sires
divided by the difference in mean relationship among
initially selected sires and dams and among finally se-
lected sires and dams. Smaller values of the ratio corres-
pond to greater efficiency in reducing relationships
while maintaining genetic gain. For both individual
records and EBV based on a family index, the ratio
increases as k increases, which is consistent with the
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Fig.9 ADJEBV and REST with EBV based on individual records:
genetic gain plotted against inbreeding after three (lower left), six
(middle) and nine (upper right) generations of selection. Nm = 8,
Nf=64,n,=6h*=03;k=1,2,5,10,30 and 50

Table 3 Ratio oflossin selection

; ; S Selection Mean EBV of Mean EBV of Mean initial Mean final Ratio

g;flrs];lgft:r ﬁfggéﬁnﬁ;ﬂin initially selected finally selected  sire-dam sire-dam [/

methods sires (1) sires (2) relationship (3)  relationship (4)  [(3)-(4)]
Index k=2 4.505+0.017 4.495+0.017 0.1601 +0.0009  0.1517 +0.0008  1.190
Index k=10 4.337 +0.016 4.2654+0.016 0.12224+0.0006 0.1007 +0.0004  3.349
Mass k=2 4.048 +0.017 4.044 4 0.017 0.0927 +0.0004  0.0889 +0.0004 1.053
Mass k=10 3.817 +£0.015 3.794 £0.015 0.0774 4 0.0002 0.0694+0.0001 2.875




curvilinear plots of genetic gain against inbreeding. At a
given k, the ratio is smaller for individual records than
for EBV based on a family index, even though overall
performance is less for individual records. The beha-
viour of the ratio should be dependent on the correla-
tion of EBV within families and the difference between
mean relationship within families and mean relationship
between families, for the following reasons. If families
were ranked on mean EBV, the expectation of the
difference in EBV between an animal in the nth ranking
family and an animal in family » + 1 would increase with
the correlation between EBV. The numerator of the
ratio should therefore increase with the correlation be-
tween EBV. There would be more animals from family
in the intially selected group than from family » + 1, and
so an animal in family n + 1 would have a lower mean
relationship with the initially selected group. The differ-
ence in mean relationship between the two animals
would increase with the difference between mean rela-
tionship within families and mean relationship between
families, and also with the correlation between EBV,
because proportionately more animals would be in-
itially selected from family » at higher EBV correlations.
The denominator of the ratio should therefore increase
with the EBV correlation. The fact that the ratio is
smaller for individual records when correlations be-
tween EBV are low, than for EBV based on a family
index, suggests that the main effect of the EBV correla-
tion is through the numerator, although this may not be
true at other selection intensities. The ratio has some
similarity to solutions for the optimal selected pro-
portions from families derived deterministically by
Lindgren et al. (1993) using order statistics under simpli-
fied circumstances.

Discussion

Drift variance between randomly selected lines is 2Fo?%,,
(Wright 1952). If, as suggested by Hill (1980), this is a
good approximation to the variance of genetic change in
a selected line, the standard deviation of response should
be \/ (2F), because ¢3,=1 for these simulations.
Achieved standard deviations of 0.4 to 0.6 (data not
shown) were in this general area, although they were not
obviously related to inbreeding rates, and were not
affected by the selection methods studied. All methods
used to reduce inbreeding had very small efiects on the
variance of gain, and so differences in this respect are
unlikely to affect choices among them.

Selection methods to maximise the mean EBV of
selected parents, adjusted by a factor of its prediction
error variance to account for risk, have been shown to be
effective in reducing the variance of genetic gain
(Woolliams and Meuwissen 1993). The population se-
lection criterion of Woolliams and Meuwissen (1993)
can be written as

Mi=vg—FkvCv

429

while the criterion used here is
M=vg—Fk,vAv

where v is the vector of genetic contributions of parents,
g is the vector of the EBV, C is the prediction error
variance-covariance matrix of EBV and A is the additive
relationship matrix among parents. Clearly the similar-
ity between the two methods will depend on how similar
are C and A. In the situation described by Woolliams
and Meuwissen (1993) there were large differences in
accuracies of evaluations among individuals so that C
and 4 would have very different structures. If all individ-
uals have the same accuracy, as here, the structure of C
and 4 may be quite similar so that the two methods
would give similar results. In principle, both risk and
inbreeding could be included in the breeding objective, a
possibility that is being studied.

A series of iso-objective lines can be drawn on graphs
of genetic response versus inbreeding, where each iso-
objective line connects points with equal values of the
selection objective, M ;. The strategy that maximises the
objective is found at the point on the line that just
touches (is tangential to) the iso-objective line with the
highest objective value. For example, if the value of
inbreeding is considered only in terms of inbreeding
depression of growth and the inbreeding depression rate
is 0.5% per 1% inbreeding, then for ¢,= 5% of the
mean, complete inbreeding depression would be 100,
and the slope of the iso-objective line would be D = 10.
Over the region of the curve where a small loss in
response is traded for a large loss in inbreeding, the k
value maximising the selection objective is observed to
be around 1.2 to 2 times D. The k value used in selection
is greater than D because of the increased response due
to the increased genetic variance caused by reduced
inbreeding. However, errors in the k value used will not
resultin a large loss in the value of the objective realised,
because the slope of the curve changes quite slowly. The
k value required increases with the time horizon, be-
cause the effect of loss of variance is cumulative over
time.

Wray and Goddard (1994) used k=6G.(t—1)/
2+ D, where t is the time horizon and G/, is the rate of
genetic gain assuming truncation selection with no loss
in variance due to inbreeding, but accounting for the
reduction in variance due to selection. The predictor of k
had a relative error of about + 10% in the limited
number of situations studied. The selection procedure
was slightly different from that considered here in that
EBV and relationships were considered only among
sires, with selection of dams completely at random. In
attempting to maximise the objective, they investigated
the effect of allowing the number of sires selected and the
number of matings per sire to vary, while a fixed number
of dams was selected randomly. The procedure used to
maximise the objective involved selecting one sire ini-
tially, and then other sires one at a time based on
maximum improvement in the objective at each stage.
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Allowing variation in the number of sires and the num-
ber of matings per sire improved performance. Allowing
the replacement of selected sires with sires outside the
selected group, as in the ADJEBYV procedure, might also
give improved performance. Results obtained by Bris-
bane and Gibson (1995c¢) also show that when dams are
genetically selected, Wray and Goddard’s method over-
predicts k if relationships among and between both
sexes are used, as was done here. Brisbane and Gibson
(1995¢) showed that Wray and Goddard’s method
should under-predict k if only relationships among sires
are used, and dams are genetically selected.

When EBYV are based only on individual perform-
ance, inbreeding is less and closer to the lower limit
imposed by population size, and the slope of the plot of
response against inbreeding is steeper than if a family
index is used. The k value used in selection is actually
less than D (Fig. 9), which is not expected from the
prediction of k given by Wray and Goddard (1994).
However, this situation may be less important than
where EBV use information from relatives, because
inbreeding is less of a problem.

In the absence of inbreeding depression, the objective
of the breeder might be to obtain maximum genetic gain
at some time horizon, or perhaps to obtain the most
desirable trend in genetic gain over a range of time which
would depend on factors such as competition from rival
schemes. In many cases, the genetic gain versus inbreed-
ing curve is quite flat near the maximum, so that k could
be as large as possible to reduce inbreeding while main-
taining gain close to its maximum. In Fig. 4, the ex-
pected genetic gain is maximised at 6.889 when k= 1.
However using k = 2, with a loss 0of 0.01 in expected gain,
leads to little change in the probability that genetic gain
exceeds any given value, because the standard deviation
of gain, of about 0.5, is large in comparison to the change
in expectation.

A limitation of the current work is that discrete
generations were assumed, whereas most practical
breeding schemes involve overlapping generations.
When generations overlap, individuals have already
produced different numbers of progeny at a given round
of selection, and will contribute different numbers of
progeny from future breedings, so that accounting for an
animal’s contribution to long-term inbreeding is a non-
trivial problem. Work is underway to investigate the use
of ADJEBYV with overlapping generations.

Use of ADJEBV may cause changes in the ranking of
schemes for genetic gain achieved within tolerable in-
breeding levels. For example, in selection nuclei for
dairy cattle using MOET (e.g., Nicholas and Smith
1983), genetic gain is reduced more than in a progeny
test scheme by restrictions required to control inbreed-
ing. Because ADJEBYV allows higher response and lower
inbreeding than REST, MOET schemes may perform
relatively better with ADJEBV than REST.

When determining the value of D in the selection
objective there are three deterimental effects of inbreed-
ing to account for: (1) reduction of additive genetic

variance, which limits gain from future selection;
(2) inbreeding depression in the trait under selection and
(3) inbreeding depression in fitness (ability to survive
and reproduce). With competition between rival breed-
ing schemes, the continued profitability of an individual
scheme requires the economic performance of its genetic
stocks to be consistently high relative to that of other
stocks over time, such that a range of time horizons are
of interest. With a purebred commerical population,
inbreeding depressionin the trait under selection may be
the most important effect. Consider a breeding program
with a rate of gain of 0.2¢ , per generation, and a rate of
inbreeding of 1% per generation. Using these realistic
parameters, a rough prediction of genetic gain, neglect-
ing inbreeding, over three generations, is 0.6 ,. If the
genetic selection differential varies directly with 62 then,
after accounting for loss of genetic variance, the re-
sponseis 0.2 + 0.2(0.99) 4+ 0.2(0.98) = 0.594 ¢ ,, and if the
differential varies directly with ¢, the response is
0.2 +02,/(0.99) +0.2,/(0.98)=0.5975,. Depending
on the assumption used, the loss of response is 0.0030 ,
to 0.006¢ ,. For inbreeding depression to have the same
effect, it would need to be only 0.001¢, to 0.002¢ , per
1% inbreeding. For milk yield in dairy cows as an
example, ¢, is about 10% of the population mean, so
that the rate of inbreeding depression would be only
0.1% to 0.02% of the population mean per 1% inbreed-
ing. Estimates for the rate of inbreeding depression in
milk yield in dairy cattle are around 20-times higher
than this, at 0.20-0.40% of the population mean per 1%
inbreeding (Hodges et al. 1979; Hermas et al. 1987; Mig-
lior et al. 1992). Thus, inbreeding depression in the trait
selected is likely to be a much more serious problem
than loss of genetic variance due to inbreeding in a
purebred population. Loss of genetic variance, however,
reduces genetic response in all future generations of
selection, and would therefore be expected to become
more important in the long term.
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