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Maximising Genetic Response in Tree Breeding with
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Abstract
This study compares 4 methods to maximize response to
selection while minimizing the inbreeding that accumulated
over 6 generations of selection. A selection algorithm is described which maximizes the mean estimated breeding value of the
selected trees while constraining the average coancestry among
them and hence the status effective number of the population.
This algorithm resulted in increased selection response, at a
lower, target average coancestry level, compared to truncation
selection. However the target average coancestry level for each
generation is arbitrarily chosen. A variation of the algorithm is
described which attempts to maximize response over 12
generations allowing for the decline in genetic variance caused

by inbreeding. This leads to faster genetic gain and higher
coancestry than typical tree breeding programs.
Once the selection has been carried out, a mate allocation
algorithm arranges matings which give each parent the
number of offspring required by the selection algorithm and
which minimizes inbreeding in the offspring per mating. This
delays the appearance of inbreeding by at least one generation
but does not alter the long term rate of inbreeding. The
combination of the selection and mating algorithms lead to
breeding programs requiring less controlled pollinations than
truncation selection with random mating and hence reduce the
cost of the breeding program.
Key words: selection, coancestry, inbreeding, BLUP.
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Application of COCHRAN’s optimal rule for selection
(COCHRAN, 1951) in plant and animal improvement implies

165

parents are selected soley on the criterion of estimated
breeding value (EBV). This rule is optimal for a single cycle of
selection and will maximize genetic advance in the generation
following selection. However repeated use of this rule will
compromise long term genetic gain. This is because the
accumulation of inbreeding in the population will reduce future
genetic variance. If long term genetic gain is to be considered,
what is the optimal rule for selection?
A growing area of research (recently summarised by WEI,
1995) is aimed at providing such an answer. A common
technique is to use LAGRANGE multipliers to find an optimal set
of genetic contributions from a set of available candidates.
Many authors, applying this technique, formulate specific
selection rules. WRAY and GODDARD (1994) provide a selection
rule which optimally balanced genetic gain and inbreeding over
a given time horizon. MEUWISSEN (1997) provides a selection
rule which maximises genetic gain while constraining
inbreeding to a predefined value. Implied in these rules is the
assumption that any increase in coancestry equals a future
increase in inbreeding. However these rules were formulated
for use in animal breeding where hierarchical mating is the
norm. In a series of tree breeding papers (LINDGREN and
MATHESON, 1986; LINDGREN, 1991; LINDGREN et al., 1993) the
selection rule maximized genetic gain at a given selected
proportion and genetic diversity. This work is only relevant to a
single cycle of selection and does not balance gain and diversity
over many generations. More recently, LINDGREN and MULLIN
(1997) have presented an iterative exchange algorithm to select
a fixed number of individuals which will maximize genetic
gain, given an imposed weighting on average coancestry. The
method was demonstrated using computer simulated populations in which selection continued for 5 discrete generations.
ZHENG et al. (1997) extended the method such that the number
of selections could vary.
The techniques described above, while attempting to define
genetic contributions from either a fixed or varying number of
parents, do not specify to which individuals other individuals
should be mated, or in other words, the mate allocations. Other
techniques exist which are more suited to this problem. These
are: minimum coancestry mating (TORO et al., 1988) which
aims to avoid matings between close relatives; compensatory
mating (GRUNDY et al., 1994) which aims to mate parents
which are already well represented in other matings with
parents which are poorly represented; and assortative mating
(BAKER, 1973) which aims to mate best with best.
The aims of this study are twofold. Firstly, algorithms are
presented which enable the breeder to make a more rational
choice of the appropriate penalty factor in weighting average
coancestry against expected genetic gain. The algorithms are
similar to those presented by WRAY and GODDARD (1994) and
MEUWISSEN (1997). Methods which maximize total response
over 12 generations or increase coancestry by a predefined
amount each generation are compared with truncation selection. Secondly, a technique based on iterative exchange and
improvement is explained which can translate the set of
genetic contributions into an optimum mating arrangement.
The use of the algorithms to define genetic contributions and
the technique to convert them to mate allocations is illustrated
using computer simulation.
Method
Selection is defined by a 1 x nc contribution vector c where nc
is the number of all available candidates prior to selection. A
contribution is valued between 0 and 1 and expresses the
proportion of the next generation’s gene pool that is contribut166

ed by an individual candidate. The sum of contributions is one
(∑i ci = 1) and a contribution of zero means the candidate has
not been selected.
Allocation is the process of assigning individuals to particular matings in accordance with c. These two processes have
been separated deliberately, though they can be considered
jointly. If considered jointly the problem increases in complexity and it is doubtful whether treated together achieves any
greater benefit than if each process was treated separately.
Calculation of the contribution vector
Two algorithms were considered. The first is based on the
approach of WRAY and GODDARD (1994) who aimed to maximise
cumulative net response over a fixed time period. Their objective function which enabled this to occur will be the same used
in this study:

where Rt is the cumulative net response at generation t,  F is
the rate of inbreeding per generation, and  GL is the asymptotic rate of gain per generation expected in an infinite population. An asymptotic rate is used because the reduction in
between family additive genetic variance through selection
disequilibrium (BULMER, 1971) can be accounted for. Finally,

where D is the depression in performance per unit of inbreeding and t is the number of generations in the future at which
net response is maximized. The scalar Q can be regarded as a
cost or penalty factor for the increase in inbreeding resulting
from selection. The objective function (1) is now replaced by a
selection criterion (St) at any generation t within the defined
time period. The selection criterion is written in terms of the
coancestry of selection candidates and their contributions to
the next generation. The following selection criterion is applicable to tree breeding. Firstly  GL is substituted by the level of
additive genetic merit in the next generation,  Gt +1, expected
from selection decisions made at generation t. This is given by

where bt contains the estimated breeding values, deviated from
the mean, of all available candidates at generation t. An approximation for  F arises by considering the following equation
(FALCONER and MACKAY, 1996):

The mean inbreeding in progeny of any generation will
depend on the amount of common ancestry in the parents. If Ft
is small, and hence 1 – Ft can be ignored,  F could be approxi–
–
–
mated by C t +1 – C t , where C represents average coancestry in
the parents. This approximation is dependent on the assumption that the mate allocations only produce small fluctuations
–
in the value for  F. Because C t is fixed by the time selection of
parents for generation t + 1 is made, it can also be ignored.
–
Thus  F  C t +1. Because a numerator relationship coefficient
between two individuals is twice the coancestry between them,
and assuming discrete generations,

where At is a nc x nc matrix containing the numerator relationships amongst all candidates at generation t and is a subset of
–
the numerator relationship matrix for the entire population. C
t +1 defined like this is the same as average coancestry defined
by COCKERHAM (1967) and used by LINDGREN et al. (1996),
except the average of all pair-wize coancestries is a weighted
average. Following LINDGREN and KANG (1998) group coancestry is prefered over average coancestry, since the latter can
often imply the exclusion of self-coancestry. At does include the
relationship of an individual with itself. Thus the selection
criterion, St, is given by

Maximising St is achieved by imposing the constraint

of c’t Act/2 equal to 0.5 /Ns t where Ns t is the desired status
effective number in generation t.
To find the optimal ct to maximise St a different LAGRANGEan
function is used:
–
St = c’tbt – (c’t 1 – 1)1 – (c’t At ct – 2C t+1) 2
Equating the first derivative of St with respect to ct to zero and
solving for ct yields:

Multiplying both sides of the equation by 1’ yields an equation
similar to equation (8) for 1:

c’t 1 = 1
and the LAGRANGEan function
St = c’tbt – Q(c’t At ct )/2 – (c’t 1 – 1) 
where 1 is a vector of ones of same magnitude as ct . By
differentiating St with respect to ct and setting to zero yields:
bt – Q Act – 1 = 0.

–
Using the constraint c’t Act = 2C t+1 it follows that

Rearranging terms to obtain a solution for c yields:

Multiplying both sides of the equation by 1’, we get

A value for 2 is obtained prior to calculating 1.
The following algorithm was used for both methods to obtain
the vector ct which maximised the selection criterion St.
1. Select the best n = nc, that is, select the complete set of
available candidates.

and solving for  yields:

2. Compute necessary lambdas and use in either 7 or 11 to
compute ct.

The second algorithm is based on the algorithm of MEU(1997) who maximised the level of additive genetic
merit in the following generation,  Gt +1, subject to a constraint
on the increase in group coancestry which approximates the
future level of inbreeding and is given by equation (5). Thus
the selection criterion S is simply
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subject to

and

3. Rank the candidates on their ci values. If all elements of ct
are positive then stop the search and the current ct is optimal
for maximising St, otherwise remove the individual with the
most negative ci value and repeat from step 2 with n = n – 1.
MEUWISSEN (1997) has given proof that this algorithm yields
the optimal ct within the solution space ct ≥ 0.
Allocation
The following procedure is then used to translate the genetic
contribution vector, ct , into an allocation matrix, Xt, which
defines the mating program at generation t. The first step is to
divide each ci by cmin , the minimum contribution, and round up
to the nearest integer which yields the number of contribution
units (i). As an example table 2 lists 6 selections, with their
corresponding genetic contributions and contribution unit
numbers. Table 3 lists additive genetic relationships (ai j )
between all trees.

c’t 1 = 1
LINDGREN et al. (1997) define status effective number (Ns ) as
half the inverse of group coancestry and is equivalent to the
actual census number of a set of non-inbred, unrelated genotypes. Thus Ns will tend to decline with generations as
inbreeding and coancestry rise. LINDGREN and MULLIN (1997)
suggest status effective number is a more easily understood
concept than group coancestry and the concept also
circumvents the ambiguity concerning what average or group
coancestry refers to. Genetic merit could be maximized subject
to a constraint on the status effective number desired for each
future generation. This could be acheived by setting the value

Table 1. – Phenotypic variances, heritabilities
(on diagonal), genetic correlation (above
diagonal) and phenotypic correlation (below
diagonal) used for diameter at breast height
(DBH) and pilodyn penetration score (PIL).
These are the traits simulated in the study.
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Table 2. – Example of 6 selected individuals with their
genetic
contributions
and
contribution unit numbers.

On the other hand if the value is greater, v(’) > v(i) the
rearranged configuration becomes the new configuration with
propability ρ, where

•

Table 3. – Matrix containing additive
genetic relationships between individuals listed in table 2.

There are many possible strategies in making the allocations. In this study it was decided to minimise the group
coancestry between mates (i.e. the inbreeding of the progeny)
and to minimise the variance of family size, subject to
achieving the prescribed genetic contributions from each
parent. The problem reduces to finding values for ns x ns
variables xi j which indicate the number of contribution units
from each mating. Where xi j = 0 implied the individuals were
not mated. A suitable objective function to be minimised is as
follows:

subject to

for all i and where i ≠ j. To obtain a solution a heuristic
algorithm, based on interchange and iterative improvement,
was used. This approach is sometimes referred to as “simulated
annealing”, due to the method first appearing in statistical
mechanics (KIRKPATRICK et al., 1983). The problem is represented by

where  is an arrangement or configuration with sample space
Ξ and value v(), determined from (14). Denoting the current
arrangement as i, the algorithm proceeds by generating a
rearranged configuration ’. In this study random numbers,
uniformly distributed in the interval (0,1), were used to
rearrange a fraction of the individuals into new matings. If the
rearranged configuration improves the value of the objective
function it is kept, that is
if v(’) < v(i), then i +1 = ’.
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where  is a control parameter for the jth round of iteration.
This step is a feature of the METROPOLIS algorithm (METROPOLIS
et al., 1953), which incorporates controlled uphill steps in the
search for better solutions. The motivation in accepting a
configuration with smaller objective value is that it avoids
getting stuck in a local but not a global optimum. The process
proceeds like this for a set number of iterations. When a prerequisite number of successes, v(’) < v(i), or the iteration limit
has been reached, a new round of iteration begins ( j → j +1).
The parameter j is decreased at the rate j +1 = j (1 – ), with 
usually in the vicinity (0.01, 0.1). In statistical mechanics j is
referred to as the “annealing temperature”. The system is first
optimised at a high effective temperature and slowly the
temperature is lowered until the system “freezes” and no
further changes occur. A starting value for  is chosen such
that the value is larger than the largest expected value for v(’)
– v(i) (PRESS et al., 1989). In this study  was 0.01. It may be
noted with this method that an exact solution is never assured.
However as the size of the optimisation problem increases, an
exact solution becomes increasingly irrelevant, and the performance of the algorithm dominates the analysis of practical
applications.
An initial configuration was obtained by the following
algorithm.
1. Initialise X by setting to zero.
2. Rank selections according to genetic contributions.
3. For i = 1 to (ns –1) do

ki = i – m
j=i+1
while ki greater than zero
kj = j
if ki greater than or equal to kj
xij = kj
ki = ki – kj
else
xij = ki
ki = 0
end if
j=j+1
end while
end do.
In order for the last parent to have the correct i value, some
approximation may be required in allocating an extra unit to
the penultimate parent. Applying this algorithm to the
individuals listed in table 2 resulted in an allocation matrix
shown in table 4. Rows of the allocation matrix are assigned to
female parents and columns to male parents. In the annealing
algorithm a new configuration is obtained by completing a
series of shuffles. One shuffle is achieved by randomly choosing
a row, say i. Within this row a filled (i, j) and unfilled cell (i, k)
are randomly chosen. Then within the kth column a filled cell
is randomly chosen (l, k). The shuffle is completed when a
contribution unit is subtracted from both (i, j) and (l, k) and
added to (i, k) and (l, j). The optimum configuration as deter-

mined by the annealing algorithm is shown in table 5. The
total weighted coancestry was 0.5 initially and the initial
variance of xi j values was 3.67. The optimum allocation had a
total weighted coancestry of 0.375 and a variance of xi j values
of 0.285. If the objective function was to minimize total pairwize weighted coancestry only ( i j ai j xi j) this would result in
fewer matings each producing many non or less inbred
individuals. In order to reduce the variance of family size it is
more optimal to produce more matings each producing fewer,
but similar numbers of non or less inbred individuals. Table 6
shows the optimum configuration under the sole objective of
reducing i j ai j xi j . This configuration also had a total weighted coancestry of 0.375 but a variance of xi j values of 2.0.

Table 4. – Allocation matrix, X,
prior to optimisation.

genetic values or breeding values (g(i)j , stated as the breeding
value of the ith individual for the jth trait) for 2 traits were
sampled from a multivariate normal distribution MN(µ, G),
where µ is a 1 x 2 vector of zeros and G is a 2 x 2 positive
definite additive genetic variance covariance matrix, with
–
elements Gjk = COV(gj , gk)t = 0. For descendents Gjk = 1 /2(1–Fds )
–
COV(gj , gk)t = 0 where Fds is the average inbreeding coefficient
of the female parent, d and the male parent, s, and µ = [µ1, µ2]
where µ1 = 1 /2 g(d)1 + 1 /2 g(s)1, which is the mid-parental
breeding value for the 1st trait and likewise for the 2nd trait. A
record for each trait for an individual was simulated as the
sum of the breeding value, an environmental effect common to
all individuals located in the same site and an individual
environmental effect. Both environmental effects were sampled
from multivariate normal distributions, with mean vectors
containing zeros and variance covariance matrices with elements Ejk = COV(ej , ek).
Variances and covariances used were current estimates from
the Southern Tree Breeding Association’s (STBA) E. globulus
data base and are shown in table 1. Selection criteria are
currently diameter at breast height (DBH) and pilodyn penetration score (PIL), while traits in the breeding objective are
volume, density and pulp yield. Weightings for selection
criteria were derived using the economic weightings currently
used in the breeding objective.

Table 5. – Allocation matrix, X,
following optimisation.

In the founder generation the 200 parents were each mated
4 times and 15 progeny were generated from each mating.
Estimates of breeding value (EBVs) were computed using a
multivariate BLUP. The 6000 progeny were ranked on EBV
and the number of possible candidates was restricted to the top
800 individuals. One of 5 options was then used to select the
parents. The options were:
Option 1

Table 6. – Allocation matrix, X,
following optimisation with the
sole objective of reducing total
weighted pairwize coancestry.

Selection on a variable number of parents with a genetic
contribution vector calculated using the WRAY and GODDARD
(1994) algorithm. A breeding horizon of 12 generations was
used. The depression in performance per unit of inbreeding, D,
was assumed to be zero. Simulated annealing was used to
assign matings.
Option 2
Selection on a variable number of parents with a genetic
contribution vector calculated using the MEUWISSEN (1997)
algorithm. Simulated annealing was used to assign matings.
The group coancestry of the parents of generation t was limited
to (t –1) F for t = 2, … , 6 where F = 0.017 giving an effective
population size of approximately 30.
Option 3

The final step is to obtain actual numbers of progeny to be
collected from each mating. It is assumed that the limiting
resource for the breeding program is the number of individuals
that can be field tested, denoted N. If the number of progeny
per contribution unit is given by N/ i j xi j then the actual
numbers of progeny from each mating are obtained by multiplying each xi j by this amount.

Same as for Option 2 except that the group coancestry of the
parents of generation t was limited to 0.5 /Nst –1 for t = 2, … , 6.
The following values for Nst were used: Ns1 = 150; Ns2 = 100; Ns3
= 50; Ns4 = Ns5 = 25. The aim of this option is to show that the
decline in status effective number can be fixed. To reduce
computing requirements it was decided to restrict the number
of individuals selected per family to 2. Thus fewer individuals
are needed to achieve the desired status effective number and
operations needed to determine the contribution vector (see
equations 11, 12 and 13) are far less time consuming.

Simulation

Unrestricted truncation selection

Populations were simulated with discrete generations and a
multi-trait breeding objective was considered. A founder population of 200 individuals was considered sufficient for a typical
forest tree breeding population (BURDON et al., 1977). Additive

The top 200 ranked individuals were selected on EBV. Each
parent was then mated 4 times with no restrictions on matings
between close relatives. Fifteen progeny were obtained from
each mating.
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Restricted truncation selection
The number of individuals selected per family was restricted
to 2. The number of parents remained at 200, with each parent
mated 4 times and 15 progeny collected from each mating.
For options 1 to 3 simulated annealing, as described above,
was used to assign matings and determine the number of
progeny from each mating. The total number of progeny each
generation was exactly 6000 for truncation selection and on
average 6000 for other options.
For option 1 a value for Q is needed prior to calculating the
contribution vector. Equation (2) was redefined as

where Qj is calculated at each generation j over the t generations defined as the breeding horizon, and where Gj is the
expected, asymptotic rate of gain per generation, based on
information at generation j. This formulation for Qj implies
that there is no interest in selection response after generation
t. A value for Gj was predicted using a selection index
developed by KERR (1998) that approximates a multivariate
BLUP individual tree model. This index depends on predictions
for selection intensity, accuracy of the selection index and the
genetic variance, pertaining to individuals in generation j. The
value arrived at for Q can only be approximate for several
Table 7. – True breeding value (TBV) in progeny for the objective of
reducing cost per tonne of pulp, mean inbreeding of the progeny (Ft) and
–
group coancestry of parents (Ct) at each generation for: option 1 – maximizing selection response given a variable target group coancestry;
option 2 – maximizing response given a fixed target group coancestry;
option 3 – maximizing response given a fixed target group coancestry
which is related to status number; unrestricted truncation selection and
restricted truncation selection. Values are averaged over 100 replicates
(standard errors in parentheses).

reasons. When the number of selections can vary the selection
intensity can only be deduced once the selection criterion (6)
has been maximized and the vector cj has been defined. However maximizing (6) requires a value for Q, which in turn needs
a prediction for selection intensity. In this study a prediction
for selection intensity was obtained on the basis of the previous
generation’s selection decisions. WRAY and GODDARD (1994)
noted the stability of selection response in their simulations
over quite differing values used for Q.
Only 6 generations of response was simulated. This
represents approximately 50 years in Eucalypt breeding
programmes and is considered sufficient for a long term
breeding program. Specifying a breeding horizon of 12 generations in option 1 ensures there is sufficient genetic variance for
continuing selection beyond the actual simulated horizon.
Results
Table 7 shows the mean true breeding value (TBV) for the
objective of reducing cost per tonne of pulp, at generations 2 to
6 for each option. Table 7 also shows the mean inbreeding in
the progeny and the group coancestry between parents of the
progeny at each generation. Each value is the mean over 50
replicates and standard errors are shown in parentheses.
Figure 1 shows status numbers by generation for each scheme.
Table 9 shows the average number of parents selected each
generation, the mean number of matings made, the mean
number of matings per individual and the mean number of
progeny per mating for options 1 to 3. Under truncation selection the number of parents selected is held constant at 200,
and each individual is mated 4 times which amounts to 400
matings per generation. The number of progeny per mating is
also fixed at 15. All means were computed over 50 replicates.
Table 8. – Changes in mean inbreeding between generations under option 2 with and without mate allocation.

The first comparison to be noted is between unrestricted
truncation selection and option 1 in which selection decisions
are made according to their effect on the optimal rate of
inbreeding. Option 1 resulted in a 13 % to 19 % relative advantage in aggregate genetic merit over the generations simulated.
Several additional advantages are noted. Firstly, option 1
requires fewer numbers of parents selected and fewer controlled pollinations. On average the requirements for option 1 are:
35 parents and between 100 and 160 controlled pollinations per
generation (see Table 9) compared with 200 parents and 400
controlled pollinations under truncation selection. This implies
a significant financial cost saving. However, option 1 also
results in an increase in the group coancestry of the breeding
population and the greatest reduction in status effective
number of all options (see Figure 1). It should also be noted
that the increased coancestry does not translate to increased
inbreeding. In fact, mean inbreeding in the progeny is less
under option 1, relative to unrestricted truncation selection, in
all but the last generation. It must be remembered that under
this option it is assumed that selection stops in generation 12
and a decreasing Q in the latter generations results in a less
stringent constraint on the rate of inbreeding. Finally,
standard errors for mean TBV are higher under option 1 (see
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Table 9. – Mean numbers of parents selected, mean total numbers of matings, mean number of matings per parent and mean number of progeny per mating, at generation t and for
options which allow these parameters to vary1).

1

) Mean of 100 replicated simulations of the option.

Table 7). Thus option 1 carries with it more risk as measured
by variance of response.
Option 2 provides a more risk averse alternative. Under this
option selection decisions are made according to their effect on
maintaining a predefined limit on group coancestry. From table
7 group coancestry in the parental population increases in
increments of 0.017 which was the defined rate. The advantage
in genetic gain (9 % to 12 %), relative to unrestricted truncation
selection was less than that under option 1 but was achieved
while simultaneously reducing the group coancestry compared
to unrestricted truncation selection. Option 2 without the mate
allocation step was also tested. Instead of using simulated
annealing, the male and female parents were individually
selected in mating pairs with probabilities defined by their
genetic contributions. The gains in aggregate genetic merit
were the same with and without optimal mate allocations but
different levels of inbreeding were observed. Values for Ft – Ft –1

Figure 1. – Decline in status effective number from 5 generations of
selection for each of the options in making selection decisions.

are shown in table 8 with and without optimal mate allocations. These results tend to confirm the finding that minimizing pairwize coancestry only serves to delay the onset of
inbreeding by at least one generation (TORO et al., 1988). It also
– –
confirms that Ct – Ct –1 provides a reasonable approximation to
F. Perhaps the main role of the mate allocation step, in
addition to delaying inbreeding, is in providing a convenient
mechanism for translating genetic contributions into a mating
program.
All options presented so far result in a dramatic decrease in
status effective number in the first generation (see Figure 1).
Option 3 was designed such that status effective number fell
from 200 to 150 in the first generation of selection, then fell in
increments of 50 and 25 until a status effective number of 25
was reached. For generations 4 and 5 the status effective number remained at 25. From table 7 it can be seen this predefined
decrease in status effective number is achieved with a much
reduced increase in aggregate genetic merit relative to other
options. The option also requires a much larger census number.
From table 9 it can be seen that on average over 500 parents
are required in generation 1 (an increase of 300 from the base
population of 200), 400 in generation 2 and 200 in generations
3 and 5. In addition, close to 500 controlled pollinations are
required each generation which is an increase of 25 % relative
to truncation selection. To ease computational burden option 3
was implemented restricting the number of full sibs selected
per family to 2. Truncation selection in which a maximum of 2
full sibs were able to be selected per family was also tested.
Restricted truncation selection although resulting in more
genetic gain relative to option 3, could not guarantee a similar
decline in status effective number (see Figure 1). In the first
generation the status effective number fell to 71, which was
more than options 1 an 2 and unrestricted truncation selection,
but was significantly less than 150 under option 3. Of all
options, option 3 offers the least risk as measured by the
magnitude of the standard errors for response in aggregate
merit and inbreeding. It should be noted that the same status
effective number can only be maintained for perhaps one or
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two generations of a breeding program. Coancestry eventually
has to increase.
Discussion
A major decision in forest tree breeding is how large to make
the breeding population. Given that a founder population of at
least 200 unrelated genotypes is desirable (BURDON et al., 1977)
how many selected parents should there be in advanced generations? Increased intensity of selection will yield greater
short term genetic gain but reduce effective population size
more rapidly, thus eroding the potential for long term genetic
gain through reduced genetic variability and increased rates of
inbreeding.
Beyond knowing the size of the selected group there are
questions regarding the number of families represented and
the number of individuals selected from any family. When an
optimal index selection method such as BLUP is used and if
selecting for a lowly heritable trait it can be demonstrated that
a few families will dominate the rankings (JARVIS et al., 1995).
This is called selective advantage (ROBERTSON, 1961) and will
increase with the degree of use of family information in the
index. Though a few families will dominate the rankings, the
problem is how to prevent the few families from dominating
the selections. A restriction on the numbers of individuals
selected per family will result in more families and lower
ranked individuals being selected. However, the level of this
restriction needs to be ascertained.
Finally once the selected group has been decided, how are
the selections to be mated and should each mating leave equal
numbers of progeny? A case against unequal progeny could be
made in that having some families with many progeny will
increase the probability of these sibships dominating the
rankings in the next selection cycle. Again it is a case of
preventing them from dominating the selections.
This study has presented a methodology which effectively
answers all the above questions in a non empiric manner. The
methodology assumes the only resource limitation is the
capacity of the breeding organisation to field test progeny.
Within the methodology various options were presented which
differ in the manner by which group coancestry in the breeding
population is weighted against additive genetic gain. In the
first option presented (option 1 ) group coancestry is weighted
by a factor Q. Q is determined by the effect selection decisions
have on future genetic variance and, if applicable, on
inbreeding depression. Option 1 results in what seems at first
startling low numbers of select parents: from 200 unrelated
founder parents to approximately 36 parents in the 1st generation and 27 in the 6th generation. However, the study revealed
that the judicious choice of these parents, their genetic
contributions to the next generation, and the individuals to
which they are mated, resulted in substantially more genetic
gain than is achieved when leaving the number of selected
parents at 200 and practising truncation selection. However,
there is a cost attached to this option. Group coancestry in the
breeding population is increased substantially. Minimizing
pairwize coancestry in the mate allocation step can delay
inbreeding over the initial generations but the increased
coancestry will ultimately mean higher rates of inbreeding
when the time horizon is approached (12 generations in this
study). The tendency for the rate of inbreeding to increase as
the time horizon is approached could be eliminated by always
defining the time horizon to 12 generations into the future.
In forest tree breeding, breeding populations are generally
not part of the production populations. Thus it may be
permissable to allow high rates of inbreeding in the breeding
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population. It is also assumed under option 1 that there is no
inherent interest in the breeding population after the breeding
horizon is completed. It is conceivable that more than one
breeding population could be established: a smaller population
bred solely for the purposes of achieving the maximum genetic
gain over a specific horizon; and a larger population which is
bred for management of genetic resources. Alternatively, two
separate breeding populations or sublines could be established,
both which are bred for maximum productivity. Individuals
from different sublines can then be crossed to produce deployment families which are non-inbred.
If genetic gain and genetic diversity are to be considered
jointly in the one breeding population, then maximizing gain
while maintaining a defined rate of increase in group coancestry would be preferable. In option 2 the defined rate of increase
in group coancestry was related to change in mean inbreeding
between generations, while in option 3 it was related to change
in status effective number. LINDGREN et al. (1997) point out
that the rate of change of inbreeding between generations, and
hence effective population size, is a limited concept for
conveying genetic diversity information at the current generation. The concept of status effective number is better for this
purpose. Thus options 2 and 3 are essentially the same. The
only difference is the degree to which group coancestry changes
between generations. Does it change in accordance with a fixed
rate of change in inbreeding; or does it change in accordance
with a fixed rate of change in status effective number?
The essential difference between options 2 and 1 is whether
the rate of inbreeding in the population is optimised or fixed.
Apart from this they are essentially the same algorithm. At the
same group coancestry they will yield the same genetic
contributions. Once the vector of contributions is obtained both
options use the same algorithm to determine the mating
combinations. The algorithms used to calculate the contribution vector are similar to that described by WRAY and GODDARD
(1994) and MEUWISSEN (1997) but redefined to take into
account that forest trees are monoecious. These authors have
defended their respective algorithms against earlier work, and
a similar defense is perhaps not needed in this study. WRAY and
GODDARD generally noted the arbitrary or empiric manner in
which earlier algorithms calculated cost factors in penalising
expected gain against expected coancestry. MEUWISSEN argued
that no previous work presented a selection rule which restricted group coancestry to a predefined value.
The annealing algorithm used to determine the optimum
mate combinations offers great flexibility. It was assumed in
the simulation that an individual could either be male or
female parent. However there may be restrictions in that
certain individuals cannot provide pollen or female flowers.
This could be taken into account by preventing certain cells in
the allocation matrix from having non zero values. In the
simulation individuals were involved in mutiple-pair matings
under no fixed design. Certain designs could be implemented
by restricting the annealing to a half-diallel design, for
example.
It should be noted that the objective function for determining
mate allocations was somewhat arbitrary. Initially we chose
minimum coancestry matings as the sole objective because of
the advantages in delaying inbreeding in the first stages of a
breeding program; namely not having phenotypic values confounded with inbreeding depression and having all test plants
with the same level of inbreeding (viz no inbreeding). However
because of the tendency for the algorithm to produce fewer
families with many progeny each, an additional term for minimizing variance of family size was included. Also the decision

to translate a genetic contribution to a contribution unit integer number seems reasonable since it would be very difficult to
match each individual’s genetic contribution, expressed as a
fraction, exactly with the required number of progeny. It must
be stressed that the avoidance of matings between close relatives only delays the first increment of inbreeding and any
reduction in the subsequent rate of inbreeding is negligible.
WANG (1998) has recently shown that excluding sib matings,
under equal family size selection, can in fact result in higher
inbreeding rates in the long term, compared with random
mating. The main goal in the present study has been to demonstrate that simulated annealing provides a convenient mechanism for translating genetic contributions into a mating configuration. More research is needed in defining the most appropriate objective function for the optimal mating configuration.
The options presented, particularly options 2 and 3, can also
be applied to selecting clones for a deployment seed orchard.
LINDGREN and MATHESON (1986) described an algorithm which
selected n out of m candidate clones and calculated the contribution of each clone selected to the total seed collected. If, for
example, production managers could recommend a minimum
value for status effective number then option 3 could be used to
calculate the number of clones to be deployed and the contribution of each clone. As MEUWISSEN (1997) has pointed out prediction error variances (PEV) could be used in lieu of additive
genetic relationships to constrain the variance of response to a
predefined value.
An understated aspect of this study has been the use of
BLUP in the prediction of breeding values. WEI (1995) suggests
that often phenotypic selection is preferable to BLUP selection
in forest tree breeding. The arguments are as follows. Phenotypic selection does not use information from relatives, hence
the probability of co-selection of relatives is less. Phenotypic
selection is also less complex than BLUP and does not require
knowledge of male and female parent. Thus there is less risk of
incurring mistakes and less cost and time involved in its execution. However we would argue that BLUP is necessary to
correctly account for fixed effects. Use of BLUP can provide
estimates of genetic trend which are at least close to unbiased
and which have smaller sampling variances than estimates
based on least squares estimates of differences from control
populations. An estimate of genetic trend is important for
breeders to question the effectiveness of their breeding
program. With the exponential growth in personal computing
capability and the availability of public domain BLUP software
it is doubtful whether BLUP selection does incur more time
and cost.
In summary, the study has presented a methodology which
offers a mechanism to unify all facets of the breeding program.
Values for parameters such as: breeding population size;
genetic contributions of each individual; mating combinations;
and the number of progeny tested per mating are all determined within a two step methodology. It remains for the breeder to
decide if genetic gain is to be maximized subject to: a rate of
inbreeding which is optimal for a specific time horizon; or a

rate of inbreeding which is fixed; or alternatively a rate of
decline in status effective number.
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