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Abstract Selection and mating principles in a closed
breeding population (BP) were studied by computer
simulation. The BP was advanced, either by random
assortment of mates (RAM), or by positive assortative
mating (PAM). Selection was done with high precision
using clonal testing. Selection considered both genetic
gain and gene diversity by “group-merit selection”, i.e.
selection for breeding value weighted by group coances-
try of the selected individuals. A range of weights on
group coancestry was applied during selection to vary
parent contributions and thereby adjust the balance
between gain and diversity. This resulted in a series of
scenarios with low to high effective population sizes
measured by status effective number. Production popula-
tions (PP) were selected only for gain, as a subset of the
BP. PAM improved gain in the PP substantially, by
increasing the additive variance (i.e. the gain potential) of
the BP. This effect was more pronounced under restricted
selection when parent contributions to the next generation
were more balanced with within-family selection as the
extreme, i.e. when a higher status effective number was
maintained in the BP. In that case, the additional gain
over the BP mean for the clone PP and seed PPs was 32
and 84% higher, respectively, for PAM than for RAM in
generation 5. PAM did not reduce gene diversity of the
BP but increased inbreeding, and in that way caused a
departure from Hardy-Weinberg equilibrium. The effect
of inbreeding was eliminated by recombination during the
production of seed orchard progeny. Also, for a given
level of inbreeding in the seed orchard progeny or in a
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mixture of genotypes selected for clonal deployment, gain
was higher for PAM than for RAM. After including
inbreeding depression in the simulation, inbreeding was
counteracted by selection, and the enhancement of PAM
on production population gain was slightly reduced. In the
presence of inbreeding depression the greatest PP gain
was achieved at still higher levels of status effective
number, i.e. when more gene diversity was conserved in
the BP. Thus, the combination of precise selection and
PAM resulted in close to maximal short-term PP gain,
while conserving maximal gene diversity in the BP.

Keywords Breeding population - Effective population
size - Genetic gain - Inbreeding depression - Positive
assortative mating

Introduction

The design of a breeding programme must reconcile the
trade-off between gains achieved in the short term and
those possible in the longer term (Danell 1993a; Lindgren
and Mullin 1997; Meuwissen 1997; Grundy et al. 1998;
Kerr et al. 1998). In a breeding population (BP) of
constant size, without substructure and with unrelated
founders, an emphasis on within-family with little or no
among-family selection will maximise the long term
response to selection (Dempfle 1975; Villanueva and
Woolliams 1997). In the long run, gene diversity is also
maximised by within-family selection and by equal
parental contributions (Ballou and Lacy 1995; Lindgren
et al. 1996). On the other hand, the greatest short-term
genetic improvement is achieved when intensive family
selection is applied in addition to selection within
families. This greater exploitation of the additive genetic
variance involves a loss of founder contributions, an
increase in relatedness, and thus accelerates the loss of
gene diversity, i.e. effective population size, reducing
long-term breeding potential.

Genetically improved reforestation material is com-
monly derived from production populations (PP) such as
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seed orchards or clonal mixtures, usually being selected
as subsets of a larger BP. At this stage, family selection
within the BP can be applied without compromising
short-term gain for conservation of genetic diversity in the
BP (Burdon 1986). It is the population mean in combi-
nation with the within-population genetic variance that
determines the potential to select a subset of outstanding
individuals to serve as orchard parents or as ortets for
clonal deployment. A long-term breeding strategy might
therefore, in addition to average genetic improvement and
gene diversity, also consider the apparent genetic variance
of the BP.

Effect of selection and mating on genetic variance

During the first rounds of selection, among-family
variance is reduced as a consequence of the selected
parents being more alike, the “Bulmer effect” (Bulmer
1971, 1980; Falconer and Mackay 1996). This is a
temporary reduction caused primarily by gametic phase or
linkage disequilibrium and is counteracted by free
recombination at meiosis (Mendelian sampling), and a
balance is reached after a few generations. The magnitude
of the decrease in variance due to selection depends on
the initial narrow-sense heritability, selection accuracy
and intensity (among others Bulmer 1971; Mueller and
James 1983b; Wray and Hill 1989; Gomez-Raya and
Burnside 1990). Consequently, under strong selection,
there will be a substantial decrease both in BP response
over the first generations and in the additional gain
available from PPs. There is also a decrease in variance
due to random assortment of mates (Falconer and Mackay
1996). When each selected tree is paired once with a
random mate, the among-family additive variance in the
next generation (variance of mid-parent values) is halved
as compared to the total genetic variance of the selected
parents. Positive assortative mating (PAM) has the
opposite effect, enhancing among-family variance as a
consequence primarily of gametic phase disequilibrium
(Fisher 1918; Wright 1921; see also Jorjani 1995a, 1997b,
¢) and, if combined with selection, has the potential to
raise the population mean.

The effect of PAM on response to selection has been
proposed theoretically, and demonstrated both empirical-
ly and by simulation in a number of studies, as reviewed
by Jorjani (1995b). However, these findings have, on
occasion, been challenged by selection experiments. In
his review Jorjani (1995b) concluded that the main
inconsistency may be explained by “unconscious” assor-
tative mating within small, selected lines of the control
population that were erroneously thought to be mating at
random.

PAM has been suggested as a means to enhance gain
also in forest tree breeding (e.g. Cotterill 1984; Foster
1986, 1993; Cotterill et al. 1989) and was studied by
computer simulation by Mahalovich (1990) and King and
Johnson (1993). The reported effects for selection under
PAM vary from about 5 to 50%. Selection following

PAM seems to be even more effective for a multi-trait
index (Gianola 1982; Tallis and Leppard 1988). However,
it is obvious that the effect of PAM depends very much on
the specific conditions of the studies. In addition,
variation in parent contribution at selection and accom-
panying different loss of effective size among alternative
strategies makes it difficult to interpret the improvements
due strictly to PAM.

As indicated by Smith and Hammond (1987), a
combination of restricted parent contributions and high
selection accuracy offers a potential for PAM to increase
variance that has not yet been fully investigated.
Furthermore, in tree breeding, studies of selection and
PAM would be more relevant if they also focused on a
selected PP, in addition to the behaviour over the entire
BP. Finally, to be fair, any comparisons should be done at
the same level of gene diversity or inbreeding (Lindgren
1986; Quinton et al. 1992). The objective of this study
was to examine how selection and mating in a closed BP
could combine gain and maintenance of high among-
family genetic variance, while creating potential for large
short-term gains in intensively selected PPs.

Materials and methods
Mating the breeding population and testing the candidates

Monte Carlo simulation was used to compare alternative mating
and selection schemes. Our study is based generally on the Swedish
Norway spruce breeding strategy, which is characterised by
restricted selection, using primarily within-family selection, high
selection intensity and selection precision increased by clonal
replication (Danell 1991a, 1993b; Karlsson and Rosvall 1993;
Rosvall et al. 1998). In all simulated scenarios 48 trees of a single
BP were crossed to generate 24 full-sib families with 100 offspring
per family, each clonally replicated with ten ramets. Random
assortment of mates (RAM) involved random pairing of individuals
in the BP, excluding the possibility of selfing. For positive
assortative mating (PAM), the pairs were assigned in order of
breeding values estimated from clone means. The term “random
mating”, i.e. an equal chance for any individual to mate with any
other individual, including the individual with itself, is used here
only in a theoretical context. The simulation was carried out for five
cycles of breeding and selection from generation O to 5, both
considering and ignoring inbreeding depression.

Selection of the breeding and production populations

Selection of the 48 trees to the breeding population from the 2,400
tested clones was restricted by their relatedness in a set of parallel
scenarios to vary parent contributions and generate a wide range of
effective population sizes. The method of “group-merit selection”
(GMYS) (Lindgren and Mullin 1997) was used to vary relatedness to
various degrees. The selection criterion used in GMS is:
By, = G, — cTy,where B, is the “group-merit” of the selected
sub-set w; G,is the average of the breeding values of w; Ty, is the
“group coancestry” (Cockerham 1967); and c is a weighting factor
converting the group coancestry to the same scale as the breeding
values. Breeding values were calculated as a combined-index (CI)
where family and individual (clone mean) values were weighted by
their respective heritabilities (as reviewed by Baker 1986). An
iterative search algorithm was used to find the set of individuals
that maximised the selection criterion function. By varying ¢ from 0
to oo (approximated in the simulations by 1.0 x 107), sets of
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Fig. 1 Selection of the breeding (BP) and production populations
(seed PP and clone PP)

selected individuals were identified that represented different levels
of relatedness, as expressed by group coancestry (T,) and status
effective number (N; = 1/2T), which is a measure of effective
population size (Lindgren and Kang 1997).

In all scenarios, two PPs of six clones were selected, one for
seed production (seed PP) being the highest-ranking subset of the
BP, and the other as a mix of test-progeny genotypes selected for
clonal deployment (clone PP) (Fig. 1). Selection of the seed PPs
was based solely on breeding value, without further consideration
of the gene diversity or inbreeding in the subset, thus no additional
restrictions were applied, beyond those used for GMS selection of
the BP itself. Selection of the clone PP was based on clone means,
also without considering gene diversity or inbreeding. Note that the
clone mix was selected from the test progeny of the current BP, and
are thus the same generation as the seeds collected from the seed PP
(Fig. 1.)

Simulation model

Population advancement was simulated by POPSIM, a stochastic
simulation software application based on a quantitative infinites-
imal model (Mullin and Park 1995). The software was modified to
more closely simulate certain features of the operational breeding
plan in Sweden (Rosvall et al. 1998) and to allow for group-merit
selection (Lindgren and Mullin 1997).

The genetic parameters were chosen to represent conditions
based on the Swedish experience (Danell 1991b). The additive
breeding value for the ith individual in the founder population was
sampled from a normal distribution N(u, V). The initial population
mean () and variance (V4o) were each set to 100. The additive
value of each offspring was obtained as the average of the parents
Ayand A, plus a random Mendelian deviation sampled from N (0,
0.5 Vo (1 — Fyy,)), where Fy, is the average of Fyand F,,, which are
the inbreeding coefficients of the female parent and male parents,
respectively, obtained from pedigree analysis. The dominance
effects for full sibs were sampled from a normal family distribution
with variance equal to N (0, 0.75Vp (1 — Fy,)), (the within-family
portion of dominance variance) and with a family mean dominance
effect sampled from N (0, 0.25Vp), where Vp was set to 25, thus
being 0.25V,. Environmental effects were sampled from N (0, V),
where Vi was set to 375 resulting in narrow-sense heritability 4> =
0.2.

Inbreeding depression was simulated by reducing the individual
dominance effect by bFj,\/Vp, the regression of inbreeding
depression on the inbreeding coefficient of family members (Fj,,),
where the regression coefficient (b) expresses the reduction in
phenotypic value in units of phenotypic standard deviation
(v/Vp)for the trait in the unselected base population (Borralho
1994). The coefficient b was set to —4.4752, to generate 1.0%
inbreeding depression per 0.01 increase in F at additive variance
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coefficient 0.1, which was considered appropriate for Norway
spruce considering both growth and fitness characters (Eriksson et
al. 1973; Andersson et al. 1974; Skrgppa 1996) and other tree
species (Griffin and Lindegren 1985; Griffin and Cotterill 1988;
Durel et al. 1996; Williams and Savolainen 1996; Wu et al. 1998a,
b). The influence of inbreeding depression was studied by
comparing with scenarios without inbreeding depression where b
was set to 0.

Selection was applied to a single trait, although this could also
be regarded as an index of component traits. Testing was assumed
to use single-tree plots (i.e. no environmental covariances), in a
single environment (i.e. no G x E interaction), with no variances
associated with cloning (i.e. no C-effects). The stochastic variation
in expected genetic effects and variances of a single scenario was
described by the coefficient of variation (CV%) for results from
100 simulation iterations of a given scenario.

Comparisons at the same level of gene diversity

Group coancestry (T) is the probability that two homologous genes
sampled randomly from a population are identical by descent
(Cockerham 1967). Minimising T in a closed BP will minimise the
random loss of alleles by genetic drift (Ballou and Lacy 1995) and
maximise the proportional gene diversity in generation ¢
(GD{/GDy = 1 —T), where GDy is considered 1.0 in the source
population of unrelated, non-inbred genotypes (Lacy 1995). Gene
diversity is the probability that genes are not identical by descent
and is equal to the expected heterozygosity after random mating
(Nei 1973). Proportional GD describes the decay in GD due to
increased relationship, and is independent of initial gene frequen-
cies at a locus. Minimising group coancestry will also maximise
conventional measures of effective population size, such as
variance effective size (N,y) (Crow and Kimura 1970), founder
genome equivalents (FGE) (Lacy 1995), and, by definition, status
effective number Ny = 1/2T (Lindgren et al. 1996), but will not
maximise inbreeding effective size (N,p).

An increase in the inbreeding coefficient (F) reduces heterozy-
gosity in proportion (1-F), and may reduce tree performance due to
inbreeding depression (Williams and Savolainen 1996). Since the
group coancestry of the parents becomes the expected inbreeding
coefficient of their progeny under panmictic mating, T or Ny are
also important diversity parameters for trees selected for seed
orchards (Lindgren and Mullin 1998). If selfing in a seed orchard is
assumed not to produce viable offspring it is the average pair-wise
coancestry (6)for the N seed PP parent trees that becomes the
expected inbreeding of the progeny (Falconer and Mackay 1996).

Wright’s Fjs-statistic (Wright 1969), Fis = (F —8)/(1 —0),
which is the ratio of average probability of gene identity within (F)
to that among (0) individuals, was used to describe the deviation in
inbreeding (or heterozygosity) due to non-random mating in a sub-
population, and thus departure from H-W equilibrium (Cockerham
1967; Nei 1977; Caballero 1994; Wang 1997a). Wright’s Fig
parameter is negative, zero and positive with avoidance of close
inbreeding, random mating and close inbreeding, respectively.

The PAM effect was defined as either the absolute or relative
difference between PAM and RAM. It was of special interest to
compare gain after five cycles of breeding and selection, at the
maximum diversity obtained by within-family selection [corre-
sponding to effective population size N,y = 96 — 1 = 95 (Falconer
and Mackay 1996)], with that obtained by GMS at an intermediate
level of diversity. Here, Ny = 8 (T = 0.0625) was chosen as an
“intermediate” diversity target, corresponding to N,y = 47, near the
minimum acceptable threshold (N,y = 50) under the Swedish
breeding strategy (Danell 1993b). In contrast, “minimum”- and
“maximum”-diversity targets corresponded to the lowest and
highest N, obtainable after five cycles of breeding, respectively.
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Results

Effective population size

In early generations, greater weight on group coancestry
(T) generally maintained higher status effective number
(Ns), but with less additive response (A) in the BP
(Fig. 2a). After one cycle of breeding and selection, the
additive variance (V) of the 48 new BP members was
reduced from the initial level of 100 to 36 when selection
was unrestricted among families (no weight on T), and to
80 when selection was balanced within families (infinite
weight on T). The greater V4 at higher BP N led to
relatively more gain from subsequent selection of PPs,
resulting in PP gain that was much the same over the
entire range of BP N; (Fig. 2a). The larger gain of the
clone PP compared to the seed PP is due to the tested
clones being one generation more advanced and selected
less restrictively, increasing additive gain, and a domi-
nance effect (D) varying between 4.6 and 6.8, indepen-
dent of the breeding cycle and BP N,.

Fig. 2 Additive variance (V,)

In later generations, the greatest gains were obtained at
intermediate levels of BP N; (Fig. 2b). At low BP N,
there was a decline in the additive mean response of the
BP, and less PP gain due to lower BP variance from both
more-intense family selection and higher rate of inbreed-
ing (Fig. 2d). At high BP N, the lower gain did not result
from a decline in response but from greater restriction on
relatedness, i.e. less intense family selection. The weight
on T and the BP N; giving the greatest gain increased in
subsequent generations and tended to be higher for the
PPs than for the BP. A variety of population parameters
after five generations at the intermediate-diversity target
level (BP Ny = 8.0) are given in Table 1.

Effects of PAM compared to RAM

Putting a high weight on T under PAM increased Vj
substantially, after an initial decline in the first generation
due to selection (Figs. 2a and b). The effect was greater
the higher the weight on T. The increase of V4 by PAM
continued throughout all five generations, while V, for

Generation 1 Generation 5

in the BP, and genetic effects 140

- -o-- Clone PPRAM
—a— Seed PP PAM and RAM

(d)

—=s— Clone PPPAM
—a— Seed PPPAM
—s— BPPAM
- -o-- Clone PPRAM
--a-- Seed PPRAM
--0-- BPRAM

for the BP, seed PP (A) and
clone PP (A + D) after (a) 1 and
(b) 5 generations, and the cor- 120 +
responding inbreeding coeffi-
cients (F) after (¢) 1 and (d) 5 100! |
generations, assuming no in-
breeding depression. The com-
parison is shown over a range of > g0t
diversity (BP N) resulting from 5
different weights on group 2
coancestry (T) when advancing B
the BP
40 |
20 t
0
0.70
(c)
060 +
050 |
0.40 |
w
0.30
0.20
0.10
0.00




Table 1 Genetic parameters in the BP, seed PP and clone PP after
five generations, for RAM and PAM at the intermediate-diversity
target (Ny; = 8.0 in the BP at generation 5) with and without
accounting for inbreeding depression in the simulation. The
coefficient of variation (CV%) describes the deviation from the
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expected mean likely to occur by chance in a single iteration of the
simulated program. The parameters are status effective number
(Ny), additive variance (V,), additive effect (A), dominance
variance (Vp), dominance effect (D) and inbreeding coefficient (F)

Parameter BP Seed PP Clone PP
RAM PAM RAM PAM RAM PAM
Mean CV% Mean CV%  Mean CV% Mean CV% Mean CV% Mean CV%
No inbreeding depression
Ny 8.0 6 8.0 7 2.0 19 1.8 26 3.0 16 2.4 29
Vi 47.4 27 77.3 38
A 67.8 4 68.3 4 73.0 6 77.2 7 86.1 5 91.3 6
Vp 20.9 21 20.4 25
D 4.9 23 4.8 19 6.3 31 5.5 40
F 0.04 31 0.07 35 0.06 88 0.13 88 0.06 71 0.14 67
With inbreeding depression
N 8.0 6 8.0 7 2.1 20 2.2 20 3.1 17 2.9 18
Vi 46.2 27 68.1 31
A 66.5 4 66.0 4 71.3 6 73.3 6 84.2 5 85.6 6
Vp 23.8 26 28.2 34
D 2.3 51 1.6 77 2.7 78 1.9 135
F 0.02 20 0.03 31 0.02 54 0.03 68 0.03 29 0.04 38

Table 2 Genetic parameters under PAM, with their relative value
expressed as a percentage of that under RAM in parentheses, for
generations 1 through 5 for the intermediate- and maximum-
diversity targets (N; = 8.0 and 13.8 in the BP at generation 5,

respectively), assuming no inbreeding depression. The parameters
are status effective number (V;), additive variance (V,), additive
effect (A), dominance effect (D) and inbreeding coefficient (F)

Generation BP Seed PP Clone PP
N, A A F N, A? F N, A+DA F
Intermediate-diversity level
1 19.9 (101) 17 (102) 55 (104) 0.00 2006) 7(119) 0.00 3.1 (80) 27 (105) 0.08 (190)
2 14.4 (101) 30 (100) 62 (122) 0.03 (193) 2.0(93) 8 (144) 0.08 (192) 2.8 (81) 28 (111) 0.10 (235)
3 11.3(99) 43 (101) 66 (138) 0.04 (188) 1.9 (89) 8 (136) 0.09 (207) 2.6 (80) 28 (110) 0.11 (268)
4 9.4 (100) 56 (101) 71 (151) 0.06 (183) 1.9 (91) 9 (164) 0.11 (2790 24 (76) 28 (112) 0.12 (201)
5 8.0 (100) 68 (101) 77 (163) 0.07 (165) 1.8(89) 9 (171) 0.13 (220) 2.4 (79) 28 (115) 0.14 (216)
Maximum-diversity level
1 32.0 (100) 11 (103) 81 (101) 0.00 4.2 (101) 11 (107) 0.00 34(88) 31 (111) 0.06 (1007)
2 24.0 (100) 23 (101) 91 (131) 0.03 (441) 3.6 (94) 12 (126) 0.05(862) 2.9 (72) 32 (121) 0.08 (663)
3 19.3 (100) 34 (101) 106 (168) 0.04 (353) 3.3 (90) 14 (159) 0.07 (549) 2.6 (72) 33 (122) 0.08 (529)
4 16.2 (101) 45 (100) 118 (188) 0.05 (287) 3.1 (87) 15(177) 0.07 (497) 2.5 (66) 34 (128) 0.12 (431)
5 13.9 (101) 56 (100) 131 (218) 0.06 (301) 2.9 (84) 16 (184) 0.11(383) 2.5(70) 34 (132) 0.14 (536)
PP - BP

RAM continued to decrease, although more slowly after
the large drop in generation one and with less differen-
tiation with respect to BP N, (Table 2, Fig. 2b). The
difference in BP V4 between PAM and RAM became
more pronounced from generations 2 through 5, (from 22
to 63% at BP N, = 8.0, and from 31 to 118% at BP N, =
13.8).

Compared to RAM, PAM increased the BP additive
mean up to 6% in early generations, and up to 12% in
later generations, but only when BP N, was low (Figs. 2a
and b). Concomitant with the largest increase in BP V),
(maximum-diversity level), the additional gain over the
BP mean for the seed PP and clone PP was increased by

PAM for generation one to five by 7 to 84% and 11 to
32%, respectively (Figs. 2a and b, Table 2).

If the maximum-diversity level is given up for the
intermediate level (BP N, declining from 13.8 to 8.0), the
accumulated response within the BP under PAM was
initially 45.7% higher, but decreased to 21.2 over the
generations (Table 3). The differences were similar for
the BP under RAM. However, the corresponding increase
in total genetic gain from the clone PP obtained under
PAM was only 4.0 to 7.2% (generation 1 to 5), which was
about half as large an increase as produced under RAM
(Table 3).

For a given weight on T in selection, the BP N;
differed very little between PAM and RAM, but within-
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Table 3 Differences in % over

. . . Generation RAM PAM

generations in total gain, be-
tween the maximum- (N 13.8) BP Seed PP Clone PP BP Seed PP Clone PP
and intermediate-diversity tar- - - -
get (N; 8.0) for the BP, seed PP No inbreeding depression
and clone PP. Results are pre- 1 45.7 3.7 9.0 44.2 55 4.0
sented both with and without 2 31.3 9.8 11.3 30.0 8.4 4.8
inbreeding depression in the 3 25.8 14.2 11.6 25.8 6.5 5.6
simulation 4 22.9 13.6 12.2 23.6 7.6 5.9

5 21.2 13.3 12.8 22.0 7.9 7.2

With inbreeding depression

1 44.2 3.8 7.1 422 5.8 4.4

2 29.0 8.8 8.9 26.4 7.0 3.9

3 23.6 11.8 9.4 21.4 5.3 4.9

4 20.6 11.4 8.1 20.0 6.7 4.9

5 18.9 114 8.7 18.6 7.9 4.5
Fig. 3 Fjg in the BP after 5 Without inbreeding depression Witht inbreeding depression
generations for PAM and RAM, 0.10 P ) =
(a) assuming no inbreeding de- S
pression and (b) accounting for | /ﬁi——'——*—"’. L R A
inbreeding depression in the g g SR S T ' e =Y
simulation. The comparison is @ A
shown over a range of diversity u? 010
(BP Nj) resulting from different & /
weights on group coancestry (T) —e— PAM [ ‘}ri ?
when advancing the BP 020 | @ o RAM 2

0,30 - " - |
0 4 8 12 16 0 4 8 12 16
BPN BPN

family selection (maximum-diversity target) under PAM
increased N, slightly in later generations (Table 2). Thus,
the maximum possible BP N; after five generations was
higher under PAM. This is explained by increased Fjs at
medium and high levels of BP N; under PAM, while
decreasing under RAM from the expected value of zero
under truly random mating (Fig. 3a). For unrestricted
selection, the exclusion of selfing made Fjg negative for
both mating systems.

PAM reduced the seed PP N; to 89 and 84% of that
obtained under RAM at the intermediate- and maximum-
diversity targets, respectively, in generation five (Table 2).
This translates to a potential increase in inbreeding of the
seed PP progeny (F),,,) by up to 0.03 units of F (data not
shown). However, when compared at the same levels of
seed PP N, i.e. the same inbreeding in the progeny
following random mating in the orchard, the additive
mean for the seed PP was higher under PAM than it was
under RAM (Fig. 4a). If selfs are assumed to be non-
viable, the expected inbreeding of the seed PP progeny
was slightly lower under PAM than for RAM (Table 4).
Compared at the same level of inbreeding, the clone PP
gain under PAM was superior to RAM, except at the
lowest levels of inbreeding (Fig. 5a).

Under PAM, more matings took place between related
trees, which increased F' (Fig. 2d, Table 2). For the BP at
the intermediate-diversity target, F was increased by
PAM with 93-65% to 0.03-0.07 over the generations. In

comparison, at the maximum-diversity target, BP F' was
slightly lower, even though the relative increase by PAM
was higher (Table 2). Since there were no restrictions on
relatedness or inbreeding for selection of high-ranking
trees to PPs, these trees were even more inbred, especially
under PAM (Figs. 2c and d). At the maximum-diversity
target, ' under PAM in generation 5 for the seed PP and
the one-generation-older clone PP was 0.11 and 0.14,
respectively, an increase of 0.08 and 0.12 units above the
level of RAM was obtained, respectively (Fig. 2d,
Table 2).

The coefficient of variation among simulation runs
(CV%) at generation five for a variety of population
parameters at the intermediate-diversity target level (BP
N, =8.0) are given in Table 1. The CV for the BP additive
genetic effects was 4% for both RAM and PAM, while
genetic variances and dominance effects were more
variable with CVs in the range of 20 to 40%. F in the
PPs showed even greater variation, 70 to 90%. N; was
more variable in the seed PP than in the BP, with CVs 19
to 26% and 6 to 7%, respectively. Similar CVs were
observed for parameters under the maximum diversity
scheme (BP N, = 13.8); except for Ny whose CV was less
than 1% in the BP and 8 to 11% in the seed PP (data not
shown).
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simulation. The comparison is
shown over a range of diversity 4
(seed PP N;) resulting from 60, 1
different weights on group

coancestry (T) when advancing
the BP 40

i

Seed PPA

20

Generation 5

o
& a
g *“:‘“},

(b)

—a— PAM

--a-- RAM Generation 5

AR,
. lr‘// & m";-:ﬁ;_____‘
- ok -

Generation 1
.ipe—_&‘_-h_-'ﬂ-—_:-#

Generation 1

2 3 4 50 1 2 3 4 5
Seed PPN,

Table 4 Expected inbreeding

in seed PP (F) and seed PP Seed PP and seed PP-progent

No inbreeding depression Inbreeding depression

progeny (F),,,) in generation 5, parameters RAM PAM RAM PAM
under RAM and PAM at inter-
mediate- and maximum-diver- Intermediate-diversity level
sity levels in the BP (N, = 8.0 Seed PP N, 2.00 2.00
and 13.8, respectively, at gen-  Seed PP F 0.057 0.120  0.024 0.035
eration 5), with and without Frog With selfing? 0.250 0250  0.250 0.250
both inbreeding depression and  F,, . no selfing® 0.194 0.188  0.198 0.197
selfing in the seed orchard. The Maxi . .

. - aximum-diversity level
comparison is made at the same
seed PP N, = 2.00 for the Seed PP Nj 2.93 3.57
intermediate-diversity target, Seed PP F 0.031 0.107 0.010 0.017
and at the highest N, found for F[,mg with selfing“ 0.171 0.171 0.140 0.140
the maximum-diversity target Fng no selﬁngb 0.102 0.094 0.067 0.066

level

& Fproq With selfing = group coancestry (T) of the six parents
bF prog DO selfing = average pair-wise coancestry (0) of the six parents

Simulated inbreeding depression

In the presence of inbreeding depression, the enhance-
ment of V4 by PAM was slightly reduced (Fig. 6a
compared to Fig. 2b, Table 1). In general for both RAM
and PAM, the additive mean of the BP was reduced by 1
to 2% and the gain of the PPs by 5 to 7% at the
intermediate- and maximum-diversity levels, with the
higher figures for PAM in generation five. This was
caused partly by lower selection precision due to greater
dominance variance (Table 1). For low BP N; scenarios
causing high F, the genotype mean of the clone PP was
much depressed and inbreeding reached levels in later
generations at which all extra gain from the clone PP was
lost (Fig. 6a).

The effect of PAM over RAM on PP gain was reduced
by about two thirds and one half for the seed PP and clone
PP, respectively, compared to the case with no inbreeding
depression at both intermediate and high levels of N; in
the BP (Fig. 6a compared to 2b). However, when
examined at the same level of PP N, and F, PAM

maintained its advantage over RAM for both types of PPs
(Figs. 4b and 5b).

The chance of selecting highly inbred trees was
reduced in the presence of inbreeding depression, and F
was much decreased in both the BP and PPs, especially
from the high levels of inbreeding caused by PAM in
simulations without inbreeding depression (Figs. 2d and
6b, Table 1). The enhancement of F;3 by PAM also
disappeared (Fig. 3b). The BP F for the maximum-
diversity target scenario was an exception, since no
selection against inbreeding can take place when a BP is
advanced entirely by within-family selection under the
assumption of equal inbreeding depression for sibs of a
family considered in the simulation. Selection against
inbred offspring also reduced the variation in F among
replicate runs, while inbreeding depression increased
dominance variance and its variation among runs (Ta-
ble 1).

With inbreeding depression N; of the seed PP after five
generations was increased under PAM (Fig. 4b compared
to 4a, Table 2), reducing the potential inbreeding
depression in orchard progeny, seen for the maximum-
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diversity level in Table 4. As expected, the substantial
reduction in F for a seed PP at a given BP N; had much
less effect in reducing the inbreeding of the seed PP
progeny (Table 4).

Inbreeding depression increased the level of BP Ns
giving maximum PP gain, especially for the clone mix
(Fig. 6a compared to Fig. 2b) and the maximum for PP
gain became very flat. Therefore, the additional increase
in clone PP total genetic gain, when the maximum-
diversity level was given up for the intermediate-diversity
level, was lower with inbreeding depression and varied
between 3.9 and 4.9% over generations (Table 3).

Discussion

Breeding population mean and variance

Most studies of PAM have been either for selected
populations with unrestricted parent contributions or
unselected populations (Jorjani 1995b; Jorjani et al.
1997a). In this simulation study, exploring the full range
of possible parent contributions and the resulting range of
effective population size gave an informative demonstra-
tion of the effects of PAM. In addition, comparisons of
populations were most meaningful at the same N, having
the same proportional gene diversity and the same decay
in expected heterozygosity due to drift, relative to the
common source population (Lacy 1995; Lindgren et al.
1996; Lindgren and Kang 1997), and thus the same
reduction in genic variance (in sensu Bulmer 1976), i.e.
potential genetic variance.

The key result of this study is the maintenance of the
enhanced additive variance by PAM, when relatedness is
strongly restricted during selection. With equal or near-
equal parent contributions resulting from within-family
selection at the extreme, PAM more than compensated for
the decrease in variance due to both selection (Bulmer
1971) and random assortment of mates (Falconer and
Mackay 1996). These results are consistent with the



theory and earlier findings that the enhancing effect of
PAM on variance is largest in unselected populations
where no family selection counteracts the gametic phase
disequilibrium (e.g. Bulmer 1976; Jorjani et al. 1997b;
Mueller and James 1983a; Verrier et al. 1989). Conse-
quently, greater genetic gain could be obtained from sub-
sets of the BP selected as PPs, producing a more
favourable trade-off between short-term gain and conser-
vation of gene diversity.

This effect of PAM in maintaining a large variance in
the BP under restricted selection excludes a concurrent
selection response in the BP additive mean. The enhanced
variance can only be transformed to a response in the BP
itself by a component of family selection, i.e. unequal
parent contributions, achieved here by GMS with lower
weights on group coancestry. If the enhanced variance is
used to advance the BP in this way, the increased
response in the BP is also converted into gain in the PPs,
but to a lesser degree and at the cost of lost gene diversity
and increased inbreeding. Consequently, under PAM with
highly restricted parent contributions, more PP gain is
produced, and with more efficient use of both genetic
variance and diversity.

Other studies that have been focused on the response to
selection in a breeding population under PAM (e.g. Smith
and Hammond 1987; Shepherd and Kinghorn 1994) have
reported that the effect of PAM on the BP additive mean
increases when selection includes information from
relatives, i.e. combined-index selection or selection on
BLUP breeding values. This is consistent with our finding
of a greater PAM effect in the BP for no weight on T,
compared with a lower PAM effect for intermediate and
high weights, where the former corresponds to unrestrict-
ed combined-index selection. In general, high heritability
and high selected proportion (low selection intensity) are
two prerequisites for strong relative response effects of
PAM compared to RAM (e.g. Fernando and Gianola
1986; Smith and Hammond 1987; Shepherd and King-
horn 1994; Jorjani 1995b). Clonal testing, although
influenced by non-additive variance, is highly efficient
in increasing test precision to predict breeding values (e.g.
Rosvall et al. 1998) and can be seen as increasing narrow-
sense heritability, in this case from 0.2 to approximately
0.9. Thus, the small relative increase, in the BP additive
mean under unrestricted selection, not more than 12%, is
due rather to the low selected proportion (0.02), while
larger relative effects of PAM are expected at higher
selected proportions (0.5-0.9). However, effects of PAM,
similar to those found in our study under intensive
selection and high heritability/test precision, have been
reported by Shepherd and Kinghorn (1994) for unrestrict-
ed selection when accounting for deviation from normal-
ity in breeding values, as was simulated by the stochastic
model used here.

The expansion of the additive variance by PAM is
primarily due to gametic phase disequilibrium (Bulmer
1971, 1986; Falconer and Mackay 1996). Both selection
and PAM can also cause a departure from H-W equilib-
rium, acting to decrease and increase, respectively, the
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additive variance (Bulmer 1976, 1980; Mueller and James
1983a; Verrier et al. 1989; Jorjani et al. 1997b, c). If the
numbers of parents or loci are large, departures from H-W
equilibrium are negligible (Bulmer 1980; Mueller and
James 1983a). However, if the population is small, drift
and an increase in homozygosity at the expense of
heterozygotes, lead together to a net reduction of the
within-family variance (Crow and Felsenstein 1968;
Bulmer 1976; Verrier et al. 1989; Wang 1996; and see
also Jorjani 1995a and Jorjani 1997b, c), as occurred
under the unrestricted selection scenarios.

Theoretically, under the infinitesimal model, the
increase in additive variance by PAM has no upper limit
for gametic phase disequilibrium among an infinite
number of loci (Wright 1921; Bulmer 1980; Jorjani
1997b), while inbreeding can at most double the variance
(Falconer and Mackay 1996). However, the benefits of
PAM in the long term are limited if the number of loci
controlling the selection trait is small. After the initial
increase in variance due to gametic phase disequilibrium,
the additive variance will then decrease due to fixation of
favourable alleles (Jorjani et al. 1997c). PAM cannot
increase the limit of selection response, but this limit can
be reached in fewer generations.

Bulmer (1980) considered a trait determined by a large
number of loci without epistasis, and showed that PAM
does not affect the distribution of dominance or environ-
mental effects. It is commonly accepted that, for practical
purposes, one can assume that dominance variance is
unchanged by PAM (e.g. Crow and Kimura 1970; Vetta
1976; Falconer and Mackay 1996), although Jorjani et al.
(1998) claimed that with a small population size and a
large number of loci, the dominance variance increases in
the long term.

Breeding population structure

Increased inbreeding is a potential drawback of PAM (e.g.
McBride and Robertson 1963; Shepherd and Kinghorn
1994). In our scenarios more uniform parent contributions
enhanced BP N; and decreased F for both PAM and
RAM. Concomitantly, PAM by itself increased F over the
whole range of Ny compared to RAM, although PAM had
almost no effect on BP N, as indicated by a higher Fi.
This occurs since mating along the rank order takes place
more frequently among related trees causing a “lining
effect” (Falconer and Mackay 1996), shown as a depar-
ture from H-W equilibrium. The lining effect occurs in a
way that does not split the BP into higher and lower
performing parts, as there is a continuous migration of
trees up the ranking, in response to the precise selection of
individuals within families and the continuous re-estab-
lishment of within-family variance. When T is subdivided
into within- and among-individual components, the lining
effect is reflected as an increase in self-coancestry,
0.5(1+F), and a decrease in average pair-wise coancestry,

6. For our most restricted selection scheme under PAM,
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the net effect of reducing 6 and increasing F was a slight
increase in BP N;. In this case, more gene diversity was
conserved in the BP, as is commonly reported for
populations structured by sublining (Lindgren et al.
1996; Gea et al. 1997; McKeand and Bridgewater
1998). More important is that the positive difference
between F and 0, as seen under PAM, indicates that more
unrelated trees can be selected for seed production and
that less inbreeding will occur after out-crossing in seed
orchards.

Part of the solution to the built-in conflict between
genetic gain in the short and long term can be met by
structuring of the BP. Both a hierarchical structure and
sublining of the BP will keep selection intensity high,
control loss of gene diversity, and reducing inbreeding in
production populations (Burdon et al. 1977; Danell
1993a; Williams et al. 1995). PAM with selection
restrictions has similarities to both sublining and open-
nucleus breeding (van Buijtenen 1976; Burdon and
Namkoong 1983; Cotterill et al. 1989; White 1993;
Shepherd and Kinghorn 1994; Williams and Hamrick
1996). Through departures from H-W equilibrium, all
these breeding strategies are expected to increase total
genetic variance and inbreeding, but decrease overall
group coancestry and thus conserve more gene diversity.
Genetic variance within a single subline or the nucleus
will, however, become lower, decreasing the response to
selection.

A major benefit of sublining is the option to select
unrelated clones for seed production. The drawbacks are
greater inbreeding in tested genotypes and slower
progress in the BP (Smith and Quinton 1993; Gea et al.
1997; McKeand and Bridgewater 1998; Rosvall et al.
1998). Relatedness and inbreeding within an intensively
managed nucleus increases rapidly if it is small, reducing
both BP progress and PP gain (James 1977, 1978; Roden
1995). In an open nucleus, this is counteracted by periodic
infusion of less-related trees from the main line. In this
respect, PAM as applied here can be seen as a form of an
open-nucleus breeding strategy (Shepherd and Kinghorn
1994).

Realised production population gain

The inclusion of inbreeding depression in the simulation
helped to quantify the trade-off between increased gain
from co-selected high-performing relatives and the loss in
gain due to expression of the genetic load. Inbreeding
depression affects genetic gain directly by reducing tree
performance in commercial forest stands and indirectly
through increased dominance variance, which makes
prediction of additive effects, i.e. breeding values by
clonal testing, less precise. Lower selection precision will
reduce the rate of progress for the BP additive mean, and
lower correlation between mates for additive effects will
lessen the enhancement of BP additive variance by PAM.
In addition, reproductive traits are affected and depressed

trees may lose fertility, decreasing seed orchard produc-
tivity (Lindgren and Gregorius 1976; Williams and
Savolainen 1996).

For clonal testing and deployment of tested clone
mixtures, it is the F of the clones that determines the
inbreeding depression; clone performance was adjusted in
the simulation at the assumed rate of inbreeding depres-
sion. Although slightly more inbred, and consequently
more depressed, the clone mix under PAM was always
superior to that under RAM, and this also holds true when
compared at the same inbreeding coefficient.

The advantage in absolute terms of PAM over RAM
seed PP gain when accounting for inbreeding depression
will depend on how the matings are arranged. The
additive effects presented here for the seed PPs are
potential effects (without inbreeding depression), which
can only be realised as gain in their progeny if the seed-
PP selections are crossed with unrelated trees (from
different sublines). If this is not the case, and the parents
are related and/or if selfing produces viable progeny, the
comparison of the seed PP progeny additive effect under
PAM and RAM at the same level of seed PP N as in Fig. 4
(resulting in equal F and the same amount of inbreeding
depression in the seed PP progeny under random mating),
will still show the relative ranking for the progeny
performance, PAM being superior to RAM. However, the
“lining effect” (greater Fyg = higher F and lower 6 for the
same N,;) under PAM (reached in scenarios when
inbreeding depression was not accounted for), resulted
in lower inbreeding in the progeny for PAM than for
RAM at the same N;. Therefore, if selfing is avoided or
does not produce viable offspring the realised additive net
gain of PAM (Fig. 4a) would be slightly greater than for
RAM. Low viability of selfs is expected for Norway
spruce (Koski 1973) and in many other species, according
to Williams and Savolainen (1996). When inbreeding
depression was included in the simulation (resulting in
selection against inbreeding), F' and Fjs were similar for
PAM and RAM, and the relative difference at equal seed
PP N; (Fig. 4b) would apply similarly to seed PPs with or
without selfing.

The results applied to the Swedish
and other breeding programs

In a previous study of the Swedish Norway spruce
breeding strategy, the within-family clonal selection
option under RAM was shown to be sustainable, robust
and efficient for ten generations, combining high genetic
gain with gene conservation (Rosvall et al. 1998). Within-
family selection leads to the lowest loss of BP gene
diversity resulting from only genetic drift (Ballou and
Lacy 1995). As shown here, under the same conditions
PAM can improve genetic gain in production populations
with no further loss of gene diversity from the BP.

In addition, by introducing a degree of family-selec-
tion and accepting a decrease in BP N, after five
generations, from 13.8 to 8.0, the PP gain reached a level



very close to the observed maximum, although this
additional gain is rather small and varied between 4 and
8% over five generations. The increase for BP T is from
0.036 to 0.062, which corresponds to a reduction in
proportional gene diversity from 0.96 in the pure-drift
scenario to 0.94, and a reduction in potential genetic
variance with 4%. Thus under PAM, virtually all potential
gain can be obtained at a fairly low cost in terms of loss of
gene diversity and genetic variance. However, the
increased inbreeding in seed orchard progeny (F e
assuming no selfing is 0.19-0.20) is most harmful, and
must be managed in the Swedish strategy by out-crossing
among multiple sub-populations. The high rate of
inbreeding will also cause problems in managing the
breeding population and for clonal testing. Therefore, it
might be questioned if the small additional gain obtained
by imbalanced parent contributions is worth exploiting
since the corresponding F),,, stays at 0.07-0.09 at the
maximum-diversity level.

In the simulation of the Swedish program, the precise
selection by clonal testing is largely responsible for the
high gain under balanced parent contributions at high BP
N;. Efficient exploitation of within-family variance is
without any cost in reduced variance, since the within-
family variance is re-established by recombination. Ow-
ing to the high selection precision, the full effect of PAM
on variance will in addition be reached within a few
generations, as was also shown by Shepherd and King-
horn (1994). In contrast, for situations with low herita-
bility or low selection precision, progress from within-
family selection is less and relatively more is gained from
unbalanced parental contributions (Rosvall and Anders-
son 1999). However, if family variance is exploited there
are large losses in both among-family variance (Bulmer
1971; Mueller and James 1983b; Wray and Hill 1989;
Gomez-Raya and Burnside 1990) and within-family
variance (Verrier et al. 1989, 1990, 1991).

Most breeding programs do not use clonal testing to
improve selection precision. Still, these results are
applicable to any strategy where individual trees are
selected efficiently for breeding value, either by progeny
testing or by phenotypic selection for characters with a
high narrow-sense heritability. However, PAM cannot
increase BP-variance in strategies where selection preci-
sion is improved by information from relatives, resulting
in co-selection of sibs, i.e. family-selection. Therefore, no
more complicated mating systems than single-pair mating
are needed since it can achieve maximum efficiency for
forward selection with minimum effort in tree-breeding
populations (van Buijtenen and Burdon 1990; Kerr 1998).
Breeding strategies with factorial or diallel mating
systems using family-individual indexes (CI) or individ-
ual-BLUP breeding values for forward selection are not
suitable for increasing BP variance unless the crosses are
used for progeny testing and backward selection, even
though these strategies will gain from the positive effect
of PAM on BP-gain. Double-pair mating has some
advantages to single-pair mating when considering
inbreeding depression (Rosvall et al., in press 2003).
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Limitations and options for future improvements
of the simulation model

Mate allocation

While the assortment of mates has no effect on the group
coancestry of their offspring, it has a substantial impact
on inbreeding. In this study, pair-wise coancestry was not
considered in mate allocation, except to avoid selfing.
When accounting for inbreeding depression, highly inbred
families had a lower probability to contribute to the
breeding population since clonal testing was applied.
Thus, some matings were done that could be predicted to
perform poorly. In a real breeding situation, mating of
highly related trees would generally be avoided, reducing
the rate at which inbreeding increases in early genera-
tions. If selection is applied to a finite population without
regard to family origin, avoidance of full- and half-sib
mating will result in slightly lower inbreeding in the very
long run, while selecting equally from each family will
eventually result in higher inbreeding (e.g. Caballero
1994; Wang 1997b). Avoidance of mating relatives might
also reduce the assortative effect of PAM, since similar
trees tend to be related, i.e. the correlation between
breeding values of the mates might be reduced, although
the reduction seems to be small (Rosvall et al., in press
2003).

Inbreeding depression

Our model for inbreeding depression is approximate, as it
ignores the effect of inbreeding on the genetic covariance
associated with dominance and assumes negligible purg-
ing of the genetic load over a small number of generations
of weak inbreeding. Nevertheless, this approach to
simulating effects of inbreeding depression as directional
dominance (Falconer and Mackay 1996) should give
unbiased predictions for traits influenced by large num-
bers of loci under complete dominance (de Boer and van
Arendonk 1992). Since inbreeding depression was as-
sumed to be proportional to F, it was also equal for all
sibs in a full-sib family, and varied only among families.
In reality, inbreeding depression varies among sibs,
despite their having the same expectation of F from the
pedigree (Durel et al. 1996; Wu et al. 1998a, b). For
populations under selection, this variation will also reduce
the impact of inbreeding depression, as will natural
selection (Lesica and Allendorf 1992; Meuwissen and
Woolliams 1994). It might be possible that the slightly
higher inbreeding by PAM (increased Fjs) may intensify
the purging of detrimental genes in early generations,
without the more negative long-term effects, reducing the
inbreeding depression more than by RAM (Williams and
Savolainen 1996).
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Conclusion

PAM in combination with precise and restricted selection
of relatives can substantially enhance the additive vari-
ance of the BP, resulting in extra short-term gain in the PP
and increased long-term sustainability of both genetic
gain and diversity. The effect of PAM compared to RAM
was greater the more balanced were the parental contri-
butions, increasing the optimal status effective number,
N, of the BP to realise maximum PP gain. PAM increased
inbreeding resulting in departure from H-W equilibrium,
but the simultaneous decrease in pair-wise coancestry
between trees decreased the level of inbreeding in their
seed progeny. Consequently, the effect of PAM will be
greatest when applied to a diversity conservative breeding
program, such as that in Sweden. A general finding is
that, if the objective is maximum genetic gain in a PP, N;
of the BP should be maintained at a higher level than if
the response is to be maximised in the BP. This was
observed under both PAM and RAM. If inbreeding
depression is a major factor, an even higher BP N; will
give the greatest PP gain. Thus, under these conditions
there is little conflict between short-term and long-term
maximum genetic gain.
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