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Abstract An application of BBreeding without Breeding^
(BwB) is proposed to uncover or extract genetic information
from existing plantations, using pedigree reconstruction and
BLUP to predict breeding values and identify genetically su-
perior individuals. The focus is on the use of the methodology
at the initiation of an operational breeding program to circum-
vent the first cycle of breeding and testing, but it could also
have application in more advanced tree improvement pro-
grams. A simulation study was done to examine different sizes
of three conceptual populations used in the BwB approach,
and to compare the genetic gains achieved using that approach
with those that would have been achieved with a full-sib
breeding and testing strategy if it had been started years be-
fore. The BwB approach is based on pedigree reconstruction
with a relatively small number of trees (from 1,200 to 3,600),
comprised of a randomly selected sub-population of size NR=
600 to 3,000, and a top-phenotype sub-population of sizeNT=
600 (pre-selected out of 5,940 to 23,760 trees on the basis of
phenotype alone). With the reconstructed pedigree, a com-
bined REML/BLUP analysis of phenotypic data is done to

predict breeding values, and a linear optimization is done to
make the final selections to maximize gain while constraining
relatedness to a given effective population size Ne=5, 10, or
20. Results indicate that the BwB strategy can achieve sub-
stantial levels of genetic gain, equivalent to 80 to 98 % of the
gain that could have been achieved using a full-sib strategy.

Keywords Pedigree reconstruction . BLUP . Tree
breeding . Breeding strategy

Introduction

Trees are long-lived organisms, and consequently often take a
number of years to reach reproductive maturity. Commercial
forestry also involves time spans much longer than are typical
for most crop plants or animals: an 8-year rotation length for
eucalypts is considered quite fast, 15 to 25 years for temperate
and sub-tropical pines is very common, and tree species from
northern climates can have rotations of 30 to 80 years, or even
longer. Consequently, tree breeding is a long-term endeavor.

Traditionally, tree breeding programs are initiated by mak-
ing mass selections in natural stands, or for exotic plantation
species, in commercial plantations. Sometimes breeders will
collect seed directly from the selected trees in the natural
stands or plantations, but often selected trees are grafted in
seed orchards or breeding arboreta with a subsequent wait of
a number of years until seed collection can be done. With that
seed, breeders typically establish a number of replicated prog-
eny tests with well-structured mating designs and again wait
for some number of years for the trees to reach an age where
meaningful data can be obtained (e.g., 4 to 20 years, depend-
ing on the species) (White et al. 2007).

For over two decades, geneticists have known of the po-
tential use of molecular marker data to estimate relatedness
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(e.g., Queller and Goodnight 1989). Advances in molecular
genetics, and in particular the development of highly informa-
tive DNA markers such as microsatellites (SSRs) and single-
nucleotide polymorphisms (SNPs), have introduced the pos-
sibility of new approaches to tree breeding. One of these new
approaches is pedigree reconstruction, which is the use of
molecular data to determine the genealogical relationships
among a population of individuals (e.g., Meagher and
Thompson 1986).

Tree breeders have proposed a number of ways that
pedigree reconstruction could be used in operational
breeding programs. For example, Lambeth et al.
(2001) introduced a testing strategy called Polymix
Breeding with Parental Analysis. The motivation behind
the strategy was that breeding with a pollen mix would
be more cost efficient than full-sib breeding, and that
markers could subsequently be used to identify male
parents of potential selection candidates in order to con-
trol relatedness, or to identify the male parents of all the
progeny in order to produce a full-sib mating pedigree.
El-Kassaby et al. (2007) and El-Kassaby and Lstibůrek
(2009) extended the idea to open-pollinated populations,
noting that even with natural matings and widely vary-
ing family sizes, pedigree reconstruction could be used
to estimate genetic parameters and predict breeding
values. Their emphasis was on the idea that breeders
could make genetic gain without making any crosses,
and they called this approach BBreeding without
Breeding^ (BwB). Hansen and McKinney (2010) have
applied this approach to a commercial planting of Abies
nordmanniana arising from a seed orchard with 99
clones. Using a set of 12 SSR markers, and with geno-
type information on the parents, they were able to as-
sign parentage (both parents) for 98 % of offspring with
an 80 % confidence level. Hansen and McKinney called
their approach Bquasi-field testing,^ to emphasize that
breeders can create something like normal progeny test
data using the pedigree reconstruction approach.

In the current study, we will discuss an approach to
uncover or extract pedigree information from existing
plantations and to predict breeding values and identify
genetically superior individuals. Specifically, we seek to
describe how a BwB approach on standing plantations
of a particular species could be done to initiate an op-
erational breeding program. In effect, this approach
could be used to circumvent the first cycle of breeding
and testing in a forest tree improvement program. The
goal is to outline an approach that would achieve most
of the genetic gain that would have been made if a full-
scale traditional selection and breeding program had
been started years before. First, we briefly outline the
conceptual idea, and then conduct a thorough quantita-
tive genetic analysis.

Outline of BwB methodology

Assume that we have a species of commercial interest, some
plantations of this species, and no genetic tests. Furthermore,
assume that the parents of the plantations are unknown, i.e.,
unavailable for use in breeding or orchards, and unavailable
for genotyping. The goal is extract Bprogeny-test data^ from
the commercial plantations, and conduct genetic evaluation
(prediction of breeding values) for the purposes of selection.
The process involves three conceptual populations: the BwB
population, and two subsets of that population, a random sub-
population and a top-phenotype sub-population. The process
is outlined below.

1. Measure and/or inspect the entire BwB population of size
NBwB, which will be a subset of the plantation base of the
species.

2. Identify a top-phenotype sub-population of size NT,
consisting of the best phenotypes in the BwB population.
These trees will be the final selection candidates, and
provide a high selection differential.

3. Select a random sub-population of size NR from the BwB
population. The purpose of the random subpopulation is
to provide data for estimates of family means (or equiva-
lently, parental breeding values).

4. Use the molecular marker genotype information for the
random and top-phenotype sub-populations for combined
full-pedigree reconstruction (NR + NT).

5. Conduct a REML-BLUP evaluation (utilizing pedigree
and phenotypic measurements) to predict breeding values
(BVs) for the combined random and top-phenotype sub-
populations.

The genetic gains made from the BwB approach will be
compared with those that could be obtained from a large-scale
full-sib breeding and testing strategy. We do not intend to
suggest that the particular full-sib testing strategy described
below is optimum in terms of efficiency; rather, we simply
want to compare the BwB strategy with a large and compre-
hensive full-sib testing effort that should result in good genetic
gain.

The specific objectives of this study are to:

1. Examine the genetic parameter estimates and accuracy of
BV predictions from the BwB approach.

2. Determine the expected genetic gains from the BwB
approach, and compare them to gains from a tradi-
tional testing strategy (full-sib mating, replicated
progeny tests, etc.).

3. Examine different sizes of the three populations
used in the BwB strategy (NBwB, NR, and NT), in
order to suggest near-optimum sizes for operational
tree improvement programs.
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Materials and methods

Simulation model

A stochastic simulation model was developed in the R system
(R Core Team 2014), featuring 1 main routine and 10 subrou-
tines. Two external software libraries were incorporated and
invoked within the R code: (1) ASReml for R (Butler et al.
2007), and (2) Gurobi Optimizer (Gurobi Development Team
2014). The simulation experiment was repeated using 500
independent iterations for every scenario and statistical infer-
ence was drawn across these.

Data generation

Additive polygenetic effects of NP=99 unrelated and non-
inbred parental trees were sampled from the normal distribu-
tion N(0,σA

2 ), assuming the infinitesimal genetic model.
Correspondingly, additive by environmental effects were sam-
pled from N(0,σAE

2 ) for all experimental test sites considered
throughout the study. Actual input parameters are provided in
Table 1.

Genetic variance components are based on typical values
for volume growth for four pine species (Hodge and Dvorak
2012). Two hypothetical breeding strategies were modeled: a
full-sib mating design (FS) tested on six sites, and a Breeding
without breeding (BwB) strategy applied across two sites. The
choice of six sites for the FS strategy was somewhat arbitrary,
but the idea was to sample a sufficient number of sites to give
a good estimate of genotype×environment interaction and to
make accurate predictions of parental breeding values on an
across-site basis. The choice of two sites for the BwB strategy
was because two is the minimum number of sites that allows
an estimate of genotype×environment interaction. For both
strategies, offspring genotypic and phenotypic values were
generated as follows.

First, the polygenic additive genetic value was drawn from
N(ā,0.5σA2 ), where ā is the respective mid-parental additive
genetic value. Second, the polygenic additive genetic×

environment interaction value was drawn from
N ae; 0:5σ2

AEÞ
�

, where ae is the respective mid-parental addi-
tive genetic×environment value for the specific environment.
Third, the expected dominance genetic value for a given pa-
rental combination was drawn from N(0,0.25σD

2 ), and corre-
spondingly, the remaining within-family dominance deviate
was sampled from N(0,0.75σD

2 ). Finally, the environmental
deviate was drawn from N(0,σE

2).

Full-sib stategy (FS)

Controlled crosses among all parental trees were created fol-
lowing a circular mating design (Huber et al. 1992), with each
tree crossed with four other parents; correspondingly, the total
number of crosses was equal to 198. Equal family size (120)
was assumed across all combinations. In total, NFS=23,760
offspring genotypes were generated and evenly distributed
into six independent test locations (3,960 progenies per
location).

Breeding without breeding strategy (BwB)

Open-pollinated mating was assumed, which would potential-
ly generate a complete (but unbalanced) half-diallel mating
among all parental trees. All parents were randomly assigned
a gametic contribution probability from a theoretical distribu-
tion. The distribution was based on data in the literature re-
garding family size variation and gametic contribution varia-
tion in open-pollinated seed orchards, which typically find
that there are a few genotypes that are very fecund, and many
that contribute relatively little to the gametic population (El-
Kassaby and Cook 1994; Funda et al. 2011; Lai et al. 2010).
Briefly, with the distribution assumed in this study, one-half of
the population produces only 33 % of the gametes, and the
more fecund half of the population produces 67 % of the
gametes; furthermore, the most fecund 10 % of the parents
produce 25 % of the gametes (Fig. 1). For each possible com-
bination of parents, family size was determined by multiply-
ing the two parental gametic contribution probabilities, then
multiplying by the total experimental test size NBwB, and then
rounding to the nearest integer value (the actual family size).
Three values of NBwB were assumed in different scenarios: 5,
940=0.25×NFS, 11,880=0.5×NFS, and 23,760=1×NFS; in
other words, the number of progeny equivalent to ¼, ½, and
the full number of progeny used in the full-sib strategy.
Offspring genotypes within each parental combination were
randomly allocated into two independent test locations.

For each run of each scenario, a random sub-population
(size=NR) was hypothetically fingerprinted. Next, a pheno-
typic truncation was performed to identify the top-phenotype
sub-population, with size (NT). Pedigree information of the
two sub-populations was revealed, assuming hypothetical

Table 1 Simulation
input parameters Parameter Value

σA
2 375

σD
2 75

σAE
2 200

σE
2 1,850

NFS 23,760

NBwB 5,940; 11,880; 23,760

NR 0; 600; 1,200; 1,800;
2,400; 3,000

NT 600

Ne 5; 10; 20
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pedigree reconstruction with 100 % accuracy. The size of the
random sub-population NR was varied from 600 to 3,000 in
individual simulation scenarios. Preliminary investigation re-
vealed that NT=600 was sufficient to meet the prescribed re-
latedness restrictions (described below) for even the largest
size of the final selected population (Ne=20), so NT was re-
stricted to 600 individuals for all scenarios. Under real circum-
stances, it might be possible to meet the declared Ne with even
lower NT, that is, with less genotyping effort, as suggested by
Lstibůrek et al. (2011).

Phenotypic strategy (PH)

In addition to the FS and BwB strategies, scenarios withNR=0
were examined where selection of the NT=600 individuals
was based on phenotypic evaluation alone. This was done to
examine the genetic gain that could be achieved based on
phenotypic selection with pedigree control, following the ap-
proach suggested by El-Kassaby and Lstibůrek (2009).

Genetic evaluation

Standard full-sib genetic evaluation was conducted under the
FS strategy, assuming parents and offspring individuals were
included into the combined REML-BLUP analyses within
ASReml featuring the animal genetic evaluation model:

yi jkl ¼ ai jkl þ sca jk þ f e jl þ f ekl þ ei jkl ð1Þ

where aijkl is the random additive genetic effect of the ith
tree in family jk in the lth environment, scajk is the random
dominance effect of family jk (i.e., the cross of the jth parent
and the kth parent), fejl and fekl are the random additive×en-
vironment effects for the jth parent in the lth environment and
the kth parent in the lth environment, respectively, and eijkl is
the random error term.

Following the hypothetical pedigree reconstruction, genet-
ic evaluation of the BwB data was performed using the same
animal genetic model as used for the FS evaluation (Eq. 1), but
with the sca effect removed. Preliminary analyses showed that
the BwB approach had a tendency to dramatically overesti-
mate dominance variance (from 2× to 10×), due to very small
number of full-sibs, so this term was dropped from the model.
The BwB evaluation was done using ASReml, including par-
ents and all offspring individuals from the random and top-
phenotype sub-populations in a combined REML-BLUP
analysis.

For both FS and BwB genetic evaluation, and for each run
of each scenario, the estimated genetic parameters from the
REML analysis were used in the BLUP of genetic values,
exactly as would be the case under real circumstances.

Selection

In this final step, the goal was to select the best set of offspring
trees, maximizing the genetic response to selection, while
meeting the declared effective population size (Ne=5, 10, or
20). It was assumed that the census number of the selected set
was equivalent to the effective population size, meaning that
no relatedness among the selected trees was permitted. The
objective function was

X N

i¼1
baixi→max ð2Þ

where N=NFS (FS scenario), N=NR+NT (BwB scenario), or
N=NT (PH scenario), the âi values are the predicted additive
genetic (breeding) values (from the ASReml genetic evalua-
tion) and the xi values are selection pointers (binary variables:
1=tree selected, 0=tree not selected). The optimization uti-
lized the following linear constraint to limit the number of
selected individuals to the declared Ne (integer value):

X N

i¼1
xi ¼ Ne ð3Þ

To ensure that the selection outcome consists of unrelated
individuals, the following constraints were added to the opti-
mization (one for a given parental tree, if applicable):

y11x1 þ y12x2 þ ⋯ þ y1NxN ≤ 1
y21x1 þ y22x2 þ ⋯ þ y2NxN ≤ 1
⋮ ⋮ ⋮ ⋮
yNp1x1 þ yNp2x2 þ ⋯ þ yNpNxN ≤ 1

ð4Þ

where yij values are binary pointers linking a given parental
tree to its respective offspring trees, thus a maximum parental
contribution is one offspring per parent.

For each run of a given scenario (NR,NT), a set of parents
and offspring for FS and BwB strategies were simulated, and
all variance components estimated. For the offspring selected

Fig. 1 Distribution of parental gametic contributions [in percent] for the
respective 99 parents
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for a given Ne, the true genetic gain for both the FS and BwB
strategies (RFS and RBwB, respectively) were calculated as the
mean of the true breeding values. Finally, an efficiency param-
eter QBwB/FS was calculated as the ratio of the mean gains

from the BwB and FS strategies, QBwB/FS=
RBwB

R FS
× 100 %.

Results

Genetic parameter estimates and accuracy of breeding
value prediction

For the FS strategy, mean genetic parameter estimates across
500 iterations were very accurate. For example, the mean ad-

ditive variance estimate was bσ2
A =377.4, with a target value of

σ2
A =375. The standard deviation for the 500 independent

estimates of additive variance was 66.0. Similarly, the mean

estimate of the additive×environment variance was bσ2
AE =

200.0, with a target value of σ2
AE =200, and the standard

deviation of the 500 additive×environment variance estimates
was 5.1. Since the estimates from each iteration were based on
a population of 23,760 trees in a balanced mating design, one
would expect the estimates to be both accurate and precise, so
these results are not surprising.

For the BwB scenarios, the number of trees used to esti-
mate variance components was the sum of the number of trees
in the random and top phenotype sub-populations (NR + NT),
with NT=600 for all scenarios, and NR ranging from 600 to
3,000. Thus, the number of genotyped trees used in the BwB
strategies for variance component estimation and BLUP pre-
diction ranged from 1,200 to 3,600. For all scenarios, the
mean genetic parameter estimates were very close to the target
expected values (Table 2). Asmight be expected, however, the
variation of the parameter estimates was quite high. For ex-
ample, for the minimum effort BwB strategy, Scenario 1 with
NBwB=5,940, NR=600, and NT=600, the mean estimate for

additive variance was bσ2
A =380.5 (with a true value of σ2

A =
375), but the standard deviation of the 500 independent esti-
mates was 208.6, indicating a very large range in additive
variance estimates (Table 2). Increasing the size of the random
sub-population improves the precision of the variance compo-
nent estimation. For example, for NBwB=5,940 and NR=
1,200, the standard deviation of the 500 independent estimates

of bσ2
A was much lower at 138.5, and for NBwB=5,940 and

NR=3,000, the standard deviation of the 500 independent es-

timates of bσ2
A was 95.5 (Table 2). For larger BwB population

sizes, increasing NR gave similar improvements in the preci-
sion of the variance component estimates (Table 2).

Despite the fact that the variance component estimates
from the FS strategy were much more precise than those from
the BwB strategy, the accuracies of the individual tree

breeding value predictions were quite similar for the FS and
BwB strategies. Accuracy of the predicted breeding values is
measured as the correlation between the true and the predicted
breeding values (râ,a) for the 23,760 progeny in the FS strate-
gy, and the total number of progeny in the random and top-
phenotype sub-populations (NR + NT). For phenotypic selec-
tion (PH strategy), the accuracy of selection was râ,a=0.39,
while for the FS strategy, the accuracy of selection was râ,a=
0.68 (Table 2). For all BwB scenarios, râ,a is lower than for the
FS strategy than for the BwB strategy, but only slightly
(Table 2). For example, for scenario 8 with NBwB=11,800
and NR=1,800, râ,a=0.64, compared with 0.68 for the FS
strategy. The fact that râ,a for the BwB and FS strategies are
generally very similar suggests that both strategies would pro-
duce similar genetic rankings.

Although the accuracies of the BwB and the FS strategies
were similar, there was a slight tendency for the predicted
genetic gains from the BwB approach to overestimate the true
genetic gains. For example, for scenario 7 with NBwB=11,800
and NR=1,200, and for selection of Ne=5, the average true

Table 2 Mean variance component estimates across 500 simulation
iterations, the standard deviations of the 500 estimates, and the
accuracy of breeding value predictions for different Breeding without
Breeding (BwB), phenotypic (PH), and the full-sib testing scenarios (FS)

Scenario N NR bσ2A ±sd bσ2AE ±sd raâ±sd

BwB 1 5,940 600 380.5±208.6 203.4±48.7 0.59±0.05

BwB 2 5,940 1,200 381.6±138.5 194.1±30.1 0.61±0.04

BwB 3 5,940 1,800 375.1±115.3 196.7±25.1 0.62±0.04

BwB 4 5,940 2,400 374.6±101.3 200.6±20.7 0.62±0.04

BwB 5 5,940 3,000 373.9±95.5 200.8±17.8 0.62±0.04

BwB 6 11,880 600 363.3±214.0 214.7±51.7 0.61±0.05

BwB 7 11,880 1,200 383.1±147.7 201.4±34.6 0.63±0.05

BwB 8 11,880 1,800 378.1±122.1 201.3±25.6 0.64±0.04

BwB 9 11,880 2,400 377.4±107.5 199.4±21.1 0.64±0.04

BwB 10 11,880 3,000 376.6±99.6 199.7±18.4 0.64±0.04

BwB 11 23,760 600 368.0±208.2 222.8±53.0 0.64±0.05

BwB 12 23,760 1,200 384.6±143.5 192.5±32.4 0.65±0.04

BwB 13 23,760 1,800 381.6±116.0 193.0±25.0 0.65±0.04

BwB 14 23,760 2,400 381.8±106.5 196.3±20.6 0.65±0.04

BwB 15 23,760 3,000 380.9±97.3 197.0±18.4 0.65±0.04

PH 1 5,940 0 NA NA 0.39±0.04

PH 2 11,880 0 NA NA 0.39±0.04

PH 3 23,760 0 NA NA 0.39±0.04

FS 23,760 0 377.4±66.0 200.0±5.1 0.68±0.03

Target 375.0 200.0

N=total number of trees in the respective population [i.e., N=NBwB in
BwB scenarios, N=NPH in PH scenarios, N=NFS in FS scenario, NR=

number of trees in the random sub-population, bσ2
A =estimate of additive

variance, bσ2
AE =estimate of additive×environment variance, ra,â=accura-

cy of prediction (correlation of the true and predicted breeding values)]
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genetic gain was 34.0 % (see Fig. 2), while the average pre-
dicted genetic gain was 39.1 %. For the same scenario, for
selection of Ne=20, the average true genetic gain was 23.9 %
(see Fig. 3), while the average predicted genetic gain was
26.0 %. In contrast, the FS average predicted genetic gains
were almost exactly equal to the FS average true genetic gains
for all sizes of Ne. The variance component estimates from the
FS strategy are much more precise than the estimates from the
BwB strategy (Table 2), and it may be that large variance in
the variance component estimates for the BwB strategy con-
tribute to this tendency for the BwB predicted gains to be too
high. It is important to note, however, that this has no impact
on the true genetic gains achieved using the BwB approach;
selection based on the predicted genetic values â will result in
gain in the true genetic values a even if the predicted gain is
overestimated. However, breeders should be aware of this
tendency, and use the predicted genetic values and gains from
the BwB BLUP analyses with some caution.

Genetic gains

Figures 2 and 3 present the relative efficiency of the BwB and
the FS strategies, and the true genetic gain for different sizes of
the BwB population (NBwB) and the random sub-population
(NR). The two figures are interpreted identically, but present
results for two different sizes of selected populations, Ne=5 or
20 for Figs. 2 and 3, respectively. The different Ne represent
different selection intensities that might apply in operational
breeding programs. Gains for selected population size Ne=10
are not shown, but follow a similar pattern and are very nearly
the average of gains for Ne=5 and Ne=20. Average genetic
responses to selection for BwB strategies are plotted both as

genetic gains (RBwB, right axis), and as the relative efficiency
compared to the gain from the FS strategy (QBwB/FS, left axis).

A t test was done to compare the difference of the FS gain

and the BwB gain, (RFS - RBwB ), and confidence intervals
calculated for the ratio of the gains. For all scenarios, BwB
gain was lower than FS gain, and all differences were statisti-
cally significant. For all scenarios with the smaller BwB pop-
ulations (NBwB=5,940, NBwB=11,880), all differences be-
tween BwB gain and FS gain were significant at P≤0.0001.
For the largest BwB population (NBwB=23,760= NFS), all
differences were significant at P≤0.05, and most were signif-
icant at P≤0.0001. It is clear that the genetic gain from the
BwB strategy is lower than what could be achieved from the
FS strategy, but this result is not surprising.

More interesting is the large amount of genetic gain that
can be captured with the BwB strategy, which ranges between
80 and 98 % of the gain achieved by the FS strategy, depend-
ing on the exact scenario (depending on the size of the BwB
population, the random sub-population, and the final selected
population, NBwB,NR,Ne, respectively). The 95 % confidence
intervals around QBwB/FS (the ratio of BwB gain and FS gain)
were very near to ±2.0 % for all scenarios.

For the minimum effort BwB strategy examined in this
study (scenario 1, with NBwB=5,940, NR=600), the ratio of
BwB gain to FS gain was 85.1 and 81.4% for selection ofNe=
5 and 20 unrelated offspring, respectively (Figs. 2 and 3). For
the maximum effort BwB strategy examined in this study
(scenario 15, with NBwB=23,760, NR=3,000), the ratio of
BwB gain to FS gain was 97.9 and 95.0 % for selection of
Ne= 5 and 20 unrelated offspring, respectively (Figs. 2 and 3).

The inclusion of a random sub-population is important to
the BwB strategy. It is possible to make genetic gain using
only phenotypic selection with pedigree control (PH strategy),
but it is clear that there is a significant incremental gain from
having a random sub-population (NR) of at least 600 trees. For
Ne=5, selection based only on phenotype produced from 23.8

Fig. 2 Genetic gains from the proposed BwB strategy for a selected
population size of Ne=5 for different sizes of the BwB population
(NBwB) and the random sub-population (NR). The left axis indicates the
relative efficiency compared to the gain from the FS strategy (QBwB/FS),
and the right axis indicates absolute genetic gains (RBwB )

Fig. 3 Genetic gains from the proposed BwB strategy for a selected
population size of Ne=20 for different sizes of the BwB population
(NBwB) and the random sub-population (NR). The left axis indicates the
relative efficiency compared to the gain from the FS strategy (QBwB/FS),
and the right axis indicates absolute genetic gains (RBwB )
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to 27.1 % genetic gain (QBwB/FS=63.3 to 72.3 %), depending
on NBwB (see the points with NR=0 in Fig. 2). The use of a
genotyped random sub-population of size NR=600 increases
genetic gain by 8.0 to 9.5 % (equivalent to increasingQBwB/FS

by 21.1 to 21.8 %).
Increasing the size of the random sub-population (NR) from

600 to 3,000 produces a small amount of incremental genetic
gain. For example, forNR=600,NBwB=11,880, andNe=5, the
BwB genetic gain was 33.5 %, equivalent toQBwB/FS=89.3 %
of the FS gain (Fig. 2). Increasing NR=3,000 gives a BwB
genetic gain of 35.0 %, equivalent to QBwB/FS=93.5 % of the
FS gain (Fig. 2). Across all scenarios, increasing NR from 600
to 3,000 produced about 1 to 2 % additional genetic gain from
the BwB strategy, equivalent to an increase of 3 to 5 % in
QBwB/FS.

Increasing the size of the BwB population also produces
incremental genetic gain. This can be seen in Figs. 2 and 3 by
comparing the heights of the three lines for the different sizes
of NBwB. For any given size of NR and Ne, increasing NBwB

from 5,940 to 11,880, or increasing NBwB from 11,880 to
23,760 produces about 1 to 2 % additional genetic gain.

Discussion

Genetic gains

The application of the BwB strategy in commercial planta-
tions offers the opportunity to make substantial genetic gains
and, perhaps more importantly, save years of time in testing.
The reconstruction of the pedigree of 1,800 trees (1,200 ran-
dom + 600 top phenotypes selected from a larger population)
can return approximately 85 to 95 % of the genetic gain that
would have been achieved by a large-scale full-sib testing
program. This 85 to 95 % efficiency applies over the range
of selection intensity, from Ne=5 to 20. A target of Ne=20
might be what the breeder would use if there was only one
genetic source of plantation material, and the breeder wanted
to construct a seed orchard. Or if there were multiple known
genetic sources of the plantations, the breeder might want to
construct a seed orchard using material from all of them, and a
target of Ne=5 for each source might be appropriate.
Alternately, the breeder might want to use a target of Ne=5
to select parents for a small full-sib production population (or
a clonal production population).

The fact that the BwB approach is very efficient and com-
parable to the FS strategy in terms of genetic gain might ini-
tially be somewhat surprising. In this study, the focus was on
progeny selection at the initiation of a tree improvement pro-
gram, with parental genotypes unavailable for selection. Part
of the genetic gain from progeny selection arises from identi-
fying the best families, or in other words, accurately predicting
the breeding values of the best parents (even though the

parents themselves are unknown or unavailable). The parental
breeding values determine the additive genetic value of the
full-sib family (i.e., the mid-parent BV). The other part of
the genetic gain from progeny selection comes from identify-
ing outstanding progeny from top families. Thus, for any in-
dividual progeny, predicted genetic gain can be thought of as
the sum of the mid-parent predicted breeding values plus the
within-family predicted genetic gain. The underlying genetic
variance of both the mid-parent values and the within-family
genetic values is equivalent to ½ of the additive genetic
variance.

The mid-parent genetic value prediction is based on obser-
vations of many progeny of the two parents. But the within-
family genetic deviations are determined (conceptually) by
comparing the phenotype of an individual progeny to the rest
of its siblings. In other words, a substantial portion of the
predicted genetic value for a specific progeny is determined
by a single phenotypic observation (adjusted for environmen-
tal error effects). A single phenotypic observation for a low
heritability trait is inherently an imprecise measurement of the
underlying genetic value (in this case, the within-family ge-
netic value), and thus the overall accuracy of selection râ,a will
be limited. For phenotypic selection or mass selection based
on a single trait, the accuracy of prediction is theoretically
equal to the square root of the heritability (Falconer 1981;
Hodge and White 1992). In this study, with h2=0.15, the ac-
curacy of the PH strategies should therefore be râ,a=0.39,
which exactly matches the average accuracies calculated for
the PH strategies in the 500 simulation runs in this study
(Table 2). With both the FS strategy and the BwB strategies,
the BLUP analyses will simultaneously predict mid-parent
genetic values and within-family genetic deviations to predict
the genetic values for each offspring, and accuracies will be
above this baseline of râ,a=0.39. One can derive the theoretical
maximum accuracy for offspring selection for the FS and
BwB strategies, assuming infinite progeny testing, for a given
heritability (see Appendix). In this study, with h2=0.15, the
maximum accuracy possible for offspring selection is râ,a=
0.74.

For the FS strategy, the average accuracy was râ,a=0.68
(Table 2), near the maximum possible with the genetic param-
eters assumed in this study; this is a moderately high correla-
tion of the true and predicted genetic values for progeny. The
BwB strategies approached this accuracy (Table 2), which
suggests that with the FS strategy the breeder would have
invested more resources than necessary in predicting the pa-
rental genetic values. Furthermore, the fact that the BwB and
FS accuracies are similar implies that the genetic gains from
selection using the two strategies would also be similar, as
they were (Figs. 2 and 3). It is important to note that one might
find a very different result if the comparison between the BwB
strategy and the FS strategy was made on the basis of parental
genetic value predictions. This comparison would be relevant
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if the parental genotypes were available to the breeder for
selection; in that case, the FS strategy would likely have a
substantial advantage.

If substantial genetic gains can be made with the suggested
BwB strategy, this would be of particular value to circumvent
a testing cycle at the initiation of a tree improvement program.
Regardless of whether the BwB strategy is used or not, a
breeding program would begin with inspection and/or mass
selection in natural stands or plantations, either to identify the
top-phenotype population for the BwB, or to identify a popu-
lation of plus-trees for subsequent progeny testing. The BwB
approach would accurately identify outstanding genotypes
without grafting, seed collection, or progeny testing, poten-
tially saving many of years of work. The best genotypes
would then be immediately available to the breeder for or-
chard establishment or deployment to plantations.

Depending on species biology, there might be a substantial
time lag to seed production following selection and grafting.
In this case, a breeder could choose to initiate a tree improve-
ment program by establishing a seed orchard with a popula-
tion of plus-trees, and progeny testing those selections using
OP seed collected from the plus-trees in the plantations. By
the time the orchard begins to produce seed, the progeny tests
might be old enough to provide data to rank parents in the
orchard. The expected genetic gain from this approach would
depend on a number of factors, including the number of initial
selections grafted into the orchard and progeny tested, the
number and design of the progeny tests, and whether or not
the breeder chose to use pedigree reconstruction to control
relatedness in the orchard. The gain from the initial selection
would probably be approximately what we have estimated for
phenotypic selection alone (Figs. 2 and 3), with a slight mar-
ginal gain after roguing the seed orchard (e.g., Lindgren and
El-Kassaby 1989; Prescher et al. 2008). In other words, in this
scenario, the BwB approach might not save time, but would
make additional genetic gain. In addition, the breeder could
focus accelerated breeding efforts, such as top grafting
(Hartman and Kestler 1968) or flower stimulation treatments
(e.g., Pharis and Kuo 1977) on only the best genotypes at the
very beginning of the program.

Pedigree reconstruction accuracy

The potential genetic gains discussed above assume 100 %
accuracy in pedigree reconstruction. Pedigree reconstruction
can be done with SNPs or SSRs, but with both technologies,
there will invariably be some errors in the genotyping process.
For example, some individuals may have missing data for
some or all loci, and some individuals with data cannot be
assigned to parents with a high degree of confidence.
However, with improving technology and sufficient numbers
of markers, rather high accuracies can be achieved.

As mentioned earlier, Hansen and McKinney (2010) were
able to use 12 SSR markers to assign both parents to 98 % of
the offspring in an A. nordmanniana plantations. They note,
however, that pollen contamination is extremely low (around
3 %) in the orchard where this seed was collected. Higher
levels of pollen contamination are common among forest tree
seed orchards (El-Kassaby et al. 1989; Adams et al. 1997;
Slavov et al. 2005), and this can make pedigree reconstruction
more challenging. For example, in a simulation study based
on P. sylvestris data, Wang et al. (2010) were able to assign
both parents to 97 % of offspring from mating among orchard
clones, but for matings involving foreign (non-orchard) pol-
len, their accuracy to assign even the maternal parent was
significantly lower, with around 78 % of offspring correctly
assigned. This study was done with 9 SSR loci with an aver-
age of 9.3 alleles. For a population of Pseudotsuga menziesii
arising from a seed orchard of 59 clones with a contamination
rate of 40 %, El-Kassaby et al. (2007) used nine SSR markers
to assign both parents with 43 to 58 % success. Given that
there may be less than 100 % success in assigning parents, the
sizes for the random and top-phenotype sub-populations
discussed in this study could be considered as minimums.
For example, a breeder might choose to genotype a larger
number of trees, but then only use data for which parentage
or sibship could be assigned with a high level of confidence.

In terms of the BwB strategy proposed in this study, the
primary effect of pollen contamination would be on the ran-
dom sub-population. A theoretical study by Lstibůrek et al.
(2012) demonstrated that phenotypic pre-selection among
bulk progeny from a seed orchard would significantly reduce
the frequency of offspring resulting from pollen contamina-
tion, dependent on a number of factors, including genetic su-
periority of the orchard, the actual level of pollen contamina-
tion, the heritability of the trait, and the intensity of phenotypic
pre-selection. This was followed by an applied study on a
P. sylvestris first generation seed orchard with reported pollen
contamination of 21 to 70 %. The top 10 % of the phenotypes
of a bulk progeny population from the orchard were selected,
and subsequent gentotyping revealed that the pre-selected
population had less than 5% pollen contamination (or in other
words, less than 5 % of those top phenotypes had a parent
from outside the orchard) (Korecký et al. 2014). Relevant to
the BwB strategy, these results suggest that the Top Phenotype
sub-population would probably be relatively free of pollen
contamination; however, the unselected random sub-
population could have high levels of pollen contamination.
For a random sub-population of size NR=1,800, a number of
those progeny would be offspring from a parent outside the
seed orchard. Data on these offspring would thus provide less
information on the parents in the orchard, and therefore on the
progeny of interest, that is, those of higher genetic quality that
would be candidates for the final selected population. How
much this would impact the genetic gains made by the BwB
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strategy can be approximated by moving leftward (toward
lower NR) along the lines in Figs. 2–3, for example, by reduc-
ing NR from 1,800 to 1,200. In this example, even the loss of
1/3 of the data from the random sub-population would reduce
genetic gain by less than 1 %, so it seems clear that the effect
of pollen contamination in the random sub-population would
reduce overall genetic gain only by a small amount.

Most of the pedigree reconstruction and BwB literature
(whether simulations or actual applications) has been based
on known parental genotypes, which makes the job of pedi-
gree reconstruction easier. If parental genotypes are unknown,
pedigree reconstruction becomes more difficult, but still the-
oretically possible. For forest trees, Massah et al. (2010) have
studied pedigree reconstruction in populations of yellow cedar
(Callitropsis nootkatensis) with unknown parents, and were
able to identify population and family relationships.
Grattapaglia et al. (2014) used 10 SSR markers with an aver-
age of 13.2 alleles per locus to confirm parentage of mass
control pollination families in a clonal seed orchard of Pinus
taeda. They reported high probabilities of identity and parent-
age exclusion, and stated that the allelic variability should
provide good power of identification even for more complex
mating patterns with some unknown parents.

Fisheries geneticists have been very active in this area of
research. Rodriguez-Barreto et al. (2013) have looked at ped-
igree construction in the absence of parental information on a
wild population of amberjack (Seriola dumerili). Using only
four highly informative SSRs (7 alleles per marker,H0>0.80),
they were able to estimate the number of parents and construct
families. Rodríguez-Ramilo et al. (2007) studied a population
of Scophthalmus maximus (turbot) consisting of 139 full-sib
families with known pedigree structure, but assumed no
knowledge of parental genotypes. Using 10 SSRs with an
average of 15.1 alleles, they converted molecular relatedness
to coancestry (Queller and Goodnight 1989). For a population
of 560, all possible pairwise relationships were examined, and
classification of unrelated pairs, half-sibs, and full-sibs was
fairly accurate, around 80 %. It seems likely that larger
numbers of markers would increase the accuracy of pedi-
gree reconstruction. In a simulation study based on data
for oil palm (Elaeis guineensis), Cros et al. (2014) exam-
ined the correlation between true coancestry and ancestry
estimated from molecular relatedness. They found that 10
SSR would give a correlation of around 0.80, while 36
SSR would increase the correlation to above 0.90. This
result supports the idea that a breeder could simply in-
crease the number of markers in order to reach a desired
level of pedigree reconstruction accuracy.

A slightly different approach might be to use the molecular
relatedness matrices directly to estimate variances and predict
breeding values. This would avoid the difficulty of getting all
individuals correctly classified as unrelated, half-sib or full-
sib, and have the additional advantage of being able to use all

of genotyped individuals. As an example, Blonk et al. (2010)
compared breeding value predictions made using a recon-
structed pedigree andmolecular relatedness for a large, natural
mating population of Solea solea (common sole) with un-
known parents. Population size was 1,953 individuals, and
pedigree reconstruction was able to assign parentage for
1,338 of these. Using cross validation, they determined accu-
racy of estimated breeding values was 0.54 with pedigree
reconstruction and 0.55 with molecular relatedness for the
1,338 individuals. However, they noted that if all 1,953 indi-
viduals were analyzed with molecular relatedness, accuracy
increased to 0.60.

Phenotyping accuracy

The potential genetic gains discussed above also assumed ac-
curate phenotyping. In other words, the assumed genetic pa-
rameters were derived from well-designed and maintained
progeny tests with good survival; therefore, for the gains pre-
dicted here under the BwB scenarios to be accurate, the selec-
tion conditions must be similar. If the plantations are signifi-
cantly more heterogeneous than progeny tests, then heritabil-
ity would be lower and the BwB gains and efficiencies esti-
mated in this study would be biased upwards. However, with a
large plantation land base, it seems likely that the breeder
could locate some small blocks with good growth and good
uniformity, similar to a maintained progeny test. In this study,
the necessary total size of such blocks would be roughly be-
tween 6 and 24 ha.

In the BwB strategy proposed in this study, there are three
populations which must be phenotyped (i.e., measured or
inspected): the total BwB population as well as the random
and top-phenotype sub-populations. We envision the random
sub-population will be phenotyped with one approach, and
that the other two populations would be handled together with
a different approach.

For random sub-population, the phenotyping should be
done in at least two sections of the plantation (i.e., two differ-
ent sites). The sites should have high survival, uniform spac-
ing, and preferably with little within-site variation (i.e., low
levels of environmental variation with the section of the plan-
tation where the random population will be measured). To
reduce environmental error, one option would be to map out
the site with a row-column grid, and use spatial analysis tech-
niques to model the environmental variation (Dutkowski et al.
2002). Another option would be use post hoc blocking as
suggested by Gezan et al. (2006), to effectively create small
randomized incomplete blocks of 25 to 50 trees for inclusion
in the BLUP models.

For the BwB and top-phenotype populations, the situation
is somewhat different. In the scenarios discussed here, the
BwB population could range in size from 5,940 trees (approx-
imately 6 ha of plantation assuming a spacing of 3×3 m) to
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23,760 trees (approximately 24 ha of plantation).We envision a
process very similar to that used for mass selection (Zobel and
Talbert 1984;White et al. 2007). In summary, field crewswould
walk the plantations scanning from four to six rows at a time for
outstanding phenotypes. When a potential top-phenotype is lo-
cated, the crew would evaluate characteristics such as stem
form, absence of disease, survival of near-neighbors, etc. If
the tree appeared to be suitable, the crew would then take mea-
surements of that tree and 15–20 of its nearest neighbors, in
order to express the measurement of the top-phenotype tree as a
deviation from the neighbor trees (or Bcomparison trees^). In
this study, the size of the final top-phenotype population (which
will be genotyped to determine parentage) was NT=600. With
NT=600, the use of 15–20 comparison trees per candidate
would result in between 9,000 and 12,000 comparison trees
to be measured. This is a significant effort, roughly equivalent
to half of the trees measured in the maximum FS strategy
(23,760). The number of neighbors to measure could be re-
duced, either by reducing the number of comparison trees, or
by decreasing the number in the top-phenotype population.

Regarding a reduction in the number of comparison trees, for
mass selection the suggested number is often around 4–6 neigh-
bors (e.g., Brown and Goddard 1961;White et al. 2007, p. 333).
The purpose of the comparison trees is to estimate the site po-
tential (or in other words, the populationmean on thatmicro-site)
in order to precisely calculate the deviation of the top-phenotype
tree from the population. Use of 15–20 neighbors should give a
fairly precise measurement of the deviation. It might be possible
to reduce the number of neighbors to bemeasured (perhaps to 6–
10), but this might also reduce genetic gains slightly.

Regarding a reduction in the number of Top Phenotypes, it
seems there is relatively little benefit to genotyping more than
NT=600, as the only goal of this is to ensure sufficient geno-
types to select enough unrelated trees to meet the required
effective population size (Ne). Depending on the size of Ne,
it may be possible to use NT <600 with little impact on genetic
gain. The optimum balance between workload and precision
(i.e., the size of NT and number of comparison trees per top-
phenotype tree) is an area for future research.

Larger BwB populations

It is important to note here that it should be possible to make
additional genetic gain by increasing NBwB beyond the maxi-
mum of 23,760 examined in this study. Recall that the FS stra-
tegy outlined here was chosen only to provide some basis of
comparison of the BwB gains with gains that could be made
with a traditional breeding and testing program. Thus, the
Bmaximum^ gains in Figs. 2–3, i.e., the 100 % FS gain, are
arbitrary. From Figs. 2 and 3, one can see that doubling the size
of BwB population from NBwB=5,940 to NBwB=11,880 in-
creases gain by about 2 % (and increases QBwB/FS by about 3
to 5 %). Doubling the size of BwB again from NBwB=11,880 to

NBwB=23,760 increases gain by similar amounts. This implies
that further increases in NBwB would produce further gains.
Operationally, this means that more hectares of plantation would
be inspected to identify additional top phenotypes and thus in-
crease selection intensity and within-family gain. Clearly, at
some point, the marginal return from increasing NBwB will be
too small to justify the additional effort, but since walking plan-
tations is likely to be a low-cost operation, breeders should con-
sider BwB populations larger than 23,760 trees.

BwB beyond the first cycle

Although the focus of this study was on the initiation of tree
improvement programs, the efficiency of the BwB approach
and the potential genetic gains estimated in this study suggest
that the BwB approach might have advantages beyond the
first cycle of improvement. There is no reason that the ap-
proach could not be utilized with advanced generations. If it
is possible to Buncover^ genetic information from unstruc-
tured plantations, a breeder might choose to simply establish
plantations, and later recover Bprogeny test information^
when it is necessary and expedient. In other words, a breeder
could pay upfront costs to establish progeny tests and then
wait for the information, or he could pay costs later to do the
BwB genotyping to gather the necessary genetic information.

Alternately, a breeder could consider a complementary ap-
proach, combining a small number of replicated progeny tests,
with a BwB approach where all the trees in a large plantation
landbase are considered as selection candidates. Some parental/
family information would come from the replicated progeny
tests, and a small number of top-phenotypes could be selected
from the plantations to increase selection intensity and genetic
gain, and these would be genotyped to control pedigree and
optimize combinations of the best parental genotypes.

The utility of BwB beyond the first cycle would depend to
a great extent on the accuracy of parental breeding value pre-
dictions that would arise from this approach, and this should
be the subject of additional research. Another important topic
for research would be a comprehensive study of the impact of
errors in pedigree reconstruction on the efficiency of BwB.

Conclusions

The objective of this study was to examine the effectiveness of
a BwB strategy to uncover genetic information from planta-
tions as a way to begin a tree improvement program and avoid
the initial cycle of breeding and testing. Assuming that pedi-
gree reconstruction can be done accurately, it is clear that the
BwB approach will be effective, and the strategy would return
80 to 98 % of the genetic gain from progeny selection that
would have been achieved if a breeding and testing program
had been started years earlier.
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This study did not undertake a cost-benefit analysis, as
genotyping costs continue to decrease, and other costs associ-
ated with field operations (breeding, test establishment, inspec-
tion of plantations for mass selection, etc.) would vary widely
among countries and programs. A detailed cost/benefit analy-
sis should be performed to assess the actual economic efficien-
cy given specific cost and time components representing real-
istic tree improvement programs. However, we believe that the
BwB approach will be cost-effective, requiring low levels of
genotyping and a relatively low investment in evaluating the
BwB and random populations (at least compared to the costs of
progeny test establishment, maintenance, and measurement).
The BwB strategy requires that 1,200 to 3,600 trees be geno-
typed, and based on the results of this study, we suggest that
genotyping a random sub-population of 1,200 to 1,800 trees
and a top-phenotype sub-population of no more than 600 trees
should give near-optimum results. If the final selected popula-
tion is small (e.g., Ne=5), the size of the top-phenotype sub-
population could possibly be reduced in order to save on
genotyping costs. The top-phenotype sub-population should
be pre-selected from a very large population (the BwB popu-
lation), on the order of 24,000 trees or more, probably
established in typical plantations. The large BwB population
does not need to be measured in its entirety, but it should be
inspected thoroughly and accurate measurements taken on a
small top-phenotype population.
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Appendix: accuracy of prediction (râ,a)
for phenotypic, within-family, and mid-parent +
within-family selection

1. Define a=f+w
where a=overall genetic value, f=midparent genetic

value, and w=within-family genetic value, and Var
(a)=σA

2, Var fð Þ ¼ 1=2σ2
A, and Var wð Þ ¼ 1=2σ2

A

2. Define â=bf + ŵ
where â=predicted genetic value, bf =predicted mid-

parent genetic value, and ŵ=predicted within-family ge-
netic value.

3. The accuracy of prediction is defined as

râ; a ¼ ½Var a^Þ=Var að Þ� �1=2
4. For mass selection based on phenotypic value y,

ba ¼ h2S;

where h2=heritability=Var(a)/Var(y), and S=phenotypic
deviation of y, and accuracy of prediction=[Var(â) /
Var(a)]1/2=h (Falconer 1981; Hodge and White 1992).
So if h2=0.15, then râ,a=0.39.

5. Assuming infinite testing (number of tests, number of
crosses, number of progeny), then mid-parent genetic
values f will be predicted without error, that is, accuracy
of prediction=1.00.

r f ;̂ f ¼ 1:00 ¼ ½Varð f^Þ=Var fð Þ�1=2;
therefore Var(bf )=Var( f )=1=2σ2

A

6, For within full-sib family selection based on within full-
sib family phenotypic deviation Sw,

bw ¼ h2wSw;

where hw
2 =within-family heritability=1=2σ2

A / [Var(y)

−1=2σ2
A ].

If h2=0.15, hw
2 =0.075/[1.00–0.075]=0.081.

As above, accuracy of prediction equals the square root of
the heritability, so accuracy of prediction=hw=[Var(ŵ)/
Var(w)]1/2

VarðbwÞ ¼ h2wVar wð Þ
¼ 0:081 1=2σ2

A

¼ 0:0405σ2
A

7, Now assume offspring selection (equivalent to mid-parent
selection + within-family selection), with h2=0.15, and
with infinite progeny testing.

ba ¼ bf þ bw
Var bað Þ ¼ Var bf� �

þ Var bwð Þ
¼ 1=2σ2

A þ 0:0405σ2
A

¼ 0:5405σ2
A

The accuracy of selection would then be

ra^; a ¼ Var bað Þ=Var að Þ1=2
h i

¼ 0:5405σ2
A=σ

2
A

� �
¼ 0:7352
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8, Thus, with h2=0.15, the theoretical maximum accuracy
of prediction for offspring selection from full-sib fami-
lies (mid-parent selection + within-family selection) is
râ,a=0.7352.
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