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Abstract Using computer simulation, we evaluated the
i mpact of using first-generation information to increase
selection efficiency in a second-generation breeding program. Selection efficiency was compared in terms of
increase in rank correlation between estimated and true
breeding values (i.e., ranking accuracy), reduction in
coefficient of variation of correlation coefficients (i.e.,
ranking reliability), and increase in realized gain, with best
linear unbiased prediction (BLUP). The test populations
were generated with varying parameters: selection strategy
(forward vs backward selection of parents); number of
parents (24-96); number of crosses per parent (1-8);
heritability (0.05-0.35); ratio of dominance to additive
variance (0-3); ratio of additive-by-site to additive variance
(0-3); and ratio of dominance-by-site to additive variance
(0-3). The two selection strategies gave distinct results.
When parents of the second-generation crosses had been
selected via backward selection, adding first-generation
information markedly increased selection efficiency. Conversely, when parents had been selected via forward
selection, first-generation information provided little increase in efficiency. The amount of increase depended more
on heritabilities in both generations and less on dominance
and genotype-by-environment effects. Including first-genCommunicated by Sally Aitken
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eration information helped more when there were many
parents and few crosses per parent in the second generation.
Only in the case of extremely low first-generation heritabilities was there no benefit to adding first-generation
information in terms of improved ranking reliability and
accuracy.
Keywords Stochastic simulation • Selection efficiencyBLUP . First-generation information •
Second-generation selection
Introduction
Most forest-tree breeding programs are based on recurrent
selection (e.g., White et al. 1993; McKeand and Bridgwater
1998; Jayawickrama and Carson 2000), with the premise
that gains will be cumulative over generations. In each
generation, genetic testing is one of the most important and
expensive facets of the breeding programs. Although there
are many reasons for genetic tests, estimating genetic
parameters, ranking and selecting parents (i.e., backward
selection), and ranking and selecting trees (i.e., forward
selection) are the three primary reasons (Libby 1973; White
1987, 1996; Lindgren 1991).
Obtaining precise estimates or ranks requires many
families and adequate numbers of trees per family (White
1996). The actual scale of the test, however, generally is
dictated by the quantity of seed available and economic
resources. Many breeding programs operate with austere
budgets, so breeders must limit the number of test sites and
genetic materials.
As programs move to their second and subsequent
generations, testing data from previous generations are
usually available. Such data were often obtained with great
j)
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cost and effort. For example, first-generation tests for
coastal Douglas-fir in the Pacific Northwest included
around 4.2 million progeny (Lipow et al. 2003). At the
same time, recent improvements in computer hardware and
software make it possible to use large data sets efficiently. It
is therefore timely for breeders to investigate the merits of
integrating data from previous generations that may
increase the accuracy and reliability of performance
estimates.
In theory, the efficiency of such combined analysis
depends on genetic relatedness between generations as well
as the degree of genetic relationships that already exists in
the current generation test. Historically, animal breeders
rely heavily on using records of the performance of
ancestors to increase the accuracy of estimating an animal's
breeding value (Skjervold and Odegard 1959; Young 1961;
Lasley 1987). However, unlike in forestry, they are limited
in the number of progeny that can be evaluated.
Best linear unbiased prediction (BLUP) is routinely used
in forest tree improvement programs (White and Hodge
1989; White 1996; Dutkowski et al. 2002). In BLUP,
related individuals contribute to the predictions of each
other; it therefore is believed that integrating data from all
generations would improve the efficiency in predicting
genetic values by increasing the effective number of
observations available for evaluating each genotype (White
and Hodge 1989; Falconer and Mackay 1996; Kerr et al.
2004). Johnson (1998), however, found that including
historical parental information actually increased the efficiency of estimating breeding values very little in a
computer simulation, because the correlation coefficient
and percent increase in orchard gain increased little in all
scenarios. Although his study provided useful information
about across-generation combined analysis, it was based on
one specific combination of genetic parameters; therefore,
the results were limited in scope. To our knowledge, no
systematic study has been conducted to address the issue.
The objective of this study was to determine whether
including first-generation information markedly enhances
the accuracy and reliability of second-generation selection.
Varying selection strategies and combinations of genetic
parameters were examined with stochastic data sets
generated by computer simulation.
Materials and methods
Genetic models and simulation processes
An initial first-generation base population of 30,000 individuals from 300 unrelated half-sib families (i.e., 100
individuals per family) was generated, from which NI
individuals were selected based on their estimated breeding
Springer
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values. The simulation used a parameter-based model in
which the assumed additive genetic variance and heritability (h ) of individual trees were used to generate
ai)
independent normal distributions of genotypic values and
environmental deviations (King and Johnson 1993; Johnson
1998). Experimental design was ignored in the base
population, primarily, for simplicity. The following genetic
model was used for estimating breeding values for the base
population:
P=A+E

(1)

where P is the phenotypic value; A is the additive genetic
effect; E is the residual deviation (where environmental
effects dominate).
Two selection strategies were applied to the base
population for comparison: (1) forward selection (i.e.,
selecting the best individual from each of the top N,
families), and (2) backward selection (i.e., selecting the best
NI parents). The selections were then used as secondgeneration parents and crossed in a disconnected N2 xN2
factorial mating design. The progeny were assumed to be
tested on six sites with 20 trees per cross per site and
single-tree plots.
In the second-generation population, the phenotypic
value of an individual was defined as the sum of genetic
effects, environmental effect, and genotype-by-environment
interactions:
P= Site +A+D+A x Site + D x Site + E

(2)

where P, A, and E are the same as in Eq. 1; D is the
dominance effect; Site is the site effect; A x Site and D x Site
are the additive-by-site and dominance-by-site effect,
respectively. Although a randomized complete block design
was assumed at each site, the block effect was ignored, as it
can be removed from tree estimates and does not affect
relative breeding value estimation and family ranking.
Each genetic effect in Eq. 2 has two components,
among-family and within-family, as detailed below. For
the additive genetic effect, the among-family component is
the mean of parental breeding values. The within-family
component is the Mendelian sampling (Bulmer 1985),
which is normally distributed with a mean of zero and a
variance that is half the additive variance.
A

= 1 (A F

+ AM ) + N (0, 1 02 )

=2-(AF+AM)+k9 /

(3)

where 4 and A M are the breeding values of female and
male parents, respectively; ko is a normal deviate drawn
from a distribution of random numbers with a mean of 0
and variance of 1; aA is the additive variance.
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For dominance (or dominance-by-site) effect, both the
among-family and within-family components are drawn
randomly from normal distributions, with mean equal to
zero and variances a 62D (or i o xE) and a Q (or o-2D XE),
respectively.
D

2
D=N (0,4o-D
) +N(0 '

-4

4vD )
(4)

D x E = N (0, 4-6DxE ) + N (0, 4 02DXE )

Simulation scenarios
(5)

where k,, k2, 1c-3 , and k4 are random normal deviates; aD2 and
oDxE are the dominance and dominance-by-site variance,
respectively.
Similarly, additive-by-site effect can be simulated by
using the formula
1

1

1

(6)
where ks and k6 are random normal deviates; QR xE is the
additive-by-site variance.
Environmental effect is assumed to be normally distributed with mean zero and variance cr2E :
(7)

where k7 is a random normal deviate; a2E is the environmental variance, which is assigned and adjusted by
specifying the narrow-sense heritability (q .2) ).
All simulation data were generated with a program
written in SAS ® Macro (SAS Institute Inc. 2004).
Assessment and ranking
Estimates of genetic and phenotypic parameters for the
population and breeding values for each parent and
individual were obtained by using an individual-tree BLUP
model (Henderson 1984) with either second-generation data
only or data from both generations, as well as their pedigree
information:
y=Xb+Zu+e

One hundred and eighty scenarios were tested with various
combinations of the parameters in the simulation. The
following parameters or selection strategies were assumed.
These parameters were initially based on the cooperative
Douglas-fir breeding program in the Pacific Northwest and
extended to fit the genetic patterns of growth traits in most
coniferous species.
For the first-generation population:

2
AE = N 0,26AXE)
+N(0, 2 oA <E )

E=k

effects with its incidence matrix Z; and e is the vector of
random residual terms. The random effects (u and e) were
assumed to have independent multivariate normal distributions with zero means and common variances/covariances.
The model included a fixed effect for site and random
effects for genetic (additive and dominance) merits and
their interaction with site. When analyzing combined data
from both generations, we treated the generation effect as a
genetic group effect and incorporated it into the mixed
model. Parents and individuals were ranked on the basis of
estimated breeding values. The breeding values and the
variance components used in the BLUP analyses were
estimated with ASReml (Gilmour et al. 2002).

(8)

where y is the vector of observations; b is a vector of fixed
effects with its incidence matrix X; u is a vector of random

Initial additive variance was fixed at 10;
Individual-tree heritability h21) : 0.05, 0.15, 0.25,
and 0.35;
Number of selections N I : 24, 48, 72, and 96;
Two selection strategies: strategy I-forward
selection (i.e., family selection including the top
NI families and then the best individual from each
of these families) and strategy II-backward
selection (i.e., selection of the best N I parents);
For the second-generation population:
Disconnected N2 x N2 factorial mating design,
where N2 was varied: 1 (single-pair mating), 2, 3,
4, 6, and 8.
Individual-tree heritability q2) : 0.05, 0.15, 0.25,
and 0.35;
Ratio of dominance to additive variance cr D2 /6R: 0,
0.5, 1, 2, and 3;
Ratio of additive-by-site to additive variance
o-LE/~: 0, 0.5, 1, 2, and 3;
Ratio of dominance-by-site to dominance variance
ai,,,E/o-2D: 0, 0.5, 1, 2, and 3.
For each combination of parameters (i.e., scenario),
1,000 independent runs were conducted. If any estimated
parameter from a simulated data set deviated from the
predefined parameter by more than one standard deviation, this data set was excluded. This approach reduced
the extensive overlap in some estimated variance compo-
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nents among scenarios. As a result, the actual number of
independent runs for each scenario was 500 or above.

potential gain that could be achieved for each selection
scenario.

Summarization
Results and discussion
Various statistics were computed to measure the increase in
efficiency of the second-generation selection by including
the first-generation information.
Kendall's rank correlations (tau-b) between the estimated breeding values (EBV) and the true breeding
values (TBV) for both parental and individual selections
were calculated for each scenario. Kendall's tau-b has
the advantages of a known sampling distribution and a
direct interpretation in terms of probabilities of observing concordant and discordant pairs (Conover 1980). The
mean and coefficient of variation of the correlations'
coefficients from each scenario were used to quantify the
accuracy and reliability of selection, respectively. The
increase in accuracy obtained by adding the firstgeneration information was measured as the average
percent improvement in the mean of rank correlation
coefficients. Similarly, increased reliability was measured
as the percent reduction in the coefficient of variation of
correlation coefficients.
Realized gains were estimated for seed orchard roguing
by reselecting the top 30% of the second-generation parents
and for forward selection by choosing the best progeny
from each of the top 30% of second-generation families.
They were calculated as percentages of the mean TBV of
the EBV-based selections over that of the TBV-based
selections; i.e., they represented the percentage of the
Fig. 1 Percent increase in accuracy, reliability, and realized
gain by adding first-generation
information for
h 2lll = 2 = 0.25;
h(2)
=Otire, =0.5c ;
°jaze = ; a disconnected 2 x 2
factorial mating design in
second-generation with 48
parents. The baseline gains
(based on second-generation
data only) for reselecting the top
30% of the second-generation
parents and for selecting the best
progeny from each of the top
30% of second-generation
families were 67% and 56%,
respectively, for strategy I, and
71% and 53%, respectively, for
strategy II

Impact of selection strategy for second-generation parents
Tree breeders typically use forward (strategy I) or
backward (strategy II) selections, or both, from the
previous generations to establish breeding populations for
the current generation. Figure 1 shows the comparison
between these two selection strategies based on a typical
scenario with h~ l) = h 2) = 0.25, a2D = °-DxE = 0.5oA,
cr2XE = 6A2 , N 1 =48, and N2 =2, which conforms to the
genetic patterns and breeding strategy found in the
cooperative Douglas-fir breeding programs in the Pacific
Northwest. When strategy II was employed, including
first-generation information increased the accuracy by
8.5%, reliability by 22.0%, and realized gain by 5.4% during
the second-generation parental ranking and reselection. The
added efficiency decreased markedly, however, when the
second-generation parents were initially selected via forward
selection (strategy I). The corresponding increases in ranking
accuracy, reliability, and realized gain were 1.4, 6.2, and
0.9%, respectively. This is consistent with the observation of
Johnson (1998) who estimated that adding first-generation
information when only forward selection was used increased Pearson's correlation between true and estimated
breeding values by less than 2% and orchard gain from
roguing by less than 1%.
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Table 1 Kendall's rank correlation coefficient (r) between the true and estimated breeding values and their coefficient of variation (in parentheses)
for both parental and tree selections, based on >500 simulations per scenario, for hail = h~~ 1 = 0.25; ~o = a2DsE = 0.5c ; cAxE = aA
Number of
parents

Number of crosses
per parent

Selection in
first-generation

Data used in analysis

Second-generation population
Parents

24

2

Backward

Forward

48

2

Backward

Forward

72

2

Backward

Forward

96

2

Backward

Forward

48

1

Backward

Forward

2

Backward

Forward

3

Backward

Forward

4

Backward

Forward

5

Backward

First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both

0.477
0.549
0.595
0.201
0.510
0.520
0.511
0.553
0.600
0.205
0.497
0.504
0.540
0.563
0.615
0.230
0.512
0.522
0.565
0.569
0.624
0.227
0.509
0.519

(25.358)
(16.248)
(14.768)
(74.164)
(18.687)
(17.971)
(14.381)
(11.330)
( 9.909)
(46.253)
(13.258)
(12.924)
(10.408)
(8.439)
(7.266)
(33.641)
(10.363)
(9.987)
(8.154)
(7.327)
(6.172)
(26.611)
(8.785)
(8.541)

First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both

0.520 (13.845)
0.530 (12.705)
0.579 (10.825)
0.219 (44.829)
0.437 (15.453)
0.443 (15.529)
0.511 (14.381)
0.553 (11.330)
0.600 (9.909)
0.205 (46.253)
0.497 (13.258)
0.504 (12.924)
0.512 (14.532)
0.584 (9.856)
0.633 (8.642)
0.208 (46.719)
0.556 (10.616)
0.564 (10.508)
0.511 (14.934)
0.606 (8.557)
0.656 (7.452)
0.209 (46.569)
0.589 (9.834)
0.597 (9.365)
0.511 (14.094)
0.616 (8.405)
0.668 (7.134)

Progeny

0.472 (9.698)
0.498 (8.977)
0.441 (10.348)
0.446 (10.259)
0.492 (6.354)
0.520 (5.565)
0.450 (7.431)
0.454 (7.110)
0.487 (5.427)
0.518 (4.648)
0.444 (6.287)
0.448 (6.169)
0.491 (4.707)
0.525 (3.941)
0.451 (5.285)
0.456 (5.219)

0.462 (7.781)
0.504 (6.692)
0.447 (8.419)
0.453 (8.515)
0.492 (6.354)
0.520 (5.565)
0.450 (7.431)
0.454 (7.110)
0.493 (6.115)
0.516 (5.564)
0.456 (6.258)
0.460 (6.323)
0.505 (5.184)
0.524 (4.823)
0.463 (5.781)
0.467 (5.980)
0.513 (4.610)
0.530 (4.205)
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Table I (continued)
Number of
parents

Number of crosses
per parent

Selection in
first-generation

Data used in analysis

Second-generation population
Parents

Forward

Backward

Forward

Contribution of historical information depends on the
quality and the quantity of the related genetic information.
In our simulations, the relationship between the firstgeneration progeny and the second-generation parents is between offspring and parents when backward selection is
applied and between half sibs when forward selection is
applied. In other words, adding first-generation information
in strategy 11 is like adding more progeny to estimate a
parent's breeding value and only adding half-sibs in
strategy I. From quantitative genetic theory, the genetic
covariance of offspring and one parent is half the additive
genetic variance of the parents, whereas the genetic
covariance among half sibs is only a quarter of the
additive variance. Thus, with backward selection, the
second-generation population maintains a higher level of
genetic connection with the population of the' previous
generation. In contrast, the genetic correlation between
both generations is expected to be low with forward
selection. As shown in Table 1, the rank cor relation (T)
between the true breeding values (TBV) and estimated
Fig. 2 Effect of heritability on
the accuracy and reliability of
ranking second-generation
parents by adding firstgeneration information for
h2t1l =
-h2121 =0.25;
0
U = 01UrE - 0.5aA;

= a3; a disconnected 2 x2
factorial mating design in
second-generation with 48
parents selected via backward
selection (strategy II)

Springer

First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both
First-generation data
Second-generation data
Both

0.206
0.619
0.628
0.510
0.615
0.669
0.201
0.640
0.648

(45.332)
(8.787)
(8.249)
(14.707)
(9.083)
(7.026)
(48.014)
(8.376)
(7.949)

Progeny

0.472 (4.885)
0.477 (5.234)
0.516 (4.807)
0.533 (4.455)
0.478 (4.741)
0.483 (5.136)

breeding values (EBV) based on first-generation data for
each combination of number of parents and crosses was
much higher for strategy II (r~0.50) than that for strategy I
(7.21).
. A few breeding programs use controlled crosses in the
first-generation progeny tests. In these programs, the added
efficiency with forward selection is expected to be higher,
as full sibs are related by 0.50. To prove this, we replaced
the 300 unrelated half-sib families with 150 unrelated fullsib families in the initial base population (300 parents,
single-pair mating, h2 =0.25). The rank correlation (T)
became much closer between strategy II (x0.54) and
strategy I 0-4.46). Adding first-generation information reduced variation of
the estimate of rank correlation between EBV and TBV and
therefore increased ranking reliability (Fig. I). The percent
increase in ranking reliability was 6-8% for strategy I,
which is lower than the 22-32% increase for strategy II, but
is still not negligible. Increases in ranking reliability likely
were primarily due to the advantage of incorporating the
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Table 2 Effect of dominance and additive G x E interaction on the
accuracy and reliability of ranking second-generation parents by
adding first-generation information in a disconnected 2 x 2 factorial
mating design with 48 parents selected via backward selection
0.2

2

Percent increase in

h(2)

I
h( )

Accuracy

Reliability

2.9
4.1
7.3
7.7
10.2
10.6
12.4
14.9
14.1
27.6
30.0
31.7
2.7
4.1
6.0
7.7
10.1
10.6
12.0
14.9
22.4
27.6
39.6
42.5

9.2
11.7
9.8
12.5
21.3
22.7
22.4
24.8
43.9
51.3
55.7
56.3
6.5
11.7
8.1
12.5
22.3
22.7
23.3
24.8
33.4
51.3
65.8
79.6

selecting progeny in the second-generation population. This
is not surprising, as the coefficient of relatedness between
the first-generation progeny and the second-generation
parents is twice that of the relationship between the progeny
across generations.
Impact of genetic parameters

0.05

0.05

0

1

0.15

0.15

0

1
1

0.25

0.25

0

0.35

0.35

0

0.35

0.05

0

1

0.05

0.05

2
3
1

1
0

0.15

0.15

1

0

0.25

0.25

1

0

0.35

0.35

1

0.35

0.05

1

0
1
0
1
2
3

genetic relationship matrix, as that increases the number of
related observations for an entry.
Our results also indicated that including first-generation
information helped more in reselecting parents than in
Fig. 3 Effect of heritability on
the accuracy and reliability of
ranking second-generation
parents by adding firstgeneration information for
h~1) = h~2) = 0.25;

When second-generation parents were selected via strategy II, the percent increase in accuracy and reliability
varied greatly among different combinations of genetic
parameters. It generally depended more on the heritabilities in both generations and less on dominance and
genotype-by-environment (G E) effects.
The value of adding first-generation information was
relatively high when h't) was high and hf2) was low and
diminished as hi t decreased and h22) increased (Fig. 2). For
example, with h (]) = 0.25 and o-~ =
= ~AxE = (ix E,
the increase in ranking accuracy for second-generation
parents decreased from 23.2 to 8.6% as h22) increased from
0.05 to 0.35; however, the corresponding decrease was only
from 8.6 to 4.0% when hit) = 0.15. First-generation data
have a high ratio of genetic information to random noise
when h~ 1) is high and, therefore, provides a higher
contribution to second-generation evaluation. This trend is
even more pronounced at a low value of h 2) (Fig. 2).
Dominance and the additive GxE interaction showed a
similar pattern of effect on changes in the efficiency of
selection. The impact of adding first-generation information
increased as o-2D or OxE increased, but the percent increase
in ranking accuracy and reliability was usually less than 5%
when cr2D <
or aA xE < aA (situations typical of many
breeding programs). There were, however, some exceptions. For example, with very high hq t) and very low q2),
x

o

6 -

= nxe = O.SoR;

i,, _ ; a disconnected 2 x 2
factorial mating design in

cr

second-generation with 48
parents selected via forward
selection (strategy I)

h(1) = 0.35
h2 (1) = 0.25

112(1) = 0.05
h 2(1)=0.15
0.05

0.15

0.25

h2 2

(

0.35

)
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Fig. 4 Percent increase in accuracy and realized gain for ranking second-generation parents
with different numbers of
parents by adding firstgeneration information for
h~I) = h(2) = 0.25;

10 -

10 -

9-

9

(2007) 3:319-328

8
7

°D=otixE =0.50i;

6

disconnected 2 x 2
factorial mating design in
second-generation with parents
selected via backward selection
(strategy II) or forward selection
(strategy I)
~ArE _ o ; a

Strategy I

accuracy
gain

24

48

Number

72
of parents (N,)

when c increased from 0 to aA, the percent increase in
ranking accuracy could be up to 14% (Table 2).
The impact of the dominance GxE interaction on the
added efficiency was similar to that of the additive GxE
interaction but was about 50% smaller (details not shown).
When the second-generation parents were selected via
strategy I, the impacts of genetic parameters followed
si milar patterns as via strategy II, but overall, the firstgeneration information did little to increase ranking
accuracy in the second-generation (Fig. 3). For example,
the percent increase dropped to one-sixth to one-third of
that in strategy II at h 2o ) = hq2) = 0.25. Note that when hit)
was very low, the first-generation data simply added
random noise for the second-generation progeny selections.
The ranking reliability of second-generation parents could
Percent increase in
accuracy and realized gain for
ranking second-generation
parents with different numbers
of crosses per parent by adding
first-generation information
for q, ) = ht2) = 0.25;

96

6

UxE-

96

Impact of number of parents and number of crosses
per parent
With strategy II, ranking accuracy and realized gain
improved consistently as more first-generation parents were
selected (Fig. 4). The percent increase in accuracy of
ranking the second-generation parents was 8.3% for 24
parents and up to 9.6% for 96 parents in a typical scenario
where hq t) = h 2) = 0.25,
= DxE =
4,
lE = 6A,
and N2 =2. The corresponding increase in realized gain was
from 5.3 to 6.3%. Trends for ranking and selecting the
c

0.5o

O

c

10
9
8
7

7-

0.50z;

o ; a disconnected
factorial mating design in
-

72

still increase up to 10-14%, probably due to the increase in
the relative quality of the first-generation data at high h 't l )
and low q2).

Fig. 5

o2p

48

Number of parents (N,)

6

crAxE =

second-generation with 48
parents selected via backward
selection (strategy II) or forward
selection (strategy I)

Strategy t

accuracy
gainn
1

2

Number
Springer

3
of crosses

4

6

per parent (N 2)

8

1

2

3

4

6

Number of crosses per parent

8
(N 2)
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second-generation progeny were similar. Such increases
were apparently in concordance with progressive increase
in rank correlation between generations. For example, as
number of parents increased from 24 to 96, rank correlation
increased from 0.477 up to 0.565 (Table 1). These increased
correlations are, in part, due to the impact of the truncated
population on correlations. Correlations tend to weaken as
smaller proportions of a population are selected.
Although the number of parents (N1 ) affected the value
of adding first-generation information with strategy II, it
did not show the same pattern with strategy I. With strategy
I, the change in N i only caused small fluctuations, with less
than 0.5% changes in both ranking accuracy and realized
gain (Fig. 4). This is understandable, as adding firstgeneration information generally had little effect on the
ranking with strategy I, and changing NI from 24 to 96 was
not enough to make a significant difference.
In the simulation, we assumed that the second-generation population was a truncated population, whereby all the
second-generation parents were selected from the firstgeneration population. Second-generation populations,
however, may also include trees that were selected
elsewhere (infusions) and not tested in the first generation.
Thus, including first-generation data increase effective
family size markedly only for those parents commonly
tested across generations; others are unchanged. This
eventually creates or exacerbates imbalance in the combined data sets. To test the effect of such imbalance of data
on ranking changes, subsets of the first-generation data
were created by randomly dropping half of the parents
before the data were integrated with the second-generation
data. Compared to the integration of the full data set from
the first-generation, the percent increases in accuracy and
realized gain were reduced by 16 and 10%, respectively,
with strategy II, but there was almost no change (< ±2%)
with strategy I (details not shown). The reason was that
BLUP with the integration of the first-generation data
provided more conservative estimates than when only the
second-generation data are used. Hill and Rosenberger
(1985) and White and Hodge (1989) have indicated the
conservative nature of BLUP values when there are few
observations. The estimated breeding values of the parents
tested only in the second generation were more adjusted
toward the overall mean, which occasionally changed the
ranking among parents.
Changing the number of crosses per parent (N 2) affected
the efficiency of including the first-generation data as well
(Fig. 5). For strategy II, percent increase in accuracy of
ranking parents decreased from 9.2 to 8.5% as N2 changed
from single cross to double cross, and then became almost
stable for N2 =3 . 8. The change in realized gain followed a
similar pattern. Such reduction in added efficiency, as the
number of crosses increase, probably arises because high
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degrees of genetic relationships already existed in the
second-generation population with more than two crosses
per parent. This result was in line with that of Johnson
(1998) who found that the added efficiency of making more
crosses per parent dropped markedly after only two crosses.
In comparison, increases in both ranking accuracy and
realized gain remained almost unchanged with the change
in N2 when strategy I was used.

Conclusion
The added benefit of combined analysis depends on
whether there is strong genetic relatedness between both
generations and whether a high degree of genetic relationship is already present in the current (i.e., second)
generation test. When second-generation parents were
selected via backward selection, adding first-generation
information could markedly increase the accuracy and
reliability in ranking, as well as the realized gain from
selection. The increases depended more on the heritabilities
in both generations and less on the size of dominance and
GXE effects. The number of parents and crosses per parent
also were important factors. Including first-generation
information helped more when there were many parents
and few crosses per parent in the second generation.
When second-generation parents were selected via forward
selection, the advantage of adding first-generation information was less. Tree breeders will need to determine whether
such increases in ranking efficiency and gain are sufficient to
justify the extra effort involved in mass computation.
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