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Abstract

Fifty-one full-sib families were created using 11 par-
ents in a silver fir seed orchard and a half-diallel mating
design. The seeds of control-pollinated families were
sown in a nursery in autumn 2007. Growth and branch-
es traits were measured during nursery testing, and
genetic parameters were estimated at the ages of 3, 4, 5,
and 6 years. The additive and dominance genetic vari-
ances were major sources of genetic variance. Domi-
nance variance was greater than additive variance at
these early ages for all traits. However, the ratio of
SCA/GCA variance decreased from 23 to 14 for total
height and from 36 to 19 for root collar diameter. Broad-
sense family heritability is higher than individual heri-
tability. Height and root collar diameter are the most
heritable traits in silver fir. The time trend of the five
heritability estimates for total height increased with
age. Significant trait-trait genetic correlations were
obtained. Age-age genetic correlations were very high,
and they displayed increasing trends with age. The
selection of the most valuable parents and most valu-
able individuals within the best families could maximise
genetic gain in the second breeding generation of silver
fir.

Key words: Additive variance, non-additive variance, genetic
correlations, genetic gain, heritability, silver fir.

Introduction

The European silver fir (Abies alba Mill.) is an impor-
tant forest species in Europe, both from economical and
ecological points of view. In Romania, it covers 5% of the
national forest area, which ranks second after the Nor-
way spruce (Picea abies [L.] Karst). European silver fir
occurs naturally in the mixed forest with Norway spruce
and European beech and contributes mostly to increased
stability of Norway spruce stands against wind. The
restriction of its natural range is mainly due to human
impact over time: deforestation, clear-cut treatment,
and the use of Norway spruce in reforestation to the
detriment of European silver fir and European beech. In
recent years, due to widespread windfall occurring in
pure spruce stands, the percent of European silver fir
has increased in reforestations, mainly in mixed forests.
Also, European silver fir is among species that occupy a
substantial part in the forest sector; its timber is used
for construction, furniture, plywood, and pulpwood. The
silver fir annual mean increment is 9–13 m3 · year–1 ·

ha–1, according to the National Forest Inventory (1984).

The genetic variability observed in natural popula-
tions and provenance tests resulted in the decision to
launch a European silver fir breeding programme in
Romania in the 1980s (DAMIAN and LEANDRU, 1984;
MIHAI et al., 2007; MIHAI, 2009). Establishing the first-
generation seed orchards was one of the first steps in
the Romanian breeding programme (ENESCU, 1972).
During the years 1979–1984, 550 plus trees were select-
ed from 15 provenance regions and were grafted in 11
seed orchards. They now fulfil several functions, includ-
ing the following: 1) serve as the first-generation breed-
ing population and provide a broad genetic base; 2) pro-
duce seed for operational reforestation; and 3) serve for
making selections for second-generation seed orchards.

The development of an effective breeding programme
for a given species depends primarily on the information
about the inheritance patterns of its economically
important characters, particularly the relative impor-
tance of additive, dominance, and epistatic genetic vari-
ances (MORGENSTERN, 1974). Additive effects of genes
are the main source of genetic variation exploited by
most breeding programmes. However, the interactions
between alleles at a locus (dominance) and, particularly,
the interactions of alleles between loci (epistasis) could
play a central role in heterosis, polymorphism, and evo-
lution. The levels of the additive and non-additive genet-
ic variance in traits important for breeding programmes
and the time trend of genetic parameters have a great
impact on the determination of optimal breeding strate-
gies.

Beginning in 2007, an advanced-generation breeding
plan for European silver fir began in Romania (MIHAI,
2007). To evaluate the breeding value of plus trees from
first-generation seed orchards and to produce progeny
for field tests, a half-diallel mating design was used.
Information on genetic parameters of the progenies will
be used for future selection and breeding. These will
complete the first breeding generation of silver fir in
Romania and will be necessary to advance to the second
breeding generation.

Although in the literature there are a number of stud-
ies reporting estimates of genetic parameters for forest
species, very little is known about contribution of genet-
ic variance components to growth or other traits in sil-
ver fir. Most results are based on provenance or progeny
tests with open-pollinated material collected from trees
growing in native stands (KORPEL et al., 1982; LARSEN

and MEKIC, 1991; KRANENBORG, 1994; WOLF, 1994;
MIHAI, 2009). Furthermore, so far there are no papers
published on diallel crossing in European silver fir,
despite its broad usage for other tree species such as
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Pseudotsuga menziesii (YEH and HEAMAN, 1987;
YANCHUK, 1996; DEAN and STONECYPHER, 2006), Pinus
radiata (WILCOX et al., 1975; COTTERILL et al., 1987;
MATHESON et al., 1994), Pinus taeda (SCHMIDTLING and
NELSON, 1996; XIANG et al., 2003a,b; Pinus sylvestris
(JONSSON et al., 1998), and Picea abies (SKROPPA, 1996).

In this paper, results from an 11x11 half-diallel experi-
ment with silver fir at the nursery stage are presented.
The objective is to provide early information about
genetic variation and genetic parameters of some char-
acters of silver fir. The results will be discussed in rela-
tion to their implications for future breeding activities.

Materials and methods

Genetic material and mating design

In the spring of 2007, 11 clones from a European silver
fir seed orchard were mated in a half-diallel design,
resulting in 51 full-sib families out of 55 possible cross-
es. Flowering of the seed orchard was very good during
that year, and 1–2 ramets for each clone were involved
in the diallel mating scheme. The seed orchard is situat-
ed in the Adancata Forest District and is composed of
vegetative copies of 46 plus trees selected from five
provenance regions. To maintain high genetic diversity
in future generations, clones selected for crossing
schemes come from all five provenance regions of plus
trees. The flowers were isolated in paper bags on 20–21
April 2007, soon after the occurrence but prior to pollen
dissemination. Pollination was made with fresh pollen
on 27–28 April 2007.

Nursery design and measurements

Seeds of 51 full-sib families were sown in nursery beds
for germination in autumn 2007. At the age of 2, the
seedlings were planted in polyethylene bags filled with
humus in a randomised complete block design. Each of
the 51 families was represented by 10 seedlings per plot,
replicated three times. Characters measured included
the following: total height at the ages of 3, 4, 5, and 6
(H3, H4, H5, H6) in centimetres; current height incre-
ment at ages 3, 5, and 6 (h3, h5, h6) in centimetres; root
collar diameter at the ages of 3, 4, 5, and 6 (DRC3,
DRC4, DRC5, DRC6) in centimetres; branch length at

the ages of 3 and 6 (LB3, LB6) in centimetres; and num-
ber of branches at the ages of 3 and 5 (NRB3, NRB5).

Statistical analysis

A half-diallel mating design was used (method 4;
GRIFFING, 1956a), taking into account only direct cross-
ings; reciprocal crosses and self-pollination were exclud-
ed. All effects were considered random for estimation of
variance components (model II, random; GRIFFING,
1956b), because the tested trees were random samples
from the parent populations. Three parents had missing
1–2 crosses, for a total of four missing crossings in the
whole experiment. However, according to WU and
 MATHESON (2000, 2001) and JOHNSON and KING (1998),
missing a few crosses, relative to the complete half-dial-
lel design, will not significantly alter the hypothesis
testing for the effects of replication, general combining
ability effect (GCA), and specific combining ability effect
(SCA), and it will not significantly affect the relative
GCA ranking of parents.

The statistical analysis used individual seedling mea-
surements and followed the mathematical model:

Xijk = µ + rk + gi + gj + sij + eijk

where:
Xijk = the individual seedling observation 
µ = the overall mean
rk = the effect of the kth repetition
gi = the general combining ability effect (GCA) of the

ith parent
gj = the general combining ability effect (GCA) of the

jth parent
sij = the specific combining ability effect (SCA) of the

ith and jth parents so that sij = sji

eijk = the random error associated with ijkth seedling

The model of variance analysis and expected mean
squares are listed in Table 1. The analyses were based
on plot means using the least-squares method by
 SCHAFFER and USANIS (1969). Because data on individual
seedlings were available, a separate analysis was per-
formed to estimate the within-plot variance (�2

w)
(KRIEBEL et al., 1972; KRIEBEL et al., 1974; NAMKOONG

and ROBERTS, 1974).

Table 1. – Analysis of variance of the half-diallel and expected mean squares (GRIFFING,
1956a).

1 Where �2
p = variance among plots, �2

w = variance among full-sib within-plots, �2
p = �2

e –
�2

w /n, �2
GCA = (MSGCA – MSSCA) / (p– 2), �2

SCA = MSSCA – MSE; p = number of parents; n =
number of seedlings per plot; r = number of repetitions.
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The components of variance derived from the linear
model were expressed in their genetic expectations
according to BECKER (1967). It was assumed that epista-
tic components of genetic variance were negligible in the
population examined. Progeny tests were established
with seedling material, and, consequently, no estimate
of epistasis is available. Estimates of additive and domi-
nance variances for quantitative traits require the
assumption that epistasis is absent (COCKERHAM, 1954).
Therefore, general combining ability variance (�2

GCA)
among all of the parents is used as an estimator of the
additive genetic variance, and specific combining ability
variance (�2

SCA) is an estimator of the dominance genetic
variance:

�2
P = �2

G + �2
e

�2
G = 2 �2

GCA + �2
SCA

�2
A = 4 �2

GCA

�2
D = 4 �2

SCA

where:
�2

P = phenotypic variance,
�2

G = genotypic variance,
�2

A = additive genetic variance,
�2

D = dominance genetic variance.

Standard errors (SE) of variance components were
estimated according to BECKER’s formulas (1967):

SE (�2
GCA) = �[2/(p– 2)2] * {[MS2

GCA/ (p+1)] +
MS2

SCA/ [2+p (p– 3) / 2]} 

SE (�2
SCA) = �2 * {{MS2

SCA/ [2+p (p– 3) / 2]} + 
MSE

2/ (2+dfE)} 

SE (�2
w) = �2 * MSW

2/ (2+dfw)

With appropriate respect to the different selection
methods, the values of the heritability were calculated
as follows (MULLIN and PARK, 1992; XIANG et al.,
2003a,b):

Broad-sense full-sib family mean heritability:

H2
FS = (2 �2

GCA + �2
SCA) / �2

Ph1 = (2 �2
GCA + �2

SCA) /
(2 �2

GCA + �2
SCA + �2

p/r + �2
w/rn)

and mass selection genetic gain when they are vegeta-
tively propagated is:

�G1 = H2
FS i�Ph1

Narrow-sense full-sib family mean heritability:

h2
FS = 2 �2

GCA/ �2
Ph1 = 2 �2

GCA/ (2 �2
GCA + �2

SCA +
�2

p/r + �2
w/rn)

and genetic gain from full-sib family selection is:

�G2 = h2
FS i�Ph1

Narrow-sense half-sib family mean heritability:

h2
HS = �2

GCA/ �2
Ph2 = �2

GCA/ [p �2
GCA/ (p– 1) + 

�2
SCA/ (p– 1) + �2

p/r (p– 1) + �2
w/rn (p– 1)]

and genetic gain from half-sib family selection is:

�G3 = h2
HS i�Ph2

Narrow-sense individual heritability:

h2 = 4 �2
GCA/ �2

Ph3 = 4 �2
GCA/ (2 �2

GCA + �2
SCA +

�2
p + �2

w)

and genetic gain from selection among randomly placed
seedlings in small test plantings was estimated by:

�G4 = h2 i�Ph3

If the parents of the best half-sib families will be
mated, estimation of the genetic gain was obtained by
doubling i:

�G5 = 2h2
HS i�Ph2

The genetic gains were calculated both at the family
and individual levels for the following different breeding
strategies (NAMKOONG et al., 1966; FALCONER, 1981):
individual or mass selection; individual selection for
clonal deployment; backward selection on half-sib fami-
ly; and forward selection on full-sib family mean based

Table 2. – Mean squares estimates from the analysis of variance of studied traits at different ages in the nursery test.

* p<0.05; ** p<0.01; *** p< 0.001.
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on additive or total genetic components. Selection inten-
sity i was 1.372 and 1.324 for full-sib and half-sib family
selections (select top 20%), respectively, and 1.354 for
individual selection (select top 20%).

General combining ability effects were estimated
 following methods of GRIFFING (1956b). Differences
between GCA effects were compared using the Student’s
“t-test”. 

Genetic correlations were calculated from the GCA
covariance component of two characters in the numera-
tor and the square root of the product of their GCA vari-
ance components in the denominator (XIANG et al.,
2003a):

rGxy = �gxgy / �(�2
gx * �2

gx)

where: X,Y are two traits, �2
gx or �2

gy is the GCA vari-
ance of traits X or Y, respectively, and �gxgy is the GCA
covariance.

Results

Genetic variation and variance components

Analysis of variance of studied characters at different
ages is presented in Table 2. The diallel analysis high-
lights significant (p<0.05) differences among parents
regarding GCA for four traits and highly significant
(p<0.001) differences among families regarding SCA for
all traits. Therefore, GCA effects are low at these early
ages; on the contrary, SCA are very important sources of
variation for the studied characters. This suggests that
the traits of silver fir, including growth traits and habi-
tus characters, appear to be mainly under non-additive
gene actions (dominance), and only current height incre-
ment and branch characteristics were under additive
gene actions, as well. 

Variance component estimates, their standard errors,
and dominance to additive ratios at ages 3, 4, 5, and 6
are listed in Table 3. The results indicate that contribu-
tion of SCA variance (�2

SCA) to the total phenotypic vari-
ance ranged from 97–92% for total height, 90–85% for
current height increment, 97–94% for root collar diame-
ter, 94–87% for the number of branches, and 90–84% for
branch length. Dominance variance (�2

SCA) exerted a
greater influence at these years as evidenced by the
�2

SCA/�2
GCA ratio. The values of the �2

SCA/�2
GCA ratio

ranged from 6–49, depending on the analysed trait. The
highest values were obtained for root collar diameter
and total height. 

Table 3. – Variance components, their standard errors and the ratio of dominance to additive variance for total height, annual
height increment, root collar diameter, number of branches and branch length of full-sib families at different ages.

Figure 1. – Age trend of dominance ratios for total height (H)
and root collar diameter (DRC).
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The additive genetic variance for growth traits was
small, but the general trend was to increase during the
nursery stage (Fig. 1). Thus, �2

GCA of the total height
increased from 4% at age 3 to 7% at age 6, and root col-
lar diameter increased from 3% to 5% at the same age.
Dominance genetic variance decreased over time from
95% to 92% for total height and from 96% to 94% for
root collar diameter. Temporary variation of additive
variance, which was observed for total height, and of
root collar diameter is closely related to the variation of
climatic parameters in those years. The years 2010 and
2012 were the warmest years in the analysed period and
among the warmest years in the past decade, while 2011
was the driest year during the past 10 years (SANDU,
2013). Under the pressure of environmental factors, the
additive genetic variation decreased, and non-additive
gene action contributed to temporary response to selec-
tion. There are many examples that show a non-additive
action of factors, such water, temperature, or nutrients,
over the expression of traits (HOLLAND, 2001; AROCA,
2012).

Heritability

The values of the heritability coefficients are listed in
Table 4. As might be expected, narrow-sense heritability
is very small because additive variance (�2

A) is very
small at this stage. Narrow-sense individual heritability
estimates ranged from 0.07 for DRC5 to 0.44 for LB3.
The narrow-sense half-sib family heritability ranged

from 0.21 for DRC3 to 0.59 for LB3, while narrow-sense
full-sib family heritability was smaller, ranging from
0.04 for DRC5 to 0.26 for LB3. Broad-sense family heri-
tability was 0.99 for all traits. In general, half-sib family
heritability was higher than individual heritability and
full-sib family heritability. Also, the heritability for over-
all H was much higher than those for overall DRC and
NRB.

Slight increases were observed over time for narrow-
sense individual heritability and full-sib family heri-
tability. In contrast, the half-sib family heritability var-
ied considerably with time; between age 3 and 6 years,
it increased by 72% for total height and by 63% for root
collar diameter (Fig. 2). This variation of half-sib family
heritability during those early years is due to additive
genetic variation. The narrow-sense heritability
includes only the additive genetic variance. It is well
known that the environment influences the level of
additive genetic variance, and, in particular, an increase
in environmental stress may change the additive genetic
variance and a decrease of the heritability in this case.

General combining ability

General combining ability effects were calculated for
each parent (Table 5). Both positive and negative signifi-
cant effects (p<0.001) were found for traits measured at
the age of 6 years, with the exception of LB6. It is evi-
dent that parent 138 has the highest positive GCA
effects for all the growth characters, while parents 5,376

Table 4. – Mean values and the estimates of phenotypic variances and heritabilities for examined traits.
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and 421 show the most negative GCA effects. In a breed-
ing programme, individuals with positive GCA values,
situated above the experimental mean, are of interest.
Therefore, the best parents in this experiment for
growth characters at the age of 6 are clones 138, 134,
541, and 371, and the weakest parents are 5, 421, 376,
and 145. The parents with moderate GCA effects are 35
and 544. Although, for DRC6, the parent trees exhibited
approximately equal potential for generating crosses, for
H6, the parents could be separated into three categories:
very good combiners; moderate combiners; and parents
that will be rejected from improvement programmes.

Genetic correlations

Age-age genetic correlations and genetic correlations
between traits are shown in Table 6. High correlations
were obtained for almost all traits at this very early
growth stage. The genetic correlations between age 6
and the previous age for the total height increased over
time. The total height correlations range from 0.44 at
age 3 to 0.77 at age 6. For current height increment and
root collar diameter, correlations were less stable over
time, likely due to the short time between ages 3–6.

Very significant age-age correlations were obtained for
H, DRC, NRB, and LB. Only the current height incre-
ment displays one significant correlation between ages 5
and 6. The additive age-age genetic correlations between
DRC were much higher and stable than those for total
height. 

Figure 2. – Time trend of individual (h2) and family heritabili-
ties (h2

HS, h2
FS) for total height (H) and root collar diameter

(DRC).

Table 5. – General combining ability effects for 11 parents in silver fir half-diallel.
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With the exception of NRB at age 5, very significantly
positive genetic correlations between DRC and the other
traits were observed. Also, strong positive genetic corre-
lations were obtained between total height and each
trait. The fewest correlations were found between annu-
al height increment and branch number. 

However, these results need to be confirmed at an
advanced age of the seedlings, when genetic parameters
will be more stable.

Genetic gain

The genetic gain was calculated for the traits at age 6
as deviation (%) from the population mean. Genetic gain
ranged from 6–134% and varied for different selection
methods and analysed traits. Genetic gain that could be
achieved at both family (�G1, �G2, �G3) and individual
levels (�G4, �G5) are presented in Table 7. 

Regardless of selection method, genetic gain is higher
for annual height increment and total height than for

root collar diameter. Also, large genetic gain is possible
if indirect selection is performed on branch traits; there
are very significant additive genetic correlations
between them and growth traits. Regarding method of
selection, family selection followed by vegetative multi-
plication (�G1) could achieve the greatest genetic gain in
the breeding programme. However, the individual selec-
tion method, whether clonal deployment is used or not
(�G4, �G5), is greater than full-sib (�G2) or half-sib
(�G3) family selection for all traits. 

In this paper, individual selection refers to 1) the best
parents, according to their GCA effects, and 2) selection
among randomly placed seedlings in small test planti-
ngs. Genetic gains that could be expected by selecting
and crossing the three best parents (�G5) are 25% in
total height, 57% in current height increment, and 16%
in root collar diameter. If the best 20% of individuals
within full-sib families is selected (�G4), genetic gains of
24% for H6 and 14% for DRC6 could be achieved.
Regarding the values of heritability and age-age and

Table 6. – Trait – trait and age – age additive genetic correlations.

Table 7. – Expected genetic gain by selection of the best 20% families and
individuals.
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trait-trait genetic correlations, the maximum genetic
gain that can be obtained at age 6 is achieved by apply-
ing individual selection for total height. Therefore, selec-
tion can be done at the parent level but also by selecting
the best individuals within the best families. Selection
of the best families combined with within-family selec-
tion has the advantage of capturing a non-additive
genetic component already at an early age.

Discussion

Despite a broad use of the diallel mating design in for-
est species, there are no papers published on European
silver fir. Most of these studies generally have shown
that additive genetic variance was greater than domi-
nance variance during early age with an increasing
trend (KRIEBEL et al., 1974; MORGENSTERN, 1974; BARA-
DAT and DESPREZ-LOUSTAU, 1996; XIANG et al., 2003a).
Results in our study indicated that non-additive vari-
ance had a greater influence on variation of studied
traits compared to additive variance. Similar results
were published by FRANKLIN (1979), FOSTER and BRIDGE-
WATER (1986), PAUL et al. (1997), and ISIK et al. (2003) for
Pinus taeda, KING et al. (1998) and HODGE et al. (1996)
for Eucalyptus globulus, BLADA (1999) for Pinus cembra,
and DEAN and STONECYPHER (2006) for Douglas fir.

A large non-additive variance in growth and branches
characters as determined in this experiment is in agree-
ment with the genetic system of silver fir as a species
with slow growth in early stages and a high degree of
variation within populations (KONNERT and BERGMANN,
1995; HUSSENDORFER ,1999; LONGAUER et al., 2005; TEO-
DOSIU, 2009). The higher level of dominance variance
observed in full-sib families indicates that culling fami-
lies from the breeding population, based on poor perfor-
mances, most likely will risk the loss of many potential-
ly valuable genotypes. From a practical point of view,
the age of 6 years represents the end of nursery growth,
and these results have important practical implications
regarding the initial selection of the seedlings at the
juvenile stage.

However, the genetic additive variance generally
increased over time. The �2

SCA / �2
GCA ratio decreased

from 23 to 14 for H, from 8 to 6 for h, and from 36 to 19
for DRC. Also, narrow-sense family and individual heri-
tability increased from age 2 to age 6 for all traits. At 6
years of age, the current height increment and total
height are the most heritable traits in silver fir. The
large values of heritability show that there is enough
chance of success when using different selection
 methods in a breeding programme. For breeding pro-
grammes, it is important to assess trends over time of
variance components, heritability estimates, and genetic
correlations to optimise the timing of early selection and
develop the most efficient strategy. Silver fir is a species
with slow growth in first years and, as might be expect-
ed, selection pressure is greater at this early age. Cer-
tainly, reliable information only will be obtained after a
longer testing period when genetic parameters stabilise.

In general, high genetic correlations were obtained in
our study. Among analysed characters, the highest and
stable additive age-age genetic correlations were for DRC.

Positive genetic correlations between DRC and H and the
other traits were observed. Significant positive genetic
correlations obtained between growth characters and
branch characters suggest that genetic gain for growth
traits could be obtained by indirect selection practised on
easy measurable traits. Nevertheless, the stability of
these correlations must be confirmed at older age.

For species improvement programmes, it is important
to document strategies at key stages to set constraints
and premises (WRIGHT, 1971; BURDON and van BUIJTE-
NEN, 1990; WHITE et al., 1993; LI and WYCKOFF, 1994; LI

et al., 2001; KLEIN, 1998; DANUSEVICIUS and LINDGREN,
2001; KANG et al., 2001). Knowledge of the genetic varia-
tion and heritability of the important characters will
allow us to choose the most appropriate breeding strate-
gies for silver fir. Diallel experiments revealed a large
genetic variability at both the parent (GCA) and family
levels (SCA), which can be used in a breeding pro-
gramme.

Breeding could be possible by selecting the most valu-
able parents in terms of GCA effects and the most valu-
able individuals within the best families, according to
their SCA. The high GCA would insure a high expected
full-sib family mean when the parents are crossed, and
the high SCA potential would provide the possibility to
produce better-than-expected specific crosses. Compari-
son of the genetic gain calculated by different selection
strategies indicates that backward selection, forward
selection, and a combination of them can be used in
breeding activities. 

Conclusions

In spite of the young age of the tested material, sever-
al conclusions can be drawn from this study. There is
very significant genetic variation in all traits at the full-
sib progeny level. Non-additive genetic variance has a
greater importance at this stage compared to additive
genetic variance. Information on the GCA can be used to
select the best parents from first-generation seed
orchards. Selection can be done at the family and the
individual within-family level as well as at the individ-
ual parent level. The estimated genetic gains suggest
that selection is both economically and genetically justi-
fied. Age-age genetic correlations and correlations
between age 6 and previous age of the same traits were
very significant. The culling of seedlings from the breed-
ing populations in the nursery stage based on poor per-
formances should be avoided, since genetic effects at
older age cannot be excluded. This information is impor-
tant to develop a more efficient breeding strategy for the
next silver fir breeding generation.

Consequently, first-generation seed orchards are not
only a source of forest reproductive material but also of
genetic material for the future seed orchards, even if
they were not established primarily as a base for future
selections. 
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