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Summary

Results of early testing in Juglans regia performed over the
period 1993–2002 are presented. A total of 37 progenies were
evaluated for establishment, growth traits, and phenology at
ages one and two during two or more sowing years in the nurs-
ery. Independent culling selection was applied on parental
trees to the family-mean values using specific truncation points
for establishment, diameter and total height. In addition,
parental selection was performed on unbiased predictions
(BLUPs) of parental breeding values using a multivariate
mixed model analysis in order to account for the unbalanced
nature of the entire data set. Genetic parameters (heritabili-
ties, correlations) of juvenile traits were also estimated. Except
for second year growth traits, the genetic control of most char-
acters was quite high, with heritability estimates ranging from
0.51 (establishment) to 0.93 (flushing date). Growth perfor-
mance and establishment did not bear a common genetic con-
trol according to non-significant genetic correlations, but a
higher growth was typical of early flushing families. Changes
in parental ranking for growth after comparison of family-
mean and BLUP-based estimates of parental performance were
considerable. This observation, together with the larger propor-
tion of culled progenies in the former method (about 70%), sug-
gests a sizeable loss of genetic gain by using unadjusted
parental means. It is concluded that current evaluation and
selection schemes using family-mean values should be recon-

sidered by i) relaxing truncation points for selection on estab-
lishment and growth traits and ii) re-evaluating progeny test
data using a mixed model framework to unveil valuable mater-
ial otherwise neglected due to unaccounted environmental
influence on family performance.

Key words: Juglans regia, early selection, genetic parameters, BLUP,
mixed model.

Introduction

Persian walnut (Juglans regia L.) is still present as scattered
individual trees or in small groves in Western Europe (GERMAIN

et al., 1997). Trees usually grow close to houses because of their
traditional use to produce edible nuts. Although anthropic
selection based on nut production has occurred since ancient
times (LESLIE and MCGRANAHAN, 1998), the use of Juglans
regia wood is comparatively recent, starting in the fourteenth
century with the creation of furniture manufactories in West
Europe. Currently though, there is no improved material avail-
able in commercial forest nurseries for wood production in
Europe. Most plantations are in fact established using
seedlings from outstanding trees selected in surrounding areas.
In Italy, wild populations such as ‘Bleggiana’ and ‘Feltrina’ in
the north or ‘Sorrento’ in the south, have been traditionally
used in plantations (MALVOLTI et al., 1996), while ancient culti-
vars characterised by their rusticity (e.g. ‘Charente’, ‘Loze-
ronne’) are still being planted in France (BECQUEY, 1997). 

At present, breeding activities for Juglans regia are being
carried out at Mas Bové (IRTA Centre, Spain) in order to
release suitable material for wood production. Parental selec-
tion is undertaken through a two-stage scheme by which early
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screening of open-pollinated progenies performed in nursery
tests is followed by extensive testing under environmental con-
ditions closer to those commonly found in operational planta-
tions (ALETÀ et al., 2003). Early testing is thus intended to dis-
card deficient material rather than to select efficiently the best
parent trees. Nursery selection in the first year is applied by
considering three traits (establishment, diameter at 10 cm and
total height) following general quality recommendations for
walnut plants (BECQUEY, 1997) and usual requirements of com-
mercial nurseries.

The opportunity of early testing has been extensively dis-
cussed by WU (1998). He points out three main advantages
over longer-term selection procedures: i) increase of selection
intensity and reduction of field test size; ii) shortened genera-
tion interval; and iii) implementation of genetic information
from early evaluation to enhance selection efficiency at a
mature age. Early testing therefore allows progenies with poor
performance to be culled prior to field-testing, in which further
parental evaluation is delayed until half the rotation age, i.e.
15 years in Juglans sp. (BRESNAN et al., 1992 and 1994). The
effectiveness of early testing increases by choosing, whenever
possible, appropriate traits (e.g. highly heritable and with good
age-age correlations) and a similar environment to that found
in operational plantations (MULLIN et al., 1995; WU, 1998). For
Juglans regia, information on genetic parameters (heritabili-
ties and age-age correlations) is still lacking for predicting
gains from early testing activities. In addition, previous results
for Juglans nigra are inconsistent regarding the effectiveness
of early testing due to large differences in the genetic perfor-
mance of growth traits between field test locations (RINK, 1984;
RINK and CLAUSEN, 1989; BRESNAN et al., 1992; RINK and KUNG,
1995).

Large unbalanced data sets are inherent to multi-year data
derived from nursery evaluation of genetic entries varying over
a number of years, as is the case for our breeding material.
Adequacy of mixed models to evaluate such data structure has
been widely recognised in plant breeding (WHITE and HODGE,
1989; PATTERSON, 1997; FRENSHAM et al., 1998). The residual
maximum likelihood (REML) algorithm allows for an accurate
estimation of variance components that is crucial for (i) obtain-
ing precise genetic parameters (heritability estimates, genetic
correlations) to help define breeding strategies, and, (ii) pre-
dicting unbiased breeding values as the basis for ranking can-
didates and carrying out selection. In our breeding program,
early testing of Juglans regia parents have been performed
from 1993 to 2002 on the basis of independent culling for estab-
lishment, diameter and height. Based on this selection scheme,
the aim of this study was to compare parental rankings of the
traits of interest obtained by (i) averaging progeny perfor-
mance following two-three sowing years of nursery testing for
each progeny (conventional evaluation), and, (ii) deriving best
linear unbiased predictions (BLUPs) of parental breeding val-
ues using a mixed model analysis on the entire data set. A sec-
ond objective was to estimate genetic parameters (heritabili-
ties, genetic correlations) of juvenile traits in order to redefine,
if required, current protocols of data acquisition and/or selec-
tion strategy in the nursery.

Material and Methods

Genetic material 

Seedlings of 35 Juglans regia progenies were obtained from
open-pollinated autochthonous clones growing in field collec-
tions at Mas Bové – IRTA (Tarragona, Northeast Spain) where
more than 80 clons from different origins are potential male
genitors. The clones were selected, based on their outstanding

phenotype, either from Spanish wild walnut populations (11
trees) or from different old walnut seedling orchards (24 trees).
Two progenies from commercial cultivars were also evaluated:
‘Chase D-9’ (Oregon, USA) and ‘Serr’ (California, USA). The
latter was taken as reference material because of its well-
known behaviour as Juglans regia rootstock in Spain.

Nursery tests

Progeny nursery tests were established from 1993 to 2002 at
the IRTA nursery beds located in Mas Bové. Prior to sowing,
walnut seeds were soaked for 48 h in a 50 ppm solution of
giberellic acid (GA3) in order to break physiological dormancy
(ALETÀ, 1994). Seeds were sown at a spacing of 30 x 100 cm
according to a randomised complete block design with four
replicates and progenies were randomly allocated within the
replicates to 24-seedling row plots. Rows were covered at each
sowing with black plastic strips, 60 cm wide, to avoid weed
infestation. In addition, inter-row space was clean cultivated
and two treatments of oxyfluorfen herbicide were applied. Due
to the on-going nature of the breeding activities carried out
from 1992 (including prospect, evaluation and conservation of
parental trees) and the limited extension of the nursery beds,
not all families could be evaluated in a single nursery test. In
fact, the number of progenies sown each year varied from 6 in
1993 to 19 in 1995 (Table 1). Each progeny was usually sown
three times (sowing years) but 14 progenies were only tested
twice and the ‘Serr’ control was sown in all years except in
1993. In total, 24 seedlings/family-row plot x 99 families
(including family-year combinations) x 4 replicates = 9,504 test
seedlings were established. Progenies were kept in the nursery
for two consecutive years.

Measurements

Traits collected on each individual seedling at the end of the
first and second growing seasons included total height (H1 and

Table 1. – Evaluated progenies from 1993 to 2002 in the nursery.

(1): No data available for second growth height and diameter (H2 and D2)
due to an accident during nursery management.

(2): No data available for second growth height (H2) because of autumn
frost damage.

(3): Data available only for first growth height and diameter (H1 and D1)
at the time of the study.
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H2) and diameter at 10 cm from the soil (D1 and D2). Estab-
lishment at the plot level (E, %) was obtained as the ratio of
surviving seedlings at the end of the spring in relation to sown
seeds (24). Flushing dates (herein Cf, following the nomencla-
ture of phenological stages described by GERMAIN et al. (1999)
for Juglans regia) were monitored at the beginning of the sec-
ond growing season (spring). Variation in seedling growth
traits within progenies was assessed by calculation of plot vari-
ances for height and diameter in both growing seasons (varH1,
varH2, varD1, varD2). 

Early selection in the nursery

An independent culling selection scheme was applied on
parental trees using family-mean values for establishment,
diameter and total height after evaluation in two to three nurs-
ery trials. Flushing was not directly considered in the selection
scheme, since the breeding program aims at obtaining a very
diverse genetic material regarding phenology, suited for most
Spanish growing conditions. Progenies were represented by a
minimum of two trials in an attempt to account for possible dif-
ferences in growing conditions between years and, thus, to
obtain a fair characterisation of the parent trees. Family
means were obtained as averages across trials for each of the
progenies evaluated. Selection occurred in the form of indepen-
dent culling using specific truncation points for establishment
(E ≥ 40%), first-year diameter (D1 ≥ 12 mm) and first-year
height (H1≥ 25 cm). These values were taken following the only
available quality recommendations for 1 + 0 walnut plants
(BECQUEY, 1997). But growth traits of the second growing sea-
son were considered worthwhile to test for possible differences
between ages one and two. Parent trees exhibiting a deficient
progeny performance on establishment, diameter and height
after evaluation in at least two nursery trials (i.e. clearly below
their respective truncation points), were discarded for further
field testing. 

Statistical analysis

A retrospective analysis of the nine nursery tests conducted
over the period 1993–2002 was undertaken in order to obtain
unbiased predictions of parental breeding values. The complete
data set was very unbalanced given that only a few progenies
were grown in every year (Table 1). As a starting point, sepa-
rate analyses of variance were fitted for each trial using an
individual-tree fixed model consisting of a block effect, a family
effect, an intra-block error term, and a term accounting for the
between-tree within-plot variation. The aim was to check for
normality of variables and to collect information on the range
of variability between trials for the trait mean (y–j), the intra-
block error variance (s2

j), and the coefficient of variation (Table
2),

(1)

In forestry, parental breeding value prediction from unbal-
anced progeny test data is commonly addressed by using mixed
models, and then deriving Best Linear Unbiased Predictions
(BLUPs) of genetic effects (HENDERSON, 1984; WHITE and
HODGE, 1989). A mixed linear model appropriate for single
trait, half-sib progeny test data and a randomised complete
block design over a number of years is 

(2)

where yijkl is the observation of the lth individual of the kth
family in the jth block within the ith trial, µ is the overall
mean, Ti is the fixed effect of the ith trial, Bij is the fixed effect
of the jth block within the ith trial, gk is the random effect of
one half of the kth female’s additive genetic effects, gtik is the
random effect of interaction between half of the kth female’s
additive genetic effects and the ith trial, eijk is the random
residual effect of the kth family in the jth block within the ith
trial, and pijkl is the random tree effect of the lth individual in
the ijkth plot.

The single trait mixed model can be extended in order to
take into account simultaneously the information available on
different characters, thus resulting in a multiple trait analysis.
This allows for an increased precision of the predicted genetic
effects provided some degree of correlation exists between eval-
uated traits (WHITE and HODGE, 1989). In this study, a multi-
variate approach was applied for evaluating first-year and sec-
ond-year traits separately, which meant considering five char-
acters in the analysis (E, D1, H1, varD1 and varH1 for the first
growing season; Cf, D2, H2, varD2 and varH2 for the second
growing season). However, data at the individual-tree level
were available only for growth traits (D and H) and flushing.
Although this inconvenience can be overcome by fitting the cor-
responding random tree effect simply for the traits of interest
in the multivariate analysis, the approach becomes computa-
tionally demanding and the model is difficult to converge.
Thus, plot means were employed for all traits in order to
reduce the size and simplify the number of (co)variance matri-
ces in the analysis on the basis that this decision does not
affect the precision of parental breeding value predictions
(WHITE and HODGE, 1989). Accordingly, BLUPs of parental
breeding values were obtained under the following mixed lin-
ear model: 

(3)

where y is the vector of the plot mean observations for five
characters; b is the vector of fixed effects (trial and block); u is
the vector of the random female’s genetic effects; p is the vector
of random interactions between the female’s genetic effects and
the trials; e is the vector of random residual deviations of plot
effects; X, Z and W are incidence matrices relating the observa-
tions to the model effect.

Table 2. – Summary of information for nine progeny trials.

(*) Julian days.
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All analyses were carried out using the ASREML program
(GILMOUR et al., 2002) which provides residual maximum likeli-
hood (REML) estimates of variance components and BLUPs of
random effects.

Inspection of the range of plot error variances across trials
(Table 2) indicated that parental genetic effects had been esti-
mated with unequal precision for a number of traits, particu-
larly height (H), diameter variance (varD) and height variance
(varH). In the context of multi-environment analysis, the prob-
lem of heterogeneity of error variances is commonly handled
either by allowing for heterogeneous residual variances over a
number of years in the mixed model analysis or by data trans-
formation. The former approach may complicate model conver-
gence in complex data sets, although, on the other hand, a
drawback related to the use of transformed data is the need to
make inferences on the transformed variable. In this latter
case, however, parental ranks are not altered after transforma-
tion, making it feasible to re-evaluate family mean-based
parental selection by ranking parents based on the BLUP
analysis. Therefore, data transformation was selected as the
method to remedy error plot variation. The Box-Cox procedure
(BOWLEY, 1999), together with an examination of residuals, was
used to estimate an adequate data transformation. Hence, a log
transformation was found to homogenise variances across tri-
als, and the variables meriting transformation were diameter
(D), height (H), diameter variance (varD) and height variance
(varH) for both growing seasons. 

The degree and similarity of the genetic control of growth
traits, establishment and bud phenology were evaluated by
estimating family heritabilities, as well as phenotypic, genetic
and environmental correlations. Family heritabilities for open-
pollinated progenies were calculated from variance components
as 

(4)

where σ2
A is the additive genetic variance, σ2

P
_ is the pheno-

typic variance of family means, σ2
F is the family variance, σ2

FT
is the family-by-trial year interaction variance, and σ2

e is the
plot error variance. To estimate h2

f , t was calculated as the har-
monic mean number of trials in which each family was repre-
sented (2.6, first growing season; 2.4, second growing season),
whereas b is the harmonic mean number of blocks (3.7, first
growing season; 2.5, second growing season). Standard errors
of family heritabilities were obtained according to GILMOUR et
al., 2002.

Genetic, phenotypic, and environmental correlations (and
their standard errors) were calculated from the (co)variance
component matrices obtained from the multivariate analyses

described above (GILMOUR et al., 2002). The general form of a
correlation is expressed as 

(5)

where σ12 stands for the estimated family (phenotypic, envi-
ronmental) covariance component between traits 1 and 2; σ2

1 is
the family (phenotypic, environmental) variance component
estimate of trait 1; and σ2

2 is the family (phenotypic, environ-
mental) variance component estimate of trait 2. Phenotypic
(co)variances (σ2

P
_) were obtained as for determining the

denominator of the heritability estimates. Environmental
(co)variances (σ2

E) were calculated as 

(6)

Bivariate analyses were also performed to obtain correla-
tions for traits measured at age 1 and age 2 in the nursery. 

Results

The ranges for average establishment, flushing date, diame-
ter, height, and diameter and height variances over all nursery
trials are summarised in Table 2. Except for flushing date, the
performance between trials was quite variable, mostly reflect-
ing yearly climatic fluctuations common to Mediterranean
areas. Establishment varied from 33.4% to 65.4% and flushing
dates from 96 to 117 Julian days (i.e. from the beginning until
the end of April). However, the largest variation in average per-
formance between trials was found for growth traits and, par-
ticularly, for height variances at both ages. 

Variance components and family heritabilities

The variance components estimated from the 1993–2002
series of nursery trials, together with estimates of family heri-
tabilities, are given in Table 3. For growth traits, the dominant
variance component was plot error (σ2

e), followed by family
variance (σ2

F) in the first growing season, but the family-by-
trial interaction variance (σ2

FT) contributed more than σ2
F to

the total phenotypic variance (σ2
P) in the second growing sea-

son. Conversely, establisment was dominated by σ2
FT and flush-

ing showed the highest σ2
F as a percentage of the total pheno-

typic variance for all traits evaluated. 

The large genetic control of flushing date led to a very high
heritability estimate (0.93) (Table 3). In contrast, the large
family-by-trial and error variances caused a moderate heri-
tability for establisment (0.51). Heritability estimates for
growth traits in the first growing season ranged in between,
that is, from 0.65 (diameter variance, LvarD1) to 0.77 (height,
LH1). In the second growing season, however, heritability esti-
mates for growth traits decreased to low-moderate values,

Table 3. – Mixed model analysis of several traits: estimates (±SE) of phenotypic and genetic variances and heritabilities for nine progeny trials.
Traits evaluated were establisment (E), flushing data (Cf), and diameter, height, and their respective variances in the first and second growing
seasons on a log basis (LD1, LH1, LD2, LH2, LvarD1, LvarD2, LvarH1 and LvarH2).

(n%) = Percentage of total phenotypic variance σ2
P. 

See text for explanation of variance component subscript.
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especially for diameter and height variances (0.21 and 0.27,
respectively).

Correlations

Genetic (rg), phenotypic (rp), and environmental (re) correla-
tions among traits are shown in Table 4. Growth traits in both
growing seasons, including diameter and height within-family
variation (LvarD and LvarH, respectively), were highly corre-
lated genetically, phenotypically and environmentally. Thus,
high growth was associated with large family heterogeneity in
height and diameter at both the genetic and environmental
level. This was probably the consequence of scale effects, that
is, an increase in variance when the family mean increased. In
other cases, rg, rp, and re differed in magnitude and even in
sign. For example, establishment (E) was genetically unrelated
to growth traits, but there was a positive environmental rela-
tionship between E and LH1 or LvarH1. In addition, flushing
(Cf) was negatively associated genetically with growth traits,
but unrelated to them environmentally. These results indicated
that, in both cases (E and Cf), relationships with growth traits
were differentially affected by genetic and environmental
sources of variation. Correlations between growth traits mea-
sured in the first and second growing seasons are shown in
Table 5. In all cases, rg, rp, and re had the same positive sign

and did not differ much in magnitude, with values close to
unity. 

Selection 

The result of performing independent culling selection, in
terms of number and type of selected parent trees, was exam-
ined with two different strategies. For independent culling
based on mean family performance (mean-based strategy, car-
ried out routinely in the breeding program), 26 out of 37 proge-
nies were rejected according to establishment (E ≥ 40%), first-
year diameter (D1≥ 12 mm) and first-year height (H1≥ 25 cm)
(Table 6). In fact, it was unnecessary to consider selection for
height because of redundancy with that for diameter. This led
to an overall selection proportion of 30%. For E and D1 consid-
ered independently, 25 and 22 progenies, respectively, exceeded
the fixed threshold for each trait (which was equal to a selec-
tion proportion of 70% and 60% for E and D1, respectively).

On the other hand, for independent culling based on retro-
spective selection using a mixed model analysis over all nurs-
ery trials (BLUP-based strategy), a selection proportion of 70%
and 60%, respectively, was applied to the unbiased predictions
(BLUPs) of parental breeding values for E and LD1 (Table 6).
This was undertaken to facilitate a direct comparison between
the two selection strategies. In other words, the proportion of
culled progenies for both E and D1, according to the mean-
based strategy, was maintained when selection was applied ret-
rospectively to the predicted parental breeding values. As a

Table 4. – Genetic (rg), phenotypic (rp) and environmental (re) correla-
tions between several traits evaluated in nine progeny trials.

Table 5. – Genetic (rg), phenotypic (rp) and environmental (re) correla-
tions between first and second year growth traits evaluated in nine
progeny trials.

Table 6. – Results of independent culling selection for establisment and
diameter in the first year (D1) based on either mean family performance
or BLUP-based estimates of breeding values. Bold figures correspond to
selected progenies for the considered trait. Underlined progenies are
those chosen under both types of selection.

Truncation points: E ≥40% and
D1≥ 12 mm

Selection proportions of 70% and
60% for S and LD1, respectively.
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consequence, a total of 13 out of 37 parent trees simultaneously
accomplished the selection proportions of 70% and 60% for E
and D1, respectively (selection based on either D1 or H1 gave
identical culled parent trees). This led to an overall selection
proportion of 35%. Thus, independent-culling selection based
on mean family performance was overall a bit more restrictive
than that applied to the BLUPs parental breeding values once
all progenies were evaluated together.

Eight parent trees were selected regardless of selection strat-
egy but some others were variously culled or accepted (Table 6):
‘MBT-122’, ‘MB18-14’ and ‘MBPO-2’ were retained under the
family mean-based strategy, but refused using BLUPs due to
comparatively lower E or LD1 predictions. On the other hand,
five parents (‘MBT-41’, ‘MB19’, ‘MB2’, ‘MB10’ and ‘MB18-20’)
that were retained due to large breeding value predictions did
not exhibit a high enough mean family performance for either
E or LD1 and, accordingly, were not included among the 11
selected parents in the mean-based strategy. Therefore, mean-
based and BLUP-based independent culling selections pro-
duced somewhat contrasting results regarding parental identi-
fication with the largest progeny potential for establishment
and growth in the nursery. This outcome is also presented in
Figure 1a and 1b, in which changes in parental ranking for
establishment and diameter under both selection strategies are
depicted. Although Spearman’s rank correlations were all posi-

tive and significant, large crossover-type ranking variations
among parents were present, especially for diameter, as also
indicated by a lower correlation. These results highlight the
potential of performing a retrospective evaluation of selection
to support or, otherwise, disregard the initial decision of culling
parents based on their average progeny performance in several
nursery trials.

Discussion

For Juglans regia, there is little published information avail-
able on progeny evaluation. In addition the focus of these stud-
ies is on juvenile stages of development, for example, one or
two-year old seedlings in the nursery (FERNÁNDEZ and PEREIRA,
1997; DÍAZ and FERNÁNDEZ, 2001). Traits evaluated are usually
restricted to growth parameters such as height and diameter.
In this study, other valuable characteristics for walnut cultiva-
tion such as establishment and phenology (flushing date) have
been monitored, along with an assessment of within-progeny
variability for growth performance. This latter feature is of
utmost importance for breeding due to the need for homoge-
neous progenies in order to standardise management practices
such as pruning and also to obtain commercial benefit from a
standard end-product. However, it was not included in the
selection scheme owing to the lack of information on meaning-

Figure 1a. – Progeny ranking considering family mean performance and
estimated breeding values of establishment. Spearman correlation (rk).

Figure 1b. – Progeny ranking considering family mean performance and
estimated breeding values of LD1. Spearman correlation (rk).
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ful culling values for traits indicating within-family variation
in seedling growth. 

The genetic control of most traits was quite high considering
both family variances and heritability estimates. This was,
however, expected for flushing time, thereby confirming previ-
ous estimates of individual heritabilities obtained for J. regia
devoted to nut production (HANSCHE et al., 1972; GERMAIN,
1997). Moreover, first-year family heritabilities estimated here
for height are similar to those estimated by RINK and KUNG

(1995) for Juglans nigra. Undoubtedly, the uniform site condi-
tions typical of nursery tests favoured the expression of genetic
mechanisms controlling growth traits otherwise subjected to a
much larger environmental influence. Nevertheless, the sharp
decrease in second-year heritabilities suggests the incidence of
maternal effects in the expression of growth traits in the first
year (DÍAZ and FERNÁNDEZ, 2001). On the other hand, the diam-
eter showed slightly lower heritabilities than height at both
ages investigated, as reported elsewhere for other forest
species (XIE and YING, 1996; CORNELIUS, 1994). 

From a breeding point of view, the most noticeable outcome
brought about by the extent of genetic correlations is the inde-
pendence of growth traits from the seedling establishment per-
centage. This observation indicates the feasibility of perform-
ing simultaneous selection for both traits, which are highly
rewarded in large-scale commercial production of walnut
seedlings. The strong genetic correlations involving traits other
than establishment suggest an inability to apply efficiently
selection for more than one feature at the same time. For
example, the identification of parent trees simultaneously pro-
ducing high-growing and uniform progenies seems to be diffi-
cult since the fastest growing families tended to present the
highest variability among individuals. In addition, early-flush-
ing families exhibited higher growth, suggesting a strongly
biased selection towards precocious progenies in the nursery
when growth is used as the only selection criterion. The great
relevance of late flushing genotypes in mountainous areas of
Spain means that we have to consider, when culling the worst
families, the maintenance of progenies such as ‘MB-7’ or ‘MB-
17’ that have an appropriate establishment but do not show
enough growth due to their late phenology.

Examination of age-age correlations for growth traits sug-
gests similar parental selection for both the first and second
growing seasons in the nursery. Accordingly, second year evalu-
ation in the nursery can probably be reduced to flushing time
without missing valuable information on growth performance.
This would be highly desirable in order to avoid seedling expo-
sition to detrimental factors for growth, such as incidence of
late frosts or weed infestation. In this regard, autumn frost
prevented a record of second year growth in one of the trials
evaluated (Table 1). It should be pointed out, however, that
age-age genetic correlations tend to decrease sharply in mature
Juglans nigra (RINK and KUNG, 1995), with estimated values of
0.1 and 0.2 between age 1 and age 20, and age 2 and age 20,
respectively, as obtained in an individual-tree basis. For this
reason, it is still unknown whether early testing in Juglans
regia may be a preferred strategy to identify and cull poor-per-
forming genotypes prior to field testing (the so-called multiple-
stage selection) or whether it should be a tool to select superior
genotypes in order to shorten generation intervals (early sin-
gle-stage selection) (ADAMS et al., 2001).

Changes in parental ranking after fitting a mixed linear
model to the nursery data were considerable. Simple averages
are biased estimators of parental means because they are
greatly affected by large differences between trials. In contrast,
the best linear unbiased predictors of parental breeding values

are most adequate for severely unbalanced data (WHITE and
HODGE, 1989). For example, the outstanding growth monitored
in 1999 (Table 1), which should be attributed to exceptionally
favourable environmental and/or management circumstances,
favoured selection and overall ranking (based on simple aver-
ages) of progenies evaluated in that season. This effect, howev-
er, was considerably amended by the mixed model analysis
(Figures 1a and 1b). The disagreement in ranking genotypes
between both selection strategies (mean-based and BLUP-
based), together with the larger proportion of culled progenies
in the former (about 70%), suggests a sizeable loss of genetic
gain by using unadjusted parental means. The convenience of
applying low selection intensities in nursery tests has already
been pointed out by WU (1998) who found, using a culling pro-
portion of 70% on diameter for lodgepole pine accompanied by
further selection (10%) on height in the field, a total genetic
gain of –7%. In another early testing study of Douglas-fir,
ADAMS et al. (2001) indicated that a culling proportion of 25%
in the nursery, followed by field testing, would not reduce
genetic gain as compared with direct family selection in the
field. Although precise information is lacking for Juglans sp., it
may be feasible to expect similar results in the walnut tree
(RINK and CLAUSEN, 1989; RINK and KUNG, 1995). On the other
hand, the redundancy brought about by both growth traits
(height and diameter) in the independent culling selection
strategy indicates that growth performance can be evaluated
by any of the traits with similar results, regardless of the esti-
mation method of parental values.

In the context of the breeding program, it may seem largely
unsatisfactory that only MBT-122 exceeded Serr, our reference
material, in growth traits. Despite its exceptional nursery per-
formance, it should be noted that Serr (a highly vigorous root-
stock used in nut plantations) has proved inappropriate for
wood production because of deficient adult tree form and a
large tendency for forking.

So far, the retrospective evaluation of parental selection in
the nursery suggests that the actual selection scheme should
be reconsidered. On the one hand, the proportion of culled fam-
ilies needs to be reduced to accommodate a larger number of
progenies for testing in the field and, thus, to avoid sacrificing
valuable parental material. However, this implies changes in
the criteria used for culling families, which follow general qual-
ity recommendations for 1+ 0 walnut plants, as stated by
BECQUEY (1997). Current thresholds for growth, which have
shown adequacy for testing fast growing hybrid material
involving species such as J. regia, J. nigra or J. major, are
probably too restrictive for the less growing J. regia. Selection
of a higher number of progenies in the nursery, representing a
high variability in phenology, can be subsequently achieved by
redefining current culling levels for both diameter and estab-
lishment. On the other hand, it is advisable to estimate breed-
ing values a posteriori using BLUPs in order to recover valu-
able material otherwise refused if nursery data over a number
of years is not considered. While continuous progeny testing
performed over a number of years facilitates the evaluation of
incoming parent trees, reduces nursery test size and makes
more precise and complete data recording feasible, the present
study has clearly demonstrated the convenience to handle such
unbalanced data sets through a mixed model framework. 
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Summary

This experiment consists in a controlled crossing according to
a factorial design performed between 7 female trees of P.
strobus and 4 male trees of P. wallichiana to combine the rapid
growth of former species with high resistance to Cronartium
ribicola of the latter one. The hybrid families were artificially
inoculated at age 2, and field planted at age 6. Blister rust
resistance (BRR), tree survival (TS), total height growth, (H)
annual height growth (h), diameter (D), basal area (BA), stem
volume (V), stems straightness (SS) and branch thickness (BT)
were the traits measured at age 17. Statistical analysis pro-
duced the results presented below.

Significant (p<0.05) and highly significant (p<0.01;
p<0.001) differences were found among hybrid families. Differ-
ences among female effects were highly significant (p<0.001)
for all tested traits including BRR, suggesting that nuclear
additive genes controlled these traits. Significant differences
were found among male parents for H but no significant differ-
ences for BRR; therefore, all four male parents transmitted a

similar level of resistance. The ratio σ2
GCA/σ2

SCA variance
accounted for 8.1 for BRR, 8.5 for H, 3.5 for V, 9.3 for SS and
1.9 for BT. Similarly, the ratios of σ2

GCA-F /σ2
GCA-M variance due

to female parents were 70.5 for BRR, 23.6 for H, 1.0 for V, 0.4
for SS and 1.0 for BT, were found. Narrow-sense heritabilities,
at individual level, were low to moderately high, ranging
between 0.085 for BT and 0.421 for BRR. By comparison with
the mean of P. strobus parent species, the BRR heterosis was
highly positive, but negative for all growth traits. If the hybrids
will be used in operational planting programs, a significant
genetic gain for BRR and growth traits could be achieved.

Key words: Pinus strobus, P. wallichiana, Cronartium ribicola, hybrid,
heterosis, additive variance, heritability, genetic correlation, genetic
gain.

Introduction

Blister rust (Cronartium ribicola FISCH. ex RABENH.) caused
severe damages throughout the commercial range of eastern
white pine (Pinus. monticola DOUGL.) and over extensive high-
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