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Summary

The magnitude and practical importance of family x site
interactions for growth and form traits in maritime pine (Pinus
pinaster Ait.) breeding in the coastal area of Galicia (NW
Spain) were analysed using several different techniques. Data
were from 58 8-yr-old half-sib families planted across four
sites. The analysis of variance and the ratio of interaction to
family variance component showed the interactions to be quan-
titatively important for several traits, especially for volume
and straightness. Genetic correlations between the same trait
at different sites were moderate and highly variable, especially
for certain pairs of sites. The results indicated that interactions
are a consequence of few highly interactive families that may
be particularly sensitive to environmental variation. The
removal of these families from the breeding program appeared
as an effective strategy to solve the interactions. Results are
discussed in relation to the stability parameter considered to
identify the most unstable progenies.

Key words: Stability, Pinus pinaster, Progeny trial, Half-sibs, Genetic
correlation.

Introduction

Maritime pine (Pinus pinaster Ait.) is the most important
forest tree species in Galicia (NW Spain). It occupies around
400,000 ha (27% of the Galician wooded area) with an annual

volume increment estimated around 3 ·106 m3· year–1 (XUN-
TADE-GALICIA, 2001).

Genetic improvement of P. pinaster in the coastal area of
Galicia was initiated in 1985 and has included phenotypic
mass selection in wild stands and use of this material for seed
production in clonal seed orchard (MERLO and FERNÁNDEZ-
LÓPEZ, 2004; VEGA et al., 1993). As in other countries, tree
breeding objectives were focused mainly on improving growth
traits (height and diameter), stem form and branch quality
(ALAZARD, 2001; BUTCHER and HOPKINS, 1993). Several progeny
tests of the selected material have been established in the
coastal area of Galicia across a range of environments. Heri-
tability and genetic correlation in these tests have been esti-
mated by ZAS et al. (2004). Results of this study indicate that
height growth, internode length, number of whorls and branch
angle are under stronger genetic control than diameter growth,
stem straightness and forking, and would respond to individual
selection. However, several of these traits have shown impor-
tant genotype x environment (G x E) interaction that must be
analysed before any selection and/or recommendation is made.

The concept of G x E interaction has been defined as the
varying relative performance of genotypes with environments
(BURDON, 1977). An evaluation of the importance and the con-
sequences of the G x E interaction in a breeding programme is
essential for decision making about testing, deployment and
selection strategies. There is substantial literature about the
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implications of the G x E interaction in many pine breeding
programs such as Pinus radiata (JOHNSON and BURDON, 1990;
JOHNSON, 1992; MATHESON and RAYMOND, 1984), P. elliottii
(PSWARAYI et al., 1997), P. patula (KANZLER et al., 2003; SNED-
DEN and VERRYN, 1999), P. taeda (GWAZE et al., 2001), etc.

This paper uses 8-yr-old data from 58 half-sib Pinus pinaster
families planted across four sites to investigate the importance
and the practical implications of the G x E interaction in the
Galician breeding program within the coastal area.

Material and Methods

Genetic material, test sites and assessment

Data for this study constitutes part of an operational breed-
ing program aimed to provide genetically improved seed for
practical reforestation in the coastal area of Galicia (NW
Spain). The material consists of open pollinated families of first
generation plus trees selected within the provenance ‘1a,
Noroeste Litoral’ (ALÍA et al., 1996) for superior growth, stem
form and branch characteristics (Figure 1). Different subsets of
a total of 107 half-sib families were planted at four sites within
the RIU (Region of Identification and Utilisation of forest
reproductive material (GARCÍA et al., 2001)) number 1 (Figure
1) which constitute, a priori, the breeding area for the selected
material. However, in the present paper, genotype x environ-
ment interactions were investigated using the data of the 58
progenies represented in the four environments. Details of the

progeny tests, the genetic material and the genetic parameter
estimates for growth, stem form and branch characteristic
traits analysing all the 107 progenies have been presented
elsewhere (ZAS et al., ZAS et al., 2004).

The sites are included within the Atlantic climate area, char-
acterised by relatively high annual precipitation, low summer
drought and low annual temperature oscillation (Table 1).
Cortegada and Lalín sites show a slight Mediterranean influ-
ence with lower annual and summer precipitation (Table 1). All
sites have acid and coarse textured soils with relatively low
levels of nutrients. All the four trials followed a randomised
complete block design with 10 replications of 5-tree row plots
with 3 x 3 m spacing. Table 1 presents some descriptive values
for each site and overall means for height and diameter. 

All trees of each site were assessed for growth, stem form
and branch characteristics at age 8 from planting, except those
dead, dying or badly suppressed. Details of all the assessed
traits are given in ZAS et al. (2004). In the present study only
those traits that have shown significant G x E interaction were
considered. These are: total height (HT), diameter at breast
height (DBH), a volume index (V = HT · DBH2), a stem straight-
ness score (STR: 1 = straight to 6 = very crooked), a stem lean-
ing score (LEN: 1 = vertical to 4 = sever lean), the number of
whorls (WH) and the average internode length (∆H = HT/WH).
Straightness and leaning were evaluated following the indica-
tions of GALERA et al. (1997).

Statistical analyses

A subset of 58 progenies common to the four test sites were
considered for several types of analyses to determine the mag-
nitude and practical importance of the G x E interaction.

A joint analysis of variance of the four sites together was
conducted using plot mean values, since plots contained vary-
ing number of surviving trees and trees of the same family
were planted together within a block. The following mixed
model was considered:

Yijk = µ + Fi + Sj + FSij + Bk(Sj) + εijk

where µ is the overall mean, Sj is the fixed effect of site j and
Fi, FSij, Bk(Sj) and εijk are the random effects of the family i, the
interaction between family i and site j, the block k within site j,
and the random error, respectively. To analyse this mixed
model the SAS MIXED procedure was used (SAS-INSTITUTE,
1999). This procedure estimates the variance components
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Figure 1. – Location of the Pinus pinaster plus trees, the clonal seed
orchard (S.O.) and the four progeny tests. Encircled numbers indicate
the number of the ‘Identification and Utilization Regions’ (RIUs) of for-
est reproductive material  (GARCÍA et al., 2001).

Table 1. – Details of the Pinus pinaster progeny tests and overall means for height
and diameter at age 8 for the 58 families under study.
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based on mixed model equations and the restricted maximum
likelihood (REML) method, and gives the best unbiased predic-
tors (BLUP) of the random effects (SAS-INSTITUTE, 1999).

The practical importance of the G x E interaction was evalu-
ated for each trait by the ratio σ2

fs /σ2
f, where σ2

f and σ2
fs are the

family and family x site variance components estimated from
the joint analyses. SHELBOURNE (1972) suggested, as an approx-
imation, that the effect of family x site interaction are ‘likely to
be serious on gains from selection and testing’ when the inter-
action component reaches 50% or more of the family compo-
nent of variance.

Type B genetic correlations between the same trait in differ-
ent environments (x and y) were calculated according to BUR-
DON (1977):

where rxy is the phenotypic correlation of family means and hf(x)
and hf(y) are the square roots of the family heritabilities at each
environment estimated on a within site basis (WRIGHT, 1976 p.
244).

To test whether the interaction was a result of a few families
reacting more than others, different subsets of the 58 families
were formed by deleting the n most unstable families with n
varying from 0 to 29. For each subset, the joint analysis was
computed and the SHELBOURNE’s (1972) ratio calculated. Sever-
al stability parameters were considered to identify the most
unstable progenies:

– The ecovalence (WRICKE, 1962) which is the interaction
variance for each family expressed in percent of the total inter-
action variance. Shuklas stability variance (SHUKLA, 1972) is
linearly related to the ecovalence value and, expressed in per-
cent, the two values will be identical for each genetic entry
(HILL et al., 1998). The ecovalence values can thus be tested for
statistical significance using the method described by SHUKLA

(1972).

– The mean rank deviation (MATHESON and RAYMOND, 1984)
estimated as: 

where rij is the ranking of the mean of the ith family at the site j
and rij

– is the ranking of each family over all sites.

– The regression coefficient bi of each family mean upon the
overall site means (FINLAY and WILKINSON, 1963). The closer
the mean values for a family follow the site mean, the closer
the regression will be to 1 and the family will be considered to
be an average stability. If bi > 1, the family is considered of low

stability and better adapted to good sites whereas coefficients
lower than 1 are achieved by stable families better adapted to
poor sites. 

– The mean square deviations from the former regressions
for each family, S2di (EBERHART and RUSSEL, 1966). This value
indicates the predictability of the linear response of a family
according to the environmental effect gradient.

The relationships between different stability parameters for
the same trait and between the stability of different traits was
analysed by Spearman rank correlation (SAS-INSTITUTE, 1990).

Results

Family and family x site variance components were signifi-
cantly different from zero in all cases (Table 2). The ratios of

Table 2. – Estimates of variance components (%) and SHELBOURNE’s
(1972) ratio (σ2

fs /σ2
f) from the mixed model for all sites together.

Significance levels: *** = P < 0.001, **  = P < 0.01, * = P < 0.05.

Table 3. – Type B genetic correlation between the same traits in differ-
ent environments.
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Figure 2. – Percentage of families that contribute significantly (SHUKLA,
1972) to the G x E interaction.
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interaction to family variance component (σ2
fs /σ2

f) varied from
0.37 for ∆H to 2.01 for V, indicating different degrees of sensi-
tivity to environmental changes among the studied traits. Fol-
lowing the SHELBOURNE (1972) criterion, all traits except ∆H
and WH showed family x site interaction of ‘practical impor-
tance’.

Table 3 gives type B genetic correlation between environ-
ments. In the case of growth traits, slightly lower correlation

coefficients were observed for those pairs involving Cortegada,
being AsNeves – Cortegada the pair with the lowest genetic
correlation. In agreement with the lowest values of the σ2

fs /σ2
f

ratio, the genetic correlation for the number of whorls and the
average internode length was moderate to high for all pairs
indicating a relatively low incidence of the G x E interaction for
these traits. The genetic correlation for straightness and lean-
ing did not follow a clear pattern.
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The number of progenies that significantly contributed to the
G x E interaction was relatively low for all traits (Figure 2),
especially for volume and leaning. The distributions of the eco-
valence values were skewed and the majority of families (more
than 80% of the families except for WH) contributed little to
the interactions. These results suggested that removing a
small number of unstable families from the analyses may sub-
stantially reduce the impact of the G x E interaction.

The reduction of the σ2
fs /σ2

f ratio after deleting an increasing
number of unstable progenies is presented in Figure 3. Differ-
ent stability parameters were considered to identify the unsta-
ble families. The ecovalence (Wi), the mean rank deviations
(rdi) and the mean square deviations from regression lines
(S2di) gave similar results, with a consistent reduction of the
ratio when increasing the number of unstable progenies
dropped from the analysis. However, when the slope of the
regression lines, bi, was considered as the stability parameter
to identify the unstable progenies, results were confusing. In
the case of DBH, V and LEN, the σ2

fs /σ2
f ratio even increased

when reducing the progenies considered in the analyses.
Hence, the coefficient bi appeared as a poor stability parame-
ter. In agreement with this, poor or even negative rank correla-
tions between bi and the other stability parameters were
observed (Table 4). On the contrary, Wi, S2di and rdi were high-
ly significantly correlated among each other for all the studied
traits (Table 4). 

Nevertheless, Figure 3 shows that, for all traits, the interac-
tion is quickly reduced to acceptable values by removing a

small number of progenies. Considering 0.5 as the threshold
for the σ2

fs /σ2
f ratio above which G x E interaction becomes of

‘practical importance’ (SHELBOURNE, 1972), the 4–5 most unsta-
ble families should be removed in the case of HT, DBH, V and
STR, only 1 in the case of LEN, and none for WH and ∆H, i.e.
less than 10% of the families in all cases. The ecovalence value
appeared as the best stability parameter to identify the unsta-
ble families to be removed and the biplots of the ecovalence val-
ues against the overall means (Figure 4) becomes an attractive
tool for selection purposes. Those families of the right-down
part of the graph are those with the better performance across
all environments and show high stability. However, as it was
shown in Figure 2 and Figure 3, only a very few number of

Table 4. – Rank correlation coefficients of the stability parameters and
the overall mean for each trait.
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families are really contributing to the G x E of practical impor-
tance and, hence, only a small number of families should be
discarded due to high instability.

Discussion

Genotype x environment interaction constitute an important
limiting factor that affects the efficiency of breeding programs.
When G x E is present and is quantitatively important, it can-
not be ignored and breeders must decide between two major
alternatives. The first approach is to define breeding zones that
fit groups of genotypes with a similar pattern of G x E interac-
tion and to select, independently within each zone, specifically
adapted genotypes (WRIGHT, 1976 p. 252). The second approach
is to identify stable and good general performers to use across a
wide range of sites (FINLAY and WILKINSON, 1963). Both alter-
natives have their own disadvantages. Regionalisation is costly
and the additional gains from using regional breeds need to be
weighed against the additional costs (JOHNSON and BURDON,
1990). Moreover, environmental variability within a region can
be as high as between regions (MATHESON and COTTERILL,
1990), and the classification of sites to define and describe a
breeding region is frequently hardly complicated (HILL et al.,
1998). On the other hand, selection for generally adapted geno-
types based on overall performance and stability across sites
may imply a significant loss in the potential genetic gain. Fur-
thermore, the evidence for the existence of truly broadly adapt-
ed genotypes is questionable (PSWARAYI et al., 1997). Examples
of both alternatives can be easily found in Pinus breeding pro-
grams (ADAMS et al., 1994; JOHNSON and BURDON, 1990; JOHN-
SON, 1992; KANZLER et al., 2003; MATHESON and RAYMOND,
1984).

Despite being small the area of study in which the test plan-
tations are located, the G x E is statistically significant and of
practical importance (SHELBOURNE, 1972) for the three growth
traits (HT, DBH and V), straightness, and leaning. In the case
of volume, the interaction variance is more than 200% of the
family variance, clearly higher than the threshold of SHEL-
BOURNE (1972) and even higher than the critical value of 100%
above which ERIKSSON and EKBERG (2001) suggested that there
is a need for delineation of different breeding zones with sepa-
rate breeding in each zone.

Moderate and highly variable genetic correlations were
found among the test sites for growth and stem form traits
(Table 3). In the case of growth traits, some pairs of tests were
very poorly correlated suggesting that some sites, as Cortega-
da, may be distinctly different from the others. However,
removing this site from the analysis reduced but not eliminat-
ed the impact of the G x E interaction (data not presented).
Furthermore, there was no physical variable (Table 1) that
clearly discriminated this site in relation to the others. Hence,
there was no evidence that dividing or reducing the actual
breeding area would improve the impact of the G x E interac-
tion. Conversely, the results of this paper suggested that G x E
interaction in all the studied traits are a consequence of few
highly interactive families that may be particularly susceptible
to environmental variation (Figure 2 and Figure 3). The
removal of only the worst 10% families in this respect reduced
the levels of interactions to a much more acceptable level (Fig-
ure 3). Hence, the most efficient solution to the problem of
interactions would be to identify and discard interacting fami-
lies and regard the rest of the families as being a unified breed-
ing population for the whole studied area. Selections should
then be made based on overall performance together with sta-
bility across sites. Similar conclusions have been reported for
Pinus radiata in Australia (JOHNSON, 1992; MATHESON and RAY-

MOND, 1984), and New Zealand (JOHNSON and BURDON, 1990),
for Pinus elliottii in Zimbabwe (PSWARAYI et al., 1997) and for
Douglas-fir in France (DUREL and ROMAN AMAT, 1987).

As pointed out by PSWARAYI et al. (1997) the sensitivity of
stem form traits to environmental differences may be real or
may be a consequence of the use of a standardised absolute
assessment scale, and the relative difficulty of attempting to
apply it across all sites. There has been considerable debate
about the merits of standard versus site-specific scales for the
assessment of stem straightness and other stem form traits
(PSWARAYI et al., 1997; RAYMOND and COTTERILL, 1990; SIERRA

DE GRADO et al., 1999). SIERRA DE GRADO et al. (1999) recom-
mended an objective measure, such as the maximum deviation
form the vertical, when more than one site is analysed. 

To identify the unstable progenies, several stability parame-
ters can be used. However, as observed elsewhere (e.g.
SKRÖPPA, 1984), different parameters can give different rank-
ings of the stability and, thus, results may differ (Figure 3). In
fact, the stability parameters have different biological and sta-
tistical significance (see HILL et al., 1998). The relationships
between the stability parameters (Table 4) were consistent
across traits and were similar to those found by other authors
(ALIA et al., 1995; HILL et al., 1998; SKRÖPPA, 1984). The high
correlation between Wi and S2di can be explained by mathemat-
ical relations between them (SKRÖPPA, 1984). The consistent
relation between Wi and rdi indicated that the ecovalence val-
ues reflected changes in ranks among sites. Stability in this
sense is of maximum relevance for selection purposes and thus,
both parameters appeared as the most useful for identifying
the most unstable families. The lack of a relation between the
regression coefficient bi with any other stability parameter may
be explained by different meanings of these parameters. The
coefficient bi reflects the portion of genotypic stability associat-
ed with the capacity of a genotype to perform relatively better
in a favorable than in a unfavorable environment (HANSON,
1970). If genotypes with high values of bi are rejected the yield
at the poor sites are increased at the expense of the yield at the
good sites (SKRÖPPA, 1984) because high values of bi indicate
good adaptation to high quality sites. The coefficient bi is, in
fact, an adaptation parameter (FINLAY and WILKINSON, 1963;
HILL et al., 1998). Using a procedure similar to that described
here, MATHESON and RAYMOND (1984) found a great reduction of
the G x E impact across several Pinus radiata progeny test in
Australia when the five most interacting families in terms of
the mean rank deviations were omitted from the analysis.
However, as found here, no reduction was achieved when the
coefficient bi was used to discriminate the unstable families. It
should be also noted that the regression coefficients bi were
estimated upon only four sites and, thus, may be somewhat
unreliable. SKRÖPPA (1984) recommended at least five points for
these estimations.

The different stability parameters were independent of the
respectively overall mean values for all traits with the excep-
tion of the significant relation between bi and the overall mean
for V and between S2di and the overall mean for LEN (Table 4).
In other studies the regression coefficient and the overall
means are frequently related, indicating that the best geno-
types are the most unstable. In these cases regression lines fan
outwards as the environmental means increase. The stronger
this correlation the more likely is the G x E interaction to be of
the non-crossover type (HILL et al., 1998 p. 164). The relative
low rank correlation between bi and the overall mean for V and
the very low, even negative correlations for the remainder
traits (Table 4) suggest that interaction is mainly due to rank
changes among sites.
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The lack of a correlation between the stability parameters
and the overall means support the use of the stability – overall
performance biplots (Figure 4) for selection purposes, provided
that only one trait is under consideration. However, new prob-
lems arise for multi-trait selection. In this paper, G x E has
shown to be of practical importance for several traits and it
was concluded that stability for each trait should be considered
when selecting. However, the stability parameters for the dif-
ferent traits are not always related (Table 5) indicating that
the unstable families are probably not the same for all traits.
In the case of growth traits, both the traits (data not presented)
and their stability parameters are highly correlated (Table 5).
The ecovalence of straightness and leaning were also signifi-
cantly correlated. However, no relation was observed between
the stability of the remainder pairs of traits (Table 5). Two
major alternatives can be proposed. The first is the construc-
tion of a selection index that include both the performance and
the stability of all the traits considered. The second approach is
to select independently for each trait (combining both stability
and overall performance using, for example, the biplots pre-
sented in Figure 4) and then to cross the selections by con-
trolled pollinations, trying to combine both improvements in
the offspring (WRIGHT, 1976, p. 315). Nevertheless, the lack of a
significant negative correlation between the stability parame-
ters facilitate the selection based on several parameters simul-
taneously (DUREL and ROMAN AMAT, 1987).
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