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Abstract
In multisite forest genetic experiments, the presence of genotype × environment interaction (GEI) is common. GEI may nega-
tively affect the estimates of genetic variance and hamper selection decisions in tree breeding programs. Several measures 
exist to evaluate the stability of tested genotypes’ performance across environments with a choice of the method likely affect-
ing breeders’ decisions. In this study, we evaluated variation in diameter and height growth performance in the progeny test 
established at 4 sites with 80 open-pollinated half-sib families of Scots pine. We found significant variation among examined 
progeny at age 10, reaching up to 31% for diameter and 20% for height depending on site, and significant GEI in both traits. 
We estimated contribution of each family to GEI using various methods and tools of GEI analysis—AMMI, GGE biplots, 
heterogeneity of regression coefficients  (bi’s), the deviation mean squares from regression  (s2

di) and Kang’s yield-stability 
index  (YSi). Despite the presence of the cross-over interaction, family ranks did not vary much among sites. The selections 
based on the phenotype,  YSi and restricted  bi corresponded well to each other leading to the expected response to selection 
up to 7.8% on diameter and 4.4% on height, whereas those based on the AMMI stability variance were different and lead to 
a slight loss in both traits. We discuss our results in the context of the usefulness of those measures of genotype stability for 
tree breeding programs and propose the procedure to follow for making selection decisions in forest experiments with GEI.

Keywords AMMI · GGE biplot · G × E · Height · Pinus sylvestris · Yield-stability index

Introduction

Progress in tree breeding programs is made by evaluation 
of genetic worth of selections through progeny testing 
(White et al. 2007). Progeny tests could also indicate pos-
sible deployment zones for families included in the tests, 
although they are not specifically designed for this pur-
pose. However, estimation of genetic variance and genetic 
effects is commonly hampered in multisite experiments by 
the presence of genotype × environment interaction (GEI). 

These interactions arise from a differential response of geno-
types to environmental factors and biotic and abiotic stresses 
(Kang 2002; Li et al. 2017). Presence of GEI complicates 
breeding and deployment decisions, especially when impor-
tant cross-overs occur in genotype rankings among sites. The 
GEI could be mitigated through homogenization of envi-
ronmental conditions by grouping similar environments. 
However, if the objective is to evaluate the performance of 
genotypes over many environments, it requires appropriate 
ways of dealing with genotype × site interaction.

When phenotypic traits of genotypes are assessed across 
multiple environments it is imperative to investigate pheno-
typic stability. There are at least two concepts of stability. 
In a static or biological concept, a stable genotype’s per-
formance is unchanged regardless any variation in environ-
mental conditions. In contrast, in a dynamic or agricultural 
concept of stability, the stable genotype has performance 
that closely follows the average response to environmental 
variability (Becker 1981; Becker and Léon 1988). It is a 
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dynamic stability that is typically sought in tree breeding 
programs.

Several methods exist that help breeders to analyse GEI, 
each with its advantages and limitations (Becker and Léon 
1988; Crossa 1990; Reckling et al. 2021). The regression 
approach decomposes the GEI sum of squares from ANOVA 
into the component associated with heterogeneity of regres-
sion coefficients  (bi’s) among genotypes and the remainder 
(Finlay and Wilkinson 1963). Eberhart and Russell (1966) 
proposed the deviation mean squares from regression  (s2

di) 
as genotype’s stability measure, and both the  bi and  s2

di are 
used to describe genotype’s contribution to GEI. However, 
both phenotypic stability and yield are important in assess-
ment of genotype’s performance. Therefore, Kang proposed 
the  YSi statistic (Yield-Stability Index), integrating yield and 
stability into a single measure (Kang 1993). The  YSi uses the 
Shukla’s “stability variance” as a stability measure, which 
is derived as a linear combination of squares of residuals 
(Shukla 1972).

The multivariate methods of GEI analysis that use singu-
lar value decomposition (SVD) are very attractive, because 
they allow to recognize the patterns that exist in data with 
the help of bivariate graphs (biplots). The AMMI method 
(additive main effects and multiplicative interaction) inte-
grates the analysis of variance and principal component 
analysis (PCA) (Crossa 1990). It applies ANOVA to the 
additive effects of genotypes and environments in the model, 
and the PCA to the interaction term (Gauch 1988; Gollob 
1968). The other, somewhat similar method, is the GGE 
biplot analysis (Yan and Tinker 2006; Yan et al. 2007). The 
term “GGE” implies that genetic (G) and interaction (GE) 
effects should be considered simultaneously for the appro-
priate evaluation of tested genotypes and environments in 
GEI. Thus, although both the AMMI and the GGE biplot use 
the SVD, the GGE biplot method takes into consideration 
not only the interaction term, but also genetic effects, which 
allows for more effective visualization of those factors (Yan 
and Tinker 2006). The GGE biplots have been popular in 
analysis of GEI in agricultural research on cultivars tested in 
multiple environments (Yan et al. 2007), but has been rarely 
applied to forest trees (Correia et al. 2010; Jastrzębowski 

et al. 2018; Ukalski and Klisz 2016). However, it is a very 
useful tool for visualizing relationships among test environ-
ments and ranking genotypes based on their performance in 
relation to environments. Preferably, several stability meas-
ures need to be integrated with the assessment of genotype’s 
performance for effective selection in breeding programs.

With various methods to analyse GEI and investigate pat-
terns in the data, it is difficult to choose a single method that 
would ideally serve the breeder to rank genotypes and assess 
the stability of their performance across multiple environ-
ments. The primary objective of this study was to evaluate 
variation in diameter and height growth performance in the 
progeny test established at 4 sites with 80 open-pollinated 
half-sib families of Scots pine (Pinus sylvestris L.), an 
important European coniferous species. We aimed to esti-
mate contribution of each family to GEI using various meth-
ods and tools of GEI analysis, and interpret the usefulness 
of those measures for tree breeding programs.

Material and methods

Planting material and test sites

Progeny test comprises of the open-pollinated progeny of 
80 Scots pine trees. We refer to them as to families or geno-
types for clarity. This nomenclature is common in forestry 
applications of GEI analysis, although those half-sib families 
represent the mixtures of genotypes, in contrast to pure lines 
used in agriculture. The four experimental sites were estab-
lished in spring 2010 in Northwestern Poland (Table 1). At 
each site, the experiment was planted in a single-tree plots 
design. One-year-old containerized seedlings were planted 
in 1.5 × 1.5 m spacing (4444 trees  ha−1). According to the 
original design, a total of 100 trees per family was supposed 
to be planted at each site. However, due to mortality of seed-
lings in the nursery, the tree number per family varied at the 
time of planting between 63 and 110 in Podanin, 69 and 112 
in Tuczno, 81 and 103 in Płytnica and 88 and 105 in Sarbia. 
After the first year, the dead spots at planting sites were 
re-planted using the extra seedlings, preferably of the same 

Table 1  Information on planting sites of the analyzed Scots pine progeny tests. Survival is given without the re-planted trees

a Currently in the Kalisz Pomorski forest district, bAccording to the Polish forest site typology, cLong term (1970–2000) MAT mean annual tem-
perature, MAP mean annual precipitation from the WorldClim database (30-arc sec resolution, https:// www. world clim. org/)

Site ID
Forest district

Latitude N Longitude E Soil Type Forest site  typeb MATc (°C) MAPc (mm) Survival (%)

Podanin 52.9608 16.8973 Brunic Arenosol Mixed 8.4 545 83
Sarbia 52.9602 16.6320 Brunic Arenosol Coniferous/mixed 8.5 547 75
Tucznoa 53.2586 16.0662 Brunic Arenosol Coniferous/mixed 8.4 615 76
Płytnica 53.3290 16.7231 Albic Brunic Arenosol Coniferous 7.9 577 77

https://www.worldclim.org/
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family. Those trees were excluded from further analyses. 
No thinnings were made to the age of the reported measure-
ments, and thus, mortality was due to the natural causes and 
survival varied between 75 and 83% among sites (Table 1).

Measurements

In 2019, at tree age 10 years, the diameters (DBH at 1.3 m) 
of all trees were measured and heights on about the half of 
the trees’ number. For the remaining trees, the heights were 
imputed with the Prodan 3-parameter model parameterized 
for family within site in the ‘lmfor’ package in R (R Core 
Team 2019).

Analysis

The first step in statistical analysis was to perform the 
ANOVA according to the model:

where yijk is the individual tree phenotype, µ is the overall 
mean, Si is the effect of site i, Rj(i) is the effect of replica-
tion j within the site i, Fk is the effect of family k, FSik is 
the family × site interaction effect, and eijk is the error. The 
same model was fitted with all random effects for estimation 
of variance components; then family heritability was calcu-
lated, according to the formula given in Jayaraman (1999). 
Since the number of trees per family was not uniform across 
sites and families, we used the harmonic mean of replica-
tions N = 76.65 for heritability calculation.

Following the ANOVA, the AMMI analysis was per-
formed. This procedure fits the additive main effects (for 
genotypes and environments) by the usual analysis of vari-
ance and applies the principal component analysis (PCA) to 
the interaction part of the model (Gauch 1988; Gollob 1968). 
The AMMI stability value (ASV) was calculated based on 
the first two AMMI PCs according to the formula given in 
Purchase et al. (2000). The lower ASV value indicates a 
greater stability of the genotype.

Kang’s Yield-Stability index  YSi is based on the Shukla’s 
stability variance (Shukla 1972). The procedure first adjusts 
the genotype ranks based on the amount of variation among 
genotypes and combines it with the rank founded on the 
significance level for stability variance (Kang 1993). In other 
words, it penalizes the genotype’s rank for excessive varia-
tion of performance across environments. The high  YSi val-
ues are favorable in terms of selection decision.

The  bi measure of GEI analysis is the regression coeffi-
cient from the regression of family performance on environ-
mental index (Finlay and Wilkinson 1963). In the absence 
of independent environmental index describing site varia-
tion, the deviation of average for all families in a particular 

yijk = � + Si + Rj(i) + Fk + FSik + eijk

environment from the overall mean is used as an environ-
mental index (Eberhart and Russell 1966). Genotypes with 
the  bi values close to 1.0 show the average responsiveness to 
environment and are examples of dynamic stability (Becker 
1981; Becker and Léon 1988). Genotypes with the  bi values 
higher than 1.0 show a greater that average response to the 
improved environmental index, thus they are unstable in a 
good sense, but they may underperform in poor environ-
ments. On the other hand, genotypes with the  bi values lower 
than 1.0 are not responsive to the improvement in environ-
ment; they represent a biological concept of stability. The 
deviation mean square from regression—s2

di is related to 
the unexplainable remaining variation in genotype’s perfor-
mance (Eberhart and Russell 1966). The stable genotype 
should have those deviations close to zero.

The GGE biplot analysis, similarly to AMMI, uses the PC 
analysis. However, in contrast to AMMI, in this method, the 
contribution of each genotype to genetic (G) and interaction 
(GE) effects is considered simultaneously (Yan and Tinker 
2006). With different methods of data centering, data scaling 
and singular value partitioning, the patterns of interaction 
could be neatly visualized in this graphic method to assess 
the contribution of environments and genotypes to the GEI 
(Yan et al. 2007).

Correlation coefficient between different measures of 
GEI was calculated. Further, the GEI measures were com-
pared through the simulation of selection for 10 top fami-
lies according to each method. The response to selection 
was calculated as selection differential × family heritability. 
Selection based on the  bi was actually constrained to top-
performing families having the  bi values not significantly 
different from 1, and the  s2

di values not significantly different 
from zero. The stability variance was not used in that com-
parison, because it is incorporated into the  YSi.

All the stability analyses were performed in the R envi-
ronment (R Core Team 2019). The ANOVA was fit with the 
‘lmer’ procedure in the ‘lme4’ package. The AMMI analy-
sis and  YSi calculations were performed in the ‘agricolae’ 
package. The  bi and GGE analysis was done in the ‘metan’ 
package, and visualization of GGE biplots was done in the 
‘GGEBiplots’ package.

Results

Analysis of variance revealed the existence of significant 
GEI for both diameter and height (Table 2). Sites were 
significantly different, with the same ranking of sites with 
respect to both traits. Greater values were observed at the 
Podanin site compared to the three other sites (Figs. 1, 2) 
with many cross-overs for families among sites (Fig. S1). 
Variation of tree diameters among families amounted to 
between 27% in Płytnica and Podanin and 31% in Tuczno 
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(Fig. 1), and for tree height it amounted to between 13% in 
Sarbia and 20% in Płytnica and Tuczno (Fig. 2).

Further analysis of GEI with AMMI revealed three sig-
nificant principal components for both traits (Table 2). The 
PC1 and PC2 jointly explained 72.5% and 71% of GEI for 

diameter and height, respectively. The AMMI stability val-
ues (ASV) based on the first two PCs are shown in Fig. 3, 
with lower ASV values indicating greater stability. The 
AMMI biplots are shown in Fig. S2. Although the diam-
eters and heights were highly correlated at the family level 

Fig. 1  A boxplot of tree diameters for the tested Scots pine families. A thick horizontal bar within the box denotes the median. The site-averaged 
values for each progeny are shown as color-coded diamonds. Color lines behind the boxes show corresponding site means. (Color figure online)

Fig. 2  A boxplot of tree heights for the tested Scots pine families. A thick horizontal bar within the box denotes the median. The site-averaged 
values for each progeny are shown as color-coded diamonds. Color lines behind the boxes show corresponding site means. (Color figure online)
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(Pearson’s r = 0.88), the correlation between the ASV values 
on both traits was only slight (r = 0.37, Fig. 3). All measures 
of stability from the GEI are shown in Table S1.

The analysis of GGE biplots did suggest the existence of 
separate mega-environments for diameter (Podanin vs. other 
sites) and height (Tuczno vs. other sites). The Tuczno site 
was the most representative for the average-environment for 
diameter, and the Sarbia site for height, although these sites 
were also the least discriminative among families (Fig. S3). 
The closest family ranks were observed between the sites in 
Podanin and Płytnica for height with the greatest differences 
between those two sites and the Tuczno site (Fig. S3). For 
diameter, the most disparate family rankings were between 
sites in Podanin and Sarbia (Fig. S3b). However, the family 
ranks were positively correlated among all sites (Spearman’s 
rho between 0.52 and 0.7 for diameter, and between 0.55 and 
0.71 for height, all p ≤ 0.0001), thus data were further treated 
as belonging to a single mega-environment (Fig. 4 and Fig. 
S3, Table S2). In the figure of mean performance vs. stabil-
ity, families having the long distances between their point 
coordinates and the average-environment axis (the close-to-
horizontal line running through the origin) contribute much 
to the GEI, and thus show poorer stability than families 
closer to that axis (Fig. 4). Among the families contributing 
the most to GEI were 1883, 1888, 8438, 6461, 3936, 7488 
and 7493 for diameter, and for height these were 7488, 1881, 
8436 and 3935 (Fig. 4, see also Figs. 1, 2).

Analysis of regression coefficient of family performance 
on environmental index showed that the heterogeneity of 
regression coefficients was not significant for both traits 
(Table 2). However, the  bi values varied between 0.56 and 

1.44 for diameter and between 0.80 and 1.19 for height 
(Fig. 5). For both traits five families had the  bi values sig-
nificantly greater than 1.0, indicating their greater than aver-
age responsiveness to improvement of environmental condi-
tions, with two of those families in common (3718, 6461) for 
diameter and height (Fig. 5). Five and seven families had the 
 bi values lower than 1.0 (lower than average responsiveness) 
for diameter and height, respectively, with four of them in 
common for both traits (Fig. 5). Twelve and 15 families had 
the  s2

di values significantly greater than zero (P ≤ 0.05) for 
diameter and height, respectively (Fig. 5). Seven of those 
families were also identified as contributing the most to 
GEI for diameter (as above), but only one (1881) for height 
(Figs. 4, 5, Table S2).

The Kang’s Yield-Stability Index  (YSi) was highly cor-
related with phenotypic values. A weak positive, but signifi-
cant correlation was found between the  s2

di and ASV and 
phenotype for diameter (Table 3). The  s2

di and ASV were 
also positively correlated with each other and with stability 
variance for both traits, but the strength of those correlations 
was greater for diameter than height. Correlations between 
the other measures of GEI were mostly weak and nonsignifi-
cant for both traits (Table 3).

The estimates of family heritability used for calculating 
selection differential were 0.894 (± 0.088 s.e.) for diam-
eter and 0.891 (± 0.088 s.e.) for height. Family selections 
based on the phenotype and  YSi corresponded very well 
and resulted in 5 mm (7.6%) response to selection on diam-
eter and 21 cm (4.3%) on height (Table 4). There was a 
smaller agreement with family selection based on the  bi 
(6.3% response for diameter and 3.3% for height), and much 

Fig. 3  AMMI stability values 
(ASV) for diameter and height 
for the examined families of 
Scots pine
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disagreement between selections based on the ASV and the 
other methods, with only one selection in common and 
leading to a slight loss in both diameter (-1.6%) and height 
(− 0.6%, Table 4).

Fig. 4  Mean versus stability GGE biplot for diameter (a) and height 
(b) in the analyzed progeny test with Scots pine. The arrowhead 
indicates the average value across environments; family values fall-
ing toward that direction from the center of the graph show positive 

deviations from the mean. The vertical deviations of each family from 
the close-to-horizontal green line show their relative contribution to 
the G × E interaction. (Color figure online)

Fig. 5  The relationship between diameter and height performance 
and stability for examined families of Scots pine. Horizontal dashed 
lines indicate regression coefficients  (bi) significantly different from 

1.0 (P ≤ 0.05). The families with significant deviation mean squares 
 (s2

di) are indicated by large blue dots. Vertical line shows the cut 
point for selection. (Color figure online)
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Discussion

We have found significant variation among the open-pol-
linated families of Scots pine in the young progeny test 
with respect to height and diameter growth, with signifi-
cant GEI present for both traits when tested at four sites. 
The majority of variation was associated with site effect. 
Because the sites differed little in climatic conditions, the 
majority of that variation was likely caused by variable 

soil fertility. This was reflected in the fact that site rank-
ings in both traits closely followed the gradient of site type 
fertility according to the site typology used in forestry in 
Poland. Relative differences among sites were only slightly 
greater for height than for diameter. The examined stands 
were in the phase of initiation of strong inter-tree competi-
tion, thus the observed pattern indicates that height growth 
may gain priority over diameter growth in a closing stand, 
especially at the most fertile site in Podanin.

Table 3  Correlation coefficients 
between different measures 
of genotype × environment 
interaction for diameter (above 
diagonal) and height (below 
diagonal). Significant values 
(p ≤ 0.05) are shown in boldface

Phenotype YSi Stab. var bi s2
di ASV

Phenotype 0.940 0.195  − 0.047 0.227 0.262
YSi 0.917 0.080  − 0.085 0.165 0.196
Stab. var 0.043  − 0.092 0.115 0.836 0.798
bi 0.051  − 0.046 0.001 0.151 0.108
s2

di 0.186 0.054 0.593 0.048 0.901
ASV 0.062  − 0.063 0.465 0.011 0.713

Table 4  Diameter and height 
values and the response to 
selection for the 10-top families 
of Scots pine selected based 
on phenotype and different 
measures of G × E interaction

Phenotype bi YSi ASV

Rank Family Diameter Family Diameter Family Diameter Family Diameter

Diameter (mm)
1 8444 75.6 7485 72.6 7485 72.6 7484 55.0
2 7485 72.6 1899 72.3 1899 72.3 1887 63.4
3 1899 72.3 8439 71.2 8439 71.2 7478 68.9
4 8438 71.9 1891 69.9 1891 69.9 1243 64.3
5 8439 71.2 6460 69.9 8444 75.6 1894 64.3
6 1891 69.9 7480 69.6 8438 71.9 1899 72.3
7 405 69.9 404 69.4 6460 69.9 1879 67.3
8 6460 69.9 7479 69.4 7480 69.6 7481 63.0
9 7480 69.6 8441 69.3 8441 69.3 1903 60.8
10 404 69.4 7478 68.9 405 69.9 7477 65.2
Mean 71.23 70.25 71.22 64.46
Response (mm) 5.0 4.1 5.0  − 1.1
Response (%) 7.58 6.25 7.57  − 1.64
Height (m)
1 7485 5.22 7485 5.22 7485 5.22 1241 4.95
2 8438 5.17 1899 5.15 8439 5.08 1887 4.81
3 1888 5.16 1880 5.11 1899 5.15 3151 4.83
4 1899 5.15 8439 5.08 1888 5.16 8439 5.08
5 8444 5.15 1891 5.08 1891 5.08 1238 4.92
6 404 5.12 3935 5.06 8438 5.17 1898 4.91
7 1880 5.11 6460 5.05 1880 5.11 3936 4.85
8 405 5.09 7480 5.04 7480 5.04 7476 4.71
9 8439 5.08 7478 4.98 8444 5.15 1903 4.65
10 1891 5.08 1889 4.98 404 5.12 1243 4.92
Mean 5.13 5.08 5.13 4.86
Response (m) 0.21 0.16 0.21  − 0.03
Response (%) 4.36 3.32 4.28  − 0.57
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Significant GEI was reflected in cross-overs of family 
ranks among sites. This finding ascertains that selection 
decisions should take this interaction into account. However, 
no single method of GEI analysis serves all the objectives 
that the breeder may have when making selection decisions.

The GGE biplots are very useful in disentangling the 
patterns of contribution of each genotype and environment 
into both genotype and genotype × environment interaction 
effects. The method proved its usefulness for the forestry 
applications (Correia et al. 2010; Klisz et al. 2017; Ukalski 
and Klisz 2016), which is also confirmed by our study. How-
ever, it requires balanced data which may limit its applica-
tion. Yet, this constrain may be overcome with the use of 
BLUP values for examined genotypes in connection with 
GGE biplots (Ling et al. 2021). Conveniently, in our study 
we identified with the help of GGE biplots that even with 
the presence of the cross-over interaction, family ranks were 
not strikingly different among sites, thus there was no need 
for separate sets of selections for our sites. Despite its attrac-
tiveness, an important drawback of the GGE biplot method 
is the lack of uncertainty measures applied to it. The mean 
performance and stability/instability for genotypes could be 
easily identified on the biplot graph, however, any interac-
tion patterns identified by this method should be tested with 
formal statistical procedures (Yan and Hunt 2002).

The AMMI procedure is also a multivariate method using 
the PC analysis. The advantage of AMMI over the GGE 
biplots is the availability of the ASV, which is a quantita-
tive measure of genotype stability (Purchase et al. 2000; 
Sabaghnia et al. 2008). The ASV shows the distance from 
the origin on the biplot of the first two principal components 
weighted by the proportional difference between these two 
PCs, because the PC1 contributes the most to the G × E sum 
of squares (Purchase et al. 2000). The ASV values in our 
study were well correlated with the other measures of stabil-
ity based on squared residuals (stability variance and  s2

di) for 
diameter, but less so for height. Thus, it confirms its suitabil-
ity as a metric of genotype stability, but it also requires fur-
ther testing in broader set of environments for examination 
of factors affecting this measure. Despite of the availability 
of ASV in the AMMI method, the GGE biplots are easier to 
interpret than the AMMI biplots when examining genotype 
performance at particular sites and assessing its contribution 
to GEI (Yan and Tinker 2006; Yan et al. 2007).

The heterogeneity of regression coefficients among exam-
ined families was not significant, which limits the useful-
ness of regression approach for the interpretation of GEI in 
our dataset (Becker and Léon 1988). Relatively few families 
were either more or less responsive to the change in envi-
ronmental conditions than the average. However, the regres-
sion coefficient should be interpreted together with deviation 
from regression, where the  bi is regarded a response param-
eter and  s2

di a stability parameter (Becker and Léon 1988). 

The method enabled identification of particularly interesting 
families in our study (see Figs. 1, 2, 5). Two families—7485 
and 1899, had especially favorable growth on both diameter 
and height and average stability. Families 8444 and 8438 
also had good growth, but with large  s2

di and with lower 
and greater than average stability, respectively. It indicates 
that the former one would underutilize the better site con-
ditions, and the latter would underperform at poor sites. 
On the opposite end was the family 7484, which was poor-
performing for both traits at all sites with below-average 
responsiveness to the environment. Our results indicate that, 
even when variation in regression coefficients for GEI is not 
large, the detailed examination of the results of regression 
approach is useful for disentangling the interaction pattern 
and making selection decisions.

The Kang’s Yield-Stability Index  (YSi) was highly cor-
related with phenotypic values in our study. Perhaps the 
small level of variation in relative performance of families 
across sites has caused that, because despite incorporating 
the stability variance in itself (Shukla 1972), the  YSi seems 
to put more weight on family performance than on its vari-
ation. Thus, the  YSi was not informative in terms of the 
examination of the pattern of GEI present in the analyzed 
data. However, this method was mainly used for agricultural 
applications (e.g., Mohammadi et al. 2010). In situations 
similar to our study, the Kang’s index should be used as an 
auxiliary method to other measures of GEI for supporting 
selection decisions.

Different measures of genotype stability used in our 
study were only weakly correlated, except for the correla-
tion between ASV,  s2

di, and stability variance. The correla-
tion between stability variance and  s2

di is not surprising as 
both parameters are based on squares of residuals (Becker 
and Léon 1988). However, stability of yield is not the only 
parameter important for selection, but rather an integrated 
analysis of stability and yield is needed for making informed 
selection decisions. Therefore, selection based on the ASV 
which focused only on stability, gave the most disparate 
results, compared to the selection based on  YSi and  bi, which 
gave results similar to selection based on phenotype only. 
However, if selection was confined to only stable genotypes 
 (bi not different from 1.0 and  s2

di not different from 0) the 
two families 8444 and 8438 would be missed, although 
they may be especially suitable for poor and fertile sites, 
respectively. Selection based on these parameters, supported 
by careful analysis of patterns of family performance (see 
Figs. 1, 2) and stability provided by GGE biplots (see Fig. 4) 
and regression analysis results (see Fig. 5) is a promising 
approach to the use of GEI in forest tree breeding. The ASV 
was useful as stability measure in our study, but its suitabil-
ity to support selection decisions should be tested.

A possible limitation of our study is the low number of, 
or rather the small range of variability among environments. 
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As pointed by Becker and Léon (1988), it is impossible to 
calculate useful genotype stability measures from a few 
environments only. However, how many is “a few” in this 
regard, was not stated. In forestry applications, commonly 
there are between 2 and 15 locations of experimental sites 
(e.g., Costa e Silva et al. 2001; Dutkowski et al. 2006; Fu 
et al. 1999; Schermann et al. 1997; Stoehr et al. 2010). Mag-
nussen (1993) recommends to base the meaningful infer-
ences of GEI on at least five sites. For that matter, the four 
sites used in our experiment might be at the lower end of the 
number of environments required for estimation of GEI and 
stability of tested genotypes. However, our results indicate 
that even this low number of environments would provide 
useful information about the extent of GEI for supporting 
selection decisions in tree breeding programs.

Conclusions

In conclusion, we found a significant GEI for both diameter 
and height in the progeny test with Scots pine. We used dif-
ferent methods of analysis of GEI and found their variable 
usefulness for supporting selection decisions. Successful 
selection decisions need an approach integrating informa-
tion available from those methods. We propose the follow-
ing sequence of steps after finding significant GEI in forest 
progeny tests. (1) Use GGE biplots with the G + GE data 
centering and different singular value partitioning to iden-
tify patterns of interaction. Examine the relationship among 
environments and the discriminative ability and representa-
tiveness of environments. Examine genotypes’ performance 
and stability (contribution to GEI). (2) Perform regression 
analysis and identify genotype’s response to environment 
 (bi) and stability  (s2

di). (3) Compare the patterns of stability 
based on mean square deviation and GGE biplot. (4) Finally, 
depending on selection objectives, make selections based 
on trait value (yield) and environmental responsiveness  (bi) 
taking stability into consideration.
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