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Abstract Rooted cuttings of 40 different clones (geno-
types) of Picea abies (L.) Karst were planted in seven test
environments (P, H, L, S, B, M and K) in northern
Germany. Type-B genetic correlations between the pairs
of test sites were estimated, and a cluster diagram based
on inter-site genetic correlations for height was used to
illustrate the general pattern of similarities among the
test sites. Principal component analysis (PCA) showed
that the first three principal components explained 97%
of the variance in height, thereby providing a good
summary of the relationships among the test sites.
Test sites B and K accounted for a relatively high—and
test sites H and M for a relatively low—proportion of
genotype-environment interaction sums of squares and,
consequently, for ‘‘ecovalence’’. ‘‘Moderator’’ and
‘‘instigator’’ test sites for interactions in different site
combinations were detected. On the basis of several
similarity measures, we observed two distinct groups:
sites M-S-P formed one group, while sites K-L formed
the other; sites H and B were closer to the first group.
The empirical data indicated that a good test site should
have the following features: (1) low interaction behav-
iour, (2) low coefficient of variation, (3) high genotypic
selectivity, (4) high coefficient of determination, (5) high
efficiency of expected gain. Based on these criteria, si-
te M was determined to be the best test site for screening

genotypes to be planted in other environments. We
concluded that one broadly adapted vegetative propa-
gation population of P. abies can be used for the po-
tential planting environments in northern Germany.

Introduction

One purpose of provenance, family and clonal tests is to
obtain data on which to base deployment strategies for
genetically improved (seed and/or clonal) materials. If
the relative performances of the genetic entries grown on
different environments are highly different, then geno-
type-environment interaction (G·E) becomes a major
challenging factor in genetic improvement programmes
(Zobel and Talbert 1984). In such cases, the breeder is
faced either with developing separate breeding popula-
tions for each environment and/or with selecting geno-
types that generally perform well over many
environments (McKeand et al. 1990). Various genetic
parameters are used to determine genotypes displaying
high stability in a wide range of environments. It is also
equally important to determine test sites that have a
intrinsic high ability to detect and screen desirable
genotypes that would be successful in a wide range of
environments. When the main emphasis is on test envi-
ronments, the questions often asked are:

– How similar is a given test environment to others with
respect to the expression of the genotypes’ character-
istics?

– How do the genotypes of interest ‘‘read and interpret’’
the environmental variables at a given test site?

– What are the best test sites that could be used as to
predict performance in other environments?

One approach to answering such questions and to
determine the degree of similarity (or dissimilarity)
among test environments is to estimate Type-B genetic
correlations (Falconer 1952; Yamada 1962; Burdon
1977; Lu et al. 1999). These correlations show the degree
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to which test sites are similar with respect to ranking
genetic entries. Type-B genetic correlation has been
routinely utilized in forest tree breeding to estimate the
degree of similarity of genetic group ranking and level of
G·E interaction among the test sites concerned (Burdon
1977; Hodge and White 1992; Adams et al. 1994; Dieters
et al. 1995) and for predicting genetic gains from indirect
selection (Burdon 1977; Johnson 1997).

The performance of genotypes (40 clones) of Picea
abies (L.) Karst in seven test environments (sites) has
been analysed in previous studies (St Clair and Kle-
inschmit 1986; Isik et al. 1995; Isik and Kleinschmit
2003). When 17 years of age, the clones were analysed
for several stability-related parameters and contribu-
tions of individual clones to total interaction, and the
magnitude of variance (Vcs) due to G·E was determined.
G·E was determined to be a significant factor on the
basis of traditional F tests but not so based on non-
parametric tests using S(m) statistics (Isik and Kleinsch-
mit 2003). In the investigation reported here, the
emphasis was placed on the test sites rather than on
genetic groups. Our general objective was to determine
the similarities among the test environments and to
subsequently draw inferences about deployment of ge-
netic materials based on various measures of similarity.
Our specific objectives were: (1) to determine Type-B
genetic correlations between the test sites; (2) to estimate
genetic parameters (genetic variances, genetic covari-
ances, heritabilities) associated with Type-B genetic
correlations; (3) to estimate the contribution of each test
environment to total interaction; (4) to determine the
genotypic selectivity of each test site; (5) to predict gains
at the other test sites when selection and screening is
carried out at a given test site; (6) to determine the
efficiency of each specific test site with respect to serving
others.

Materials and methods

Genotypes

The genotypes used in this study were rooted cuttings
(ramets) from 40 different clones of Norway spruce
[Picea abies (L.) Karst.]. The terms ‘‘genotypes’’ or
‘‘genetic groups’’ are used in the same context as
‘‘clones’’ in the study. The genotypes were selected at age
4 years on the basis of their growth performance from
an initial vegetative propagation study started in 1968.
Prior to such selection, each parent ortet was chosen
from 13 different provenances of outstanding perfor-
mance. The tertiary (third-cycle) cuttings from these 40
selected clones were rooted in spring 1974 and grown for
3 years in the nursery (Kleinschmit 1974). The rooted
cuttings were then planted during the spring of 1977 at
seven test sites. Different traits of each tree (each ramet)
were observed at different ages. The data evaluated in
this study are based on height in centimeters, measured
at 17 years of age from rootings in the nursery.

Test sites and the experimental design

The seven test sites are located in northern Germany
and were chosen to represent the range of environ-
ments where genetically desirable Norway spruce
clones could be planted in the future. Three test sites
[S = Syke (Hasbruch), M = Medingen (Goehrde), B
= Binnen (Nienburg)] are located in the low coastal
plains in the north of the country (between 39 m and
50 m a.s.l.), while the other four [P = Paderborn, K
= Kattenbühl, H = Holzminden (Neuhaus), L =
Lautenthal (Seesen)] are located further south and at
relatively higher elevations (between 340 m and
575 m a.s.l.). For more details on the test sites see St
Clair and Kleinschmit (1986) and Isik et al. (1995).
The experimental design at each test site was a ran-
domized complete block design with 20 blocks, each
block containing a single-tree plot of each of the 40
clones (and nine seedlings from Westerhof origin). The
performances of the seedlings compared to those of
the clones have been evaluated earlier by St Clair and
Kleinschmit (1986) and Isik et al. (1995). The present
study includes only the clonal material. Thus, each
test site contained 40 clones, each initially with 20
ramets.

Biostatistical analyses

In order to estimate genetic parameters at each test site
and to estimate Type-B genetic correlations between site
pairs, our first step was to perform separate analysis of
variance for each test site. Other parameters were esti-
mated at subsequent steps as described below.

Analysis of variance (ANOVA)

Applying general linear models (GLM) procedures, we
performed ANOVA for each test site to estimate genetic
parameters within the test sites (SAS 1987; Sokal and
Rohlf 1995) (Table 1). The ANOVA model was:

Xik ¼ lþ Ci þ eik ;

where Xik is the observed value of the kth tree (ramet) of
the ith clone; l, the overall site mean; Ci, the effect of the
ith clone (i=1 fi c; where c=40); eik, the error (within
clone) term (k=1 fi n; where n = the number of ra-
mets per clone; initial n was equal to 20).

Block effects were not considered in the analyses due
to differential deaths of clones, each of which was rep-
resented only once within each block.

Genetic variances

Expected mean square values obtained by GLM as in the
last column of Table 1 were used to estimate genetic
variances between groups. Since each ‘‘genetic group’’ in
this study is a separate clone [that is, since the members
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(ramets) of a given clone are identical genotypes], it is
assumed that Vg=Vc. Thus:

Vc ¼ Vg ¼ genetic variance between clones
(genetic groups) at a test site;

Vp ¼ Vc þ Ve ¼ phenotype variance;
V�c ¼ V�g ¼ Vc þ ðVe=kÞ ¼ variance of the clone means:

A subscript of x or y can be added to each parameter
in order to indicate to which test site the parameters
belong to. For example, Vgx

and Vgy
represents genetic

variances at test site x and test site y, respectively.

Heritabilities

Heritability ðh2�gx
Þ of clone (group) means (or repeat-

ability) at test site x is estimated by h2�gx
¼ Vcx=V�gx

: Broad-
sense heritability ðh2

bx
Þ (or heritability on an individual

ramet basis) at test site x is estimated by h2
bx
¼ Vcx=VPx :

For estimates at test site y, corresponding values with
subscript y are used.

Genetic covariance

Lu et al. (1999) reported that when data are balanced
within and across test sites, it yields unbiased estimates
of genetic covariance. Therefore, in the present study
missing observations for a given clone due to differential
mortality at different test sites were balanced (by using
only equal numbers of individuals across the test sites
for a given clone) (see nij, Table 2). SAS (1987) PROC GLM

with the MANOVA option was used to obtain cross-prod-
uct matrices [Error sum of squares cross products (E-
SSCP matrix) and Type-III SSCP (H-matrix)] and then
to estimate covariance components in the manner as
variance components (with a model analogous to that in
Table 1). Genetic covariance (COV gxy) between envi-
ronments x and y was estimated according to the
equation:

COVgxy ¼ ðMCPg �MCPeÞ=k ð1Þ

where MCP indicates the mean cross-products.
The procedure to calculate COVgxy by Eq. 1 is

analogous to using mean square values for estimating Vc

in Table 1. If site x and site y are the same site, then
COV gxy = Vc= Vg (Table 3). Thereby, in addition to
the method in Table 1, the Vc value can also be found
from the corresponding values in the E- and H-matrices,
just as COVgxy is calculated.

Type-B genetic correlations (genetic correlations
between pairs of test sites)

When a given trait of the same clone is measured on two
different environments (x and y), the genetic correlation
between the environments concerned is denoted Type-B
genetic correlation. Type-B genetic correlation ðrgxy

Þ is
one criterion by which to measure the level of similarities
among the test environments. It is essentially a measure
of G·E, and 06rgxy

61 (Burdon 1977; Dieters et al.
1995). A high genetic correlation ði.e., rgxy

� 1Þ between
environments x and y indicates that the genotypes be-
have nearly the same (i.e. the rank orders of genetic
groups will be more or less similar) at the two environ-
ments, with no detectable G·E. It can be calculated by:

rgxy
¼ COVgxy

ffiffiffiffiffiffiffiffiffiffiffiffi

Vgx
Vgy

p : ð2Þ

Burdon (1977) provided an alternative formula for the
estimation of rgxy

value as:

rgxy
¼

r�gxy

ðh�gx
h�gy
Þ ð3Þ

where: r�gxy
= correlation coefficients between clonal

means at environments x and y, and

r�gxy
¼ COVgxy

ffiffiffiffiffiffiffiffiffiffiffiffi

V�gx
V�gy

p :

Cluster analyses

Genetic correlations between pairs of test sites ðrgxy
Þ were

used as a measure of similarity. When rgxy
is close to

unity, then the concerned sites are assumed to be more
similar. By using rgxy

; a phenogram of clustering of sites
(from the unweighted pair-group method using arith-
metic averages, UPGMA) was employed to illustrate the
general pattern of similarities among the test sites
(Sneath and Sokal 1973, pp 230–234).

Principal component analysis

PCA is a multivariate technique for detecting linear
relationships among several quantitative traits without
designating some as independent and others as depen-
dent. The purpose of PCA in this study was to detect
relationships among the test sites. As input data, each
test site in this study is represented by 40 quantitative
traits (clonal means). If there were only two traits
(variables), the locations of the test sites could have

Table 1 ANOVA modela used to conduct a separate analysis for
each test site

Source of
variationb

Sum of
squares

Degrees of
freedoms

Mean
square

Expected
mean square

Groups =
c (clones)

SSc c�1 MSg Ve+kVc

Error SSe c(n�1) MSe Ve

Total c. n �1
ac = the number of groups (clones) = 40; n = 20 = initial number
of trees (ramets) per clone; k=13.317 = effective number of trees
per group (clone); Ve =MSe = within-group (error) variance; Vc=
variance due to group differences = (MSg� MSe)/k
bAll effects are assumed to be random
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easily been plotted in a two-dimensional space. How-
ever, there are 40 variables, and thus it is impossible to
plot all of the variables simultaneously to locate relative

positions of the test sites within multidimensional space.
That is where PCA helps the researcher. PCA reduces
the number of variables to a few principal components

Table 2 Height means (in centimeters) of 40 Picea abies clones 17 years of age at seven test sites

Clone code
(i =1 to 40)

Test site clonal value (Xij
a) (j=1 fi 7)b Genotypic (clonal) value

P H L S B M K
P

j nij
c �Xi: Rankd

4 675 544 500 824 542 712 615 91 630 25
9 706 528 502 785 508 728 558 91 616 31
11 617 468 413 690 583 711 454 77 562 38
15 671 498 524 802 552 751 476 91 611 32
18 650 566 505 810 609 823 545 91 644 19
26 811 573 554 904 644 914 579 98 711 05
37 763 621 584 899 696 789 669 98 717 04
41 788 643 545 945 735 935 533 91 732 02
42 736 601 522 843 494 829 579 105 658 16
45 668 575 531 853 637 797 536 98 657 17
46 689 549 471 870 582 836 609 105 658 15
50 682 549 456 865 646 799 519 112 645 18
66 649 526 542 769 570 755 545 91 622 27
87 760 640 453 905 606 886 542 84 685 09
88 726 592 474 779 597 789 455 91 630 24
90 674 600 501 799 539 774 566 98 636 21
94 679 540 434 776 466 758 498 112 593 33
95 738 618 569 889 706 885 666 105 725 03
98 723 569 449 790 619 756 561 98 638 20
101 617 605 552 970 650 882 492 28 681 12
103 695 634 530 956 689 847 553 98 701 08
104 636 567 447 725 537 727 512 105 593 34
107 834 596 449 960 680 890 549 91 708 06
112 632 526 479 745 371 713 510 98 568 37
113 720 460 556 791 568 796 543 84 633 23
115 728 543 475 795 483 775 543 105 621 29
116 657 540 474 856 528 779 519 84 622 28
118 631 475 465 780 529 771 471 98 589 35
123 745 707 576 847 750 939 676 105 748 01
125 682 587 533 727 609 742 563 105 634 22
142 685 576 471 768 623 718 498 91 620 30
143 682 575 487 866 711 811 659 105 684 10
145 786 589 557 836 534 804 594 98 671 14
152 723 609 498 920 593 855 529 98 675 13
173 610 502 366 820 540 696 397 63 561 39
181 706 499 382 767 568 737 448 91 587 36
188 751 641 586 851 632 899 584 112 706 07
189 634 467 446 685 488 652 342 84 531 40
196 655 571 483 776 675 769 476 77 629 26
197 769 525 501 854 692 893 536 84 682 11
�X:j

e= 699 565 496 827 595 798 536 N = 3,731 645f

Table 3 Variance-covariance (var-covar) matrices between site pairs in height in 17-year-old trees. Below diagonal: genetic var-covar;
above diagonal: phenotypic var-covar. Bold values on the diagonals are the Vc=Vg values for the test site concerned

Sitea P H L S B M K

P 3,1441,717 1,554 1,158 2,115 1,953 2,661 1,967
H 1,559 2,9972,338 1,506 2,401 2,581 2,715 2,299
L 1,245 1,447 2,7952,117 1,526 1,720 2,071 2,376
S 2,379 2,177 1,285 5,1343,759 3,408 4,075 2,269
B 2,047 2,672 1,806 3,526 6,7295,171 3,872 2,460
M 2,730 2,714 1,949 3,888 3,936 5,1013,865 2,630
K 1,873 2,262 2,412 2,249 2,692 2,602 4,8543,546

aFor test site abbreviations, see Table 2

aMean of a clone at a given test site
bTest sites: P, Paderborn; H, Holzminden; L, Lautenthal; S, Syke;
B; Binnen; M, Medingen; K, Kattenbühl
cnij ¼

P

j
nij=7 = Number of individuals observed for clone i at test

site j

dThe tallest clone has the rank of 1
eSite value (mean of all clones at a test site)
f�X:: = Overall mean
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such that data can be summarized into two or three
dimensions. Subsequently, the plots of the first few
principal components are valuable tools in illustrating
relationships among the groups concerned (SAS 1987;
Johnson and Wichern 2002).

As input data in PCA, we used clonal means arranged
in an r·c table, where r denotes the rows (test sites = 7)
and c denotes the columns (clones = 40). In other
words, the mean of each clone was considered to be a
separate trait at each test site, so that each test site had
40 variables to be evaluated by means of PCA. The r·c
table is a transposed version of the data in Table 2. At
the end of PCA, 40 principal components, and the cor-
responding eigenvectors and eigenvalues, were com-
puted based on correlation matrix (SAS 1987).

Type-B ecovalence

When different genotypes are tested in a range of specific
environments, generally the contribution of each geno-
type (ecovalence) to the total interaction sum of squares
is estimated (Wricke 1962; Becker and Léon 1988;
Karlsson et al. 2001; Isik and Kleinschmit 2003). Eco-
valence obtained this way will be designated as Type-A
ecovalence (Wi). Where the emphasis is on the role of
environments rather than of genotypes, a second type of
ecovalence can also be estimated. The ecovalance thus
obtained will be designated as Type-B ecovalence (Wj),
which is an analogous terminology to that proposed by
Burdon (1977) on genetic correlations between test sites.

Type-B ecovalence was estimated using Eq. 4 and the
data in the r·c table (Table 2).

Wj ¼
X

i

ðXij � �Xi: � �X:j þ �X::Þ2; ð4Þ

where Wj is the contribution of the test site j to the total
interaction sum of squares (Type-B ecovalence); Xij, the
mean value of clone (group) i at site j; �Xi: , the overall
mean value (or genotypic value) of clone i (where: i fi 1
to 40); �X:j , the overall mean value of environment j
(where: j fi 1 to 7); �X:: , the grand mean (mean of all
clones at all sites).

The Wj values were calculated in a stepwise process
(STEX process). In the first step, when all seven test sites
are included in the data set (i.e. when s=7), we esti-
mated the Wj values by Eq. 4. Then, the site with the
highest Wj value was considered to be the most inter-
acting site (MIS). In the second step, the MIS was
dropped from the data set, so that s=6. Estimations of
Wj values were also made, and the MIS was detected
similarly within the six-site-combination. Such stepwise
exclusions of the most interacting sites were carried out
until there remained the last two sites. This procedure is
called the STEX (stepwise exclusion) process, and it
helps to detect the interactive behaviour of test sites
relative to each other and determines the combinations
of various test sites that are least interacting and more
similar.

Genotypic selectivity of a test site

The same data (Table 2) that we used for Type-B eco-
valence was also used for genotypic selectivity. When the
main concern is the genotypes, the general application is
that the value of each genotype is plotted against the
environmental mean (Finlay and Wilkinson 1963; Owino
1977; St Clair and Kleinschmit 1986; Li and McKeand
1989; McKeand et al. 1990). The slope of the regression
line (bi) thus obtained measures the environmental sen-
sitivity of the genotype (Falconer 1981, p 123; Isik and
Kleinschmit 2003). However, when primary attention is
directed towards the role of the test environments (j) ra-
ther than that of the genotypes (i), the mean value of
each genetic group at a given test environment (on the
Y axis) can be plotted against the genotypic values (on
the X axis) [the genotypic value is defined as the overall
mean of a given genetic group as it is expressed in all
environments (Falconer 1981, pp 123–124)]. The slope
of the regression line (bj) in such a plot measures the unit
increase of site value per unit improvement in genotypic
quality (Fig. 3, Table 6). We calculated bj values for
each test site and used the term genotypic selectivity to
describe the reaction of a test site to a per unit increase
in genotypic quality. Thus, sites with high regression
slopes (i.e. bj>1.0) are highly selective, with a relatively
high discriminating (or selective) power against poor
genotypes, and relatively favor good genotypes. To test
for equality among the regression slopes, we used the
method described in Sokal and Rohlf (1995, pp 493–
499). From the regression analyses that we used to cal-
culate the bj value, we also calculated the r2 value
(coefficient of determination) for each test site (SAS
1987).

Genetic gains

Based on the principles of correlated response (Falconer
1981, p 286; Burdon 1977), gain in environment y based
on selection in environment x (i.e. DGy.x) can be pre-
dicted by:

DGy:x ¼ i:h�gx
:h�gy

:rgxy
:
ffiffiffiffiffiffi

V�gy

q

ð5Þ

where i =selection intensity (in this study, i =1.365,
which corresponds to 20% selection).

Gain can also be estimated by (Burdon 1977):

DGy:x ¼ ib
ffiffiffiffiffiffi

V�gx

p

ð6Þ

where b ¼ COVgxy=V�gx
: Both Eqs. 5 and 6 were

applied—and produced identical results in this study.

Efficiency of a site for selection

Assuming that the same intensity of selection was ap-
plied on both sites (i.e. ix=iy), the efficiency of selection
at site x for planting at environment y (Ey.x) can be
estimated by (Falconer 1981; Burdon 1977):
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Ey:x ¼
DGy:x

DGy:y
¼ rgxy

:ðh�gx
=h�gy
Þ: ð7Þ

According to Eq. 7 the efficiency will be equal to unity
when x and y are the same site. Ey.x is greater than unity
only when h�gx

:rgxy > h�gy
: This is possible in certain

combinations when heritability at test site x is substan-
tially higher than that in planting environment, and/or
when rgxy is relatively large.

Results and discussion

Similarities among the test environments

In practice, similarities or dissimilarities among envi-
ronments are generally measured by certain environ-
mental factors expressed in various climatic, edaphic
and/or geographic variables. For breeding and selection
purposes, however, the main question to be asked is how
the group of genotypes of interest ‘‘read and interpret’’
the environments concerned. In view of this question, it
is possible to measure the extent of similarities among
test environments as they are interpreted by common
genotypes grown on them. We have estimated and dis-
cussed five criteria below as a means of measuring the
level of similarities among the test sites.

Genetic correlations

Type-B genetic correlations in this study were always
greater than the corresponding phenotypic correlations
(i.e. correlation of clonal means) (Table 4). This is often
observed in such studies (see Lambeth et al. 1983; Rie-
menschnieder 1988; Gwaze et al. 2001). Out of 21
combinations of site pairs, 19 showed genetic correla-
tions greater than 0.60. The remaining (and the lower
values) were of the test site pairs L-S (0.46) and L-B
(0.55). Site L showed relatively low rgxy values with all of
the other test sites except site K ðrgKL

¼ 0:88Þ: On the
other hand, site M showed a rather high similarity with
the other test sites, the lowest level being with site L
ðrgML

¼ 0:68Þ; and the second lowest with site K
ðrgMK

¼ 0:70Þ:
In 2 out of 21 cases, genetic correlation coefficients

were found to slightly exceed the theoretical parameter
space ði.e., rgMP

¼ 1:06; and rgMS
¼ 1:02Þ (Table 4). Such

out-of-bound values often occur when very low esti-
mates of genetic variance are obtained in one or two of
the environments concerned (Lu et al. 2001). They also
occur when population heritabilities are low (Koots and
Gibson 1996). In our study, site P had a low genetic
variance (less than half of that for site M) (Table 3) and,
consequently, relatively low heritability (Table 6). Sim-
ilarly, each of site M and site S had lower genetic vari-
ances than their common covariance.

The Type-B genetic correlations obtained in our
study are relatively high compared to those reported in
other studies. Johnson (1997) reported that Type-B

genetic correlations for each breeding zone for Douglas-
fir [Pseudotsuga menziesii (Mirb.) Franco] ranged from
0.42 to 0.84, indicating that values 0.7 or higher between
test sites are reasonable within a breeding zone. Average
genotypic correlations across 11 test sites for total height
growth in Picea abies in Denmark and Sweden were
estimated to be 0.54 (Karlsson et al. 2001). In slash pine
(Pinus elliottii Engelm.) Type-B genetic correlations be-
tween site pairs for height and diameter ranged from
0.46 to 0.67 (Hodge and White 1992). The relatively high
Type-B genetic correlations in our study may partly be
due to the fact that our test sites represent a relatively
narrow geographical range compared to the test sites of
the species investigated in the other studies mentioned
above.

Cluster analysis

To illustrate the general pattern of similarities among
the test sites, we drew up a phenogram based on UP-
GMA cluster analysis of genetic correlation coefficients
between pairs of test sites (Fig. 1). At the 0.80 similarity
level there were three distinct groups: sites P-M-S-H
formed the first; site B, the second; sites K-L, the third
group. At the 0.78 level, there were two groups (P-M-S-
H-B, and K-L); at the 0.64 level, all of the sites were
similar.

Principal component analysis

The eigenvalues from PCA in this study indicated that
the first three principal components provided a rather
good summary of the data: the first component ac-
counted for 91.9% of the variance, two components
accounted for 95.2% and three components explained
96.8% (Table 5). The first six components accounted for
all (100%) of the variance.

The first PC can be interpreted as a measure of
overall means of the clones, since the first eigenvector
shows approximately equal loadings on all variables The
loadings remained between a narrow range of 0.142 (the
lowest) and 0.163 (the highest). In other words, the first
eigenvector shows that the means of all the clones are

Table 4 Correlation coefficients (corr coeff) between site pairs with
respect to height at age 17 years. Below diagonal, genetic corr coeff;
above diagonal, Pearson corr coeff

Sitea P H L S B M K

P 0.51 0.39 0.53 0.43 0.66 0.50
H 0.78 0.52 0.61 0.58 0.69 0.60
L 0.65 0.65 0.40 0.40 0.55 0.65
S 0.94 0.73 0.46 0.58 0.80 0.46
B 0.69 0.77 0.55 0.80 0.66 0.43
M 1.06 0.90 0.68 1.02 0.88 0.53
K 0.76 0.79 0.88 0.62 0.63 0.70
AGCb 0.81 0.77 0.64 0.76 0.72 0.87 0.73

aFor test site abbreviations, see Table 2
bAverage genetic correlation with the other sites
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equally weighted. The second eigenvector has relatively
high positive loadings on the means of five clones (clones
nos. 112, 145, 42, 115 and 9), and relatively high nega-
tive loadings on one clone (clone no. 196). The common
features of the positively loading clones were that each
had the lowest rank of mean height at site B than they
did at all the other sites. The second PC, then, can be
interpreted as a measure of the clones that showed their
lowest relative performances at site B (thus they could
be called ‘‘anti-site-B clones’’). The third component
(which explained only 1.6% of the variance) can be
interpreted as a measure of clones that showed their
highest relative performance at site K (clones 143, 4 and
46, which may be denoted ‘‘pro-site K’’ clones). Six of
the nine clones that are impacting on the second and the
third PCs in this study were among the 16 clones that
exhibited relatively larger ecovalence values than those
clones with average (i.e. 2.5 %) ecovalence values (Isik
and Kleinschmit 2003).

The striking features of the graphical plots of PCs are
that site B was an outlier based on the second compo-
nent and that site K was similar for the third component
(Fig. 2a,b). The former may be due to five anti-site-
B clones that made their lowest relative performance at
site B, and the latter may be due to three pro-site-

K clones. Also, both sites exhibited relatively high
within-site CV values (Table 6). The patterns of prox-
imity among the test sites on the first three PCs are quite
similar to the relationships obtained from the cluster
analyses in Fig. 1.

Contribution of test sites to interaction sum of squares

When all of the test sites (s=7) were included in the
analyses, the proportion of Vcs equal 2.57% of the total
variance (Vcs, which is the variance due to G·E, was
estimated according to ANOVA model described in Isik
et al. 1995, Table 2a). In our seven-site combination, the
site with the highest Wj value [i.e. the most interacting
site (MIS)] was site B, being responsible for 23.4% of
the total interaction sum of squares (Table 6). The se-
quence of the other sites, in decreasing order, was K, S,
L, P, M and H. When the STEX process was applied by
dropping MIS (site B) in the first step, the sequence of
sites with respect to their interacting behaviour did not
alter. However, at the second step (i.e. when K is
dropped), the sequence of sites in their contribution to
total interactions changed, with the new order being L,

Fig. 1 Cluster tree (UPGMA) for the test sites based on clonal
heights at age 17 years. The test sites were: P Paderborn, H
Holzminden, L Lautenthal, S Syke, B Binnen, M Medingen, K
Kattenbühl

Table 5 Some parameters related to the first three principal com-
ponents (PCs)

Test sitea PC-I PC-II PC-III

Coordinates of the test sites on PCs
P 2.54 0.78 �0.98
H �3.78 0.01 �0.40
L �6.95 0.68 �0.56
S 8.42 0.21 0.64
B �2.38 �2.48 0.08
M 7.10 �0.08 �0.17
K �4.95 0.87 1.39
Eigenvalues and their weights on PCs
Eigenvalue 36.75 1.34 0.63
Proportion 0.919 0.033 0.016
Cumulative 0.919 0.952 0.968

aFor test site abbreviations, see Table 2

Fig. 2 Plots of first three principal components as a means of
illustrating relationships among the seven test sites. a PC-II vs. PC-
I, b PC-III vs. PC-I. For test site abbreviations, see Fig. 1
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S, P, H and M. It appears that the presence of of K had
a masking effect on the interactive behaviour of sites L
and H, since following the dropping of K their relative
rank orders increased. At the same time, the presence of
site K provoked the interaction contributions of sites S
and M. Similarly, when L was dropped in the next
STEX process, the sequence of the remaining sites
changed and took the order of P, S, H and M. In this
latter case, site L had a masking effect on P, since fol-
lowing the dropping of L, site P became the most
interacting site. The presence of L in the group also
provoked the interaction contribution of site S, since
following the dropping of site L, site S exhibited a rel-
atively lower interaction. When P was dropped in the
next step, the order of the sites was H, S and M, with
site H being the most interacting within this combina-
tion. The two sites that remained in the final step (i.e., S
and M) were the least interacting site combination.

The STEX process helps to detect the interactive
behaviour of test sites relative to each other. The pres-
ence of certain sites in the data set either moderates or
provokes the interactive behaviour of certain other sites.
For example, site K was a moderator site for L and H,
but at the same time it was an instigator site for M and S.
Similarly, site L (which has a coalition with K) was also
an instigator site for S and moderator for P. Site P was a
moderator site for site H. In summary, the STEX pro-
cess showed that when site M was within a combination,
the least interacting site combinations and the corre-
sponding amounts of Vcs were:

1. the seven-site combination B-K-L-P-H-S-M (Vcs =
variance due to G·E=2.57%);

2. the six-site combination K-L-P-H-S-M (Vcs=1.98%);
3. the five-site combination L-S-P-H-M (Vcs=1.72%);
4. the four-site combination P-S-H-M (Vcs=1.15%);
5. the three-site combination H-S-M (Vcs=1.17%);
6. the two-site combination S-M (Vcs=0.00%).

Shelbourne (1972) proposed that, as an approximate
rule of thumb, when the ratio of the interaction variance

to the group variance (i.e. here Vcs/Vc) exceeds 0.5, there
is a serious G·E, and if it is over 1.0, the breeder may
have to develop separate breeding zones. For the seven-
site combination in this study, this ratio was about 0.27
for height, and 0.30 for diameter at breast height (dbh)
(Isik et al. 1995). For the other site combinations, the
ratios were even smaller, all of which reflect the rather
minor amount of clone · site interaction variance.
Lindgren (1993) stated, along this line, that the easiest
and perhaps the best strategy is to ignore interaction and
use clones based on their average performance only.

The patterns of similarity among the test sites based
on three methods (i.e. genetic correlations, PCs and Wj

values) were closely related to each other (Table 4,
Figs. 1, 2). This is expected because each of these three
methods utilizes the same covariance matrix. These
patterns also showed close associations with the soil and
geographic variables (see Test sites and the experimental
design in Materials and methods) of the test environ-
ments: two low-elevation sites (S, M) and one mid-ele-
vation site (P), each with medium to very good soil
conditions, were quite similar in their reactions to the
genotypes tested. One high-elevation site (H) with
medium to good soil conditions and one low-elevation
site (B) with poor soil conditions were relatively closer to
the P-S-M group, with site B somewhat outlying on the
second PC. The remaining two sites (K-L) were higher
elevation sites; these were quite similar in their interac-
tive behaviours with the other test sites and also in their
reactions with the tested genotypes. These two higher
elevation sites thus formed a distinct group from the
rest.

Genotypic selectivity of test sites

A good test site for screening genotypes must allow
sufficient efficiency of selection through the expression of
good genotypes. Thus, sites with high bj values exhibit
high genotypic selectivity and may be considered to be

Table 6 Test site means ð�X:jÞ; within-site coefficient of variations (CV), regression statistics (b, r2), heritabilities (h2) and Type-B ecova-
lence (W) values for the test sites

Test sitea �X:j CV1
b CV2

b bj
c rj

2d h2
�g h2b Type-B ecovalencee

Wj absolute Wj %

P 699 8.02 18.14 0.788 cd 0.520 0.584 0.096 63,555 13.28
H 565 9.69 15.90 0.868 bcd 0.665 0.793 0.223 40,823 8.53
L 496 10.67 17.58 0.713 d 0.479 0.787 0.217 65,363 13.65
S 827 8.66 13.89 1.131 abc 0.658 0.792 0.222 70,100 14.65
B 595 13.79 26.18 1.228 ab 0.593 0.740 0.176 112,168 23.43
M 798 8.96 15.05 1.252 a 0.810 0.780 0.211 44,330 9.26
K 536 12.96 22.99 1.019 abcd 0.565 0.752 0.185 82,358 17.20
Mean 645

P

Wj 47,8697 100.00

aFor test site abbreviations, see Table 2
bCV1 and CV2 are based on clonal site means and individual
observations, respectively
cRegression slopes with the same letter are not significantly dif-
ferent from each other at the 5% level

dCoefficient of determination (the square of correlation coefficients)
eAs calculated when all seven test sites are included (in seven-site
combination)
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good test sites for detecting and selecting good geno-
types. Test site M exhibited the highest value for geno-
typic selectivity, followed by sites B and S (Table 6,
Fig. 3). According to our tests for equality of the
regression slopes, these three sites were significantly
different from site L. Furthermore, regression slopes of
sites M and B were also different from that of site P
(Table 6). Test sites L, P and H, had a relatively low
genotypic selectivity. Test sites with a low genotypic
selectivity do not ‘‘encourage’’ good genotypes and, at
the same time they have a tendency to upgrade poor
genotypes. Therefore, such sites with bj<1.0 are not
desirable and may be misleading as testing sites. It
should also be noted that test sites with higher r2 values
are more reliable with respect to their genotypic selec-
tivity and thus more desirable than those with low r2

values.
The following relationships between genotypic selec-

tivity and a number of other site variables also need to
be noted: genotypic selectivity (b) is highly correlated
with genetic variation (i.e. Vg = bold values on diago-
nals in Table 3) of sites (r=0.91, P<0.0039). It also

tends to be positively correlated with average genetic
correlation with the other sites (i.e. AGC= values in the
last row in Table 4) (r=0.42, P<0.34). These two
variables (i.e. Vg and AGC) together predict genotypic
selectivity with an r2=0.98. The prediction equation
obtained from our study was: b=�0.37131 +
0.0001587 Vg + 1.1341 AGC.

It should also be noted that there is a trend for large
b’s with taller test sites (r=0.54, P<0.21). This trend
appears to be common because genetic gain tends to be
better stated as a percentage gain rather than an abso-
lute gain. When any two sites have similar percentage
gains, the taller site has more absolute gain; therefore it
has a larger b value.

Genetic gains and efficiency levels

The usual application of test results in plant breeding is
that the selection of phenotypes is made directly at a test
environment that is representative of planting sites to be
planted in the future. This is a form of direct selection
(Falconer 1981). By considering the principles of corre-
lated response between pairs of environments, the
selection of phenotypes can also be made at testing site x
while planting is done at environment y (indirect selec-
tion). We estimated the expected gains in planting
environments (y) for each testing site (x) (Table 7). Ex-
pected gains at planting environments are usually the
greatest (or close to the greatest) when testing and
selection is carried out within the same environment
[values along the diagonal (in italics) in Table 7]. A
notable exception to this rule-of-thumb was the gain in
environment P (when site M is used as the testing site),
where both heritability and variance were low.

When we wish to compare the expected gains within
and between planting environments, the efficiency con-
cept as presented in Table 8 is a much better parameter
than the absolute amounts of gains as in Table 7. The
efficiency of indirect selection relative to that of direct
selectionmay be expressed as the ratio of expected gains at
the sites concerned. The efficiency of a testing site is equal
to unity (values along diagonal in Table 8) when testing
and selection is made within the same environment . The
highest value in a row in the table identifies the best testing
site for the planting site in the row heading. For example,
for environment P the best testing site was not itself, but
site M.When selection is done at a single site for planting
at all environments, the best site for testing is site M
(average gain = 9.3%, and average Ey.M=0.918). Site L
had the lowest efficiency level.

The efficiency level of a testing site (in a given column in
Table 8) also reflects its similarity level to the corre-
sponding planting environment. This is expected because
genetic correlation is a major component of efficiency
(Eq. 7). Based on efficiency, the degree of similarity of
testing site M to other environments was in the order of P,
S, B, H, K and L. Testing site S also exhibited the same
order of similarity level: P, M, B, H, K, L.

Fig. 3 The regressions of test site means on genotypic value (in
centimeters). See Fig. 1 for test site abbreviations
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The efficiency of a testing site was larger than unity in
4 out of 49 cases (Table 8) (EP.M=1.223, EP.S=1.089,
ES.M=1.012 and EM.S=1.027). In the first and second
cases, heritability in site P was much lower than herit-
abilities in sites M and S. In addition, genetic correla-
tions between the two respective pairs of sites were closer
to unity. In the third and the fourth cases, heritabilities
at sites M and S were nearly the same, and genetic
correlations between the two sites were greater than one.

Based on the results discussed above, site M was
identified as the best testing site, followed by sites H and
S. When the trees were tested at age 10 years with the
same experiments, the best site for testing was site M,
followed by S and B (St Clair and Kleinschmit 1986).
Apparently, as the trees get older, site B exhibited higher
interactions with the other test sites. This is also reflected
on the relatively low genetic correlations of site B with
most of the other sites (Table 4). Although site B has a
very high genotypic selectivity, it has very high interac-
tion contribution (64% more than average), high CV

value (Table 6) and relatively low Ey.B (Table 8).
Therefore, it is not preferred as a reference testing site.
Site K had an average genotypic selectivity (bj=1.0) but
high Wj, high CV, low r2j and relatively low Ey.K. In
addition, site K has been an instigator site for the si-
tes M and S. All these features made site K undesirable
as a testing site.

How frequently do the genotypes selected on test si-
te M occur on the other sites? When site M is used as
the testing site, the best eight clones and their rank or-
ders are given in Table 9. The orders of the best eight
clones selected according to the CSPi5 index (Isik and
Kleinschmit 2003) are also presented in Table 9 [CSPi5

is an index that considers selection for both high stability
and high performance simultaneously (Nassar et al.
1994)]. Of the best eight clones detected by the CSPi5

criteria, all were also among the best eight clones in
overall means (Table 9). Of these, six (i.e. 75%) were
also among the best eight at testing site M. It appears
that selection by the GSPi5 index and phenotypic selec-
tion at testing site M produce nearly similar results. The
frequency of occurrence at other sites of the best eight
clones detected in Table 9 is presented in Table 10.
Lindgren (1993) suggested that in case ‘‘certain clones
perform better on a well-defined type of site, these clones
could be deployed on site types where they perform
best’’. With selection intensity i=1.365, the average gain
from selecting at site M and planting at all suitable
environments would be 9.3 % (Table 7). The corre-
sponding gain based on selection from the GSPi5 index
was estimated to be 10.0 %. These values represent gains
only from additional clonal selection from previously
selected clones, and it does not include gains already
achieved from earlier truncation selection nor from gain
obtained relative to seedlings (see Isik et al. 1995).

Conclusions

1. Each of the three separate methods (i.e. Type-B ge-
netic correlations, PCA and Type-B ecovalence)
identified a closely related pattern of similarity
among the test sites. There were two distinct groups:
sites M-S-P formed one group, and sites K-L formed
the other. Sites H and B were closer to the first group.
This pattern also showed close associations with the
soil and geographic variables of the test environ-

Table 7 Expected genetic gains (in centimeters)a at planting site y
based on selection at testing site x

Planting
site, yb

Testing site, xb

P H L S B M K

P 43.2 39.2 32.8 47.1 33.4 52.9 37.2
(6.2) (5.6) (4.7) (6.7) (4.8) (7.6) (5.3)

H 39.3 58.8 38.1 43.1 43.6 52.6 44.9
(6.9) (10.4) (6.7) (7.6) (7.7) (9.3) (8.0)

L 31.4 36.4 55.7 25.2 29.4 37.8 47.9
(6.3) (7.3) (11.2) (5.1) (5.9) (7.6) (9.7)

S 59.9 54.7 33.8 74.5 57.6 75.4 44.7
(7.2) (6.6) (4.1) (9.0) (6.9) (9.1) (5.4)

B 51.5 67.1 47.4 69.8 84.4 76.3 53.5
(8.7) (11.3) (8.0) (11.7) (14.2) (12.8) (9.0)

M 68.7 68.2 51.3 77.1 64.2 75.0 51.7
(8.6) (8.5) (6.4) (9.6) (8.0) (9.4) (6.5)

K 47.2 56.8 63.4 44.6 43.9 50.4 70.5
(8.8) (10.6) (11.8) (8.3) (8.2) (9.4) (13.1)

Mean 48.74 54.46 46.07 54.50 50.94 60.08 50.07
(7.5) (8.6) (7.6) (8.3) (8.0) (9.3) (8.1)

a Values in parenthesis are percentage gains. %Gy:x ¼ ðDGy:x�
100Þ=�X:y ; where �X:y = the overall mean value at site y
bFor test site abbreviations, see Table 2

Table 8 Efficiency of test sites (Ey.x) when testing and selection of
genotypes are performed at site x for planting at site y

Planting
site, ya

Testing site, xa

P H L S B M K

P 1.0 0.906 0.757 1.089 0.772 1.223 0.861
H 0.667 1.0 0.647 0.733 0.742 0.894 0.764
L 0.562 0.653 1.0 0.456 0.528 0.678 0.860
S 0.804 0.734 0.453 1.0 0.773 1.012 0.600
B 0.609 0.795 0.561 0.826 1.0 0.903 0.633
M 0.916 0.909 0.683 1.027 0.857 1.0 0.689
K 0.669 0.806 0.899 0.632 0.622 0.715 1.0
Mean 0.747 0.829 0.715 0.823 0.756 0.918 0.773

a For test site abbreviations, see Table 2

Table 9 Best eight clones and their rank orders based on different
selection criteria

Selection
based on:

Rank orders and clone ID numbers
(tallest the 1st)

1 2 3 4 5 6 7 8

Test site M 123 41 26 188 197 107 87 95
GSPi5 index 123 95 37 188 41 103 26 107
Overall mean 123 41 95 37 26 107 188 103
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ments. The efficiency level of a given testing site also
reflected its similarity level to the corresponding
planting environments.

2. Empirical data indicated that a desirable test site
should have the following features: (1) low interac-
tion behaviour, (2) low coefficient of variation, (3)
high genotypic selectivity, (4) high coefficient of
determination and (5) high efficiency of expected
gain. In other words, overall gain is maximized when
a test site: (1) has a high genetic variance (which re-
lates to genotypic selectivity and coefficient of deter-
mination); (2) has a low environmental variance
(which relates to coefficient of variation); (3) is well
correlated with the deployment zone (which relates to
low interaction behaviour and a high efficiency of
expected gain). Based on these criteria, site M
(Medingen) was determined to be the best test site for
screening genotypes to plant at other environments.
The present low level of G·E can be ignored in
selection and deployment decisions. One broadly
adapted vegetative propagation population of Picea
abies will serve the potential planting environments in
northern Germany.

3. The criteria indicated in item 2 above would help to
identify good test sites for screening good genotypes.
However, these criteria could be obtained only after
the tests are performed. The practical question that
remains to be answered is how to identify such sites
before the tests are established.
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