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ABSTRACT

This study examines the stability across sites for height growth at different ages in a multi-site Douglas-fir
provenance test in Northern Spain in order to study its implications for provenance use recommendations and
breeding strategies. A total of 89 IUFRO provenances, planted on 16 sites, were analysed. Type B correlations
were used to examine the relation among geographical differences between sites and their site-to-site
correlations. The site index differences between sites was the only variable that explained the Type B correlation
variation, indicating that P x E interaction arises from site index differences between test sites. The lack of
significant correlations between geographical differences and Type B correlations between sites, suggested that
all the studied area should be considered as a unique breeding zone. Despite the relative high Type B correlation
within all the studied area (rz > 0.6), the analyses of variance indicated a high relative importance of the P x E
interaction, especially at the earlier stages. This interaction must be considered for selection and provenances
recommendation. It was concluded that selection should be made for stability and overall good performance
within the whole area. Provenance stability over the site index variation was analysed by the joint regression
analysis. Significant stability differences were found among provenances. Considering both the overall
performance and the stability, 11 provenances were recommended for Northern Spain. Most of these
provenances come from North Oregon and South Washington, from latitudes north of 45 ° N.
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INTRODUCTION

Douglas-fir (Pseudotsuga menziesii Mirb. Franco) was
introduced in Northern Spain several decades ago.
Although the area planted with this species is not more
than 30,000 ha (VEGA et al. 1998), the interest of
foresters in Douglas-fir is increasing during the last
years due the high growth rates found in some stands
(GARCIA et al. 1996). In Northwest Spain, Douglas-fir
became the fourth most important species planted
during the last decade. Most of these old and new
plantations used improved seed from breeding pro-
grams developed in neighbouring European countries or
seeds from American provenances. Adaptedness of
these and other seed sources to our especial environ-
ment conditions should be tested (MERLO 2002).
During the 1970’s several provenances tests of the
IUFRO collection were planted in Northern Spain.
Some results and recommendations about the best seed
sources for reforestation have been published (TovaL
et al. 1993, VEGA et al. 1993, 1998). However, little
attention has been paid toward analysing the magnitude
and the consequences of the genotype X environment
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(G x E) interaction in these provenances trials. The
concept of G x E interaction is defined as the varying
relative performance of genotypes with environment
(BURDON 1977). If G x E is present and is quantita-
tively important, two major alternatives could be
considered. The first approach is to define breeding
zones that fit groups of genotypes with a similar pattern
of G x E interaction and to select, independently within
each zone, specifically adapted genotypes (ERIKSSON &
EKBERG 2001). The second approach is to identify good
general performers to use across a wide range of sites
(FINLAY & WILKINSON 1963). However, as BURDON
(1977) pointed out, it is debatable whether the emphasis
in tree breeding should be on producing genotypes
suitable for specific conditions or genotypes suited to a
wide range of environments. Both alternatives have
their own disadvantages. Regionalisation is costly and
the additional expense may not be recouped by in-
creased gains (JOHNSON & BURDON 1990). Moreover,
environmental variability within a region can be as high
as between regions (MATHESON & COTTERILL 1990).
On the other hand, the evidence for the existence of
truly broadly adapted genotypes is questionable
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(PSWARAYI et al. 1997).

In this paper, we analyse the stability across sites of
89 Douglas-fir provenances in Northern Spain using
several statistical methods in order to study its implica-
tions for provenance use recommendations and breed-
ing strategies.

MATERIAL AND METHODS
Genetic material, test design and assessment

A series of trials was planted at 16 locations in North-
ern Spain (Figure 1) between 1978 and 1981 to evaluate
a total of 89 IUFRO Douglas-fir provenances from
Southern British Columbia, Washington, Oregon and
Northern California. Figure 2 shows the geographic
origin of the provenances, and details of the sites
included in this study are presented in Table 1. A
complete description of the 89 seed sources and the 16
plantation sites can be found in TOVAL et al. (1993).
Two of the plantation sites (Hermida and Carballa)
contained 87 of the 89 provenances. The remaining 14
sites received a subset of the seed source collection
varying between 4 and 31 provenances per site (Table
1). Each plantation, with the exception of Conforcal,
followed a randomized complete block design with 3
replications. The two principal plantations (Hermida
and Carballa) had 25-tree plots, whereas the remainder
had 81 tree-plots. Conforcal followed a randomized
complete block design with 9 replications and 5-tree
plots. However, these 9 replications in Conforcal were
grouped into 3 blocks to homogenize the analysis
procedure among all sites. Spacing was 3 X 3 m in all
sites.
Height (H) and diameter at breast height (DBH)
were measured in all plants at each site at different ages
P 8

L 79 ) 6°

(Table 1). Height and diameter measurements were
adjusted to the standard reference ages of 3, 5, 10 and
16 years old by adding or subtracting the average
annual plot growth between the measured age and the
nearest ages. For example, the 11-year measurement at
Carballa was corrected by subtracting the average
annual plot growth between ages 5 and 11, and 11 and
18, whereas the 9-year measurement at Hermida was
corrected by adding the average annual plot growth
between ages 5 and 9.

All analyses were based on mean values per plot. As
part of the data preparation, a plot of height x DBH was
inspected visually when both variables were measured
at the same ages. Trees which were outliers (i.e., those
which had abnormal height-diameter ratios) were
deleted from the data set.

Analytical methodology

Three types of statistical analyses were carried out:
single-site analyses, paired-site analyses and multi-site
analyses.

(1) Single site analyses were conducted for each test
and age. The linear model was:

)/ij=p+Pi+Bj+EU

where Y, is the value of the i* provenance at block j, i
is the site mean, P, is the random effect of the i prove-
nance, B,- is the random effect of the j* block, and E;is
the experimental error. Variance components were
estimated using the PROC VARCOMP METHOD =
TYPEL! in SAS (SAS 1989). Provenance was consid-
ered a random effect in order to compare provenance
variation among sites. Provenance variation was

‘estimated using the estimator P, (HODGE & DVORAK
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Figure 1. Location of test sites.
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Figure 2. Geographic origin of the IUFRO’s Douglas-fir
provenances assessed in Northern Spain. Black squares are
the recommended provenances for North Spain based on the
results of this paper.

variation among sites. Provenance variation was
estimated using the estimator P,” (HODGE & DVORAK
1999):

Y

Pl =

£l
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where of, is the provenance variance and ci is the
phenotypic variance. The b subscript indicates that the
provenance variance was estimated on a single-site
basis, and may be biased by the presence of provenance
x environment interaction. Specifically, of, =0; + ozxe,
where c; and GZ” are the provenance and provenance
x environment variance in a multiple-site model (HOD-
GE & DVORAK 1999).

(2) Paired-site analyses were conducted for all
possible pairs of tests with at least 3 provenance in
common in order to quantify the provenance x environ-
ment interaction between sites. The analyses were
carried out including only the common provenances.
The linear model was:

Yu=pn+P+S+PS;+B(S), + E

Where Y, is the value of the ijk” plot, P; is the
random effect of the i provenance, Sj is the random
effect of the j* site, PS; is the interaction between the
i provenance and the j* environment, B(S); is the
random effect of the k" block within the site j, and Ej,
is the experimental error. Variance components were
estimated using the PROC VARCOMP METHOD =
TYPE1® in SAS (SAS 1989).

For each pair of sites, estimates of the Type B
genetic correlation (rg) at the provenance level was

calculated as follows (BURDON 1977):

02
- 4

BT 3

C,*0,.
where c; and sze are the provenance and provenance
X site interaction variance components, respectively
(negative variance components were set to zero). Type
B correlations range between 0 and 1 and measure the
provenance X environment interaction between the two
sites; a rp ~ 1 indicates a strong correlation between
performance in the two sites, i.e., parallel reaction
norms. Type B correlations were only estimated if the
estimator sz exceeded 0.05 in both sites of the pair.
Use of sites with extremely low sz estimates can result
in seemingly very imprecise Type B correlation (HOD-
GE & DVORAK 1999).

Environmental differences between each pair of
sites were examined to find explanations for differing
correlations among sites. Each pair of sites was classi-
fied as ‘same’ or ‘different’ in relation to the differ-
ences (lower or higher than the mean differences,
respectively) in environmental variables between both
sites. The environmental variables considered were: site
index differences (overall site height mean) at age S,
geographic zone (see Table 1), and distance, latitude,
longitude and altitude differences between sites.
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Differences in r between two different groups of pairs
(‘same’ versus ‘different’) were tested by the mean
comparison t-test analysis. In addition, correlation
analysis was used to find associations between Type B
correlations and environmental differences between
sites.

A second approach was used to estimate the mean
Type B correlation within a group of pair of tests. This
approach was based on the mean of the variance
components estimated from pairs of tests of a given

group (HODGE & DVORAK 1999):

_2
. G

- P
873 e
G, +0,,,
_2 _2
where G, and G, are the mean of the provenance

and provenance x environment variance components
estimated from paired test analyses within a group of
pairs of tests. Estimating an average genetic parameter
based on the mean components instead of averaging the
single parameter estimates has been shown to be more
precise, especially when provenance and provenance X
environment variance components are estimated with
only a few degrees of freedom (PEDERSON 1972,
HODGE & DVORAK 1999).

(3) Multi-site analyses were carried out selecting
those 32 provenances assessed in at least 3 sites at ages
5, 10 and 16. These analyses were done in order to
evaluate the evolution over time of the provenance and
provenance X environment interaction effects. The
linear model was the same as the one described for the
paired-site analyses. Variance components were calcu-
lated using the PROC GLM, type IV mean square
estimations due the extreme imbalance (SAS, 1989).
Furthermore, joint regression analyses were done to
analyse the provenances stability upon the site index
variability. These analyses were carried out selecting
the 82, 70 and 32 provenances assessed in at least 3
sites at ages 5, 10 and 16, respectively. Provenance
mean heights at each site were regressed upon a site
index (FINLAY & WILKINSON 1963):

PS;=p1I;+ 0,

where [ is the departure of the linear regression
coefficient of the i provenance from the overall linear
regression coefficient, I] is the environmental index of
the site j, and & is the deviation from the regression
line of the i" provenance at the j* site.

The regression coefficient of each provenance upon
the site index, b;, where this coefficient estimates 1 + 3,
(FINLAY & WILKINSON 1963), was considered as a
stability estimator of the given provenance in relation to
the site quality variability. We may say that prove-

© ARBORA PUBLISHERS

nances are highly stable and better adapted to poor sites
if b, < 1. A provenance with b, = 1 was considered to
be an average stability and equally adapted to poor and
good sites. If b, > 1, the provenance was of low stability
and better adapted to good sites. As suggested by
FINLAY & WILKINSON (1963), this stability estimator
was plotted against the mean provenance height across
all the sites to select those provenances with good
overall performance and high stability.

For estimating the coefficients b, first, the overall
site height mean was considered as a site index. Be-
cause not all the same provenances were present in all
the sites, a reiterative procedure was used to adjust the
site indices estimates. This procedure consisted in (i)
estimation of the regression coefficients b,, (ii) estima-
tion of the provenance heights in those sites where the
provenance is absent using the preceding regression
equations, and (iii) recalculation of the overall site
mean. These three steps were successively carried out
until the convergence of the coefficients b, of all the
provenances included in the analysis (it was considered
that the coefficients b, converged when the differences
between its estimates in two consecutive steps were less
than 0.0001).

RESULTS AND DISCUSSION
Provenance variation

Height growth was extremely variable across sites.
Mean height at age 16 varied between 2.5 m and nearly
12 m (Table 2). Growth was generally lower than that
observed in other Douglas-fir plantations in Northern
Spain (GARCIA et al. 1996). Sites are included in
French site index classes II and III. Some sites, as
Carballa, can be considered as off-site for Douglas-fir
establishment. The inclusion of such off-sites may be
useful for interpreting the genotype x environment
interaction (PSWARAYI et al. 1997). However, the lack
of high quality sites in the trial series can be a handicap
for an adequate interpretation of the P x E interaction.

Provenance variation for height growth was also
very variable across sites (Table 2) probably due to the
different subsets of provenances assessed at each site
and the important site index differences among sites.
The percentage of the phenotypic variation attributable
to the variation between provenances ranged from 0 to
92 % and averaged 43 %. In Southwest Oregon, breed-
ing zones accounted for 47.2 % of the total variation for
total height (LOOPSTRA & ADAMS 1989).

A slight trend of higher provenance variation at the
better sites can be observed (Table 2). The estimated
parameter sz was significantly correlated with the
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Table 2. Mean, standard deviation (std) and provenance variation (P,%) for height measured at ages 3, 5, 10 and 16 (H3,
H5, H10, H16) in all the sites analysed. N, = number of provenances assessed at each site.

H3 (cm) HS (cm) H10 (cm) H16 (cm)

Site Np

Mean Std P2 Mean Std P2 Mean Std P2 Mean Sud P2
Ataun 15 784 222 092 1652 386 069 S511.1 1414 078 11574 1754  0.66
Bande 22 89.1 281 063 2598 906 050 5593 189.5 045
Carballa 87 380 135 012 921 556 0.00 2438 1662  0.00
Conforcal 18 89.7 221 063 1415 334 064 3978 668 045 7472 1055 0.52
Dozon 5 47.1 11.8 0.06 728 17.0 073 1329 383 0.29
Fragavella 20 371 135 051
Gallina 12 644 204 078 971 315 059 2470 750 040 567.0 1498 0.26
Gamalleira 21 103.1 36.3 0.58 2513 105.1 0.36
Hermida 87 355 121 042 682 18.6 036 1924 649 0.09
Ochagavia 33 1427 264 0.63 1181.1 109.8 0.51
Regavella 21 429 103 0.21
Rocha 4 82.2 280 040 3026 822 0.63
Salinas 15 107.8 283 0.00 227.1 1163 0.00 6859 239.6 0.00
Meira 19 538 140 0.14
Valdemadeiro 19 61.2 128 075 853 239 022
Vecilla 9 593 173 045 2424 559 053 5178 999 059

Table 3. Mean Type B provenance correlation estimates for height at ages 3, 5, 10 and 16 in pairs of tests grouped in
relation to several criteria.

Geographic zone Distance Altitude Site index (age 5)
Mean
Same Diff. p<T Same Diff. p<T Same Diff. p<T Same Diff. p<T

Age3
N 8 1 7 1 7 6 2 2 6
s 063 091 059 - 091 059 - 053 095 - 0.57 066 -
SE (rp) 0.12 091 0.13 091 0.3 0.14  0.05 0.15 0.16
rg* 0.77 0.73 0.73 070 094 0.65 0.82
Age5
N 47 14 43 30 27 32 25 25 32
rp 064 059 0.66 ns. 0.64 0.65 ns. 0.69 058 ns. 074 056 **
SE (rp) 003 008 004 0.05 0.06 0.04 0.06 005 0.05
rg* 0.66 062 0.68 063 0.70 0.67 0.63 077  0.61
Age 10
N 15 3 12 8 7 9 6 6 9
I 070 0.78 0.68 ns. 068 0.72 ns. 072  0.67 ns. 078 0.65 ns.
SE (rp) 0.07 0.17 0.06 0.11  0.07 0.07 0.13 0.07 0.10
rg* 062 0.83 0359 077  0.57 070  0.52 0.71  0.57
Age 16
N 10 3 7 3 7 5 5 3 7
rp 072 060 077 ns. 056 079 ns. 075 0.69 ns. 073 071 ns.
SE (rp) 009 030 0.04 029 0.03 0.03 0.18 0.04 0.13
rp* 073 0.67 074 059 0.75 0.76  0.68 074 072

Note: Type B genetic correlations estimated for a pair of test only in P,? > 0.05 in both tests. Abbreviations are as follow: N =
number of pairs, r,* =ratio of means, r; = mean of ratios (negative variance components set to zero), SE (r,) = empirical standard
error of the mean of the ratios. Significant levels: **: p < 0.05, n.s.: no significant. Diff, = different.
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overall height site mean at age 5 (r=0.50, p <0.001).
The explanation behind this pattern may be that differ-
ences between genotypes and heritability estimates are
likely to be larger in the best rather than the poorest
environments (HILL et al. 1992). However, site index
did not affect the heritability in Douglas-fir progeny
tests in Western Oregon (JOHNSON et al. 1997).
Results from Table 2 also show that provenance
variation becomes less important with age. Mean P,f
was 0.56, 0.46, 0.35 and 0.37 at ages 3, 5, 10 and 16,
respectively. However, this trend was not consistent
from site to site. Some sites, such as Vecilla showed the
opposite trend whereas, in others, no clear trend can be
observed. Other Douglas-fir studies show that there is
no clear trend in heritability before age 12 whereas,
after age 12, heritability shows a consistent increasing
trend (NAMKOONG et al. 1972, JOHNSON et al. 1997).

Paired-site analyses and genetic correlation

Mean Type B correlations (rp) for different sub-classifi-
cation of test pairs were examined to try to identify
patterns of P x E interaction (Table 3).

The overall mean Type B correlation increased with
time from 0.63 +0.12 at age 3 to 0.72 £ 0.09 at age 16,
which may suggest a reduction of the P x E interaction
with time. JOHNSON et al. (1997) found similar trends
in Douglas-fir progeny tests in Western Oregon.
However it must be noted that mean Type B correla-
tions are relatively imprecise due to many few degrees
of freedom, resulting in high standard errors. Differ-
ences between the mean Type B correlation (r,) and the
‘function of the mean’ estimations (r,") were variable
and relatively high, especially when a low number of
pairs were used in its estimations. As HODGE &
DVORAK (1999) pointed out, further breakdowns of the
data become somewhat less reliable as number of pairs
decreases. In this sense, data from age 5, available for
all the 16 sites, is apparently the most useful for com-
paring Type B correlations between different pair
groups.

Differences in mean Type B correlation between
pairs ‘same’ or ‘different’ were only significant at age
5 when the site index difference was the discriminatory
criteria (Table 3). Both, mean r, and r,", were higher
for pairs of tests of similar site index (ry = 0.74 £ 0.05,
ry- = 0.77) than for pairs of tests with different site
index (ry = 0.56 £ 0.05, r;" = 0.61). These differences
are maintained with time but they become insignificant
probably due to the decrease in the number of pairs
considered. On the other hand, there were no consistent
differences in r; or r;* between pairs of tests from the
same or from different geographic zone.
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Table 4. Pearson correlation coefficients between Type B
genetic correlations estimated at ages 3, 5, 10 and 16 (75,
Igs gy and ry;c) and features differences between the sites
of each pair.

Differences between sites

Type B

genelic  yong.  Lat. Distance Altitude  SI
5 -0.68 -021 -0.68 031 -0.22
Yas 002 010 003 -0.12 -0.38*
Yoo -0.14 008 -0.13 -0.09 -034
Fote 022 004 023 -0.18 -0.64*

Note: *: Significant at p < 0.05; SI: Site index.

These results agree with those found in Table 4.
Type B correlation at age S and 16 were significantly
and negatively correlated with the site index differences
between both test of each pair, but there were no trends
indicating that correlations between sites varied with
distance or longitude, latitude or altitude differences.
Test locations ranged over 600 km, 7° longitude, 2°
latitude and more than 900 m altitude but Type B
correlation did not seem to follow the expected pattern
as judged from the environmental variation among sites.
Site quality was the only variable that has some influ-
ence in the correlations. These results underscore the
difficulties in delineating breeding units for Douglas-fir
in Northern Spain. Two other important conclusions
can be drawn from these results. First, the relationship
between the P x E interaction and the site quality
suggests that large site index differences between test
sttes and commercial production land will decrease the
reliability of the selection results obtained in these tests.
In this sense, the lack of high quality sites in our trial
series can be interpreted as a handicap for good prove-
nance recommendation for Northern Spain and thus,
this recommendation may only be useful for low to mid
quality sites. BASTIEN & ROMAN-AMAT (1990) and
HiL et al. (1992) suggest that genetic tests can be
planted on higher quality sites, such as abandoned
agricultural land or that more intensive cultural prac-
tices, such as fertilisation or competition control, can be
used in genetic tests. The intent is to increase environ-
ment uniformity, allow genetic differences to be more
readily observed and increase heritability of the trait
measured (HODGE & WHITE 1992). However, if P x E
interaction is related to the site index, as is the case
here, the increase genetic gain may be offset by the
reduction of genetic correlation between the trait
measured (e.g. growth on a high quality site) and the
target trait which the breeder ultimately wants to
improve (i.e. growth on commercial quality land).

Secondly, the difficulty of a reliable site index
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prediction for Douglas-fir in Northern Spain, suggests
that for most environments, selections should prefera-
bly be made for stability and overall good performance.
HANNERZ et al. (1999) and STCLAIR & KLEINSCHMIT
(1986) give similar conclusion for Norway spruce
(Picea abies Karst.) in Sweden. The mean Type B
correlations for the overall studied area were always
over 0.6 (Table 3). These values are similar to those
found in Douglas-fir within each breeding zone of
Western Oregon (JOHNSON 1997, JOHNSON et al. 1997).
The joint regression analysis appears as an interesting
technique to analyse the provenance stability across the
site index variation.

The variation pattern of G x E interaction depends
on the species, the genetic material and the environment
variation among the test sites. Some authors show an
important geographical effect on G x E interaction
(ADAMS et al. 1994, HODGE & DVORAK 1999), where-
as others do not find any geographical influence on the
G x E interaction (BENTZER et al. 1988, HANNERZ et al.
1999, SONESSON 1999). In Douglas-fir, JOHNSON
(1997) find that very few variables significantly af-
fected the correlation between sites. The environmental
variables significantly correlated with Type B genetic
correlations varied among the breeding zones and were
not consistent from age to age in most of them. This
author concludes that none of the environmental
variables examined indicated that reducing the size or
elevation range of the current breeding zones would
strengthen the Type B correlations significantly.

Similar to the results found in our study, in Pinus
elliottii Engelm. a G X E interaction pattern is associ-
ated with site quality (HODGE & WHITE 1992). Type B
genetic correlations are higher between pairs of loca-
tions of similar site index than for pairs of locations
with very different site index. HODGE & WHITE (1992)
suggest that in future progeny tests, families should be
tested over a range of site indices, and site quality
should be considered when using data to predict breed-
ing values.

Multi-site and joint regression analyses

In order to quantify the relevance of the P x E interac-
tion, a combined analysis of variance was carried out at
ages 5, 10 and 16 for those 32 provenances assessed in
at least three sites in the three ages. Results of these
analyses are summarised in Figure 3. Most of the total
variance was explained by the site effect (c§ > 65 %)
whereas the provenance and the P x E interaction
effects explained less than the 15 % of the total vari-
ance. Both, provenance and P x E variances tended to
decrease with time but remained significant at the three
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Figure 3. Evolution of components of variance estimates for
height measurements at ages 5, 10 and 16. Only the 32
provenances assessed in at least 3 sites at age 16, and the 8
sites measured at age 16 were included in the analyses.

ages. The components of variance for the provenance
and the P x E interaction together accounted for only
5.2 % of the total variation at age 16. In contrast the
site component tended to increase and reached nearly
85 % at age 16. As found previously, it seems that the
performance differences between provenances tended
to become more uniform with time. The P x E interac-
tion component is as important or even more important
than the provenance variance component. The ratio
between both components was always over 70 % and
increased to more than 165 % at age 10. This later ratio
indicated a high relative importance of the P x E
interaction in this trial series that should be taken into
account for selection and provenance recommendations.
ERIKSSON & EKBERG (2001) suggested that with a ratio
above 100 % there is a need for delineation of different
breeding zones with separate breeding in each zone.
However, as described before and as found previously
by JOHNSON (1997), there was no evidence that divid-
ing the studied area into different breeding zones would
improve the Type B correlation and, thus, reduce the P
x E interaction.

The heterogeneity of the regressions upon the site
index (corrected overall site height mean) were highly
significant (p < 0.001) at the three ages, indicating that
the site quality has a notable influence on the P x E
interaction. The deviations from the regression lines
were not significant at any age. Figure 4 shows the
regression lines of 7 provenances for height at age 5.
Differences in the slope of the regression lines among
provenances can be observed, indicating differences in
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Figure 4. Plot of provenance height means against adjusted
site mean at age 5 and estimated regression lines for 7
provenances.

the provenance stability in relation to the site quality
variation. The estimated regression coefficients b;
ranged from 0.12 to 1.57 at age 5, from 0.20 to 1.68 at
age 10 and from 0.72 to 1.27 at age 16. The coefficients
b, tended to be closer to 1 with age. Figure 5 shows the
evolution of the deviations of the coefficients b; from
the average stability (b = 1). The homogenisation of the
provenance stability upon the site index agrees with the
decrease of the P x E interaction with age found
previously.

The coefficients b; at age 5 were significantly and
negatively correlated with the altitude of the seed
source origin (r =—-0.42, p < 0.001) indicating that the
high-elevation provenances tend to be more stable with
respect to the site quality than the low-elevation seed
sources. However, a significant correlation was also
observed between the provenance elevation and the
overall provenance performance at age 5 across all sites
(r=-0.38,p<0.001). Thus, low-elevation provenances

]bi '1|
o

0 2 4 6 8 10 12 16 18

Age (years)

14

Figure 5. Evolution of the coefficients b, deviations from the
average stability (b = 1) for height measurements at ages 5, 10
and 16. At each age, only the provenances assessed in at least
3 sites were considered, i.e. 82, 70 and 32 provenances at
ages 5, 10 and 16, respectively.

tended to perform better in Northern Spain but tended
to have low stability and were better adapted to high -
quality sites. KLEINSCHMIT et al. (1990) also find
stability differences among Douglas-fir provenances in
Germany. In this work, provenances originating form
British Columbia are more stable than the Washington
sources. However there are considerable differences in
stability within regions.

A plot of the coefficients b, against the overall
height mean for ages 5, 10 and 16 is presented in Figure
6. Considering that selections should preferably be
made for stability and overall good performance within
all the study area, these figures are very useful for
selection purposes. Thus, those provenances at the
right-end of the graph, which have at the same time the

Table 5. Recommended provenances based on the results of the present paper.

IUFRO Tree seed State Locality Latitude Longitude Altitude
Number zone

1034 104 British Columbia Sechelt 49.51 123.88 185
1039 105 British Columbia Chilliwack 49.07 121.80 170
1073 030 Washington Humptulips 47.32 123.90 135
1080 232 Washington Yelm 47.02 122.73 60
1088 430 Washington Castle Rock 46.32 122.87 150
1089 041 Washington Cathlamet 46.30 123.27 245
1093 653 Washington Willard 45.80 121.68 550
1094 052 Oregon Vernonia 45.77 123.22 215
1095 042 Washington Prindle 45.62 122.13 455
1096 452 Oregon Sandy 45.38 122.30 275
1097 451 Oregon Cherryville 45.32 122.13 730
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Figure 6. Plot of the stability parameter b, against overall
height means at ages 5, 10 and 16. At each age, only the
provenances assessed in at least 3 sites were considered, i.e.
82, 70 and 32 provenances at ages 5, 10 and 16, respectively.
Horizontal dotted lines indicates average stability (b; = 1).
Vertical dotted line indicates the overall height mean at each
age.

lower coefficients b; (higher stability) are those to be
selected. However, a significant correlation was ob-
served between the overall height mean and the coeffi-
cients b; (r=0.51, p <0.001 and r = 0.58, p < 0.001 at
ages 5 and 10, respectively) indicating that the best
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overall performing provenances tended to have low
stability depending on the site quality. This relationship
has been found previously for Norway spruce (SKR@P-
PA 1984, BENTZER et al. 1988) and it is probably due to
the own regression analysis procedure: the site index
includes the genotypic values which are to be regressed
(FREEMAN 1973, SKrR@PPA 1984). Furthermore, the
modification used in this paper for the adjustment of
the site index includes the estimated genotypic values
based on the previous regression equations. A strict
regression line between the provenance height and the
site mean height is assumed for the estimation of the
missing entries.

Nevertheless, no significant correlation between the
overall provenance mean and the stability parameter
was observed at age 16." Thus, results at this age ap-
peared more suitable for selection. Unfortunately, not
all the 89 provenances can be analysed at this age.
Provenance 94 (IUFRO’s 1094, Vernonia), coming
from the North Oregon Pacific coast, appeared as the
best. This provenance shows the best overall perfor-
mance at age 10 and at age 16 and has also the lowest
coefficient b, at age 16 (by, = 0.72). Other provenances
that show good overall performance and high stability
atage 16 are 1073, 1039, 1095, 1080, 1097, 1093, 1096
and 1088. All of these provenances also have good
overall performance at ages 5 and 10 but have average
to low stability at these ages. Provenances 1089 and
1034 can be also selected from results at age 5. Most of
these provenances come from North Oregon and South
Washington (Table 5, Figure 2), ranging from 45° to
47° latitude and 60 to 730 m altitude. Two of these
selected provenances come from Southern British
Columbia (1039 and 1034). All of the 11 proposed
provenances, except 1093, were included within the
best at age S (TOVAL et al. 1993) and all, except 1034,
1093 and 1097, were included within the best at age 10
(VEGA et al. 1993). All of them presented high survival
in almost all the sites where they were assessed (data
not presented). Provenance survival was always higher
than the site mean in more than 80 % of the sites where
each provenance was assessed, except for provenance
1093 which showed a relative high mortality in 3 out of.
5 sites. Nevertheless, survival of this provenance was
always higher than 70 %.

These 11 provenances are a restricted subset of the
previous provenance recommendations for Northern
Spain (TOVAL et al. 1993, VEGA et al. 1993, 1998).
TOVAL er al. (1993) pointed out that the best prove-
nances in Spain differ from those in other European
countries in terms of substantial southward shifts.
However, taking into account the stability over the
environmental variability, all the selected provenances
come from latitudes north of 45 ° N. These subset of
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provenances also gave good results in many European
countries (KLEINSCHMIT & BASTIEN 1992). Since there
are quite drastic climatic differences between these
European countries, these authors have remarked the
broad adaptability of Douglas-fir provenances from
Northern Oregon, Washington and Southwest British
Columbia. The low coefficients b; of the selected
provenances confirm the high stability of these
provenances.

In conclusion, provenance x environment interaction
is an important source of variation in the Douglas-fir
provenance test in Northern Spain that should be taken
into account for selection and provenance recommenda-
tions. None of the geographical variables examined
indicated that dividing the study area into different
breeding zones would strengthen the type B correla-
tions significantly. Thus, selection should preferably be
made for stability and overall good performance for the
whole studied area. Because the site quality had some
influence on the variation pattern of the P x E interac-
tion, the stability with respect to the site index as
estimated by the joint regression analysis (coefficient
b,) was selected as a stability estimator for each prove-
nance. Taken into account both, the stability and the
overall performance, we recommended 11 provenances
for Northern Spain (Table 5, Figure 2). These prove-
nances are a subset of the previous provenance recom-
mendations and come from latitudes north of 45° N.
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