™ forests

Article

Multi-Trait Selection and Stability in Norway Spruce
(Picea abies) Provenance Trials in Romania

Alin-Madalin Alexandru 1'2*, Georgeta Mihai 1*(, Emanuel Stoica -2 and Alexandru Lucian Curtu 2

check for
updates

Citation: Alexandru, A.-M.; Mihai,
G.; Stoica, E.; Curtu, A.L. Multi-Trait
Selection and Stability in Norway
Spruce (Picea abies) Provenance Trials
in Romania. Forests 2023, 14, 456.
https://doi.org/10.3390/f14030456

Academic Editor: Filippos A.

Aravanopoulos

Received: 19 January 2023
Revised: 17 February 2023
Accepted: 21 February 2023
Published: 22 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Forest Genetics and Tree Breeding, “Marin Dracea” National Institute for Research and
Development in Forestry, 077190 Voluntari, Romania

Faculty of Silviculture and Forest Engineering, Transilvania University of Brasov, 500123 Brasov, Romania
Correspondence: alin.alexandru@icas.ro (A.-M.A.); gmihai_2008@yahoo.com (G.M.)

Abstract: Provenance trials replicated in multiple environments allow the selection of populations
with high and stable performances. In this study, two methods have been applied to select stable
Norway spruce provenances with high performances in three provenance trials established in Ro-
mania in 1972, where 81 provenances have been tested. Four traits were assessed: total and pruned
height, diameter at breast height and survival rate. Two multi-trait indices have been used: multi-trait
genotype-ideotype distance index (MGIDI) for each provenance trial and multi-trait stability index
(MTSI) across provenance trials. The selection differential was between 0.2 and 17.8% better than
each site means. Several Norway spruce provenances showed stability and high performances,
as confirmed by both selection indices. Our results provide valuable information for the genetic
improvement program and seed transfer guidelines based on assisted migration in this ecologically
and economically important forest tree species.
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1. Introduction

Norway spruce (Picea abies (L.) H. Karst.) is one of the most important coniferous
species in Europe, covering a distribution area of about 30 million ha, representing 38%
of the total coniferous species area. Its range is separated into three areas: (i) Alpine,
(if) Hercyno-Carpathian, and (iii) Baltic-Nordic Region [1]. More than 20% of its distribution
area represents the extension beyond its native range [1]. In Romania, Norway spruce
covers an area of 1.37 million ha, representing 21% of the total forest area [2]. More than
25% of this area (around 360,000 ha) are plantations outside its natural range [3]. Although
recent studies revealed that Norway spruce is a species sensitive to increasing temperature
and water deficit, it remains one of the most economically important species in Europe and
has a significant role in European forestry [4].

Norway spruce was among the first species for which breeding was started in Europe
in the late 1940s under IUFRO auspices [5]. Norway spruce breeding programmes were ini-
tiated in many European countries, but breeding objectives vary across Europe depending
on the use of the genetic material. Thus, in Romania, the Norway spruce breeding program
was started in the 1960s by seed stands and plus trees selection, setting up 78 ha of seed
orchards and 15 provenance trials where 50 autochthonous and 71 foreign provenances
have been tested [6,7].

The main goals of the Norway spruce breeding programmes, regardless of the country,
were to increase the yield per area unit, shorten the rotation age, improve the adaptability
and economic value of the wood harvested.

However, traits of economic value and importance in tree breeding programmes pos-
sess polygenic variation and are strongly influenced by environmental factors. The climate
and soil conditions often lead to different responses in populations of various origins.
Campbell and Jones [8] define GXE interaction as the different responses of a group of
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genotypes for a given trait in different environments. In recent years, GXE has been of
great importance for forest trees because the rate of their natural migration is too slow
to track their ecological optimum when the environmental conditions change swiftly, as
expected under climate change [9,10]. For this reason, studies on genotype x environment
interaction (GxE) and phenotypic plasticity for selecting populations with high and stable
performances in a broad range of environmental conditions become of significant impor-
tance in breeding programmes. Also, sstudies of GxE interactions allow the identification
of unstable genotypes; one strategy to minimise the GxE interaction would be their elimina-
tion from the breeding population [11]. There are many studies for nearly all commercially
important forest tree species which have reported significant GxE, such as: Scots pine [12],
eucalypts [13], Douglas-fir [14], Norway spruce [7,15,16], poplar [17].

To evaluate GxE interaction, there are many methods, including analysis of vari-
ance, principal components analysis and linear regression. Recently, the factor-analytic
method and parametric approaches was introduced to decompose the GxE interactions
and to explore the relationship between population variation/stability and environmental
gradients.

Heinrich et al. [18] define the stability of one character as the ability of a genotype
to avoid substantial fluctuations over a range of environmental conditions. Laing [19]
made the difference between spatial stability, as the relative response of a genotype to
environmental changes in a specific location, and temporal stability, which varies from year
to year. According to Becker and Leon [20], stability has two contrasting concepts: static
and dynamic. The static concept implies that the provenance is stable when it maintains
its performance across different environments. Dynamic stability is when there is no
genotype x environment (GxE) interaction; the performance of the provenance across sites
parallels the mean response of the tested provenances.

The provenance trials replicated across multiple sites allow comparison of tree pop-
ulations within a trial site to assess the genetic component of variation and also allow
comparison of the same populations amongst trial sites to assess the environmental compo-
nent of variation (phenotypic plasticity). Gianoli and Valladares [21] defined phenotypic
plasticity as the inherent and ecological phenomenon that refers to changes in the phenotype
induced by the environment.

Therefore, the provenance trials provide essential information for selecting the most
valuable and adapted provenances [22]. However, a superior genotype in one environment
might be inferior in another environment [23]. For tree breeding, the interaction of GXE
can be addressed in two ways: selecting stable genotypes, which are not sensitive to
environmental changes, or selecting genotypes suitable for specific environments [24].
Furthermore, evaluation of the GXE interaction at the adult stage, close to or exceeding half
of the rotation age, is more meaningful from the perspective of commercial forestry [25,26].

Stability analysis is often performed for a single trait, especially in forest tree species.
The first simultaneous selection index was proposed by Smith [27] and Hazel [28]. But
if multicollinearity exists between variables, a biased index coefficient can appear [29].
Allen [30] defined multicollinearity as the strong correlation between two or more vari-
ables/characteristics. Multicollinearity is an issue in multivariate analyses, which often
appear in tree populations and can cause problems with the proper interpretation of results,
leading to erroneous conclusions [31]. One issue with the S.H. index is the difficulty of
expressing the economic value of traits [32].

Selection for increasing growth rates, wood yields and quality, and adaptability is the
primary goal of many tree breeding programmes. Therefore, the simultaneous selection
is required to produce simultaneous responses to selection in the intended direction in
several traits [33].

Since the 1980s, the selection based on multiple traits has been used for many forest tree
species: Pseudotsuga menziesii and Picea sitchensis [34], Pinus elliottii [35], Pinus pinaster [36],
and more recently, Prosopis alba [37], Pinus kesiya [38], Populus ussuriensis Kom [39], Picea
abies [40], Picea glauca [41], Catalpa bungei [42]. In the present study, we aimed to determine
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two selection indices that were not used so far in forest species (multi-trait genotype-
ideotype distance index—MGIDI [29] and multi-trait stability index—MTSI [43]) by com-
bining growth with quality traits and survival rate in order to select the most valuable
and stable Norway spruce provenances. The objectives of this study were to: (1) assess
genotype by environment interaction (GxE); (2) select Norway spruce provenances with
high performances through multiple traits selection in each trial site, (3) analyze stability
of selected provenances across sites and (4) select Norway spruce provenances with the
highest breeding values and stable performances based on multiple desired traits using
simple and easy-to-compute methods. The results not only provide valuable information
for the genetic improvement program of this species and conservation of the unique tree
lineages, but also provide for seed transfer guidelines based on assisted migration.

2. Materials and Methods
2.1. Genetic Material, Experimental Desing and Measurements

In 1972, four Norway spruce trials were established in Romania [44]: Dorna Candre-
nilor, Zarnesti, Turda and Novaci. In 1998, because of windfalls, the Novaci field trial was
disaffected; our study was carried out in the remaining three field trials. Ten Romanian
Norway spruce provenances and 71 from 12 other European countries were tested. They
cover the European species’ natural and planted distribution range, from 41.6° to 63.28°
northern latitude and from 6.03° to 34.62° eastern longitude. Also, the altitudinal range of
provenances is very wide, being between 20 m (some provenances from Germany, Sweden
and Finland) to 2000 m (Bulgaria). The locations of the common garden trials and the
provenances are shown in Figure 1. According to the geographic regions, provenances were
divided into 11 groups: 1. Northern Europe, 2. NE Germany, 3. NE Poland, 4. Bohemian,
5. French (Vosges and Jura Mountains), 6. Western Alps, 7. Central Alps, 8. Eastern Alps,
9. Western Carpathians, 10. Eastern (Romanian) Carpathians, and 11. Bulgarian (Rila and
the Rhodope Mountains). Details on the Norway spruce provenances and trial location are

in the Supplementary Materials (Table S1).
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Figure 1. The locations of the Norway spruce provenances (dots and numbers) and of the provenance
trials (red triangles).
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The provenance trials analysed in this study were established in three forest districts
located in Romania’s Northeastern, Western, and Southern Carpathians, in the mixed beech
and coniferous species zone (Zarnesti) and Norway spruce zone (Dorna Candrenilor and
Turda), respectively. The testing sites show different climate conditions, continental with
Scandinavian-Baltic influences in the north (Dorna Candrenilor), and temperate-continental
with oceanic influence in the west (Turda) and central parts (Zarnesti) [45,46].

Provenances were planted in a randomised complete block design, each plot with
16 (4 x 4) individuals per provenance at 2 x 2 m spacing and three blocks. No thinning
or artificial pruning was made in these provenance trials. After 49 years, the number of
remaining trees per provenance in each block varied between 4 and 13, the sample per
provenance ranging from 12 to 31 trees, which has ensured a good precision of the results.

The measurements were made in the fall of 2020, 49 years after planting, which
represents about half the rotation age of Norway spruce in Romania. The traits chosen to
assess the adaptive variation were: total height (Th) (m), diameter at breast height (Dbh)
(cm), pruned height (Ph) (m), and survival rate (Surv). Pruned height represents the height
of the lowest green branch.

Total height is considered, in many studies, a proxy for local adaptation [47,48] because
taller trees can compete more effectively for light, water and nutrients, and can possibly
have a higher reproductive success at maturity [49]. However, assessing other adaptive
traits, such as survival rate, can result in a better understanding of the provenance’s
response to environmental conditions. Total and pruned height were measured with the
help of a Vertex IV with a precision of 0.1 m; the diameter at breast height was measured
using a calliper with a precision of 0.1 cm. The survival rate was calculated as the ratio
between the number of remaining trees and the number of planted trees on every plot.

2.2. Statistical Analysis

The genetic variance analysis of each trait was performed at two levels: at each trial
site and across sites. The residual histograms were used to assess whether the residual
distribution of the four traits approached the normal distribution (S2) reasonably well.

In each trial site, a mixed linear model was used, where provenance was considered
random effect, and as fixed effects, group and block [50]:

Yijk = u + Gi + Pj + Bk + Pj x Bk + eijkl (1)

where p is the general mean, Gi is the effect of the ith group, Pj is the effect of the jth
provenance, Bk is the effect of the kth block, Pj x Bk is the provenance-by-block interaction
and eijkl is the error term associated with ijkl trees.

The provenance-by-block interaction was not statistically significant, so it was dropped
from the model. The linear mixed effects models and their testing were computed using
ImerTest R package [51].

Across sites, analysis was based on the following mixed linear model, where prove-
nance and provenance x site interaction were considered random effects while site as fixed
effect:

Yijk = u + Si + Pj + Bik + Si x Pj + eijkl (2

where (1 is the general mean, Si is the effect of the ith site, Pj is the effect of the jth provenance,
Bik is the effect of kth block within Si site, Si x Pj is the provenance-by-site interaction
and eijkl is the error term associated with ijkl trees. The group effect was not accounted
for in this model because we have aimed to select the Norway spruce provenances which
highlighted stability and high performances and not geographical groups.

The stability and adaptability of Norway spruce provenances of various origins were
estimated based on multiple traits—MGIDI [29] in each trial and MTSI [43] across trials.

A mixed linear model analysis was necessary for REML estimation of variance pa-
rameters and to attain the BLUP of every provenance effect in the data, which is used to
compute the indices.
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For the MGIDI calculation, the effect of the ith group was dropped from the model (1).
Because the primary goal of many tree breeding programmes is the selection for increasing
growth rates, wood yields and quality, as well as adaptability, we have designed the
ideotype as having a higher diameter, total and pruned height, and a greater survival rate.
The selection intensity was 15%, i.e., 12 provenances out of the total of 81 were selected. The
MGIDI was computed in four steps: (1) rescaling the traits in a 0-100 range; if an increase
for the trait is desired, the maximum equals 100 and the minimum 0; if a decrease is desired,
then the maximum is 0 and minimum is 100; (2) computing an exploratory factor analysis
with the rescaled values to group traits that are correlated into factors and estimate the
factorial scores for each provenance; (3) establishing an ideotype based on desired values
for the traits—by definition, the ideotype has the rescaled value of 100 for all analysed
traits; and (4) computing the distance between each genotype and the ideotype [29]. The
equation used is:

0.5
MGIDIL = | (v~ v)*|

where MGID]; is the multi-trait genotype-ideotype distance index for the ith genotype, y;;
is the score of the ith genotype in the jth factor, and y; is the jth score of the ideotype. The
lower the MGIDI of a genotype, the closer it is to the ideotype and has desired values for
the analysed traits.

MTSI was computed in the following steps:

(1) After the WAASB (Weighted Average of Absolute Scores for quantifying the stability
of g genotypes conducted in e environments using linear mixed-effect models) was
calculated, it and the performances (values of traits) were rescaled in a 0 to 100 range.

(2) Then, the WAASBY index was computed, which allowed weighting between stability
(WAASB) and mean performance (Y) [52]. Different weights can be used for prioritis-
ing the performance or the stability of the provenances. In our study, the used weights
were 25 for stability and 75 for performance, i.e., performance was put above stability.

(3) After that, the steps were similar to those of MGID], the difference being that the
ideotype now had the maximum value of 100 for the WAASBY.

(4) Finally, MTSI was estimated according to the equation:

f 0.5
MTSI; = [2 (Fj— Pf]

j=1

where the MTSI; = the multi-trait stability index for the ith genotype; F;; = the jth score
of the ith genotype; F; = the jth score of the ideotype.

The lower the MTSI for a genotype, the closer it is to the ideotype; in addition, it has a
high performance and stability for all the variables analysed. The multi-trait indices were
computed with the help of metan package [53] in R [54].

After the model for the MTSI index was fitted, different scenarios of weights for stabil-
ity and performance (from 100/0 to 0/100) were computed and plotted (Supplementary
Materials S3). The provenances were grouped into four clusters for each trait: (i) performant
and stable genotypes; (ii) performant but unstable genotypes; (iii) underperforming but
stable genotypes; and (iv) underperforming and unstable genotypes.

3. Results
3.1. Genetic Variability Analysis within Trial Sites

The results of the linear mixed model for the analysed traits in each Norway spruce
provenance trial at 49 years are presented in Table 1.
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Table 1. The results for random- and fixed-effects of the four traits in each Norway spruce provenance
trials evaluated at age 49.

Trait

LRTp Vp Vr MSg MS b Mean + SD

Dorna
Candrenilor

Dbh

Ph
Surv

5.07 *
55.39 ***
152.53 ***
12.31 ***

0.56 28.87
0.70 8.14
0.62 3.44
34.31 104.5

264.06 ***
108.68 ***
33.74 ***
680.76 ***

15.19 ns
62.44 ***
104.27 ***
533.53 **

23.75 £ 5.58
2590 £ 3.24
16.74 +£2.21
49.97 £ 13.73

Zarnesti

Dbh
Th
Ph

Surv

0.44 ns 0.14 22.24
21.55 *** 0.6 11.12
98.84 *** 1.16 6.31

Ons 0 178.2

49.73 *
50.90 ***
44.59 ***
365.38 *

8291*
206.67 ***
322971 ***
504.92 ns

21.14 £4.76
21.43 +£3.53
10.96 + 2.95
40.66 £ 13.71

Turda

Dbh

Ph
Surv

0Ons 0 30.12
14.35 *** 0.49 9.45
55.53 *** 0.94 7.04 18.22* 24.78 * 11.21 +2.86

0.16 ns 45 160.27 880.02 *** 888.61 ** 36.78 + 14.22

151.61 ***
64.60 ***

25.25 ns
58.99 **

21.57 £5.57
21.48 +£3.28

*, **, *%: Significant at 5%, 1% and 0.1%, respectively; ns: not statistically significant, p > 0.05; LRTp—likelihood
ratio test for provenance effect; Vg—variance for provenance random effect; Vr—residual variance; MS—mean
squares for group (g) and block (b); Dbh—diameter at breast height; Th—total height; Ph -pruned height;
Surv—survival rate.

The group factor was significant in all field trials for all traits. For provenance fac-
tor, significant differences were found at Dorna Candrenilor trial for all traits, while no
significant differences were found at the Zarnesti and Turda trials for Dbh and survival rate.

Given the large areas occupied by the field trials, there was heterogeneity within each
site. The block effect was significant for all traits in all trials, except for the survival rate
in the Zarnesti trial and Dbh in the Dorna Candrenilor and Turda trials. A large effect for
the block was also obtained in the study of two Romanian Norway spruce provenance
trials [55].

3.2. Genotype by Environment Analysis

The best growth performances in terms of height and DBH were obtained in the Dorna
Candrenilor trial, and the lowest were obtained in the Zarnesti trial. The site average
total height was 20.6% greater at Dorna Candrenilor than at the Turda trial and was 20.9%
greater than at the Zarnesti trial.

The highest average pruned height per experiment was recorded in the Dorna Can-
drenilor trial (X = 16.74 m), and the lowest was recorded in the Zarnesti trial (X = 10.96 m).

The highest survival rate was recorded in the Dorna Candrenilor trial (x = 50%), and
the lowest survival rate was recorded in the Turda trial (X = 37%).

There were significant differences amongst provenances across sites for all traits
(Table 2). The site effect was significant for all traits, but the site-by-provenance effect
was not significant for Dbh and survival rate. The block-within-environment effect was
significant for all traits except Dbh.

Table 2. The results for random- and fixed-effects of the four traits of the Norway spruce provenances
evaluated at age 49, across trials.

Trait

LRTg

LRTge Vg Vge Vr MS Env MS B (Env) Mean £+ SD

Dbh
Th
Ph

Surv

39.55 #**
63.70 ***
43.04 ***
33.6 ***

40.93 ***
173.02 ***

0.12ns 1.25

1.18

0.06 27.17
0.47 9.45
0.9 0.79 5.36 2134 *** 149.3 *** 13.34 + 3.83
0.45 ns 35.39 4.48 150.1 3859 *** 480.9 *** 42.47 £+ 14.95

917.8 ***
2109 ***

42.72 ns
108 ***

22.30 £ 5.46
23.23 £3.99

***: Significant at 0.1%; ns: not statistically significant, p > 0.05; LRTp, LRTge—likelihood ratio test for provenance
and genotype x environment interaction effects; Vp, Vge—variance for random effects, provenance and geno-
type by environment interaction; Vr residual variance; MS—mean squares for environment and block within
environment; Dbh—diameter at breast height; Th—total height; Ph—pruned height; Surv—survival rate.
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3.3. The Multi-Trait Selection in Each Provenance Trial

In all trials, the factor analysis has grouped the traits into one factor. The results of
the linear mixed model for the analysed traits in each Norway spruce provenance trial at
49 years used to compute the MGIDI index are in Supplementary Materials 4 (54).

At the Dorna Candprenilor trial, the selected provenances are: 72-Dorna Candrenilor,
74-Galu, 66-Marginea, 71-Moldovita, 64-Gheorghieni and 70-Cosna, from Eastern (Ro-
manian) Carpathians; 51-Herfenberg, Bohemian; 39-Klaunz Bannwald, 53-Neustift and
41-Eppenstein from Eastern Alps; 101-Valke Karlovice and 61-Nyugatbukki Allami from
Western Carpathians.

At the Zarnesti trial, the selected provenances are: 72-Dorna Candrenilor and 74-Galu
from Eastern (Romanian) Carpathians; 27-Bodenseichen from Germany; 60-Keletbukki Al-
lami from Western Carpathians; 51-Herfenberg, 52-Sandl-bei-Freistadt and 100-Kasperske
Hory, Bohemian; 26-Winterthur, 25-Wassen and 38-Val Di Fiemme, from Central Alps;
39-Klaunz Bannwald and 41-Eppenstein from Eastern Alps.

At the Turda trial, the selected provenances are: 70-Cosna, 66-Marginea and
72-Dorna Candrenilor, from Eastern (Romanian) Carpathians; 60-Keletbukki Allami from
Western Carpathians; 40-Wietersdf, 42-Rotlgut Liezen, 50-Hoyos-Ernest-reith, 49-Redl-
Zipf-Fuchsberg and 41-Eppenstein, from Eastern Alps; 25-Wassen from Central Alps;
100-Kasperske Hory and 99-Zelesna Ruda, Bohemian.

The differences among the means of the selected provenances based on MGIDI and
the site means are presented in Table 3. The selected provenances had better performances
than the site means for all traits. The differences were between 0.18 and 16.5% higher.

Table 3. The selection differential of MGIDI index for Norway spruce provenances at 48 years old.

Site Mean Selected Provenances Mean Selection Differential%
Traits - - -
Dorna.Can Zarnesti Turda Dorna.Can Zarnesti Turda Dorna.Can Zarnesti Turda
drenilor drenilor drenilor

Diameter at breast 238 211 216 25.7 215 22 8.05 1.62 2.85
height (cm)

Total height (m) 25.9 21.4 21.5 28.1 22.7 22.8 8.39 5.86 6.1

Pruned height (m) 16.7 11 11.2 18.2 12.8 12.4 8.97 16.5 10.3

Survival (%) 50 40.7 36.8 56 40.7 40.2 12 0.175 9.29

3.4. The Multi-Trait Selection across Provenance Trials

If we consider the superiority (75% weight) and spatial stability (25% weight) of all
target traits, the MTSI index (Figure 2) has indicated the following Norway spruce prove-
nances as the most valuable: 72-Dorna Candreni, 41-Eppenstein, 60-Keletbukki Allami,
70-Cosna, 100-Kasperske Hory, 66-Marginea, 40-Wietersdorf, 39-Klaunz Bannwald,
99-Zelesna Ruda, 71-Moldovita, 52-Sandl-bei-Freistadt and 63-Nyugatbukki Allami. Of in-
terest are also provenances 25-Wassen, 61-Nyugatbukki Allami, 73-Stulpicani, 51-Herfenberg
and 74-Galu.

The selected provenances had better performances than the site means, for all traits.
The differences were between 6.42 and 17.80% higher (Table 4).

By assigning different weights to stability and mean performance (Supplementary
Materials S3), the provenances were grouped into four clusters for each trait: (i) performant
and stable genotypes; (ii) performant but unstable genotypes; (iii) underperforming but
stable genotypes; and (iv) underperforming and unstable genotypes.

From the selected provenances (Figure 3), provenances 60, 100 and 52 were stable and
performant for all four traits.
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Figure 2. Norway spruce provenances ranking and selected provenances using the MTSI. The red
line represents the selection intensity (15%). The dots represent the multi-trait stability index.

Table 4. The selection differential of MTSI index for Norway spruce provenances at 48 years old.

Site Mean Selected Provenances Mean Selection Differential %
Traits - - -
Dorna.Can Zarnesti Turda Dorna.Can Zarnesti Turda Dorna.Can Zarnesti Turda
drenilor drenilor drenilor
Diameter at breast 238 211 216 25.47 245 2317 7.02 6.42 7.25
height (cm)

Total height (m) 25.9 21.4 21.5 27.68 23.24 22.97 6.87 8.61 6.86

Pruned height (m) 16.7 11.0 11.2 17.99 12.74 12.27 7.71 15.83 9.58
Survival (%) 50 40.7 36.8 57.21 44.79 43.35 14.42 10.04 17.80

Provenances 41 and 70 were considered stable and performant for Dbh, Th and Ph;
and for survival rate, they were unstable but performant.

Provenances 71, 72 and 99 were stable and performant regarding Dbh, Ph and survival
rate and were performant but unstable regarding Th.

Provenances 66 and 40 were stable and performant regarding Dbh and unstable but
performant regarding Th and Ph. Regarding the survival rate, provenance 66 was unstable
but performant, and provenance 40 was stable and performant.

Provenance 39-Klaunz Bannwald was stable and performant for all traits, except
survival rate, where it was performant but unstable.
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Provenance 63 was unstable but performant for all traits except Th, which was under-
performing and unstable.

Clusters
o

[

72 41 &0 0 100 e 40 3 9 71 52 63

Provenances
EDbh mTh mPh ®Surv

Figure 3. The grouping of the selected provenances using the MTSI index. 1: Performant and stable;
2: Performant but unstable; 3: Underperforming but stable; 4: Underperforming and unstable; Dbh:
diameter at breast height; Th: total height; Ph: pruned height; Surv: survival rate.

Regarding other Romanian provenances, provenance 73-Stulpicani was stable and
performant for all four traits except Th, which was considered stable, but underperforming.
Both 74-Galu and 64-Gheorghieni were performant but unstable for Dbh, Th and Ph and
were stable and performant regarding survival rate.

4. Discussion

In this study, we have assessed the genetic variation and stability among 81 Norway
spruce provenances covering the entire species distribution range in Europe in three prove-
nance trials using different methods for selecting the provenances with high performances
and adaptability to environmental variations. The analyses were focused on four economic
and adaptive traits which are highly correlated to the breeding objectives.

Significant differences between provenances, groups and sites for the analysed traits
were observed. The high interpopulation genetic variability derived from the wide distribu-
tion area of provenances tested in this study, comprising the three post-glacial recolonisation
regions in Europe: Scandinavia, Hercyno-Carpathian and Alpine regions. The site condi-
tions with different climates (continental in the north, temperate continental with oceanic
influence in the west and central parts) also played an important role in the high level of
variation obtained in this experiment. The best performances for all traits were obtained at
the Dorna Candrenilor field trial, which is located in the climatic optimum of this species
in Romania, while the weakest were obtained at the Zarnesti field trial, which is situated
at a lower altitude in the mixed beech and coniferous species zone; the exception was
for the survival rate, where the Turda trial had the lowest value, 36.8%. In addition, the
provenance x sites interaction (GxE) was significant for total height and pruned height but
not for diameter at breast height and survival. Chen [56], who also used factor-analytic
models, found highly significant GxE for families of Norway spruce in Sweden.

Findings of this study pointed out that GxE interaction will be important in the Norway
spruce breeding program and reforestations, especially in areas exposed to drought or other
risk factors. Identifying stable genotypes reduces long-term risks, but selecting genotypes
adapted to specific environments maximises genetic gains for all environments [57]. Similar
results for Norway spruce were obtained for height [58] and height and diameter at 34 years
in the study of 20 Romanian provenances [59]. No significant GxE interaction for Dbh was
found in other Norway spruce series of experiments established in Romania [55].
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The low value of GxE for Dbh and survival and high value for other traits indicate
high phenotypic plasticity of Norway spruce. Although not all phenotypic plasticity is
adaptive, the phenotypic plasticity could facilitate the expression of well-adapted pheno-
types under new environmental conditions and, therefore, allow a population to carry
on [60]. The results obtained by the MTSI index showed that some provenances (60, 100,
and 52, respectively) were performant and stable for all traits, while others were performant
and stable for some traits but performant and unstable for other traits. Therefore, the level
of genetic variation determines the species phenotypic plasticity that could be specific to
certain traits and environmental conditions.

In our approach, we have analysed multiple trait selections at each site and across sites.
The method was based on the computation of selection indices which reflect the superiority
for all target traits in each trial (MGIDI) and the superiority and stability of all target traits
across trials (MTSI). A problem when using multi-trait indices for selection is that as more
traits are included, the index tends to identify genotypes that are insignificantly above
average for all traits but exceptional for none [61]. The MGIDI and MTSI indices have
allowed the selection of superior provenances for multiple traits, maximising the selection
response. Therefore, their use turned out to be efficient in terms of selection response in the
direction of the multiple-trait breeding goal.

If the selection was based on the MGIDI index, the ranking of the provenances changed
from one experiment to another. However, some provenances obtained good performances
in all the trials, such as: 72-Dorna Candrenilor and 41-Eppenstein. Comparing the results of
the MTSI (with 75% weight for performance) with the ones from the MGIDI, 11 provenances
were selected in at least one trial. Only the provenance 63 was not selected using the MGIDI
index at a 15% selection intensity. However, it was relatively close, ranking 17th, 20th
and 21st in Turda, Dorna Candrenilor and Zarnesti trials, respectively, according to the
MGIDI index.

The provenances selected using the MGIDI and MTSI indices have a high value
for breeding and deployment of the forest reproductive material. They have shown high
growth performances and stability, and they belong to the Eastern and Western Carpathians,
Bohemian, and Eastern Alps groups. Provenances from the Eastern Carpathians and
Bihor Mountains, as well as from the Beskids and Ore regions to the foothills of the
Harz, have demonstrated good performances under very different ecological conditions in
other studies as well [62,63]. Schuler [64] found that the most productive and promising
provenances for future climate conditions in Austria originate from the Bohemian massif
and the southeastern fringe of the Alps. Some Romanian provenances also performed well
regarding tree height and stem volume at 32 years in a Norway spruce provenance trial
from Latvia, one of them being Dorna Candrenilor [65]. Provenances from the Carpathians
and the Baltic region have shown superior growth [66], even in Canada [67]. At low
altitudes in Eastern Norway, provenances from Romania had shown growth superior to
the local ones [68].

Comparing the selection based on the two indices, at the Dorna Candrenilor trial,
which is located in the climatic optimum of this species in Romania, the selection differen-
tials were somewhat greater when selecting genotypes based on MGIDI index, for Dbh, Th
and Ph, but the differences were small: 1.03, 1.52 and 1.26%, respectively. For the survival
rate, the MTSI gave a better result, but was negligible: 57.21% vs. 56%. At the other two
trials, the selection based on the MTSI index gave better results than the MGIDI index, for
all traits, except Ph.

5. Conclusions

Our results confirmed that Norway spruce holds high phenotypic plasticity, and there
is potential for important genetic gains in the next phases of breeding programmes. Twelve
provenances across species range have been identified that belong to the Eastern and
Western Carpathians, Bohemian, and Eastern Alps groups, which have shown high growth
and adaptive performances and stability. These provenances might be valuable genetic
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resources for producing forest reproductive material capable of mitigating the impact of
climate change.

Considering the high vulnerability of genetic resources in the face of climate change,
these unique tree lineages have to be designated as tested seed sources and conserved
in situ by including them in the National Catalogues of Basic Material for producing the
forest reproductive material from each country. In this way, they could be used in site
conditions other than those of origin close to the test sites; this is an activity known as
assisted migration.

The site effect is larger than the provenance effect which reinforces the importance of
paying close attention to site characteristics in reforestation work. The choice of appropriate
seed sources or provenances will improve productivity and adaptation of forests in a
changing climate. Given that the populations tested in this experiment already experienced
the climate change, results of this study could be used in decision-making regarding
selection of the source seed for planting in different countries.

The indices based on multiple traits used in this study are free from multicollinearity
issues and easy to compute and interpret. MGIDI can be used for selecting provenances
adapted to certain environments, and MTSI for selecting provenances that can perform
well across environments. They were based on four traits, but more valuable results could
be obtained when the number of traits increases. In addition, different weights for the
MTSI could be used to prioritise either the mean performance or the stability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/£14030456/s1, Table S1: Details about the tested Norway spruce
provenances and the provenance trials; S2: Histograms and qq-plots for residuals; S3: Different
scenarios of weights for stability and performance; S4: The results of the linear mixed models used
for the computation of the MGIDI index.

Author Contributions: Conceptualisation, A.-M.A. and G.M.; methodology, A.-M.A.; maps, A-M.A;
supervision, G.M. and A.L.C; project administration, G.M.; funding acquisition, G.M.; writing—all
authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Romanian Ministry of Research, Innovation and Digitaliza-
tion, in BIOSERV Nucleu Program, within the framework of the project PN 19070303 (Revision of the
provenance regions for production and deployment of the forest reproductive materials in Romania
to increase the adaptability of forest ecosystems to climate change) and “Programul 1—Dezvoltarea
sistemului national de cercetare—dezvoltare, Subprogram 1.2—Performanta institutionala—Proiecte
de finantare a excelentei in CDI”—project “Cresterea capacitatii si performantei institutionale a
INCDS “Marin Dracea”) in activitatea de CDI—CresPerfInst” (Contract No. 34PFE./30.12.2021).

Data Availability Statement: Data presented in this study are available from the corresponding
author upon request.

Acknowledgments: The authors would like to thank the anonymous reviewers for their comments
and suggestions that contributed positively to this paper.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Jansen, S.; Konrad, H.; Geburek, T. The extent of historic translocation of Norway spruce forest reproductive material in Europe.
Ann. For. Sci. 2017, 74, 56. [CrossRef]
2. Rezultate IFN—Ciclul I | Inventarul Forestier National 2018. Available online: http://roifn.ro/site/rezultate-ifn-2/ (accessed on

3 February 2020).
Sofletea, N.; Curtu, A.L. Dendrologie; Editura Universitatii Transilvania: Brasov, Romania, 2007; ISBN 973-635-885-2.

i

4. Jansson, G.; Danusevitius, D.; Grotehusman, H.; Kowalczyk, J.; Krajmerova, D.; Skreppa, T.; Wolf, H. Norway Spruce (Picea abies
(L.) H.Karst.). In Forest Tree Breeding in Europe: Current State-of-the-Art and Perspectives; Paques, L.E., Ed.; Springer: Dordrecht, The
Netherlands, 2013; pp. 123-176. [CrossRef]

5. Krutzsch, PH. IUFRO’s role in coniferous tree improvement: Norway spruce (Picea abies (L.) Karst.). Silvae Genetica 1992, 41,

143-150.


https://www.mdpi.com/article/10.3390/f14030456/s1
https://www.mdpi.com/article/10.3390/f14030456/s1
http://doi.org/10.1007/s13595-017-0644-z
http://roifn.ro/site/rezultate-ifn-2/
http://doi.org/10.1007/978-94-007-6146-9_3

Forests 2023, 14, 456 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Nitu, C. Cercetari privind Comportarea Provenientelor de Molid Testate in Diferite Conditii Stationale (Researches Concerning the Behavior
of Norway Spruce Provenances Tested in Different Site Conditions); Redactia de Propaganda Tehnica Agricola: Bucuresti, Romania,
1984; p. 36.

Mihai, G. Surse de Seminte Testate Pentru Principalele Specii de Arbori Forestieri din Romdnia [Tested Seed Sources for the Main Forest tree
Species from Romania]; Editura Silvica: Bucuresti, Romania, 2009.

Campbell, B.T,; Jones, M.A. Assessment of genotype X environment interactions for yield and fiber quality in cotton performance
trials. Euphytica 2005, 144, 69-78. [CrossRef]

Aitken, S.N.; Yeaman, S.; Holliday, J.A.; Wang, T.; Curtis-McLane, S. Adaptation, migration or extirpation: Climate change
outcomes for tree populations. Evol. Appl. 2008, 1, 95-111. [CrossRef] [PubMed]

Adaptive versus Non-Adaptive Phenotypic Plasticity and the Potential for Contemporary Adaptation in New Environments—
GHALAMBOR-2007—Functional Ecology—Wiley Online Library. Available online: https:/ /besjournals.onlinelibrary.wiley.com/
doi/10.1111/§.1365-2435.2007.01283.x (accessed on 12 December 2022).

Codesido, V.; Fernandez-Lopez, J. Implication of genotype X site interaction on Pinus radiata breeding in Galicia. New For. 2009,
37, 17-34. [CrossRef]

Haapanen, M. Impact of Family-by-trial Interaction on the Utility of Progeny Testing Methods for Scots Pine. Silvae Genet. 1996,
45,130-135.

Costa e Silva, J.; Potts, B.M.; Dutkowski, G.W. Genotype by environment interaction for growth of Eucalyptus globulus in
Australia. Tree Genet. Genomes 2006, 2, 61-75. [CrossRef]

Campbell, R K. Genotype * Environment Interaction: A Case Study for Douglas-fir in Western Oregon | Pacific Northwest Research
Station | PNW—US Forest Service. Available online: https://www.fs.usda.gov/pnw/publications/genotype-environment-
interaction-case-study-douglas-fir-western-oregon (accessed on 12 December 2022).

Longauer, R.; Pacalaj, M.; Gomory, D.; Strmen, S.; Krajmerova, D. Growth and survival of Norway spruce in the provenance
experiment IUFRO 1972 at the age of 38 year. Acta Fac. For. Zvolen Slovak. 2012, 54, 93-110.

Lundstromer, J.; Karlsson, B.; Berlin, M. Strategies for deployment of reproductive material under supply limitations—A case
study of Norway spruce seed sources in Sweden. Scand. J. For. Res. 2020, 35, 495-505. [CrossRef]

Sixto, H.; Salvia, J.; Barrio, M.; Pilar Ciria, M.; Canellas, I. Genetic variation and genotype-environment interactions in short
rotation Populus plantations in southern Europe. New For. 2011, 42, 163-177. [CrossRef]

Heinrich, G.M.; Francis, C.A.; Eastin, ].D. Stability of Grain Sorghum Yield Components Across Diverse Environments1. Crop Sci.
1983, 23, 209-212. [CrossRef]

Laing, D.R. Adaptabilidad y Estabilidad en el Comportamiento de Plantas de Frijol Comun. 1978. Available online: https:
/ /cgspace.cgiar.org/handle/10568 /69890 (accessed on 12 December 2022).

Becker, H.C.; Léon, ]. Stability Analysis in Plant Breeding. Plant Breed. 1988, 101, 1-23. [CrossRef]

Gianoli, E.; Valladares, F. Studying phenotypic plasticity: The advantages of a broad approach. Biol. J. Linn. Soc. 2012, 105, 1-7.
[CrossRef]

White, T.L.; Adams, W.T; Neale, D.B. Forest Genetics. 2007. Available online: https://books.google.ro/books?id=UHZCeg4BqtkC
(accessed on 12 December 2022).

Falconer, D.S. Introduction to Quantitative Genetics; Prentice Hall: Harlow, UK, 1996; ISBN 978-0-582-24302-6.

Raymond, C.A.; Namkoong, G. Optimizing breeding zones: Genetic flexibility or maximum value. Silvae Genet. 1990, 39, 110-113.
Stojnic, S.; Orlovi¢, S.; Ballian, D.; Ivankovic, M.; Sijacic/Nikolic, M.; Pilipovic, A.; Bogdan, S.; Kvesic, S.; Mataruga, M.; Danici¢, V.;
et al. Provenance by site interaction and stability analysis of European beech (Fagus sylvatica L.) provenances grown in common
garden experiments. Silvae Genet. 2015, 64, 133-147. [CrossRef]

Chmura, D.J.; Matras, J.; Barzdajn, W.; Buraczyk, W.; Kowalkowski, W.; Kowalczyk, J.; Rozkowski, R.; Szeligowski, H. Variation
in growth of Norway spruce in the IUFRO 1972 provenance experimental series. Silvae Genet. 2016, 67, 26-33. [CrossRef]
Smith, H.E. A Discriminant Function for Plant Selection. Ann. Eugen. 1936, 7, 240-250. [CrossRef]

Hazel, L.N. The Genetic Basis for Constructing Selection Indexes. Genetics 1943, 28, 476—490. [CrossRef]

Olivoto, T.; Nardino, M. MGIDI: Toward an effective multivariate selection in biological experiments. Bioinformatics 2021, 37,
1383-1389. [CrossRef]

Allen, M.P. (Ed.) The problem of multicollinearity. In Understanding Regression Analysis; Springer: Boston, MA, USA, 1997;
pp. 176-180, ISBN 978-0-585-25657-3.

Prunier, J.G.; Colyn, M.; Legendre, X.; Nimon, K.E; Flamand, M.C. Multicollinearity in spatial genetics: Separating the wheat
from the chaff using commonality analyses. Mol. Ecol. 2015, 24, 263-283. [CrossRef]

Bizari, E.H.; Val, B.H.P; Pereira, E.d.M.; Mauro, A.O.D.; Unéda-Trevisoli, S.H. Selection indices for agronomic traits in segregating
populations of soybeanl. Rev. Ciénc. Agrondémica 2017, 48, 110-117. [CrossRef]

Wang, T.; Aitken, S.N.; Rozenberg, P.; Carlson, M.R. Selection for height growth and Pilodyn pin penetration in lodgepole pine:
Effects on growth traits, wood properties, and their relationships. Can. |. For. Res. 1999, 29, 434-445. [CrossRef]

Christophe, C.; Birot, Y. Genetic structures and expected genetic gains from multitrait selection in wild populations of Douglas fir
and Sitka spruce. II. Practical application of index selection on several populations. Silvae Genet. 1983, 32, 173-181.

White, T.L.; Hodge, G.R. Best linear prediction of breeding values in a forest tree improvement program. Theor. Appl. Genet. 1988,
76,719-727. [CrossRef] [PubMed]


http://doi.org/10.1007/s10681-005-4336-7
http://doi.org/10.1111/j.1752-4571.2007.00013.x
http://www.ncbi.nlm.nih.gov/pubmed/25567494
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/j.1365-2435.2007.01283.x
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/j.1365-2435.2007.01283.x
http://doi.org/10.1007/s11056-008-9105-8
http://doi.org/10.1007/s11295-005-0025-x
https://www.fs.usda.gov/pnw/publications/genotype-environment-interaction-case-study-douglas-fir-western-oregon
https://www.fs.usda.gov/pnw/publications/genotype-environment-interaction-case-study-douglas-fir-western-oregon
http://doi.org/10.1080/02827581.2020.1833979
http://doi.org/10.1007/s11056-010-9244-6
http://doi.org/10.2135/cropsci1983.0011183X002300020004x
https://cgspace.cgiar.org/handle/10568/69890
https://cgspace.cgiar.org/handle/10568/69890
http://doi.org/10.1111/j.1439-0523.1988.tb00261.x
http://doi.org/10.1111/j.1095-8312.2011.01793.x
https://books.google.ro/books?id=UHZCeg4BqtkC
http://doi.org/10.1515/sg-2015-0013
http://doi.org/10.2478/sg-2018-0004
http://doi.org/10.1111/j.1469-1809.1936.tb02143.x
http://doi.org/10.1093/genetics/28.6.476
http://doi.org/10.1093/bioinformatics/btaa981
http://doi.org/10.1111/mec.13029
http://doi.org/10.5935/1806-6690.20170012
http://doi.org/10.1139/x99-012
http://doi.org/10.1007/BF00303518
http://www.ncbi.nlm.nih.gov/pubmed/24232350

Forests 2023, 14, 456 13 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

Chollet, F.; Roman-Amat, B. Determination of economic coefficients for multi- trait selection on maritime pine (Pinus pinaster
AIT.). In Proceedings of the IUFRO Conference, a Joint Meeting of Working Parties on Breeding Theory, Progeny Testing and Seed
Orchards, Williamsburg, VA, USA, 13-17 October 1986; North Carolina State University-Industry Cooperative Tree Improvement
Program, Publ.: Williamsburg, VA, USA, 1986; pp. 567-581.

Carreras, R.; Bessega, C.; Lopez, C.R.; Saidman, B.O.; Vilardi, J.C. Developing a breeding strategy for multiple trait selection in
Prosopis alba Griseb., a native forest species of the Chaco Region in Argentina. For. Int. ]. For. Res. 2017, 90, 199-210. [CrossRef]
Missanjo, E.; Matsumura, J. Multiple Trait Selection Index for Simultaneous Improvement of Wood Properties and Growth Traits
in Pinus kesiya Royle ex Gordon in Malawi. Forests 2017, 8, 96. [CrossRef]

Jin, J.; Zhao, X,; Liu, H.; Wang, S.; Song, Z.; Ma, X,; Li, K. Preliminary study on genetic variation of growth traits and wood
properties and superior clones selection of Populus ussuriensis Kom. IForest-Biogeosci. For. 2019, 12, 459. [CrossRef]

Chen, Z. Quantitative Genetics of Norway Spruce in Sweden. Available online: https:/ /pub.epsilon.slu.se/13331/ (accessed on
16 February 2022).

Rashidi-Jouybari, I.; Lenz, P.; Beaulieu, J.; Nadeau, S.; Bousquet, J.; Achim, A. Multi-trait selection for improved solid wood
physical and flexural properties in white spruce. For. Int. J. For. Res. 2022, 95, 492-503. [CrossRef]

Xiao, Y.; Wang, J.; Yun, H.; Yang, G.; Ma, J.; Ma, W.; Qu, G. Genetic Evaluation and Combined Selection for the Simultaneous
Improvement of Growth and Wood Properties in Catalpa bungei Clones. Forests 2021, 12, 868. [CrossRef]

Olivoto, T.; Lucio, A.D.C,; da Silva, ].A.G.; Sari, B.G.; Diel, M.I. Mean Performance and Stability in Multi-Environment Trials II:
Selection Based on Multiple Traits. Agron. J. 2019, 111, 2961-2969. [CrossRef]

Nitu, C.; Benea, V.; Duran, V.; Florescu, I.; Gruescu, A.; Marcu, A.; Rdescu, V. Aspecte privind variabilitatea genetica a unor
proveniente de molid. An. Inst. Cercet. Amenaj. Silv. 1974, 31, 49-58.

Meteo Romania | Clima Romaniei. Available online: https://www.meteoromania.ro/clima/clima-romaniei/ (accessed on
14 February 2023).

Badea, L. Geografia Rominiei; Editura Academiei Republicii Socialiste Romania: Bucuresti, Romania, 1983.

Kapeller, S.; Lexer, M.]J.; Geburek, T.; Hiebl, J.; Schueler, S. Intraspecific variation in climate response of Norway spruce in the
eastern Alpine range: Selecting appropriate provenances for future climate. For. Ecol. Manag. 2012, 271, 46-57. [CrossRef]
Liepe, K.J.; van der Maaten, E.; van der Maaten-Theunissen, M.; Liesebach, M. High Phenotypic Plasticity, but Low Signals of
Local Adaptation to Climate in a Large-Scale Transplant Experiment of Picea abies (L.) Karst. in Europe. Front. For. Glob. Chang.
2022, 5, 804857. [CrossRef]

Aitken, S.N.; Bemmels, ].B. Time to get moving: Assisted gene flow of forest trees. Evol. Appl. 2016, 9, 271-290. [CrossRef]
Nanson, A. Génétique et Amélioration des Arbres Forestiers; Les Presses Agronomiques de Gembloux: Gembloux, Belgium, 2004;
ISBN 978-2-87016-070-1.

Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B.; Jensen, S.P. ImerTest: Tests in Linear Mixed Effects Models 2020. Available
online: https:/ /CRAN.R-project.org/package=ImerTest (accessed on 8 December 2022).

Olivoto, T.; Lucio, A.D.C.; da Silva, ].A.G.; Marchioro, V.S.; de Souza, V.Q.; Jost, E. Mean Performance and Stability in Multi-
Environment Trials I: Combining Features of AMMI and BLUP Techniques. Agron. J. 2019, 111, 2949-2960. [CrossRef]

Olivoto, T.; Lucio, A.D. metan: An R package for multi-environment trial analysis. Methods Ecol. Evol. 2020, 11, 783-789.
[CrossRef]

R: The R Project for Statistical Computing. Available online: https://www.r-project.org/ (accessed on 12 June 2022).

Budeanu, M.; Sofletea, N.; Petritan, I. Among-population Variation in Quality Traits in Two Romanian Provenance Trials with
Picea abies L. Balt. For. 2014, 20, 37-47.

Chen, Z.-Q.; Karlsson, B.; Wu, H.X. Patterns of additive genotype-by-environment interaction in tree height of Norway spruce in
southern and central Sweden. Tree Genet. Genomes 2017, 13, 25. [CrossRef]

Li, Y,; Suontama, M.; Burdon, R.D.; Dungey, H.S. Genotype by environment interactions in forest tree breeding: Review of
methodology and perspectives on research and application. Tree Genet. Genomes 2017, 13, 60. [CrossRef]

Skreppa, T.; Steffenrem, A. Performance and Phenotypic Stability of Norway Spruce Provenances, Families, and Clones Growing
under Diverse Climatic Conditions in Four Nordic Countries. Forests 2021, 12, 230. [CrossRef]

Mihai, G.; Teodosiu, M.; Birsan, M.-V.; Alexandru, A.-M.; Mirancea, I.; Apostol, E.-N.; Garbacea, P.; Ionita, L. Impact of Climate
Change and Adaptive Genetic Potential of Norway Spruce at the South—eastern Range of Species Distribution. Agric. For. Meteorol.
2020, 291, 108040. [CrossRef]

Pigliucci, M.; Murren, C.J.; Schlichting, C.D. Phenotypic plasticity and evolution by genetic assimilation. J. Exp. Biol. 2006, 209,
2362-2367. [CrossRef] [PubMed]

White, T. Breeding strategies for forest trees: Concepts and challenges. South. Afr. For. J. 2001, 190, 31-42. [CrossRef]

Matras, J. Growth and development of Polish provenances of Picea abies in the IUFRO 1972 experiment. Dendrobiology 2009, 61,
145-158.

Budeanu, M.; Sofletea, N.; Parnuta, G. Testing Romanian seed sources of Norway spruce (Picea abies): Results on growth traits
and survival at age 30. Ann. For. Res. 2012, 55, 43-52. [CrossRef]

Schueler, S.; Kapeller, S.; Konrad, H.; Geburek, T.; Mengl, M.; Bozzano, M.; Koskela, J.; Lefevre, F.; Hubert, J.; Kraigher, H,;
et al. Adaptive genetic diversity of trees for forest conservation in a future climate: A case study on Norway spruce in Austria.
Biodivers. Conserv. 2013, 22, 1151-1166. [CrossRef]


http://doi.org/10.1093/forestry/cpw032
http://doi.org/10.3390/f8040096
http://doi.org/10.3832/ifor2991-012
https://pub.epsilon.slu.se/13331/
http://doi.org/10.1093/forestry/cpac006
http://doi.org/10.3390/f12070868
http://doi.org/10.2134/agronj2019.03.0221
https://www.meteoromania.ro/clima/clima-romaniei/
http://doi.org/10.1016/j.foreco.2012.01.039
http://doi.org/10.3389/ffgc.2022.804857
http://doi.org/10.1111/eva.12293
https://CRAN.R-project.org/package=lmerTest
http://doi.org/10.2134/agronj2019.03.0220
http://doi.org/10.1111/2041-210X.13384
https://www.r-project.org/
http://doi.org/10.1007/s11295-017-1103-6
http://doi.org/10.1007/s11295-017-1144-x
http://doi.org/10.3390/f12020230
http://doi.org/10.1016/j.agrformet.2020.108040
http://doi.org/10.1242/jeb.02070
http://www.ncbi.nlm.nih.gov/pubmed/16731812
http://doi.org/10.1080/20702620.2001.10434113
http://doi.org/10.15287/afr.2012.74
http://doi.org/10.1007/s10531-012-0313-3

Forests 2023, 14, 456 14 of 14

65. Zelting, P; Katrevids, ].; Gailis, A.; Maaten, T.; Desaine, I; Jansons, A. Adaptation Capacity of Norway Spruce Provenances in
Western Latvia. Forests 2019, 10, 840. [CrossRef]

66. Giertych, M. Genetics. In Biology and Ecology of Norway Spruce; Tjoelker, M.G., Boratynski, A., Bugata, W., Eds.; Springer:
Dordrecht, The Netherlands, 2007; pp. 115-155, ISBN 978-1-4020-4841-8.

67. Fowler, D.P; Coles, J.FE. Norway Spruce Provenance Experiments in the Maritimes Region of Canada. For. Chron. 1980, 56, 155-160.
[CrossRef]

68. Skroppa, T. Forsok med Rumenske Granprovenienser Trials with Norway Spruce Provenances from Romania; NIBIO: Postboks, Norway,
2021; ISBN 978-82-17-02926-7.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/f10100840
http://doi.org/10.5558/tfc56155-4

	Introduction 
	Materials and Methods 
	Genetic Material, Experimental Desing and Measurements 
	Statistical Analysis 

	Results 
	Genetic Variability Analysis within Trial Sites 
	Genotype by Environment Analysis 
	The Multi-Trait Selection in Each Provenance Trial 
	The Multi-Trait Selection across Provenance Trials 

	Discussion 
	Conclusions 
	References

