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Abstract

Swiss stone pine (Pinus cembra L.) is a promising species for 
afforestation at the upper altitudinal limit of the forests due to 
its adaptability to more difficult climatic conditions. The study 
aims to analyze the genetic variability, testing site influence, 
trait-trait and juvenile-adult correlations across two 27-years-
old provenance trials. The primary goal was to identify the 
best-performing provenances, set the suitable breeding strate-
gies, and predicting the optimal age for forward selection. In 
the spring of 2024, measurements and evaluations were made 
for survival, diameter at breast height, tree height (Th), volume, 
fork occurrences, stem straightness, defoliation, branches dia-
meter and finesse. The results indicated a high level of genetic 
variability, particularly within provenances, suggesting strong 
potential for selective breeding and adaptability. In each trial, 
three provenances were selected for reproduction in the same 
provenance region and under similar environmental condi-
tions as the trials where they were performed. However, due to 
significant testing site and site x provenance interactions, ext-
reme caution is recommended when transferring forest repro-
ductive materials. Low QST values highlight the need for main-
tain high genetic diversity, a serious issue for the long-term 
resilience of this species. The observed juvenile-adult growth 
traits correlations and the time-to-time evolution of the 12 pro-
venances indicate that early selection, even at the juvenile sta-
ge (17 years), could be effective. Forward selection of the top 
30 % trees from the best three provenances, for Th, is recom-
mended to enhance genetic gain. These findings provide valu-
able insights for developing breeding strategies and optimi-
zing afforestation efforts in high-altitude regions.

Keywords: Alps and Carpathians forests; forward selection stra-
tegy; provenance trial; quantitative genetics; Swiss stone pine.

Introduction

Global warming has mitigated forests´protective ecological 
role, so solutions are being sought to identify species and 

intraspecific varieties with high resilience (Nabuurs et al., 2013, 
Liang et al., 2016, Ammer, 2019, Bastin et al., 2020, Chakraborty 
et al., 2024), while simultaneously implementing actions to 
increase the resilience of forest ecosystems (Spathelf et al., 
2018, Jandl et al., 2019).

A mixture of Swiss stone pine (Pinus cembra), European 
larch (Larix decidua), dwarfed mountain pine (Pinus mugo), and 
occasionally Norway spruce (Picea abies) could be a feasible 
solution for afforestation at the upper limit of the forests and 
also in the subalpine area of Alps and Carpathians (Paulsen et 
al., 2000, Li and Yang, 2004, Ulber et al., 2004, Blada and Popes-
cu, 2007, 2012, Caudullo and de Rigo, 2016, Gugerli et al., 2023), 
due to these species capacity to adapt to the restrictive clima-
tic conditions (Leonelli et al., 2009, Mosca et al., 2016, Neu-
schulz et al., 2018, Tóth et al., 2019, Dauphin et al., 2021) and 
their ability to increase the stands’ resistance to windfalls and 
snow breaks. Although Swiss stone pine is well adapted to high 
altitudes, competition poses a challenge for this slow-growing 
species, particularly in the shade of fast-growing species such 
as spruce (Gugerli et al., 2022). This aspect must be considered 
in afforestation planning.

Genetic analyses have indicated low diversity among 
Swiss stone pine populations in the Alps and Carpathians, 
especially in the Tatra Mountains (Dzialuk et al., 2014), as well 
as in other isolated or fragmented populations (Belokon et al., 
2005, Politov et al., 2008, Höhn et al., 2009, Salzer and Gugerli, 
2012). This suggests a need to increase the number of geneti-
cally improved seed sources of Swiss stone pine (Saura et al., 
2008, Funk et al., 2012, Lendvay et al., 2014, Wojnicka-Półtorak 
et al., 2015, Sonnenwyl et al., 2024) to enhance the genetic 
diversity of forest reproductive materials used in afforestation.

In Romania, a breeding programme for Swiss stone pine 
was coordinated by Blada (1987, 2019) between 1979 and 
2004. It began with mapping the natural distribution areas of 
the species in the Romanian Carpathians, selecting phenotypi-
cally valuable plus trees, reproducing them generatively or 
vegetatively, and establishing nine field trials (three half-sib, 
two full-sib, three of provenances and one clone trial). Additio-
nally, due to a LIFE project, a 50 ha area in the Pietrosul Rodnei 
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Mountain (Eastern Carpathians) was planted (Blada, 2019). 
Conclusions and recommendations from this research were 
disseminated in important journals (Blada and Popescu, 2007, 
2008, 2012, Budeanu et al., 2024), highlighting the significance 
of these experiments and the need to continue and expand 
investigations.

This study aims to analyze the genetic variability, testing 
site influence, trait-trait and juvenile-adult correlations in two 
27-years-old provenance trials to select the best-performing 
provenances, establish the most suitable breeding strategy, 
and predict the optimal age for forward selection.

Materials and methods

The experiment, designed to test 12 European provenances of 
Swiss stone pine, 7 from the Romanian Carpathians and 5 

originating from the Alps (from Austria, Switzerland and 
France), is considered unique in Europe. These provenances 
cover a significant part of the species' natural range, spanning 
across a latitude range of 4°36' N (from 45°12' to 49°48') and a 
longitude range of 20°29' E (from 4°48' to 25°17'). The altitudi-
nal amplitude of the provenances varies by 655 m, ranging 
from 1520 m to 2175 m, a.s.l. Each provenance resulted from 
mixing seeds harvested from 10 to 20 open-pollinated trees, 
located at least 50 m apart (Blada and Popescu, 2007).

One provenance originated from France (Bois des Ayes), 
one from Switzerland (Grachen Walis), three from Austria 
(Bluhnbach, Imst-Roppen, Sirnitz-Gilendorfer), and seven from 
Romania (three from the Eastern Carpathians: Călimani, Valea 
Lalei, Pietrosul, and four from the Southern Carpathians: 
Gemenele, Pietrele, Stâna de Râu, Păpușa-Iezer) (Figure 1A).

 

 

 

Figure 1                                                                                                                                                                                                                                                                      
The location of the Cugir and Cârlibaba field trials (black triangle) and provenances origins (red circle, A) on the Pinus cembra 
distribution map (Caudullo et al., 2017). The natural distribution of the species is hatched. Regional climate trends (B) in the 
mean annual temperature (red) and total precipitation (brown) for the trials over the last 28 years were computed using Climate 
downscaling tool (B4EST, 2024).
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The two comparative trials (Cugir, located in the Southern Car-
pathians, and Cârlibaba, in the Eastern Carpathians) were esta-
blished in the autumn of 1997, using 7-year-old seedlings with 
an average height of 27 cm and a root collar diameter of 12 
mm. For both trials a completely randomized block design was 
utilized with three replications and 30 trees per unitary plot, 
planted at a spacing of 2.5 x 2.5 m (Blada and Popescu 2007).

The Cugir trial was established in the Șureanu Mountains 
of the Southern Carpathians and it is currently administered by 
the Cugir Forest District. It is located in the production unit IV 
Canciu, plot 65B, covering an area of 0.9 ha. Geographically, it is 
located at 45˚37´ N latitude, 23˚32ˈ E longitude, and at an alti-
tude of 1550 m. The trial is positioned at the top of a slope on 
land with an undulating configuration, facing southwest, with 
a 20˚ inclination. The biotope is of medium productivity, the 
forest type being represented by high-altitude spruces with 
mull flora, and the soil is classified as typically districambosoil.

The Cârlibaba trial was located in the Inău Mountains of 
the Eastern Carpathians and is administered by the Plaiurile 
Heniului Forest District. It is situated in the production unit IV 
Leșu, plot 22B, covering an area of 0.85 ha. Geographically, it is 
located at 47˚33ˈ N latitude, 24˚55ˈ E longitude, and at an alti-
tude of 1445 m. The trial it is positioned at the top of a slope on 
land with a strongly undulating configuration, facing south, 
with a 25˚ inclination. The biotope is of medium productivity, 
the forest type being represented by high-altitude spruces 
with mull flora, and the soil is classified as typically districam-
bosoil.

While the precipitation showed no clear trend over the 
last 28 years in both testing regions, temperatures have increa-
sed (Figure 1B). The average annual temperature in both trials 
was 3.2°C, while the sum of annual precipitation averaged 
1062 mm in the Cugir trial and 1265 mm in the Cârlibaba test 
(B4EST, 2024).

In these trials, measurements were taken at 1, 10, and 27 
years after the trial’s establishment (the years 1998, 2007, and 
2024, respectively). At 34 years of trees’ age (27 years after the 
trial’s establishment), measurements and evaluations of 
growth and quality traits were carried out for ten trees per pro-
venance in each replication, randomly selected (every third 
tree was selected: 1, 4, 7, etc.). The breast height diameter 
(Dbh), tree height (Th), fork height (Fh), and dominant branch 
diameter (Bd, measured in the whorl situated at 1.3 m from the 
ground) were assessed using a forest caliper, a Vertex V instru-
ment, and an electronic caliper, respectively. Fork (F) and the 
stem straightness (Ss) were evaluated on a scale of 7 (from 1= 
more forks in the lower third of the stem, to 7= no fork) and 5 (0 
= vertical and rectilinear stem, 1 = 1-2 slight curves, 2 = three or 
more slight curves, 3 = 1-2 big curves, and 4 = three or more 
big curves.) classes, respectively, according to the Treebreedex 
protocol (Ducci et al., 2012). Defoliation (D) was evaluated on a 
scale of 5 classes (from 0= healthy tree, 0-10 % defoliation, to 
4= dead tree), following the ICP protocol (Eichhorn et al., 2020). 
More details related to the three indices can be found in Bude-
anu et al. (2024). Additionally, tree volume (Tv) was calculated 
using the regression equation method (Giurgiu et al., 2004), 

and branches’ finesse (Bf ) was calculated using the formula 
Bf=Bd x 100 / Dbh.

Survival (Sr) was calculated in both trials for each prove-
nance and in every replication as the proportion of trees that 
survived until the trials age of 27 years compared to the num-
ber of trees planted.

Statistical analysis

In each trial, the mathematical model used for the analysis was 
the one recommended by Nanson (2004):
Xij= m + αi + βj + εij

where: m is the average value, αi is the component of i prove-
nances (i = 1...12), βj is the component of j replications (j = 1...3), 
εij represents the random error that influences ij plots. A mixed 
linear model was used, where the replication was integrated as 
a fixed effect, while the provenance factor had a random effect.

After conducting ANOVA for each trial, the results were 
cumulated and analyzed using a bifactorial analysis to high-
light the influences of the testing site and the interaction bet-
ween populations x localities, according to Nanson (2004):
Xijk= m + αi + βj + αβij + εijk

where: m and αi have the same signification as mentioned abo-
ve, βj represent component of j localities (j = 1…2), αβij indica-
tes the interaction between provenances and localities, εijk is 
the random error. Again, a mixed linear model was used, with 
the locality having a fixed effect, while the provenance and 
provenance x locality factors had a random effect.

The significance level was determined using Fisher (F) test, 
assessing the transgression probability at levels of 5 %, 1 % and 
0.1 %. Provenances ranking and their separation into homoge-
nous groups were conducted using the Tukey HSD test at a 5 % 
transgression possibility. Additionally, Pearson’s simple pheno-
typic age-age ant trait-trait correlations were determined, 
along with correlations between traits and the ecological gra-
dients corresponding to origins of the provenances. The eco-
physiological latitude (Le) was estimated according to Wiersma 
(1962) using the formula Le = L + A / 100, where: L represents 
latitude, A represents altitude (with a 100 m difference in alti-
tude considered equivalent to one degree of latitude).

A graphical method was used to highlight the best-perfor-
ming provenances, based on the average values recorded for 
survival rate (stability performance) and trees height (growth 
performance). mosaic plot, with significant differences marked 
by different colors, was utilized to visualize and interpret the 
categorical relationships between provenances regarding the 
fork index.

To estimate the quantitative genetic differentiation 
among provenances, the QST coefficients were calculated 
according to Morgan et al. (2005) using the following formula:
 

 

 

QST =  σb
2

σb
2 + 2σw2

 

 
where σb2 and σw2 represent the genetic variances between 
and within provenances. The level of genetic divergence 
among the provenances shows us the level of genetic diversity 
in the experiment. This is compared with the 
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intra-populational diversity to determine the optimal breeding 
strategy (population or individual selection). At the same time, 
it provides information on the genetic diversity that we can 
transmit  to future forests.

The software utilized for data processing includes R (2023), 
for figures 2-4 and tables 3, 4, 6-9, Statistica 10.0 (2010), for 
Tukey HSD tests (tables 1-2), Microsoft Office Excel 15, for table 
5, and QGIS 10.3 (2024), for figure 1.

Results

Phenotypic variability
In both field trials, the principal growth traits (Th, Dbh, and Tv), 
highlighted two notable provenances, 4-Călimani (Eastern Car-
pathians) and 9-Bluhnbach (Austria). In contrast, provenance 
6-Pietrosul (Eastern Carpathians) registered low results (Tables 
1, 2, Figure 2). ANOVA results (Table 3) revealed a highly signifi-
cant influence of provenance (p<0.001) in both experiments, 
while the influence of replication was found to be insignificant. 

The statement is valid for all analyzed traits, except of Bf in the 
Cârlibaba trial. Factorial ANOVA (Table 4) further confirms a 
highly significant influence (p<0.001) of locality, provenance, 
and their interaction. The local provenances (3-Stâna de Râu, in 
Cugir, and 5-Valea Lalei, in Cârlibaba trials) were ranked in the 
best homogeneous group for all growth traits, especially the 
local provenance of the Cugir trial, which ranked in third place 
(Tables 1, 2, Figure 2). For Tv, the provenances from the Carpa-
thians outperformed those from the Alps by 17.3 % in the Câr-
libaba trial, while a reverse situation was observed in the Cugir 
experiment, where the Alpine provenances exceeded the Car-
pathians origin by 4.5 %. The provenance 11-Sirnitz-Gilendor-
fer from Austria recorded contrasting results, achieving first 
place in the Cugir trial but ranking last in Cârlibaba, which 
emphasizes the need for maximum caution when moving 
forest reproductive materials.

Cugir trial Cârlibaba trial

Provenance Dbh (cm) Hg Provenance Dbh (cm) Hg

11 17.82 |  4 16.87 |  

9 17.29 |  9 16.43 |  |

3 17.11 |  2 16.41 |  |

4 16.98 |  3 16.31 |  |

7 16.78 |  5 16.23 |  |

2 16.75 |  8 16.21 |  |

1 16.61 |  7 16.06 |  |

12 16.55 |  1 15.96 |  |

10 16.32 |  10 15.66 |  |

5 16.03 | | 12 15.15 |  |

8 14.38  | 6  15.02  |

6 14.20  | 11  10.23        |

Table 1                                                                                                                                                                                                                                    
Ranking of the provenances for Dbh and their separation into homogeneous groups (Tukey HSD test, α=5 %)                           
(Dbh= diameter at breast height, Hg= homogeneous groups. Foreign provenances: Switzerland= red, Austria= green, France= 
blue. Romanian origins: Eastern Carpathians= orange, Southern Carpathians= black.)
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Cugir trial Cârlibaba trial

Provenance Th (m) Hg Provenance Th (m) Hg

9 7.69 | 1 7.29 |

2 7.59 | | 8 7.29 |

3 7.40 | | 2 7.28 |

4 7.34 | | | 4 7.11 |

1 7.19 | | | | 7 7.04 | |

11 7.15 | | | 9 7.03 | |

7 7.13 | | | 5 7.03 | |

12 7.08 | | | 10 6.99 | |

10 6.85 | | 3 6.84 | |

8 6.78 | 12 6.54 |

5 6.75 | 6 5.94 |

6 5.70           | 11 5.87 |

Table 2                                                                                                                                                                                                                                    
Ranking of the provenances for Th and their separation into homogeneous groups (Tukey HSD test, α=5 %) Th= trees’ height. 
Hg and provenances color as in table 1.

 

 

 

Figure 2                                                                                                                                                                                                                                                     
Trees volume variation (mean±SD) among the provenances, in the Cugir and Cârlibaba trials. The provenance codes (1-12) as in 
figure 1.



68

Factor DF
MSDbh MSTh MSTv MSBd MSBf MSDbh MSTh MSTv MSBd MSBf

Cugir test Cârlibaba test

Replication 2 3.33 0.91 602 0.16 1.93 4.97 0.57 399 0.002 3.37

Provenance 11 35.55*** 8.14*** 4524*** 1.29*** 112.4*** 92.53*** 7.22*** 5370*** 2.26*** 23.28**

Error 346 4.88 0.38 497 1.17 6.05 4.23 0.44 417 0.24 8.08

Table 3                                                                                                                                                                                                                                  
ANOVA for the principal analyzed traits, by location (DF= degrees of freedom, MS = mean square. Significant influences, * at 
p<0.05, ** at p<0.01, *** at p<0.001, according to Fisher test. Dbh, Th, Tv, Bd and Bf as in methodology.)

Factor DF MSDbh MSTh MSTv MSBd MSBf

Locality (L) 1 132.4*** 7.22*** 11519*** 0.098 56.8**

Provenance (P) 11 49.4*** 11.56*** 4757*** 1.764*** 97.8***

L x P 11 78.7*** 3.79*** 5137*** 1.783*** 37.9***

Error 696 4.6 0.41 457 0.202 7.0

Table 4                                                                                                                                                                                                                                     
Factorial ANOVA for the principal analyzed traits, over locations (DF= degrees of freedom, MS = mean square. Significant influ-
ences, * at p<0.05, ** at p<0.01, *** at p<0.001, according to Fisher test. Dbh, Th, Tv, Bd and Bf as in methodology.)

For Survival rate (Sr), very high average values were recorded in 
both trials, respectively 88.6 % in Cugir and 90.1 % in Cârlibaba, 
with amplitudes of variation between 63.6 % (6-Pietrosul) and 
97.8 % (9-Bluhnbach, Austria), in Cugir, and respectively bet-
ween 79.2 % (5-Valea Lalei, the local provenance) and 98.7 % 
(12-France), in Cârlibaba. The provenances highlighted for 
growth, 9-Bluhnbach (Austria) and 4-Călimani, also exhibited 
high survival rates, ranking oin the first and second places in 
Cugir, respectively, the fifth and sixth places (but with 90 % sur-
vival) in the Cârlibaba trial.

Regarding branches (Bd, Bf ), the provenances highlighted 
for growth and survival, 9-Bluhnbach (Austria) and 4-Călimani, 
also presented thin and fine branches, which are indicative of 
superior stem wood quality. Both ranked in the best homoge-
neous group for Bd and Bf across both trials, positioning bet-
ween the fifth and the second places (Table 5). When conside-
ring cumulative data for both trials, these two provenances 
emerged as the best performers for Bf. In contrast, the local 
provenances (3-Stâna de Râu, in Cugir, and 5-Valea Lalei, in Câr-
libaba trials) registered different branch characteristics. Thus, 
in the Southern Carpathians field trial (Cugir), the local prove-
nance presented thin and fine branches, ranking third for Bf 
and sixth for Bd, while in the Eastern Carpathians experiment 
(Cârlibaba), the local provenance presented thick branches, 
recording the highest Bd and the fourth-highestr Bf. Almost 
similar average results were registered in both trials for the Car-
pathians and Alps provenances, with 3-11 % higher values for 

Bd and Bf for the Carpathians provenances compared to the 
Alp’s’ ones.

The best fork index results, for the ensemble of the two tri-
als, was registered by provenance 5-Valea Lalei (5.82, with 1 
fork in the upper third of the stem), which is a local provenance 
in the Eastern Carpathians experiment. This suggests a higher 
adaptation of the local population to the loss of the terminal 
bud or shoot due to snow breakage or late frosts. The hypothe-
sis is further supported by the good result (4th place) registe-
red by the local provenance (3-Stâna de Râu) in the Southern 
Carpathians trial. In the Cugir trial, the fork index was      13 % 
higher (favorable) compared to the Cârlibaba experiment. 
Across both trials, the Carpathians provenances registered an 
8.8 % higher fork index compared to the Alps provenances. The 
weakest result was recorded by provenance 11-Sirnitz-Gilen-
dorfer from Austria, due to its performance in the Cugir test, 
where it ranked last (Figure 3), despite displaying opposite 
behavior (second place) in the Cârlibaba trial. In the Cugir trial, 
the above-mentioned provenance registered the highest Dbh.
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Provenance

Cugir Cârlibaba

Bd
Bf (%)

Ss Bd
Bf (%)

Ss

(cm) (index) (cm) (index)

1 2.36 14.3 0.83 2.45 15.6 1.10

2 2.49 14.9 0.67 2.44 15.0 1.03

3 2.33 13.6 0.57 2.52 15.5 0.93

4 2.29 13.6 0.47 2.38 14.2 0.87

5 2.66 16.7 1.00 2.56 15.8 1.23

6 2.83 20.2 1.23 2.53 16.9 0.93

7 2.50 15.0 0.97 2.55 16.0 0.67

8 2.09 15.0 0.40 2.37 14.7 0.30

9 2.20 12.7 0.33 2.42 14.9 0.77

10 2.27 14.0 1.03 2.23 14.3 0.67

11 2.55 14.5 1.07 1.57 15.7 0.60

12 2.31 14.0 0.47 2.56 16.8 0.87

Average 2.41 14.87 0.75 2.38 15.43 0.83

Table 5                                                                                                                                                                                                                                      
Provenances average results for the branches and stem traits (Foreign provenances: Switzerland= red, Austria= green, France= 
blue. Romanian provenances: Eastern Carpathians= orange, Southern Carpathians= blank.)

 

 

 

 

 

Figure 3                                                                                                                                                                                                                                   
Fork index variation among the twelve provenances in the Cârlibaba (up) and Cugir (down) trials. The provenance codes (1-12) 
as in figure 1. The blue color express significantly higher values while the red color mark the significantly lower ones. The grey 
color suggest no interactions and the intensity of the colors express a higher level of significance.
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Stem straightness is another important aspect when establi-
shing stands where high-quality timber production is the main 
purpose. Likewise, for this trait, the average result recorded in 
the Cugir trial was clearly more favorable compared to the Câr-
libaba test. Thus, the number of trees included in the zero class 
(perfectly straight stem) was 54 % higher in the Southern Car-
pathians test, a statistically significant difference. However, 
good results for this trait were registered in both trials, with 
over 86 % of the trees classified in the 0-1 classes (with a maxi-
mum of 1-2 slight stem curves). For Ss, the provenance from 
Switzerland, 8-Grachen Wallis, was particularly noteworthy in 
both experiments, followed by 9-Bluhnbach (Austria) and 
4-Călimani (especially in Cugir, see Table 5), both of which also 
demonstrated good growth performance. Obviously, the two 
provenances from Romania and Austria will be among those 
selected and proposed for the region where they stood out, as 
well as for their regions of origin. In both trials, the Alp’s’ prove-
nances presented superior stem straightness compared to the 
Carpathians’ origins (20 % in Cugir and 34 % in Cârlibaba). 
Additionally, for Ss, the local provenances were included in the 
best homogeneous group.

Defoliation (D), evaluated on a 5-class scale, according to 
the ICP protocol (Eichhorn et al. 2020), highlighted the high 

vitality of the 12 provenances in both test sites, with an ave-
rage value per experiment of 0.55 at Cugir and 0.63 at Cârliba-
ba. Provenances 4-Călimani (0.20 in Cugir, first place, and 0.43 
in Cârlibaba, third place), 5-Valea Lalei (ranking opposite to 
provenance 4), 7-Păpușa-Iezer and 9-Bluhnbach (Austria) stood 
out with the lowest defoliation values in both experiments. 
Conversely, the highest defoliation values were recorded for 
provenances 12-France (0.77 in the Cugir test) and 11-Sirnitz-
Gilendorfer, Austria (1.23 in Cârlibaba). It is well known how 
sensitive Swiss stone pine is to high concentrations of ozone 
(Wieser et al., 2006). Additionally, the local provenances were 
included in the best homogeneous group for D.

Trait-trait, trait-origin and juvenile-adult correla-
tions
	 Highly significant phenotypic correlations were registered 
among the growth traits in both trials (r= 0.72*** - 0.96***). A 
negative but statistically insignificant correlation was registe-
red between growth traits and fork index. The trait-trait pheno-
typic correlations in the Cugir and Cârlibaba trials (Table 6) sug-
gest that the selection for growth traits (Dbh or Th) also favors 
the improvement of most other traits, with the exception of 
fork, where correlations were not significant).

Traits Dbh Th Tv F Bd Bf D Ss

Dbh - 0.78*** 0.96*** -0.31 -0.10 -0.67*** -0.14 -0.17

Th 0.72*** - 0.89*** -0.04 -0.50** -0.85*** -0.08 -0.41*

Tv 0.95***  0.88*** - -0.29 -0.25 -0.75*** -0.17 -0.29

F -0.28  -0.21  -0.28 - 0.01 0.10 0.00 -0.11

Bd 0.80***  0.38*  0.65***  -0.23 - 0.79*** -0.10 0.38*

Bf -0.26  -0.55***  -0.44**  0.02  0.35* - 0.01 0.37*

D -0.54  -0.33  -0.48**  0.00  -0.42*  0.19 - 0.18

Ss 0.23  0.04  0.17  -0.45**  0.29  0.16  0.05 -

Table 6                                                                                                                                                                                                                                    
Trait-trait phenotypic correlations, in the Cugir (above diagonal) and Cârlibaba (below diagonal) trials Significant correlations: * 
at p<0.05, ** at p<0.01, *** at p<0.001. Dbh, Th, Tv, F, Bd, Bf, D, and Ss, as in methodology. N= 36.

Correlations between traits and the geographical coordinates 
of provenances origin in the Cugir and Cârlibaba trials (Table 
7), generally indicated a low and statistically insignificant influ-
ences of provenance origin. In the Cugir trial, the highest corre-
lation was found between Bd and longitude (r= 0.54***), sug-
gesting that the provenances from higher longitudes have 
thicker branches. Altitude had a negative and significant influ-
ence on both Dbh (r= -0.37*) and Bd (r= -0.40*), suggesting 
that provenances from lower altitudes registered superior Dbh 
and Bd values. In the Cârlibaba trial, longitude  showed a posi-
tive and distinctly significant influence on stem straightness 
(r= 0.48**), suggesting that the provenances from the west 
(Alps) presented better stem straightness. Also, provenances 
from high altitudes presented superior steam straightness (r= 
-0.34*). Another interesting correlation, observed in both trials 
(but significant only in the Cârlibaba trial), was between 

latitude and Th, where a negative correlation indicated that 
provenances for southern regions had superior Th values. 

The evolution over time of the 12 European provenances 
of Swiss stone pine in the Cugir and Cârlibaba trials was 
assessed using juvenile-adult correlations (Table 8), and by 
analyzing the ranking of the provenances at the two stages 
(for Dbh and Th). Positive and highly significant correlations 
were recorded between saplings’ heights at the time of the 
trial establishment and those heights measured 10 years later 
(r= 0.89*** in Cugir, and r= 0.86*** in Cârlibaba). These corre-
lations remained positive and significant until 2024, although 
their intensity decreased over time (r= 0.68* in Cugir and r= 
0.69* in Cârlibaba for the correlations between initial heights 
and Th measured in the spring of 2024). Similarly, positive and 
distinctly significant correlations were obtained between the 
heights recorded 10 years after trials establishment and Th 
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measured in 2024 (r= 0.76** in Cugir and r= 0.72** in Cârliba-
ba). For root collar diameters measured at the start of the trials, 
medium-intensity direct correlations were observed with Dbh 

measured in 2024. However, these were statistically insignifi-
cant (r= 0.37 in Cugir and r= 0.56 in Cârlibaba).

Traits/Coor-
dinates

North 
Latitude

Altitude
North corrected 
Latitude

East 
Longitude

Cugir trial

Dbh 0.00 -0.37* -0.01 0.05

Th -0.22 -0.19 -0.23 -0.08

Tv -0.10 -0.31 -0.10 -0.02

F -0.21 -0.20 -0.21 0.43*

Bd 0.11 -0.40* 0.10 0.54***

Bf 0.09 -0.04 0.09 0.34*

D 0.06 0.25 0.07 -0.19

Ss -0.01 -0.18 -0.01 0.26

Cârlibaba trial

Dbh -0.15 -0.10 -0.15 0.27

Th -0.41* -0.07 -0.41* 0.11

Tv -0.29 -0.12 -0.29 0.24

F -0.19 -0.06 -0.19 -0.16

Bd 0.01 -0.04 0.01 0.26

Bf 0.27 0.02 0.27 0.07

D -0.25 0.22 -0.25 -0.14

Ss 0.13 -0.34* 0.12 0.48**

Traits Th7 D7 Th17 Th34 Dbh34

Th7 - 0.95*** 0.89*** 0.68* 0.38

D7 0.95*** - 0.84*** 0.74** 0.37

Th17 0.86*** 0.84*** - 0.76** 0.58*

Th34 0.69* 0.74** 0.72** - 0.82***

Dbh34 0.53 0.56 0.62* 0.78** -

Table 7                                                                                                                                                                                                                                     
Correlations between traits and geographical coordinates of provenances origin, in the Cugir (up) and Cârlibaba (down) trials 
Significant correlations: * at p<0.05, ** at p<0.01, *** at p<0.001. Dbh, Th, Tv, F, Bd, Bf, D, and Ss, as in methodology. N=36.

Table 8                                                                                                                                                                                                                                    
Age-age correlations between growth traits, in the Cugir (above diagonal) and Cârlibaba (below diagonal) trials. Significant 
correlations: * at p<0.05, ** at p<0.01, *** at p<0.001. D7, Th7, Th17, Th34, and Dbh34 are the collar diameter, breast height 
diameter, and trees height, at the seedlings age of 7, 17, and 34 years (trials age of 1, 10, and 27). N=12.

In both comparative trials, the provenances 9-Bluhnbach (Aus-
tria) and 4-Călimani consistently ranked at the top for both dia-
meter and tree height, from the establishment of the trials in 
1997 until 2024. Conversely, the provenances 5-Valea Lalei and 
6-Pietrosul showed modest results in the Cugir trial, while 
6-Pietrosul and 11-Sirnitz-Gilendorfer (Austria) ranked lower in 
the Cârlibaba test. Notably, in both experiments, provenance 
3-Stâna de Râu (a local provenance in the Cugir test) exhibited 
a strong improvement in recent years, after showing only ave-
rage growths during the juvenile stage.

	 These results regarding age-age correlations and the time-
to-time evolution of the 12 provenances suggest that selection 
could be effectively carried out from the juvenile stage, at the 
trees’ age of 17 years .

3.3. Forward selection
	 In the Cugir trial, located in the Southern Carpathians, the 
mean performance of provenances for the most important 
growth (Th) and stability (Sr) traits indicated that the best-per-
forming provenances were 9-Bluhnbach (Austrian Alps), 
2-Pietrele (Southern Carpathians), and 4-Călimani (Eastern 
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Carpathians). These provenances outperformed the local pro-
venance, 3-Stâna de Râu, which showed lower stability (Figure 
4). In the Cârlibaba experiment, located in the Eastern Carpa-
thians, the best-performing provenances were 8-Grachen-
Wallis (Swiss Alps), 1-Gemenele, and 2-Pietrele (both from Sou-
thern Carpathians), which all achieved higher performance 
than the local provenance, 5-Valea Lalei, which also lost points 
for stability. Even in this trial, the 4-Călimani and 9-Bluhnbach 
provenances demonstrated very high Th values and high Sr 
values (> 89 %), close to the trial mean (Figure 4).
The quantitative genetic differentiation (QST) among prove-
nances was, on average, equal in both the Cugir and Cârlibaba 

trials, with the highest value recorded for the most important 
growth traits: Th in the Cugir trial, and Dbh in the Cârlibaba test 
(Table 9). For these important growth traits, within-provenance 
variances were 1.3 to 4.2 times higher than among-provenan-
ces in both trials, suggesting greater variability within the pro-
venances and emphasizing the necessity for promoting indivi-
dual selection. The breeding program for wood production 
should prioritize selection based on Th in both trials due to the 
higher QST values and the critical importance of selecting pro-
venances and individuals with superior Th to ensure competi-
tiveness with other species in the area, especially Norway spru-
ce and European Larch. 

 

 

Figure 4. The best-performing provenances in the two trials. The green circles mark the best-performing provenances positi-
oned in the upper right quadrant, and the black lines represent the trial mean for tree height and Survival rate.

Traits
QST

Cugir Cârlibaba

Dbh 0.11 0.27

Th 0.27 0.22

Tv 0.13 0.18

Bd 0.12 0.14

Bf 0.24 0.05

F 0.10 0.03

D 0.06 0.12

Ss 0.09 0.09

Table 9                                                                                                                                                                                                                                      
The quantitative genetic differentiation (QST) among provenances. Traits abbreviation as in methodology.
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Therefore, the best inheritance rate could be obtained by a 
mixed selection of the best 30% of trees from the three most 
valuable provenances in each trial for Th, which would likely 
lead to improvements in all traits. At the same time, the low 
QST values suggest reduced genetic diversity, necessitating 
the combination of seedlings obtained from these experi-
ments with those from similar tests (e.g., from the Păltiniș and 
Rodna full-sib trials, Budeanu et al., 2024).

Discussion

Phenotypic variability
	 Significant differences among and within provenances sug-
gests a good potential for adaptation to future difficult clima-
tes (Pliura and Eriksson, 2002). However, extreme caution is 
mandatory when transferring forest reproductive materials, as 
well as to ensure a high level of genetic diversity, which is a 
very critical issue for Swiss stone pine populations in the Alp’s 
and Carpathians (Belokon et al., 2005, Politov et al., 2008, Höhn 
et al., 2009, Salzer and Gugerli, 2012, Dzialuk et al., 2014). Supe-
rior results for the majority of the analyzed traits (except for Sr, 
which had nonsignificant differences) were registered in the 
Cugir trial, 2.9-13.2 % for the principal growth traits (Dbh, Th, 
Tv), 9.4 % for Ss, and 12 % for F, compared to the Cârlibaba test. 
When comparing environmental conditions, no significant dif-
ferences were observed, with the most relevant factors being 
two degrees of latitude, one degree of longitude, 100 m of alti-
tude, and a 5˚ difference in inclination. The genetic component 
seems to have an important role, as some provenances perfor-
med well in both experiments [especially 9-Bluhnbach (Austri-
an Alps), 2-Pietrele (Southern Carpathians) and 4-Călimani 
(Eastern Carpathians)], but also one that achieved inferior  
results in both test sites [especially 6-Pietrosul (Eastern Carpa-
thians)]. However, the contrasting results registered for prove-
nance 11-Imst-Roppen (Austrian Alps), highlights the need for 
caution in transferring forest reproductive materials.

At the upper altitudinal limit of Romanian forests where 
the Swiss stone pine is found, promoting specific juvenile pro-
venances with active growth, such as 9-Bluhnbach (Austria) 
and 4-Călimani, along with local provenances, can enhance the 
stands’ resistance to wind and avalanche. This approach also 
supports the species survival in the face of intense competition 
from the fast-growing species, especially spruce (Budeanu et 
al., 2019). The results from the current study, alongside previ-
ous research (Budeanu et al., 2024), and the up-to-date evalua-
tion of all the experiments established over a quarter of centu-
ry ago by Blada (2019), recommend a two-stage afforestation 
of mixed species: first, the planting of Swiss stone pine, follo-
wed by the addition of Norway spruce and European larch 
after approximately 10 years. It is also recommended to plant 
Swiss stone pine in larger clusters, located at the altitudinal 
limit of the forest. However, to ensure high resistance to strong 
winds and snow avalanches, detailed research should focus on 
selecting provenances with either thick or thin branches. Pro-
venance selection will play a key role in improving forest resili-
ence to future climate change (Chakraborty et al., 2024). The 

continued increase in global temperatures will likely require 
ongoing adaptation of tree species (Leonelli et al., 2009, Mosca 
et al., 2016, Gugerli et al., 2022). The global warming seems to 
offer a competitive advantage to Norway spruce over Swiss 
stone pine, in subalpine areas of the Western Carpathians 
(Marčiš et al., 2025). Also, in the Southern Carpathians the high-
ly important role of temperature in the Swiss stone pine resili-
ence was registered (Știrbu et al., 2022).
The best fork results, characterized by the absence of forks or 
only one fork in the upper third of the stem, were observed for 
the local provenances, suggesting a higher adaptation of the 
local population to the loss of the terminal bud or shoot due to 
snow breakage or late frost events. Overall, all provenances in 
both trials registered good results for defoliation and stem 
straightness, with most trees exhibiting healthy characteristics, 
vertical and rectilinear stems, and only 1-2 slight curves pre-
sent in some trees.

Correlations
	 In both trials, the trait-trait phenotypic correlations favor the 
selection for growth traits (such as Dbh or Th), which promote 
the improvement of most other traits.

The present results regarding the age-age correlations 
and the time-to-time evolution of the 12 provenances suggest 
that selection could begin as early as the juvenile stage, around  
17 years of trees’ age. Previously, Blada and Popescu (2008, 
2012) recommended an even earlier selection age of 12 years, 
also emphasizing growth traits.

The generally low correlations between traits and the geo-
graphic origin of provenances are surprising, considering the 
large differences in altitude, latitude and longitude among the 
provenances. It is possible that the climatic conditions in the 
regions of provenance’s origin do not follow any geographic 
trend. Also in the Romanian Carpathians, the same low trait-
gradient correlations were registered for Norway spruce (Bude-
anu et al., 2014). In contrast, research carried out in the Tatra 
Mountains indicated a strong influence of altitude and slope 
inclination on the distribution of Swiss stone pine (Zięba et al., 
2019, Izworska et al., 2023).

Forward selection
For the combined results of both trials, the best-perfor-

ming provenances in terms of stability and growth were 
2-Pietrele and 1-Gemenele (both from Southern Carpathians), 
followed by 9-Bluhnbach (Austria) and 4-Călimani Eastern Car-
pathians), along with the local provenances. Due to the signifi-
cant influence of the test site, we must restrict forward selec-
tion to the provenance region where the tests were located 
and to those provenances that performed well in each experi-
ment. For provenance region C1, located in the northern part 
of the Southern Carpathians, based on the results obtained in 
the Cugir test, we recommend selecting the provenances 
9-Bluhnbach (Austrian Alps), 2-Pietrele (Southern Carpathians) 
and 4-Călimani (Eastern Carpathians). Simultaneously, for pro-
venance region A2, situated in the eastern part of the Romani-
an Eastern Carpathians, we recommend selecting 8-Grachen-
Wallis (Swiss Alps), along with 1-Gemenele and 2-Pietrele (both 
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from the Southern Carpathians), based on the results from the 
Cârlibaba test.

The genetic component appears to play the most crucial 
role in growth traits, especially for Th. Therefore, based on the 
results obtained in this research, we propose a mixed selection 
of the best 30 % of trees from the most valuable three prove-
nances, in each trial, specifically for Th. At the same time, the 
low QST values suggest a reduced genetic diversity, necessita-
ting the combination of seedlings from these experiments 
with those from similar tests in future seed orchards and plan-
tations. Lendvay et al. (2014) highlight the importance of main-
taining sufficiently large population sizes to ensure a high level 
of genetic diversity, which is an essential component of biodi-
versity and significantly contributes to the forest resilience.

The implications for forest management plans are related 
to the desire for replacing spruce monocultures (strongly affec-
ted by windfalls) with spruce-cembra mixtures, in the upper 
altitudinal limit of the Carpathian forests. Unfortunately, the 
very small growths of the Swiss stone pine in its juvenile stage 
make it overwhelmed by the Norway spruce, so the strategy 
must include a planting gap of at least 10 years. The conserva-
tion strategies in favor of Pinus cembra must include the in-situ 
conservation of the natural forests, the ex-situ conservation of 
all trials and seed orchards, together with the expansion of the 
species at the upper altitudinal limit of the Carpathian forests. 
The above-mentioned provenances (Bluhnbach, Pietrele, 
Călimani, for the Southern Carpathians, and Grachen-Wallis, 
Gemenele, and again Pietrele, for the Eastern Carpathians) 
could be considered.

Conclusions

The high level of genetic variability both within and 
among provenances, along with the significant trait-trait and 
age-age correlations, and the large number of provenances 
involved in this experiment, ensures the success of the bree-
ding program.

Twenty-seven years after the trials establishment, we suc-
cessfully managed to select three provenances from each trial 
(representing a 25 % selection intensity) that could be targeted 
for forward selection and reproduction in the same prove-
nance region and under similar environmental conditions to 
the trial where they were evaluated. Given the high influence 
of the testing site and test site x provenance interaction, extre-
me caution is mandatory when transferring forest reproducti-
ve materials. Additionally, the low values of QST suggest the 
necessity to ensure a higher level of genetic diversity, which is 
a very serious issue for Swiss stone pine.

The correlations between juvenile-adult growth traits, 
along with the time-to-time evolution of the 12 provenances, 
indicate that early selection, even at the juvenile stage, at 17 
years of trees’ age, could be effective. Therefore, the forward 
selection of the best 30 % individual trees from the top three 
provenances for Th could be applied in each trial.
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