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AbstractAbstractAbstractAbstract    
    
Understanding the genetic variation of wood quality traits is essential for developing breeding strategies 

to improve the quality of Douglas-fir plantations. This study assessed the performance of 61 Douglas-fir 
provenances established in 1977 established in three Romanian common garden experiments (Aleșd, Făget and 
Padeș). A mixed linear model was applied to estimate the variance components, and Pearson correlations were 
used to explore trait relationships. The results revealed significant provenance effects for branch angle, branch 
diameter, number of branches, and survival at Aleșd, and for branch angle and diameter at Făget. Survival and 
branch traits, particularly branch angle and diameter, were the most stable traits across the field trials and hence 
suitable for early selection and breeding across similar site conditions. Over 50% of trait variance was accounted 
by stem form, forking index, and number of branches due to strong environmental effects. Provenance-by-
environment interaction was significant only for branch diameter, suggesting that this trait is more sensitive to 
site-specific conditions. The other traits had stable provenance rankings across environments due to non-
significant interaction effects. These findings highlight the potential to use selected provenances as a genetic 
base for renewing the Douglas-fir breeding program in Romania. Selecting provenances with high survival and 
favourable branch traits improves timber quality and plantation resilience. The study also demonstrates the 
relevance of long-term provenance trials in identifying climate-resilient genetic resources, which is critical for 
maintaining forest productivity and stability under future climate change scenarios. 
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IntroductionIntroductionIntroductionIntroduction    
    
Forest genetic improvement represents the systematic application of genetic principles integrated with 

silvicultural practices to establish forest plantations that are productive, resilient, or sustainable forest 
plantations depending on management objectives (Lantz, 2008; White et al., 2009; Castellanos-Hernández et 

al., 2011). In the context of climate change, identifying species that are threatened is essential for guiding species 

AcademicPres
Notulae Botanicae Horti

Cluj-NapocaAgrobotanici

https://www.notulaebotanicae.ro/index.php/nbha/index


Stoica E et al. (2025). Not Bot Horti Agrobo 53(3):14695 

 

2 

 

 

 

 

 

 

selection in reforestation and breeding programs, and for prioritizing management strategies that promote 
forest ecosystem resistance (Liu et al., 2021), resilience (Falk et al., 2022), or adaptation (Aitken et.al, 2016; 

Nagel et al., 2017; Ghirardo et al., 2022).  

Provenance trials constitute a fundamental experimental framework in forest genetics, providing two 
important functions: the establishment of scientifically-based seed transfer protocols and the identification of 
superior genetic sources for reforestation (White et al., 2009; Pâques, 2013). These trials enable the evaluation 

of genetic variability and local adaptation, allowing breeders to identify seed sources to site conditions across 
varying environments (Risk et al., 2021; Sestras et al., 2025).  

Among commercial conifers in North America, Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) has 

the largest north-south range geographic distribution (Konnert and Alizoti, 2016). Most non-native forest tree 
species introduced in Europe exhibit extensive geographic variation within their native range. Consequently, 
provenance performance and survival may vary significantly when planted outside their natural distribution 
(Cannell et al., 1984; Eilmann et al., 2013). The most commonly planted non-native forestry species in Europe 

tend to be fast-growing, such as Sitka spruce (Picea sitchensis (Bong.) Carr.), Douglas-fir (Pseudotsuga menziesii 

(Mirb). Franco), Grand fir (Abies grandis (Douglas ex D. Don) Lindley), Black locust (Robinia pseudoacacia), 

Lodgepole pine (Pinus contorta Douglas), Eucalypts (Eucalyptus spp.), Northern red oak (Quercus rubra L.), 

Tree of heaven (Ailanthus altissima (Mill.) Swingle), and hybrid polars (e.g., Populus x euramericana, P. x 

canadensis) (Zerbe, 2003; Schmidt et al., 2016).  

Douglas-fir transitioned from ornamental use in the late 1800s to become a major reforestation species 
in Western Europe after World War II, supported by government reforestation subsidies (Ronch et al., 2016). 

In Europe, non-native tree species extend over approximately 8.54 million hectares, equivalent to 4.0% of the 
total forest area, with the five most common species representing as much as 77% of this total (Brus et al., 2019). 

Douglas-fir now covers 800,000 ha across Europe, with approximately 400,000 ha - around 50% of the 
continental area - in France, roughly 200,000 ha (25%) in Germany, and the remainder distributed across other 
countries, including the United Kingdom (which accounts for approximately 45,000 ha) (Nicolescu et al., 

2023). The species has also been greatly extended across Southern Hemisphere countries, including South 
Africa, South America, New Zealand, and Australia (Bastien et al., 2013; Nicolescu et al., 2023).  

Beginning in 1972, Romania participated in IUFRO’s international provenance trials for Douglas-fir, 
testing diverse native-range seed sources under a common garden experimental design (Enescu, 1975). Douglas-
fir is recognised as the most valuable introduced coniferous species (Enescu,1975; Şofletea and Curtu, 2007; 
Leskinen et al, 2020) in Romania, occupying approximately 7300 ha, and accounting for 0.12% of the national 

forest area. Romania had a Douglas-fir tree breeding program, which was discontinued around the year 2000. 
These trials provide the principal genetic base for identifying seed sources adapted to Romanian conditions, 
which could serve as the starting point for future breeding efforts. 

Douglas-fir timber exhibits excellent mechanical properties suitable for many uses: exterior cladding 
(heartwood only), joinery, veneer production, engineered wood panels, and pulp manufacturing (Bastien, et al., 

2013). It is suitable for premium appearance-grade applications, encompassing architectural millwork, 
fenestration products, and specialised structural components. The commercial significance of Douglas-fir 
stems from its inherent dimensional stability and superior strength properties compared to many used conifers, 
such as Norway spruce and Scots pine, establishing it as a preferred material for high-performance specialty 
lumber applications (Ross, 2021). Given its importance in the global industry, understanding the genetic 
architecture of wood quality and adaptive traits is essential for implementing breeding programs. This 
knowledge enables prediction of correlated responses to selection, prevents undesirable indirect effects from 
single-trait selection, and maintains tree health and wood quality for future markets and reforestation efforts 
(Ukrainetz et al., 2008).  
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The commercial value of Douglas-fir is significantly influenced by the morphological variation in stem 
form and branching characteristics that directly affect wood quality (Temel and Adams, 2000; Vargas-
Hernández et al., 2003; Magalska and Howe, 2014). Research has shown that, after volume growth, stem 

defects are the second most important factor that determines tree value, while branch traits play a critical role 
in timber quality (Magalska and Howe, 2014). Quantitative genetic studies have revealed substantial variation 
among families in key morphological traits, like branch number, branch length, and branch angle, and heritable 
genetic control, especially for the branch angle (Vargas-Hernández et al., 2003). 

Results from international common garden experiments have confirmed significant variation in quality 
traits across Douglas-fir. For instance, in a 19-year-old provenance trial in New Zealand, significant variation 
was observed among provenances for wood density, branch size per log, branch angle, and stem form (Lausberg 
et al., 1996). A 46-year-old IUFRO provenance experiment in Slovenia revealed strong provenance differences 

in survival, growth, and log quality (including stem straightness and knot attributes), underscoring the 
influence of provenance on timber quality (Smolnikar et al., 2021). Additionally, older international 

provenance tests in Germany documented clear provenance-driven variation in branch and stem characteristics 
across different environments (Seho and Kohnle, 2014).  

Wood quality traits critically influence the end-product value in the commercial industry. Structural 
defects from branch knots, stem crook, and epicormic branching are primary factors causing lumber 
downgrading and economic losses in sawn wood products (Climent et al., 2024). Despite the commercial and 

ecological importance of Douglas-fir, studies assessing genetic variability assessment in morphological quality 
traits in mature provenance trials (≥ 40 years) remain limited in Eastern European contexts. A deeper 
understanding of the genetic variability in morphological traits that directly influence wood quality is essential 
for optimizing selection strategies and improving timber performance. Traits like as branch number, branch 
diameter, branch angle, stem straightness, and forking are known to significantly affect stem form, knot size, 
sawn timber quality, and structural performance.  

The objectives of this study were to 1) evaluate the genetic variability of wood quality and adaptive traits 
among Douglas-fir provenances, 2) analyze the phenotypic correlations among these traits, 3) assess provenance 
x environment interaction, and 4) identify the best provenances in terms of quality and adaptive traits for 
reforestation and inclusion in breeding programs. 

 
Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
Common garden experiments and tested provenances 

Between 1977 and 1980, a total of five common garden experiments were established across Romania 
to evaluate the performance of Douglas-fir provenances under local environmental conditions (Enescu, 1984). 
These trials were part of a broader effort to assess the adaptability, growth potential, and wood quality traits of 
this non-native conifer species in Romania. The remaining common garden experiments are located in Aleșd 
(Bihor County), Făget (Timiș County), and Padeș (Gorj County), all established in the year 1977 (Enescu, 
1984). Although five common garden experiments were initially installed, only these three remain suitable for 
evaluation, as the other two were disaffected. 

The Douglas-fir provenance included in common garden experiments originated from a broad range of 
geographic regions, reflecting a broad genetic and ecological diversity. A total of 34 provenances were sourced 
from the United States, specifically from the states of Idaho (5), California (2), Oregon (6), Washington (20), 
and Wyoming (1). Additionally, 10 provenances were obtained from Canada, 6 from Germany, 3 from France, 
and 8 from various locations within Romania (Figure 1).  

The number of Douglas-fir provenances tested varied among the three common garden experiments: 55 
provenances were evaluated at Aleșd, 49 at Făget, and 48 at Padeș (Table A1) Despite these differences, 38 
provenances were common across the three common garden experiments, enabling a comparative analysis of 
provenance-environment interactions and site-specific performance. 
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Figure 1.Figure 1.Figure 1.Figure 1. Geographic location of the tested Douglas fir provenances (orange points) and common garden 
experiments (blue triangles) 

 
Site conditions and field measurements 

    
The geographic, site and climate characteristics of the three Douglas-fir common garden experiments 

over the period 1977-2023 (Table 1) are detailed below. Mean climatic values were calculated using data from 
ClimateEU (Marchi et al., 2020). Precipitation and mean temperature are reported both as annual averages 

and as averages for the growing season (May-September). 
    

Table 1. Table 1. Table 1. Table 1. Geographic, climatic, and edaphic characteristics of the three Douglas-fir common garden 
experiments in Romania 

CharacteristicsCharacteristicsCharacteristicsCharacteristics    AleAleAleAleșdșdșdșd    FăgetFăgetFăgetFăget    PadePadePadePadeșșșș    

Coordinates 47.15° N, 22.33° E 45.76° N, 22.29° E 45.09° N, 22.89° E 

Elev. (m a.s.l.) 670 330 720 

Soil type Eutricambosol Luvisol Eutricambosol 

MAT (°C) 7.9 10.4 7.8 

GST (°C) 15.3 17.9 15.4 

MAP (mm) 71.6 70.9 81.3 

GSP (mm) 90.0 90.9 100.5 

*Elev - Elevation (m a.s.l. - meters above sea level), MAT - Mean Annual Temperature, GST - Mean Temperature in 
Growing Season, MAP - Mean Annual Precipitation and GSP - Growing Season Precipitation 
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The three common garden experiments were planted in a partially balanced block design. Each 
provenance was represented by a plot of 25 trees, arranged in a 5 x 5 grid with 2 x 2 meter spacing, replicated 
across three blocks.  

The analyzed traits were grouped into the following categories: 1) wood quality traits: stem form (SF), 
forking index (FI), branch angle (BA), number of branches (NB), diameter of branch (DB), and 2) adaptive 
trait - survival (SV).  

The evaluation of wood quality and adaptive traits was carried out according to the Treebreedex 
protocol (Ducci et al., 2012; Opgenoorth et al., 2021), with the assessment methodology for each trait 

described in Table 2. 
 

Table 2. Table 2. Table 2. Table 2. Scoring methodology for wood quality and adaptive traits  

Wood quality traitsWood quality traitsWood quality traitsWood quality traits    ScoreScoreScoreScore    DescriptionDescriptionDescriptionDescription    

1. Stem form 

5 Straight (no visible crooks) 

4 Fairly straight (weak crooks, 1-2) 

3 Slight to moderate bend in different directions (≥ 3 weak crooks) 

2 Moderate or strong bends (1-2, strong curvature) 

1 No straight stem (≥ 3 severe crooks) 

2. Forking index 

4 No forking 

3 Forking in the upper third of the tree 

2 Forking in the middle third of the tree 

1 Forking in the lower third of the tree 

3. Branch angle 

1 Angle < 90° 

2 Angle ≃ 90° 

3 Angle > 90° 

4. Branch diameter 

1 Diameter of branches < 2 cm 

2 Diameter of branches between 2 - 5 cm 

3 Diameter of branches > 5 cm 

Quantitative traitQuantitative traitQuantitative traitQuantitative trait    ScoreScoreScoreScore    DescriptionDescriptionDescriptionDescription    

5. Number of branches - Number of branches per whorl 

Adaptive traitsAdaptive traitsAdaptive traitsAdaptive traits    ScoreScoreScoreScore    DescriptionDescriptionDescriptionDescription    

6. Survival - 
Survival was calculated as the percentage of live trees to the total number of 

trees initially planted per provenance. 

    
Data analyses 

Statistical analysis of phenotypic variation was performed both at individual trial sites and among sites. 
For each site, a linear mixed-effects model was applied, treating provenance as a random effect and block as a 
fixed effect (Nanson, 2004): 

Yjkl = μ + Pj + Bk + ejkl                                                                                            (1) 

Where, Yjkl is the observed trait (SF, FI, BA, NB, DB, SV), μ is the overall mean, Pj is the random effect 

of provenance, Bk is the fixed block effects, and ejkl is the residual error.  

Models were fitted using the lmerTest package in R (A. Kuznetsova, et al., 2020).  

For the across-site analysis of variance, a similar model was used, where site, provenance and the site-by-
provenance interaction were treated as fixed factors: 

Yijkl = μ + Si + Pj + Bk + Si x Pj + eijkl                                                                                                                      (2) 

Where Si is the site effect and Si x Pj the interaction between site and provenance. 

Pearson correlation coefficients were calculated to describe the linear relationship between traits. The 
analysis assumes normally distributed variables and evaluates correlations ranging from – 1 (negative) to +1 
(positive), with 0 indicating no linear association. In addition to the six traits, diameter at breast height (DBH), 
total height (HT) and pruned height (PH) were also included in the correlation analysis, as these traits were 
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analyzed in a previous study (Stoica et al., 2025) and are important indicators of tree growth. Correlation 

matrices were visualised using ellipse-based correlograms generated with the corrplot package in R (Wei and 

Simko, 2021). All statistical analyses were conducted using the R environment (R Core Team, 2024).  

    
    
ResultsResultsResultsResults    
    
Statistical analysis of provenance variation 

Analysis of random and fixed effects for Douglas fir across common garden experiments revealed distinct 
patterns of genetic and environmental variability for quality and adaptive traits, as presented in Table 3. 

 
Table 3.Table 3.Table 3.Table 3. Results of random and fixed effects in each Douglas fir common garden experiments 

TrialTrialTrialTrial    TraitTraitTraitTrait    LRTpLRTpLRTpLRTp    VpVpVpVp    VrVrVrVr    MSbMSbMSbMSb    

Aleșd 

SF 1.67 ns 0.005 (1.8%) 0.28 (98.2%) 0.007 ns 

FI 2.81 ns 0.008 (2.5%) 0.31 (97.5%) 0.04 ns 

BA 26.18 *** 0.03 (6.7%) 0.42 (93.3%) 0.45 ns 

NB 6.68 ** 0.04 (3.4%) 1.14 (96.6%) 3.15 ns 

DB 14.53 *** 0.04 (6.7%) 0.56 (93.3%) 1.71 ns 

SV 35.56 *** 39.96 (48.3%) 42.77 (51.7%) 108.04 ns 

Făget 

SF 0.54 ns 0.005 (1.1%) 0.45 (98.9%) 0.79 ns 

FI 4.60 ns 0 0.90 (100%) 0.01 ns 

BA 15.38 *** 0.35 (44.3%) 0.44 (55.7%) 0.06 ns 

NB 0.44 ns 0.01 (0.6%) 1.58 (99.4%) 2.07 ns 

DB 12.34 *** 0.05 (7.4%) 0.63 (92.6%) 2.97 * 

SV 0 ns 0 92.14 (100%) 254.74 ns 

Padeș 

SF 0.34 ns 0.002 (0.7%) 0.27 (99.3%) 0.33 ns 

FI 0.23 ns 0.0009 (0.8%) 0.11 (99.2) 0.01 ns 

BA 8.60 ** 0.03 (5.9%) 0.48 (94.1%) 0.12 ns 

NB 0.99 ns 0.02 (1.4%) 1.46 (98.6%) 0.08 ns 

DB 2.50 ns 0.01 (1.7%) 0.57 (98.3) 2.96 * 

SV 0.01 ns 0.55 (0.9%) 63.40 (99.1%) 26.04 ns 
*Significance levels: p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***); ns: not statistically significant with p > 0.05; LRTp-

likelihood ratio test for provenance effect; Vp-variance for provenance random effect; Vr-residual variance; MS-mean 
squares for block (b); SF - Stem form, FI - Forking index, BA - Branch angle, NB - Number of branches, DB - Diameter 
of branch and SV - Survival; values in brackets report the proportion of variance accounted by each effect 

 
In the Aleșd trial, provenance effects were highly significant for most analyzed traits. BA had an LRTp 

= 26.18, NB = 6.68, DB = 14.53 and SV = 35.56. The provenance variance component (Vp) was substantial 
for SV = 48.3% and DB = 6.7%, indicating a strong genetic contribution of these traits. Residual variances (Vr) 
for these traits were also notable, such as 51.7% for SV and 93.3% for DB. Block effects (MS b) were non-
significant for all traits in Aleșd, with values like 0.45 ns for BA and 108.04 ns for SV.  

In the Făget trial, significant variation among provenances was found for BA (LRTp = 15.38 and Vp 
= 44.3%) and DB (LRTp = 12.34 and Vp = 7.4%). The block effect was significant only for DB (MSb = 2.97), 
while other traits showed non-significant block effects.   

In the Padeș, only the BA (LRTp = 8.60 and Vp = 5.9%) showed a significant provenance effect, with 
a Vr = 94.1% and a non-significant block effect (MSb = 0.12 ns). For all other traits at Padeș, provenance and 
block effects were not significant. 
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For the Aleșd trial, the provenances with the highest proportion of BA Score 1 (< 90°) are as follows: 24 
- Jakson-Ashland, Oregon (59%), 38 - Oyster R, British Columbia (56%) and 21 - Marion Forks, Oregon 
(53%). 

At Făget, the provenance with the highest proportion of BA Score 1 (< 90°) are as follows: 57 - Pădurea 
Neagră, Romania (76%), 28 - Chatcolet, Idaho, USA (71%), and 31 - Elma, Washington, USA (64%).  

At Padeș, the provenance with the highest proportion of BA Score 1 (< 90°) are as follows: 28 - 
Chatcolet, Idaho, USA (75%), 37 - Concrete-Presentin Creek USA, Washington (71%) and 26 - Siskiyou-
Hawkinsville, California, USA (70%). These percentages indicate the proportion of trees with Score 1 within 
each provenance, calculated based on the total number of trees (Figure 2).  

 

 
Figure 2.Figure 2.Figure 2.Figure 2. Percentage distribution of branch angle (BA) scores for each provenance and field trial 
Each facet displays a different provenance, while the stacked bars represent the proportion of each score within each 
trial (A - Aleșd, F - Făget, and P - Padeș). 

 
According to the random and fixed effects, the DB was significant in the Aleșd and Făget trials. For the 

Aleșd trial, the provenance with the highest proportion of DB Score 1 (thin branches) are as follows: 24 - 
Jakson-Ashland, Oregon (58%), 38 - Oyster R, British Columbia, Canada (55%) and 21 - Marion Forks, 
Oregon, USA. For the Făget trial, the provenance with the highest proportion of DB Score 1 are as follows: 28 
- Chatcolet S, Idaho, USA (86%), 17 - Washington, Kittitas - Cle Elum, USA (83%), and 54 - Morton Lake, 
British Columbia, Canada. In the Padeș trial, DB was not statistically significant. These percentages indicate 
the proportion of trees with Score 1 within each provenance, calculated based on the total number of trees 
(Figure 3).  
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Figure 3.Figure 3.Figure 3.Figure 3. Percentage distribution of branch diameter (DB) scores for each provenance and field trial 
Each facet displays a different provenance, while the stacked bars represent the proportion of each score within each 
trial (A - Aleșd, F - Făget, and P - Padeș) 

 
At age 47, the survival rate (SV) varied among the common garden experiments and provenances. The 

highest average SV was recorded at the Aleșd trial (� ̄ = 18.45%), followed by Făget (�̄ = 16.80%) and Padeș (� ̄ 
= 16.66%). According to the random and fixed effects, the SV was very significant only in the Aleșd trial.  

The provenances with the highest SV in the Aleșd trial were: 39 - Daun Ost, Germany (32%), 20 - 
Benton - Corvallis, Oregon - USA (29%), 37 - Concrete, Presentin Creek, Washington - USA (29%), 61 - Sub 
Vîrful Dăii, Lugoj - România (29%) and 43 - Wittlich West, Abt. 1B - Germany (28%).  

The provenances with the highest SV in the Făget trial were: 64 - Anina - Buhui - România (27%), 37 - 
Concrete, Presentin Creek, Washington - USA (29%), 58 - Piatra Albă, România (25%), 18 -Lewis - Packwood, 
Washington - USA (24%) and 36 - Skycomish - Beckler Peak, Washington - USA (24%). These percentages 
indicate the proportion of live trees to the total number of trees initially planted per provenance (Figure 4). 

 
The provenances with the highest SV in the Padeș trial were: 20 - Benton - Corvallis, USA, Oregon 

(25%), 47 - Moussans II - France (24%), 49 - Darrington III, Washington - USA (24%), 18 - Lewis - Packwood, 
Washington - USA (23%), and 63 - Nădrăgel - România (23%).  
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Figure 4.Figure 4.Figure 4.Figure 4. Survival rate (SV) for each provenance across all field trials (A - Aleșd, F- Făget and P - Padeș)  

 
Provenance - environment interaction 

To evaluate sources of variation in survival and quality traits, variance components were estimated for 
genetic (provenance), environmental (location), and provenance-by-environment interaction (P x L) effects 
across common garden experiments Table 4. 

 
Table 4.Table 4.Table 4.Table 4. Analysis of variance for studied traits in the Douglas fir common garden experiments 

Source of variationSource of variationSource of variationSource of variation    
�
�     

D.F.D.F.D.F.D.F.    SFSFSFSF    FIFIFIFI    BABABABA    NBNBNBNB    DBDBDBDB    SVSVSVSV    

Provenance (P) 37 0.098 ns 0.071 ns 0.248 ns 0.263 ns 0.261 * 74.642 * 

Location (L) 2 0.889 *** 1.098 *** 1.494 ** 1.176 * 0.292 ns 195.991 * 

Interaction P x L 74 0.100 ns 0.074 ns 0.164 ns 0.409 ns 0.261 * 0.699 ns 

Error 188 0.095 0.084 0.195 0.453 0.190 48.611 
*Significance levels: p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***); ns: not statistically significant with p > 0.05; SF - 

Stem form, FI - Forking index, BA - Branch angle, NB - Number of branches, DB - Diameter of branch and SV - 

Survival.  



Stoica E et al. (2025). Not Bot Horti Agrobo 53(3):14695 

 

10 

 

 

 

 

 

 

Regarding the provenance (P) factor, significant variance was observed only for DB and SV, indicating 
a genetic determinism for these traits. The other traits did not show significant provenance effect, suggesting 
stronger influence of other factors in phenotypic expression. 

Location (L) had a highly significant effect on most traits, especially for SF, FI and BA, highlighting a 
strong environmental influence.  

The Provenance × Location interaction (P × L) was significant only for DB, indicating that the 
provenances' performance depends on environmental conditions. For other traits, the interaction was not 
significant, suggesting high stability for provenance characteristics across locations. 

 
Phenotypic correlations between traits 

Phenotypic correlations among the studied traits reveal distinct patterns across experimental sites, with 
greater number of significant correlations in the Aleșd trial compared to the Făget and Padeș trials. Phenotypic 
correlations among Douglas fir traits in the Aleșd trial are presented below (Figure 5). 

 
Figure 5.Figure 5.Figure 5.Figure 5. Pearson correlations of traits in the Aleșd common garden experiment 
Ellipse direction indicates the sign of the correlation (↗ positive - blue, ↘ negative - red), and ellipse shape reflects 
strength (narrow = strong, round = weak). DBH - Diameter at breast height, HT -Total height, HE - Pruned height, 
SF - Stem form, FI - Forking index, BA - Branch angle, NB - Number of branches, DB - Diameter of branch and SV - 
Survival 
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At Aleșd, significant correlations were identified among analyzed traits: a very strong positive 
correlation was observed between DBH and HT, while DBH and DB also showed a significant positive 
correlation. HT and HE had significant positive correlation, as were HE and SV. Among the negative 
correlations, a significant relationship was found between SF and BA, as well as between NB and DB. 

In the Făget trial, the following significant correlations were identified among the analysed traits: a 
strong positive correlation was observed between DBH and HT, while DBH and DB also showed a significant 
positive correlation. HT and DB had a significant positive correlation. Additionally, SF and NB, as well as SF 
and SV, showed significant positive correlations (Figure 6).  

 

 
Figure 6.Figure 6.Figure 6.Figure 6. Pearson correlations of traits in the Făget common garden experiment 
Ellipse direction indicates the sign of the correlation (↗ positive - blue, ↘ negative - red), and ellipse shape reflects 
strength (narrow = strong, round = weak). DBH - Diameter at breast height, HT -Total height, HE - Pruned height, 
SF - Stem form, FI - Forking index, BA - Branch angle, NB - Number of branches, DB - Diameter of branch and SV - 
Survival 

 
In the Padeș trial, the following significant correlations were identified among the analyzed traits: a 

strong positive correlation was observed between DBH and HT, while DBH and DB also showed a significant 
positive correlation. DBH and SV showed a significant negative correlation. HT and HE were positively and 
significantly correlated. SF and FI showed a significant negative correlation, as did HE and NB (Figure 7). 
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Figure 7.Figure 7.Figure 7.Figure 7. Pearson correlations of traits in the Padeș common garden experiment 
Ellipse direction indicates the sign of the correlation (↗ positive - blue, ↘ negative - red), and ellipse shape reflects 
strength (narrow = strong, round = weak). DBH – Diameter at breast height, HT -Total height, HE - Pruned height, 
SF - Stem form, FI - Forking index, BA - Branch angle, NB - Number of branches, DB - Diameter of branch and SV – 
Survival  

    
 
DiscussionDiscussionDiscussionDiscussion    
    
Across three Romanian common garden experiments, Douglas fir provenances showed distinct site-

specific genetic signals for key adaptive and wood-quality traits.  
Analysis of random and fixed effects for Douglas fir in each common garden experiments revealed 

significant provenance effects at Aleșd for four of six traits (BA, NB, DB, SV), at Făget for two traits (BA and 
DB), and a single significant trait (BA) at Padeș (Table 3). These traits are of critical importance in evaluating 
timber quality and structural integrity in breeding programs, as they influence knot formation, wood stiffness, 
and board grade. Osborne and Maguire (2016) showed that BA strongly correlates with internal knot geometry 
and volume in Douglas-fir, enabling early selection for improved log quality. Similarly, Lowell et al. (2014) 

found the NB and DB significantly affect veneer recovery and structural lumber grade, and these traits exhibit 
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both genetic and silvicultural control. Macdonald and Hubert (2002) reinforced that branch-related features 
reduce mechanical performance in structural applications, supporting the use of form traits in quality 
improvement. Further evidence from CT-scan studies by Todoroki et al., (2005) and Longo et al., (2019) 

confirms that the knot size and frequency, strongly influenced by crown architecture, are the primary defects 
driving downgrades in structural timber classification and modulus of elasticity. These findings collectively 
support the inclusion of wood quality traits, particularly branch-related variables, in selection indices for 
Douglas-fir.  

The pronounced genetic effect observed at Aleșd may be attributed to its intermediate elevation, 
eutricambosoil, and moderate precipitation (≈ 72 mm/month), which together likely reduced environmental 
stress and allowed clearer expression of genetic variance in adaptive (SV) and wood quality traits (BA, DB). 
Such mesic site conditions are known to favour the detection of genetic differentiation by limiting phenotypic 
plasticity and environmental variation (Mátyás, 1996; St Clair et al., 2005). In contrast, Făget, a lower and 

warmer site (10.4 °C) on luvisol, expressed some provenance effects (BA, DB), but also exhibits significant 
block-level heterogeneity, possibly due to local variability in soil properties or moisture availability, which can 
obscure genetic signals. At Padeș, the highest elevation site with the wettest growing season (≈ 81 mm/month), 
alternating periods of drought and excessive rainfall likely imposed stress conditions that reduced trait 
differentiation among provenances, with only BA showing a detectable genetic component. These patterns are 
consistent with findings that climatic extremes, particularly drought and precipitation variability, reduce 
variation expression in conifers (Depardieu et al., 2020; Schueler et al., 2021). 

At the Aleșd trial, a positive correlation was found between BA and DB, confirming that flatter crowns 
tend to carry thicker branches. This relationship was only moderate in strength. Therefore, selecting 
provenances with smaller BA results in a substantial correlated reduction in knot size, accelerating saw-log 
grade improvement without incurring additional measurement costs. Osborne and Maguire (2016) modelled 
this relationship and highlighted the predictive value of BA and knot size. A moderate negative correlation 
emerged between BA and SV, indicating that wider and thicker branches are associated with reduced survival 
rates, likely due to increased mechanical stress or competition under dense stand conditions (Macdonald and 
Hubert, 2002). HT - DBH were correlated; however, neither growth trait showed a strong link to wood-quality 
traits, suggesting early vigour can be pursued without compromising branch architecture. Overall, the Aleșd 
trial supports two types of selection that could be applied: (1) indirect selection based on BA that will also bring 
an increase in the volume and wood quality, and (2) selection based on an index selection. Index selection refers 
to the use of a weighted combination of multiple traits to guide selection decisions, rather than relying on a 
single characteristic. The objectives appear to be compatible, and the provenance-level differentiation observed 
indicates that the genetic improvement across multiple traits is achievable through selection. These earlier 
studies applied multi-trait selection tools such as MGIDI and MTSI to identify stable, superior provenances in 
Romanian Douglas-fir populations (Stoica et al., 2025), Norway spruce (Alexandru et al., 2023), and European 

beech (Liepe et al., 2024). 

Făget trial presents a correlation pattern that reshapes breeding priorities compared with the other 
common garden experiments. HT-DBH remain positively correlated, showing a consistent phenotypic 
relationship between the two growth traits across provenance. By contrast, BA and DB are only weakly 
correlated. These low correlations mean that selecting provenances with BA less than 90° will lead to only a 
small, indirect reduction in knot size. This pattern differs from the Aleșd trial, where BA and DB showed a 
positive correlation, although the relationship was weak. A more consequential relationship is the moderate 
negative correlation between NB–DB. This suggests that provenances with fewer branches also tend to 
produce thinner ones, providing a second opportunity to reduce knot size without compromising overall crown 
density (Macdonald and Hubert, 2002). Based on this pattern, an effective selection index for Făget should 
assign equal weight to BA and DB for assessing wood quality, include NB as a secondary level for future quality 
improvement, and use HT or DBH as the primary driver of volume gains. Indirect selection based on BA is 
recommended, as it can lead to increased height growth (due to negative correlations) and improved wood 
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quality (through thinner branches and smaller knots). In addition, selection can be applied using a selection 
index. 

Padeș trial shows a distinctly different correlation pattern from the other two sites. The HT-DBH 
remains strongly correlated. However, the strong positive correlation between DBH-BA implies that gains in 
growth may be accompanied by an increase in knot size - unless branch traits are explicitly integrated into the 
selection index. Overall, a balanced multi-trait selection index that includes height, DBH and wood quality 
should be used in the breeding program. 

Provenance-by-environment interactions further clarified the relative influence of genetic and site on 
the phenotypic expression of traits. The variance component analysis reveals distinct patterns of genetic and 
environmental control across Douglas-fir traits, with important implications for breeding programs and the 
transfer of forest reproductive materials. 

Among all the studied traits, only two - BA and SV - are significantly influenced by the provenance. For 
DB, provenance accounts for 26% of total variance, indicating a moderate level of genetic control, suggesting 
that selecting based on origin could be beneficial for improving traits (Aitken and Bemmels, 2016; Milesi et al., 

2019; Schueler et al., 2021). Survival shows even stronger provenance influence (23.3% of variance), suggesting 

the importance of seed source in ensuring persistence over time ( Kerns et al., 2020; Hankin et al., 2023; Di 

Fabio et al., 2024; Pedlar et al., 2024). The remaining traits-SF, FI, BA, and NB-show non-significant 

provenance effects, which may reflect high environmental plasticity, strong within-provenance variation, or 
insufficient expression even at the age of 47 years in the Padeș trial. 

The non-significant results for SF aligns with the natural tendency of Douglas-fir to develop straight 
stems and good form (Schermann et al., 1977), potentially reducing detectable genetic variation in our 47-year-

old common garden experiments compared to younger populations, where stem form defects are more 
pronounced (Temel and Adams, 2000) 

Environmental effects dominate most traits, with highly significant variance for SF, FI, BA, and NB. 
Similar findings were reported by Temel and Adams (2000), who observed that the stem defects and crown 
traits in Douglas-fir showed substantial site-revealed variation, often masking genetic signals. Li et al. (2017) 

also find that environmental effects can account for up to 80% of total phenotypic variance in forest trees across 
common garden experiments, especially for form and branching. Similarly, a large-scale analysis of 22 Douglas-
fir breeding programs confirmed that trunk defect traits are predominantly influenced by location, with site 
effects exceeding 60-70% of total variance (Magalska and Howe, 2014). SV also shows significant location 
effects (61.3% of variance), confirming that environmental stress is a major determinant of the variation. Only 
DB lacks significant location effects, suggesting this trait is relatively stable across environments. The sharp 
decline in survival between 18 and 47 years highlights the importance of long-term monitoring. At age 18, 
survival levels exceeded 64% at all sites, with a maximum of 81.20% at Făget (Moise Maria, 1998). By age 47, 
however, survival dropped to around 16-18% across trials. The Douglas-fir breeding program in Romania was 
discontinued more than two decades ago, leaving the suitability of provenances insufficiently validated under 
present conditions. In this context, the long-term provenance trials analyzed in our study and previously, 
together with earlier (Stoica et al., 2025), represent the principal scientific foundation for developing 

recommendations on seed source selection adapted to Romanian forestry. 
Significant P x M interaction appears only for BD, where interaction effects account for 26% of total 

variance. All other traits show non-significant interactions, suggesting that provenance rankings remain 
relatively stable across locations.  

Overall, Douglas-fir breeding programs should focus mainly on testing different provenances to identify 
those with better survival rates and higher branch quality, defined as having fewer and thinner branches that 
minimize knot formation and enhance timber value. In our study, survival (SV) and branch-related traits-
particularly branch angle (BA) and diameter (DB)-exhibited the strongest genetic control or most stable 
expression across environments, making them reliable targets for selection. Given the significant environmental 
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influence observed for many growth traits, selecting provenances that combine resilience with favorable 
branching characteristics will enhance both stand persistence and timber quality in future plantations. 

 
ConclusionsConclusionsConclusionsConclusions    
    
The analysis of long-term common garden experiments revealed significant genetic variation in survival 

and branch traits of Douglas-fir, particularly branch angle and diameter, suggesting these are reliable targets for 
selection across different environmental conditions. Site conditions were the primary driver of variation for 
traits such as stem form, forking index, and number of branches. Survival has changed with age, from 64-81% 
at age 18 to only 16-18% at age 47 across the three sites. These results demonstrate the value of testing multiple 
provenances under varying site conditions to identify genetic materials with consistent performance and 
highlight the potential for selecting resilient, high-quality planting stock. The findings underscore the 
importance of provenance choice in future breeding programs and suggest that survival and branching traits 
can support both timber quality and climate resilience in Douglas-fir plantations. 

    
    
Authors’ ContributionsAuthors’ ContributionsAuthors’ ContributionsAuthors’ Contributions     
 
Conceptualization: ES, AMA, GM and ALC; Formal analysis: ES; Methodology: ES; Map: ES; 

Supervision: GM and ALC; Project administration: GM; Funding acquisition: GM; Writing: ES, GM, ALC, 
and AMA.  

All authors have read and agreed to the published version of the manuscript. 
 
 
Ethical approvalEthical approvalEthical approvalEthical approval (for researches involving animals or humans) 
 
Not applicable. 
 
 
AcknowledgementsAcknowledgementsAcknowledgementsAcknowledgements     
 
This work was supported by the Romanian Ministry of Research, Innovation and Digitalization, 

through the project Nucleu Programme FORCLIMSOC-PN23090303 (2023–2026), contracted with the 
National Institute for Research and Development in Forestry “Marin Drăcea, and through a grant of the 
Ministry of Research, Innovation and Digitization, CNCS/CCCDI - UEFISCDI, project number PN-IV-P8-
8.1-PRE-HE-ORG-2025-0276, within PNCDI IV. 

We wish to thank our colleagues Bîtcă Mihăiță, Tudora Adrian, Virgil Scărlătescu and Ștefan Florin for 
their help with the field measurements. We also thank the Forest Districts of Aleșd, Făget and Padeș for their 
support. 

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

    
    
Conflict of InterestsConflict of InterestsConflict of InterestsConflict of Interests    
 
The authors declare that there are no conflicts of interest related to this article. 

 
 



Stoica E et al. (2025). Not Bot Horti Agrobo 53(3):14695 

 

16 

 

 

 

 

 

 

ReferencesReferencesReferencesReferences    
 

Aitken SN, Bemmels JB (2016). Time to get moving: assisted gene flow of forest trees. Evolutionary Applications 

9(1):271-290. https://doi.org/10.1111/eva.12293 

Alexandru A-M, Mihai G, Stoica E, Curtu AL (2023). Multi-trait selection and stability in Norway spruce (Picea abies) 

provenance trials in Romania. Forests 14(3):456. https://doi.org/10.3390/f14030456 

Bastien JC, Sanchez L, Michaud D (2013). Forest tree breeding in Europe. Springer, Dordrecht. https://doi.org/10.1007/978-

94-007-6146-9 

Brus R, Pötzelsberger E, Lapin K, Brundu G, Orazio C, Straigyte L, Hasenauer H (2019). Extent, distribution and origin 
of non-native forest tree species in Europe. Scandinavian Journal of Forest Research 34:533-544. 

https://doi.org/10.1080/02827581.2019.1676464 

Cannell MGR, Rothery P, Ford E 1(984). Competition within stands of Picea sitchensis and Pinus contorta. Annals of 

Botany 53(3):349-362. https://doi.org/10.1093/oxfordjournals.aob.a086699 
Castellanos-Hernández OA, Rodríguez-Sahagún A, Acevedo-Hernández GJ, Herrera-Estrella LR (2011). Genetic 

transformation of forest trees. In Alvarez MA (Ed). Genetic Transformation. IntechOpen. 

https://doi.org/10.5772/24354  

Climent J, Alía R, Karkkainen K, Bastien C, Benito-Garzon M, Bouffier L, … Cavers S (2024). Trade-offs and trait 
integration in tree phenotypes: consequences for the sustainable use of genetic resources. Current Forestry Reports 
10:196-222. https://doi.org/10.1007/s40725-024-00217-5 

Depardieu C, Girardin MP, Nadeau S, Lenz P, Bousquet J, Isabel N (2020). Adaptive genetic variation to drought in a 
widely distributed conifer suggests a potential for increasing forest resilience in a drying climate. New Phytologist 
227:427-439. https://doi.org/10.1111/nph.16551 

Di Fabio A, Buttò V, Chakraborty D, O’Neill GA, Schueler S, Kreyling J (2024). Climatic conditions at provenance origin 
influence growth stability to changes in climate in two major tree species. Frontiers in Forests and Global Change 

7:1422165. https://doi.org/10.3389/ffgc.2024.1422165 

Ducci F, De Cuyper B, Pâques LE, Wolf H (2012). Reference protocols for assessment of trait and reference genotypes to 
be used as standards in international research projects. Consiglio per la Ricerca e la Sperimentazione in Agricoltura 
Centro di Ricerca per la Selvicoltura (CRA SEL), Arezzo, Italy p 82. 

Eilmann B, de Vries SMG, den Ouden J, Mohren GMJ, Sauren P, Sass-Klaassen U (2013). Origin matters! Difference in 

drought tolerance and productivity of coastal Douglas-fir (Pseudotsuga menziesii (Mirb.)) provenances. Forest 

Ecology and Management 302:133-143. https://doi.org/10.1016/j.foreco.2013.03.031 

Enescu V (1975). Ameliorarea principalelor specii forestiere [Breeding of the main forest tree species]. Ceres, București, p 
314. 

Enescu V (1984). Cercetări de proveniență la duglas şi larice [Provenance research on Douglas-fir and larch]. Institutul de 
Cercetări şi Amenajări Silvice, București. 

Leskinen P, Lindner M, Verkerk PJ, Nabuurs GJ, Van Brusselen J, Kulikova E, Hassegawa M, Lerink B (2020). Russian 
forests and climate change. In Leskinen P, Lindner M, Verkerk PJ, Nabuurs GJ, Van Brusselen J, Kulikova E, 
Hassegawa M, Lerink B (Eds). What science can tell us 11. European Forest Institute p 136 

https://doi.org/10.36333/wsctu11 

Falk DA, van Mantgem PJ, Keeley JE, Gregg RM, Guiterman CH, Tepley AJ, … Marshall LA (2022). Mechanisms of 

forest resilience. Forest Ecology and Management 512:120129. https://doi.org/10.1016/j.foreco.2022.120129 

Ghirardo A, Blande JD, Ruehr NK, Balestrini R, Külheim C (2022). Editorial: adaptation of trees to climate change: 
mechanisms behind physiological and ecological resilience and vulnerability. Frontiers in Forests and Global 

Change 4:831701. https://doi.org/10.3389/ffgc.2021.831701 

Hankin LE, Leger EA, Bisbing SM (2023). Reforestation of high elevation pines: direct seeding success depends on seed 

source and sowing environment. Ecological Applications 33:e2897. https://doi.org/10.1002/eap.2897 

Kerns BK, Day MA, Ikeda D (2020). Long-term seeding outcomes in slash piles and skid trails after conifer removal. 

Forests 11:839. https://doi.org/10.3390/f11080839 

Konnert M, Alizoti P (2016). Short reviews on the genetics and breeding of introduced to Europe forest tree species. In 
Konnert M, Alizoti P (Eds.) Slovenian Forestry Institute, Silva Slovenica Publishing Centre, Ljubljana p 49. 

https://doi.org/10.20315/SFS.151 



Stoica E et al. (2025). Not Bot Horti Agrobo 53(3):14695 

 

17 

 

 

 

 

 

 

Kuznetsova A, Brockhoff PB, Christensen RHB, Jensen SP (2020). lmerTest: Tests in linear mixed effects models. 

Retrived 2024 Septemper 10 from https://cran.r-project.org/web/packages/lmerTest/index.html  

Lantz CW (2008). Genetic improvement of forest trees. Springer, Dordrecht. Retrieved 2025 July 8 from 

https://www.fs.usda.gov/nsl/Wpsm/Chapter2.pdf. 

Lausberg MJF, Cown DJ, McConchie DL, Skipwith JH (1996). Variation in some wood properties of Pseudotsuga 

menziesii provenances grown in New Zealand. New Zealand Journal of Forestry Science 26:497-509. 

Li Y, Suontama M, Burdon RD, Dungey HS (2017). Genotype by environment interactions in forest tree breeding: review 
of methodology and perspectives on research and application. Tree Genetics and Genomes 13:60. 
https://doi.org/10.1007/s11295-017-1144-x  

Liepe KJ, van der Maaten E, van der Maaten-Theunissen M, Kormann JM, Wolf H, Liesebach M (2024). Ecotypic 
variation in multiple traits of European beech: selection of suitable provenances based on performance and 

stability. European Journal of Forest Research 143:831-845. https://doi.org/10.1007/s10342-024-01656-2 

Liu H, Xiong K, Yu Y, Li T, Qing Y, Wang Z, Zhang S (2021). A review of forest ecosystem vulnerability and resilience: 

implications for the rocky desertification control. Sustainability 13:11849. https://doi.org/10.3390/su132111849 

Longo BL, Brüchert F, Becker G, Sauter UH (2019). Validation of a CT knot detection algorithm on fresh Douglas-fir 

(Pseudotsuga menziesii (Mirb.) Franco) logs. Annals of Forest Science 76:16. https://doi.org/10.1007/s13595-019-

0812-4 

Lowell E, Maguire D, Briggs D, Turnblom E, Jayawickrama K, Bryce J (2014). Effects of silviculture and genetics on 
branch/knot attributes of coastal Pacific Northwest Douglas-fir and implications for wood quality—a synthesis. 

Forests 5:1717-1736. https://doi.org/10.3390/f5071717 

Macdonald E, Hubert J (2002). A review of the effects of silviculture on timber quality of Sitka spruce. Forestry: An 

International Journal of Forest Research 75:107-138. https://doi.org/10.1093/forestry/75.2.107 

Magalska L, Howe GT (2014). Genetic and environmental control of Douglas-fir stem defects. Forest Ecology and 

Management 318:228-238. https://doi.org/10.1016/j.foreco.2014.01.002 

Marchi M, Castellanos-Acuña D, Hamann A, Wang T, Ray D, Menzel A (2020). ClimateEU, scale-free climate normals, 

historical time series, and future projections for Europe. Scientific Data 7:428. https://doi.org/10.1038/s41597-

020-00763-0 

Mátyás C (1996). Climatic adaptation of trees: rediscovering provenance tests. Euphytica 92:45-54. 

https://doi.org/10.1007/BF00022827 

Milesi P, Berlin M, Chen J, Orsucci M, Li L, Jansson G, Karlsson B, Lascoux M (2019). Assessing the potential for assisted 
gene flow using past introduction of Norway spruce in southern Sweden: local adaptation and genetic basis of 

quantitative traits in trees. Evolutionary Applications 12:1946-1959. https://doi.org/10.1111/eva.12855 

Moise M (1998). Studiul variabilităţii genetice interpopulaţionale la larice (Larix decidua Mill.) şi duglas (Pseudotsuga 

menziesii (Mirb.) Franco) în culturi comparative multistaţionale din România. PhD thesis. Academia de Științe 

Agricole și Silvice, București. 
Nagel LM, Palik BJ, Battaglia MA, D’Amato AW, Guldin JM, Swanston CW, … Roske MR (2017). Adaptive silviculture 

for climate change: a national experiment in manager-scientist partnerships to apply an adaptation framework. 

Journal of Forestry 115:167-178. https://doi.org/10.5849/jof.16-039 

Nanson A (2004). Génétique et amélioration des arbres forestiers. Presses Agronomiques de Gembloux, Gembloux. 

Nicolescu VN, Mason WL, Bastien JC, Vor T, Petkova K, Podrázský V, … Mihăilescu G (2023). Douglas-fir (Pseudotsuga 

menziesii (Mirb.) Franco) in Europe: an overview of management practices. Journal of Forestry Research 34:871-

888. https://doi.org/10.1007/s11676-023-01607-4 

Opgenoorth L, Dauphin B, Benavides R, Heer K, Alizoti P, Martínez-Sancho E, … Cavers S (2021). The GenTree 
platform: growth traits and tree-level environmental data in 12 European forest tree species. GigaScience 

10:giab010. https://doi.org/10.1093/gigascience/giab010 

Osborne NL, Maguire DA (2016). Modelling knot geometry from branch angles in Douglas-fir (Pseudotsuga menziesii). 

Canadian Journal of Forest Research 46: 215–224. https://doi.org/10.1139/cjfr-2015-0145 

Pâques LE (2013). Forest tree breeding in Europe. Current state-of-the-art and perspectives. In Pâques LE (Ed). Springer 
Dordrecht p 527. https://doi.org/10.1007/978-94-007-6146-9  

Pedlar JH, McKenney DW, Allen DJ (2024). Effect of tree species and seed origin on climate change trial outcomes in 

Southern Ontario. New Forests 55:63-79. https://doi.org/10.1007/s11056-023-09965-x 



Stoica E et al. (2025). Not Bot Horti Agrobo 53(3):14695 

 

18 

 

 

 

 

 

 

R Core Team (2024). R: a language and environment for statistical computing. R Foundation for Statistical Computing. 

Accessed 2025 June 14 from https://www.R-project.org  

Risk C, McKenney DW, Pedlar J, Lu P (2021). A compilation of North American tree provenance trials and relevant 

historical climate data for seven species. Scientific Data 8:29. https://doi.org/10.1038/s41597-021-00820-2 

Ronch FD, Caudullo G, de Rigo D (2016). Pseudotsuga menziesii in Europe: distribution, habitat, usage and threats. In: 

San-Miguel-Ayanz J, de Rigo D, Caudullo G, Houston Durrant T, Mauri A (Eds). European atlas of forest tree 

species. Publications Office of the European Union, Luxembourg. https://forest.jrc.ec.europa.eu/en/european-

atlas/atlas-download-page/  

Ross R (2021). Wood handbook-wood as an engineering material. General Technical Report FPL-GTR-282. Madison, 
WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory p 543.  

Schermann N, Adams WT, Aitken SN (1977). Genetic parameters of stem form traits in a 9-year-old coastal Douglas-fir 
progeny test in Washington. Silvae Genetica 26:149-155. 

Schmidt U, Nyssen B, Muys B, Lei P, Pyttel P (2016). The history of introduced tree species in Europe in a nutshell. In 
Krumm F, Vítková L (Eds). Introduced tree species in European forests: challenges and opportunities. European 
Forest Institute, Freiburg pp 46-54. 

Schueler S, George JP, Karanitsch-Ackerl S, Mayer K, Klumpp R, Grabner M (2021). Evolvability of drought response in 
four native and non-native conifers: opportunities for forest and genetic resource management in Europe. 
Frontiers in Plant Science 12:648312. https://doi.org/10.3389/fpls.2021.648312 

Seho M, Kohnle U (2014). The international Douglas-fir provenance test 1958: differences in branch and stem 
characteristics on trials in south-western Germany. Allgemeine Forst- und Jagdzeitung 185(1/2):27-42. 

Sestras AF, Sălăgean T, Roman AM, Morar IM, Dan C, Truta AM, Sestras RE, Dudescu MC, Spalevic V, Kader S, Sestras 

P (2025). Growth and resistance to mechanical stress in the young phase of black locust (Robinia pseudoacacia L.) 

trees based on geographical provenances. Journal of Environmental Management 384:125465. 

https://doi.org/10.1016/j.jenvman.2025.125465 

Smolnikar P, Brus R, Jarni K (2021). Differences in growth and log quality of Douglas-fir (Pseudotsuga menziesii (Mirb.) 

Franco) provenances. Forests 12:287. https://doi.org/10.3390/f12030287 

Şofletea N, Curtu L (2007). Dendrologie. Editura Universităţii Transilvania, Braşov, Romania. 
St Clair JB, Mandel NL, Vance-Borland KW (2005). Genecology of Douglas-fir in western Oregon and Washington. 

Annals of Botany 96:1199-1214. https://doi.org/10.1093/aob/mci278 

Stoica E, Alexandru AM, Mihai G, Scarlatescu V, Curtu AL (2025). Evaluating Douglas-fir provenances in Romania 

through multi-trait selection. Plants 14:1347. https://doi.org/10.3390/plants14091347 

Temel F, Adams WT (2000). Persistence and age-age genetic correlations of stem defects in coastal Douglas-fir 

(Pseudotsuga menziesii var. menziesii (Mirb.) Franco). Silvae Genetica 49:5-11. 

Todoroki CL, Monserud RA, Parry DL (2005). Predicting internal lumber grade from log surface knots: actual and 
simulated results. New Zealand Journal of Forestry Science 35:99-119. 

Ukrainetz NK, Kang KY, Aitken SN, Stoehr M, Mansfield SD (2008). Heritability and phenotypic and genetic 

correlations of coastal Douglas-fir (Pseudotsuga menziesii) wood quality traits. Canadian Journal of Forest 

Research 38:1536-1546. https://doi.org/10.1139/X07-234 

Vargas-Hernández J, Adams WT, Joyce D (2003). Quantitative genetic structure of stem form and branching traits in 
Douglas-fir seedlings and implications for early selection. Silvae Genetica 52:36-44. 

Wei T, Simko V (2021). corrplot: visualization of a correlation matrix. R package version 0.92. Accessed 2025 July 1 from 
https://cran.r-project.org/package=corrplot 

White TL, Adams WT, Neale DB (2009). Forest genetics. CABI Publishing, Wallingford, UK. 
https://doi.org/10.1079/9781845932855.0000 

Zerbe S (2003). Vegetation and future natural development of plantations with the black poplar hybrid Populus × 

euramericana Guinier introduced to Central Europe. Forest Ecology and Management 179:293-309. 

https://doi.org/10.1016/S0378-1127(02)00543-1 

 
 
 
 



Stoica E et al. (2025). Not Bot Horti Agrobo 53(3):14695 

 

19 

 

 

 

 

 

 

 
Appendix Appendix Appendix Appendix     
    

Table A1Table A1Table A1Table A1. Details about the tested Douglas fir provenances 

Prov.Prov.Prov.Prov.    
Name ofName ofName ofName of    

provenanceprovenanceprovenanceprovenance    
CountryCountryCountryCountry    Lat. NLat. NLat. NLat. N    Long. ELong. ELong. ELong. E    

Altd.Altd.Altd.Altd.    
(m)(m)(m)(m)    

1 Idaho (var. glauca) SUA 48°00’ -116°95’ 780 

2 Idaho (var. glauca) SUA 47°48’ -113°61’ 1389 

3 Idaho (var. glauca) SUA 47°52’ -115°68 1356 

4 Boise (var. galuca) SUA, Idaho 44°00’ -115°00’ 1829 

5 El Dorado SUA California 39°17’ -120°08’ 1387 

8 South End Pass SUA, Wyoming 50°07’ -120°85’ 900 

9 Merrit Canada, Columbia Britanică 50°04’ -120°51’ 900 

10 Franklin River Canada, Columbia Britanică 49°06’ -124°46’ 150 

11 Duncan Canada, Columbia Britanică 48°75’ -121°17’ 450 

12 Diablo Dam – Whatcom SUA, Washington 48°72’ -121°17’ 450 

13 Skagit – Sedro Wooley SUA, Washington 48°53’ -122°31’ 60 

14 Snohomish -Sloan Creek SUA, Washington 48°08’ -121°18’ 650 

15 Jefferson – Hoh River SUA, Washington 47°48’ -123°58’ 240 

16 Grays Harbour – Humptulips SUA, Washington 47°19’ -123°54’ 140 

17 Kittias – Cle Elum SUA, Washington 47°13’ -121°07’ 640 

18 Lewis – Packwood SUA, Washington 46°34’ -121°42’ 300 

19 Pine Grove SUA, Oregon 45°06’ -121°23’ 730 

20 Benton – Corvallis, SUA, Oregon 44°42’ -121°23’ 76 

21 Marion Forks SUA, Oregon 44°30’ -122°00’ 1060 

22 Lane – Oakridge SUA, Oregon 43°54’ -122°22’ 880 

23 Rosenburg SUA, Oregon 43°19’ -123°30’ 280 

24 Jakson – Ashland SUA, Oregon 42°05’ -122°39’ 1500 

26 Siskiyou – Hawkinsville, SUA, California 41°47’ -123°40’ 1060 

28 Chatcolet, S., (var. galuca) Idaho, SUA 47°20’ -116°30’ 700 

29 Vancouver Canada, Columbia Britanică 50°00’ -126°00’ 150 

30 Hoodsport SUA, Washington 47°10’ -123°03’ 300 

31 Elma, Washington SUA, Washington 47°00’ -123°30’ 300 

32 Pe Ell-Sand Creek, Mc. Donald SUA, Washington 46°45’ -123°15’ 200 

33 Yacolt – Spotted Deernt – Battle G. SUA, Washington 45°48’ -122°20’ 600 

34 Vicinity, Mineral Walker Road SUA, Washington 46°40’ -12°15’ 500 

35 Darrington – Texas Pond SUA, Washington 48°18’ -121°15’ 280 

36 Skycomish – Beckler Peak SUA, Washington 47°42’ -121°20’ 500 

37 Concrete – Presentin Creek SUA, Washington 48°30’ -121°20’ 110 

38 Oyster R. Canada, Columbia Britanică 49°42’ -125°08’ 400 

39 Daun Ost – Abt. 39 A – Rezervație Germania 50°12’ -06°50’ 520 

40 Daun Ost – Abt. 46 C. Germania 50°11’ -06°52’ 500 

41 Prüm Süd – Abt. 79 C – Rezervație Germania 50°13’ -06°25’ 380 

42 Wittlich West – Abt. 3B Germania 49°47’ -06°54’ 230 

43 Wittlich West – Abt. 1B Germania 49°47’ -06°55’ 230 

44 Manderscheid – Abt. 36 B2 – Rezervație Germania 50°06’ -06°50’ 400 

45 Poinsat – Puy de Dome Franța 46°04’ -02°43’ 750 

46 Les Farges III Franța 45°32’ -02°07’ 665 

47 Moussans II Franța 43°26’ -02°42’ 750 

49 Darrington III SUA, Washington 48°10’ -121°40’ 200 

50 Clallam Contry – Louella SUA, Washington 48°00’ -123°04’ 330 
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51 Pinetan Canada, Columbia Britanică 50°50’ -119°50’ 830 

52 Shuswape Lake Canada, Columbia Britanică 50°50’ -119°20’ 530 

54 Morton Lake Canada, Columbia Britanică 50°10’ -125°20’ 150 

55 Centre Creek – Chilliwack Valey Canada, Columbia Britanică 49°07’ -121°30’ 460 

56 Devine – Dist. Canada, Columbia Britanică 50°32’ -122°28’ 380 

57 Pădurea Neagră România 47°03’ 22°17’ 500 

58 Piatra Albă România 47°01’ 22°15’ 580 

59 Toplița România 46°46’ 22°20’ 330 

60 Aninoasa Mare România 45°43’ 22°15’ 550 

61 Vîrful Dăii România 45°44’ 22°13’ 825 

62 Vîrful Dăii România 45°44’ 22°13’ 420 

63 Nădrăgel România 45°43’ 22°13’ 560 

64 Anina – Buhui România 45°10’ 21°55’ 650 

65 Sedro Wooley SUA, Washington 48°30’ -122°10’ 720 

66 Elbe SUA, Washington 46°50’ -122°10’ 720 

67 Kelso SUA, Washington 46°12’ -122°50’ 609 
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