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SUMMARY  
Functional mechanisms in primary forests can help us discover structural 

models that can be applied to managed forests. Wood quality is important in 
silviculture because it influences timber price. Using the structure and tree form 
of primary forests in the Southern Carpathians as a model, our research 
objectives were to determine the relationships between wood quality and factors 
such as coenotic position of trees, the ratio of diameter at breast height (DBH) to 
tree height, and tree slenderness. Wood quality was strongly related to the 
coenotic position of trees (r = 0.89*–0.99***); suppressed (or dominant) trees 
had higher quality wood than dominant (or suppressed) trees. Wood quality and 
slenderness were also highly correlated (r = 0.56–0.95***) in most plots – the 
more slender the tree, the lower its wood quality. We found that trees with the 
highest quality wood were in the 30–100 cm DBH range. Therefore, DBH is a 
reliable predictor of wood quality for uneven-aged forests, providing quick 
results with little effort.   

Keywords: Uneven-aged forests, wood quality, Southern Carpathians, 
primary forests, silvicultural models. 

 
INTRODUCTION 

Primary forests represent one of nature’s assets of incalculable value 
(Bândiu et al. 1995), and are characterised by perfection which cannot be 
completely imitated by modern silviculture. The virgin forests and uneven 
aged forest (managed) are understood as stable ecosystems, with a specific 
equilibrium, from the point of view of structure and composition (Boncina 
et al. 2014) and provide a continuity of the stand. Concerns about primary 
ecosystems have increased with the negative effects caused by 
anthropogenic pressures, such as pollution and logging (Stoiculescu 2013, 
Curovic et al. 2011). In western part of Europe, because of intensive forest 
utilisation, most of virgin forests has disappear, but in the Southern 
Carpathians, large tracts of virgin forest still remain (Reininger 1997, 
Giurgiu 2013), which need urgent study due to the scientific value they 
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have through the lack of human activities (Curovic et al 2013). The aim of 
such research should be to develop our understanding of primary forest 
structure, and to apply this knowledge in practice for managing protected 
areas covered by forests and for defining a model for managing uneven-
aged forests (Král et al. 2018). In the past, research on the quality of wood 
was conducted only in even-aged forests (Pretzsch and Rais 2016). 
However, many old trees are found in uneven-aged forests, which could 
provide wood of superior quality. Therefore, it is important that such trees 
in uneven-aged forests are studied, because the quality of wood can be the 
defining property that affects timber price (Zhang 1997, Macdonald et al. 
2009, Höwler et al. 2019). Such research may yield results that can act as 
a model for silvicultural treatments (Boncina 2014), so that trees in 
managed forests may be developed to imitate, as far as possible, trees 
shaped by nature in primary forests. In addition to engendering superior 
timber quality, uneven-aged forest structures also ensure high biodiversity 
(Paraviainen 2005, Giurgiu 2013). 

The research objectives of this study were: (1) to describe the 
relationship between the coenotic position of trees and wood quality; (2) 
to determine the relationship between wood quality and the ratio of 
diameter at breast height (DBH) to tree height; and (3) to characterise the 
relationship between DBH and wood quality.  
 

MATERIAL AND METHODS 
Study area 
The study areas were situated in the Southern Carpathians in the 

Semenic, Retezat, Făgăraș, and Penteleu Mountains (Figure 1).   
Identification of those types of ecosystems was determined according to 
identification criteria of virgin forests (Korpel 1978, Leibundgut 1982). 
The permanent research plots (PRPs) in this study are located in protected 
areas (National and Natural Parks and Natura 2000 sites) and they never 
been directly influenced by humans. 

The PRPs had an uneven-age tree structure, with a large number of 
trees (between 385 and 475 trees) some of which were very old (Table 1). 
Altitudinally, the plots were situated between 1151 m and 1352 m in the 
temperate continental zone, with precipitation and temperature determined 
by altitude and the orientation of the mountain peaks with respect to the 
direction of air masses.  

Ambient temperature ranged from −11 °C (Retezat) in the winter 
to 16 °C in the summer (Semenic and Penteleu). 
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Figure 1. Location of research plots (Natural Earth 2015, Esri 2019) 

 
Table 1. Characterisation of permanent research plots in the Southern 

Carpathians. 
Plot Geographic 

coordinates 
Relief 

Altitude 
 

Species composition 
Production class 

Soil type 

Number of trees 
Area and shape 

Volume 
Semenic 45°8'25'' E 

22°4'41'' N 
Slope: 

26° 
1352 m 

 

100% beech 
Superior 

Dystric cambisol 

385 
1 hectare 
(circular) 

677 m3 
Retezat 45°22'32'' E 

22°46'40'' N 
Slope: 

42° 
1151 m 

45% beech, 29% 
spruce, 4% fir, 22% 

hardwood 
Middle 

Dystric leptosol 

413 
1 hectare 

(rectangle) 
869 m3 

Făgăraș 45°39'40'' E 
25°10'2'' N 

Slope: 
40° 

1214 m 
 

45% beech, 55% fir 
Superior 

Eutric cambisol 

475 
1 hectare 
(circular) 

758 m3 

Penteleu 45°36'43'' E 
26°25'47'' N 

Slope: 
36° 

1128 m 
 

40% fir, 30% beech, 
30% spruce  

Superior 
Eutric cambisol 

439 
1 hectare 
(circular) 

803 m3 
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Field sampling and analyses 
Each research plot had a surface area of 1 ha; three of the plots were 

circular (Semenic, Făgăraș, and Penteleu) and one was rectangular 
(Retezat) in shape. All the trees in the research plots (with DBH higher 
than 7 cm) were inventoried and the following tree characteristics were 
collected: DBH, height, species, wood quality, and coenotic position. For 
the diameter measurement was used a measuring tape and the height was 
measured with the Vertex IV hypsometer. The coenotic position was 
estimated by field observations. 

Statistical analysis was conducted using the ‘psych’ package 
(Revelle, 2017) in R software (R Core Team, 2018), and the plot package 
in R software was used for graphical representation of the data. Volume 
was established for each individual tree using the equation: 

  log v = a0 + a1 log d + a2 log2 d +a3 log h + a4 log2 h,  
where d is DBH (cm), h is height (m), and a0, …, a4 are the 

regression coefficients (spruce: a0 = −4.18161, a1 = 2.08131, a2 = 
−0.11819, a3 = 0.70119, a4 = 0.148181; beech: a0 = −4.11122, a1 = 
1.30216, a2 = 0.23636, a3 = 1.26562, a4 = −0.079661; fir: a0 = −4.46414, 
a1 = 2.19479, a2 = −0.12498, a3 = 1.04645, a4 = −0.016848) established 
for the most important species in Romanian forests (Giurgiu et al. 2004).  

The methodology for determining the quality of the wood involved 
estimating the proportion of wood defects (stem and crown attributes) 
relative to the total height of the tree, according to the type of species 
(softwood or hardwood; Giurgiu 2004). Stem shape defects were stem 
eccentricity, taper, and slenderness, and crown defects were crown 
diameter, length, and eccentricity. 
 

RESULTS AND DISCUSSION 
Previous studies have identified a significant relationship between 

stand structure and wood quality, represented by stem and crown attributes 
(Pretzsch and Rais 2016). Most importantly, for accurate results, these 
attributes have to be measurable (Pretzsch and Rais 2016). Compared to 
trees in even-aged forests, those in uneven-aged and primary forests have 
a greater capacity for growth (Pretzsch and Schütze 2009, Pretzsch et al. 
2010, 2015, Metz et al. 2013, Höwler et al. 2019) due to intra- and inter-
specific competition, resulting in higher quality wood (Pretzsch and Rais 
2016). 

In this study, the PRPs contained enough trees to provide sufficient 
data for statistical analysis (Table 2) and ensure homogeneity of data. The 
number of trees varied between 385 and 475, higher than the average of 
347 trees per hectare found in other studies (Curovic et al 2013). The 
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volume of the trees had values between 677 m3 and 869 m3 per hectare, 
which corresponds to the average values (796 m3 per hectare) found in 
other virgin forests of the Eastern Carpathians and the Dinaric Alps 
(Keeton et al 2010, Curovic et al 2013). 

Most of the trees had high quality wood, with the values falling in 
the upper quality classes. The wood quality values ranged between 1.80 
and 2.26, and were normally distributed, with skewness close to 0 in all 
but one PRP. For Semenic PRP, skewness was 1.05, which only slightly 
exceeded 1, which is the threshold value for non-normal distribution (Hair 
et al. 2017).  

 
Table 2. Statistical parameters of wood quality. Wood quality was determined as 
the proportion of wood defects in the stem and crown relative to the total height 
of the tree. Stem shape defects were stem eccentricity, taper, and slenderness, and 
crown defects were crown diameter, length, and eccentricity. 

Research 
plot 

Number 
of  

trees 
Mean S.D. Min Max Skewness Kurtosis 

Semenic 385 1.80 0.95 1 4 1.05 0.14 
Retezat 413 1.90 0.93 1 4 0.21 −1.80 
Făgăraș 475 2.26 0.92 1 4 0.30 −0.74 
Penteleu 439 2.01 0.97 1 4 0.53 −0.81 

 
Wood quality in relation to stand distribution 
Based on of the properties of sawn timber, trees from the PRPs were 

classified into four main classes: class 1included trees with the highest 
quality wood (those with the fewest defects) and class 4 included trees 
with the lowest quality wood (with many defects in stem and crown 
attributes), with classes 2 and 3 being intermediate in quality (Fig. 2). 

Most trees in most of the plots were in classes 1 and 2 (tending 
towards superior wood quality) with fewer defects, except for the trees in 
the Retezat PRP, which were in classes 2 and 3. Other research, in those 
types of forests, indicate that the site class and site index not always have 
a good correlation (Curovic et al. 2011*) but in this case they have. 
Although previous research in managed forests have shown that wood 
quality declines with tree age (Guiman, 2007), this was not the case for 
trees in our plots. Our results suggest that natural selection may have 
resulted in the survival of trees with high-quality wood, and identification 
of selective pressures may provide solutions for forest management that 
could lead to stands with superior wood quality.  
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Figure 2.  Frequency trees in relation to wood quality. 

 
Relationship between wood quality and coenotic position 
In uneven-aged forests and primary forests, tree stands can be 

characterised in relation to coenotic position as follows: inferior floor (where 
suppressed trees are found); middle floor (where codominant trees are found); 
and superior floor (where the dominant trees are found). In this study, there was a 
strong relationship between wood quality and coenotic position, with high 
correlation coefficients (r) ranging from 0.89* to 0.99*** (Fig. 3).  

Our results also showed that the quality of wood was higher in the first 
coenotic floor and lower in the third coenotic floor in all research plots. The 
wood quality in all the plots was very high, with the highest identified in the 
Semenic PRP (1.27) and the lowest in Retezat Zănoaga (2.65).  

The shape of the stem is a good indicator of the predisposition of 
trees to windthrow and snow-throw (Wilson and Oliver 2000, Harrington 
et al. 2009); stem shape is influenced by silvicultural treatment (Brazier, 
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1977) and coenotic position (Bruchert et al 2000). Our results show that 
the stands in the PRPs are stable and appear to be able to withstand 
uprooting by wind or snow.     

 
Figure 3. The relationship between wood quality and the coenotic position of 

trees. 
 

Given the relationship between wood quality and coenotic position, 
the latter could be used as an indicator in forest management; stand quality 
could be determined by simply identifying the coenotic position of trees, 
without having to measure tree parameters relating to quality.  

 
Relationship between slenderness (the height-to-diameter ratio) and 

wood quality 
Many studies have shown that stem shape is a good indicator of wood 

quality both for individual trees and for entire stands (Roth et al. 2007, Lasserre 
et al. 2009, Lindstrom et al. 2009, Lenz et al. 2012, Searles 2012, Pretzsch and 
Rais 2016). It is important to use indicators that are easy to measure; one such is 
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the height-to-diameter ratio or slenderness (Pretzsch and Rais 2016), which has 
yielded good results for predicting wood quality in previous studies (Reukema 
and Smith 1987, Kijidani et al. 2009, Lindstrom et al. 2009). In our study, there 
was a strong correlation between wood quality and slenderness (Fig. 4), with 
correlation coefficients ranging between 0.56 (Retezat) and 0.95*** (Făgăraș). 

 

.

 
Figure 4. The relationship between wood quality and slenderness of 

trees. 
 

Another aspect highlighted in this study was that the loss of wood quality 
was greater as slenderness increased; the slenderness index for class 1 (superior) 
of wood quality was about 0.7, whereas it was 0.8–0.9 for class 4 (inferior) of 
wood quality. All PRPs except Retezat had strong correlations between 
slenderness index and wood quality.  

Similar results have been obtained in other studies (r2 = 0.52; Pretzsch and 
Rais 2016). In the case of Retezat PRP, the number of trees with lower quality 
wood was high, which may have resulted in a weaker relationship between 
slenderness and wood quality.  
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Relationship between DBH and wood quality 
The wood quality of the stand is determined by every individual tree 

within the stand, and the wood quality of individual trees is influenced by the 
degree of competition with surrounding trees and by silvicultural treatment 
(Zingg and Ramp 2003, Höwler et al. 2017). Characteristics of wood quality that 
can be influenced by silvicultural treatment are DBH, size and abundance of 
knots, crown development, stem curvature, and the proportion of juvenile wood 
(Hein 2008 van Leeuwen et al. 2011, Richter 2015). Among these characteristics, 
DBH and knottiness have the highest influence on wood quality and timber price 
(Ammer, 2016). Figure 5 shows a relatively stable relationship between DBH 
and wood quality, in which juvenile trees are found in lower wood-quality 
classes. This strong relationship was highlighted by statistically significant 
correlation coefficients (r Semenic =-0.66***, r Penteleu = -0.59***), except for 
Retezat (r = 0.25*) and Făgăraș (r = -0.32***) PRPs where the correlations were 
weak.  

 

  

  
   

Figure 5. The relationship between wood quality and DBH of trees. 
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In all the plots, the DBH of trees with the highest quality wood ranged 

between 30 cm and 100 cm; this range is wider than the that found in other 
studies (e.g. 30–40 cm; Prestemon and Buongiorno 2000). The diameter limit for 
selective cutting, according to production class, in Romanian forests is set at 48–
100 cm (MWFEP 2000, Chișca et al. 2018); our results confirm that this range is 
appropriate for identifying trees with higher quality wood. 

 
CONCLUSIONS 

Due to environmental changes and the impact of anthropogenic pressures, 
research on primary forests has intensified. Primary forests represent a worthy 
model for management and structuring of managed forests. In this study, we 
investigated aspects of wood quality in primary forests located in the Southern 
Carpathians to develop solutions for selected treatment of uneven-aged forests. 

The statistical analysis highlighted that the wood quality of stands in most 
of the PRPs was normally distributed. In addition, most of the trees were found in 
wood quality classes 1 and 2 (superior wood quality) with fewer defects, except 
in the Retezat PRP where most of the trees were in quality classes 2 and 3 
(intermediate quality). This suggests that natural selection may lead to better 
stand quality than silvicultural treatment.   

The relationship between wood quality and coenotic position was strong, 
with statistically significant correlation coefficients. Trees from the first coenotic 
floor had higher quality wood than trees from the third coenotic floor. Therefore, 
the coenotic position of the tree could be used as an indicator for predicting the 
quality of its wood without measuring it for wood parameters. The relationship 
between slenderness and wood quality was also shown to be strong, with wood 
quality increasing as slenderness decreased.  

Because the price of timber depends on the quality of the wood, it is 
important to design a simple methodology for quickly determining wood quality 
without having to take too many measurements. Our study found a strong 
correlation between DBH and wood quality; the DBH of trees with the highest 
quality wood ranged between 30 cm and 100 cm.  

Uneven-aged forests are superior than even-aged forests because they 
provide greater stability, continuity, and protection for trees. In addition, they 
provide higher quality wood and a greater quantity of timber. Therefore, it is 
necessary for modern forestry to follow the model that nature offers in primary 
forests by imitating their actions in managed forests. 
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