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Physical, mechanical, and quality characteristics of Uludağ fir (Abies 
nordmanniana subsp. bornmuelleriana) wood, which occurs naturally in 
Turkey, were determined. The effect of site classes (SCs) on these 
characteristics was investigated. Uludağ fir trees growing naturally in the 
Şerif Yüksel Forest Management District and belonging to different site 
classes (I, II, and III) were considered. The physical and mechanical 
properties of the test samples were determined in accordance with 
relevant standards, and differences between SCs were evaluated using 
statistical methods. SCs were found to have a statistically significant effect 
on the physical and mechanical properties of Uludağ fir wood (p<0.05). 
The highest performance in terms of physical and mechanical properties 
was generally observed in samples from Class II. Static quality (SQ) 
values ranged from 9.52 to 10.9, while dynamic quality (DQ) values ranged 
from 1.77 to 1.98. Based on DQ values, samples from all quality classes 
fell into the group of wood exhibiting high elastic properties; based on SQ 
values, they were classified as high-quality wood. The findings highlight 
the impact of SCs on the quality characteristics of Uludağ fir wood, 
providing important scientific data for quality-focused raw material 
selection, sustainable forest management, and the planning of wood 
usage areas. 
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INTRODUCTION 
 

Wood is a material with high sustainability ratings because it is recyclable, reusable, 

environmentally friendly, and naturally renewable (Dong et al. 2022; Abdolmaleki et al. 

2025). It is considered a green building material due to its carbon sequestration throughout 

its life cycle (Li et al. 2018). According to environmental impact assessments, wood 

structures exhibit a global warming potential that is 81 to 94% lower than that of concrete 

buildings and 76 to 91% lower than that of steel buildings (Wang et al. 2024). 

Wood and engineered wood products are widely used in various construction 

applications (He et al. 2024). Furthermore, their excellent strength-to-weight ratios, 

thermal insulation, and acoustic properties make them suitable for a wide range of 

applications in buildings, from structural beams to windows, door frames, wall and flooring 

materials, and furniture (Asdrubali et al. 2017; Reh et al. 2022). 
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Wood is a hygroscopic material due to the abundance of hydroxyl groups associated 

with its cell wall polymers. It undergoes dimensional changes depending on ambient 

temperature and relative humidity (Brischke et al. 2017). Therefore, to minimize the effects 

of movement after installation, lumber intended for exterior use should be dried to an 

equilibrium moisture content of approximately 15% (Engelund et al. 2013; Sargent 2019). 

Wood quality is significantly influenced not only by the species’ genetic 

characteristics but also by the growing environment, site class (SC), climatic conditions, 

silvicultural practices, growth rate, and the wood’s anatomical structure (Rocha et al. 

2019). Therefore, even among individuals of the same species, significant differences in 

density, dimensional stability, and mechanical properties may arise depending on growing 

conditions (Pretzsch and Rais 2016; Clough et al. 2017; Schimleck et al. 2018; Barrette et 

al. 2023; Jones et al. 2024; Wentzel et al. 2024). Various techniques are used to determine 

wood quality in applications such as historic structures, packaging, biofuels, coatings, 

furniture, lumber, and flooring. These techniques can be classified as visual (macroscopic) 

grading, chemical, physical, and mechanical tests, non-destructive methods, and 

microscopic analyses. Numerous studies utilizing these techniques can be found in the 

literature (Azzi et al. 2025; Liu et al. 2025; Nwoanjia et al. 2025).  

SC is one of the fundamental site condition indicators that reflects the productivity 

capacity of forest land and is widely used in forest planning. SCs serve as an important 

decision-support tool in forestry practices such as determining the growth potential of 

stands, establishing management horizons, planning thinning programs, and selecting 

appropriate tree species (Vissage et al. 2019). SC is not merely an indicator reflecting 

growth performance; it also reflects the combined effects of numerous environmental 

factors such as climate, soil, topography, and biotic interactions (Lockhart 2013). For this 

reason, it is important to investigate SCs not only in terms of stand productivity but also 

regarding their potential effects on the technological properties of wood. 

Uludağ fir (Abies nordmanniana subsp. bornmuelleriana), one of Turkey’s most 

important native conifer species, is used primarily as a construction material, for carpentry, 

and in various industrial applications. Ecologically, this species enhances biodiversity, 

supports wildlife, prevents soil erosion, and contributes to water regulation and carbon 

sequestration. These trees are essential for maintaining forest health, providing ecosystem 

services, and supporting climate regulation (Gülsoy 2024). 

Numerous studies have been conducted on coniferous species in the literature. 

These studies have reported that growing conditions and silvicultural practices influence 

wood density, modulus of elasticity, and mechanical properties. However, a significant 

portion of the existing studies has focused on materials obtained from a single growing 

environment or has evaluated only specific physical or mechanical properties (Beets et al. 

2018; Barrette et al. 2023). In particular, there is very limited information regarding the 

comprehensive effect of different SCs on the physical properties, mechanical performance, 

and quality indicators of wood from naturally occurring Uludağ fir populations. Therefore, 

evaluating Uludağ fir wood from different SCs within the same research framework in 

terms of density, dimensional stability, mechanical properties, and quality values will fill 

an important scientific gap.  

 

Hypotheses 

Based on this identified knowledge gap in the current literature, the following 

research hypotheses have been formulated to evaluate the effect of different SCs on the 

physical, mechanical, and quality characteristics of Uludağ fir wood: 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Şahin et al. (2026). “Uludag fir & site classes,” BioResources 21(3), 8489-8508.  8491 

H1. It is proposed that there are statistically significant differences in the physical 

properties (density, shrinkage, and swelling behavior) of Uludağ fir (Abies nordmanniana 

subsp. bornmuelleriana) wood grown in different SCs. 

H2. It is proposed that SCs have a statistically significant effect on the mechanical 

properties of Uludağ fir wood (modulus of rupture (MOR), modulus of elasticity (MOE), 

impact bending strength (IBS), and compressive strength parallel to the grain (CS)). 

H3. It is proposed that there are statistically significant differences in the DQ and 

SQ values of Uludağ fir wood grown in different SCs. 

In the literature, there are very limited studies examining the relationships between 

SCs and the physical, chemical, mechanical, and anatomical properties of wood, as well as 

other technological characteristics (Bektas et al. 2003; Gundogan et al. 2005). However, 

no study in the literature has been found that comprehensively evaluates the effect of SCs 

on the physical, mechanical, and quality properties of Uludağ fir wood.  

The purpose of this study was to conduct a comparative analysis of physical, 

mechanical, and quality characteristics of Uludağ fir wood grown at three different SCs in 

the Aladağ region of Bolu Province, Turkey, and to determine the effect of SCs on wood 

quality. The findings are intended to provide a scientific basis for decision-makers in the 

quality-oriented classification of Uludağ fir wood and in selecting suitable raw materials 

for various applications (indoor and outdoor applications, veneer, lumber, furniture, 

construction, etc.). 

This article is one of the few that comprehensively evaluates the effect of different 

SCs on the wood quality of Uludağ fir in terms of physical, mechanical, and quality 

characteristics. Furthermore, the findings are expected to contribute to a better 

understanding of the relationship between growing conditions and wood properties, 

thereby establishing a scientific foundation for sustainable forestry practices and wood raw 

material management. 

 

 

EXPERIMENTAL 
 
Materials 

The Uludağ fir wood samples used in the study were obtained from the Aladağ 

Forest Management Directorate, Şerif Yüksel Forest Management Chiefdom of Bolu 

Regional Forest Directorate. Since the study primarily addressed the effects of SCs on 

physical and mechanical properties, care was taken to ensure that environmental and stand 

characteristics other than SCs (such as elevation, aspect, slope, breast height diameter, 

stand type, and canopy closure) were as similar as possible across each SC (Table 1). The 

areas from which the experimental trees were sourced were selected from stands within the 

same forest management district, at similar elevations (1500-1600 m), and with similar 

topographic characteristics.  

In this study, the SCs of the sample plots were determined based on the management 

plan of the Şerif Yüksel Forest Management Chiefdom and the SC tables developed by 

Eraslan et al. (1984) for the Uludağ fir. Accordingly, SC I represents high site productivity, 

SC II represents moderate site productivity, and SC III represents relatively lower site 

productivity. The determination of SCs was based on the average top height criterion; in 

the study area, the top height was set at 38 to 42 m for SC I, 34 to 38 m for SC II, and 30 

to 34 m for SC III. 
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Since the fir stands in the study area were managed based on diameter classes rather 

than age classes, diameter was used as the criterion for selecting sample trees instead of 

age. Therefore, to ensure comparability among SCs, sample trees within similar diameter 

ranges were selected. This approach was adopted to ensure that differences between SCs 

stem as much as possible from site conditions and to reduce sampling-related variability. 

The target diameter for fir trees in these regions was set at 72 cm; sample trees were 

selected from the 68 to 76 cm diameter class, comprising trees from three different SCs 

(SC I-SC III), with a total of 24 sample trees 8 from each plot-harvested and removed from 

the field. Figure 1 shows the trees from which the experimental samples were obtained. 

 

 
 

Fig. 1. Images of sampled areas and trees (a: SC I, b: SC II, and c: SC III) 

 

The height of the felled trees was measured with digital height gauges, and the 

diameter at breast height was determined from a height of 1.30 m with the help of calipers. 

In addition, 8- to 10-cm-thick disks were taken from 0.30 m to determine tree age. General 

information about the area and trees from which the experimental samples were obtained.  

 

Table 1. Information About the Sample Area and Trees 
 

Region  
Tree 
No. 

Height 
(m) 

Age 
(year) 

Diameter 
(cm) 

Elevation 
(m) 

Closure 
(%) 

Slope 
(%) 

Aspect 

S
C

 I
 

1 38.8 177 68 1549 

70 to 75 
9 to 17 
(middle) 

South West 

2 38.9 151 70 1549 

3 38.1 108 68 1549 

4 39.5 228 68 1549 

5 38.6 236 74 1549 

6 39.6 221 76 1549 

7 39.4 183 74 1550 

8 40.1 215 72 1550 
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S
C

 I
I 

1 35.5 216 68 1573 

70 to 75 
9 to 17 
(middle) 

South West 

2 34.4 123 72 1580 

3 35.6 211 68 1577 

4 34.5 187 73 1576 

5 34.2 86 72 1574 

6 35.2 230 73 1573 

7 36.3 222 73 1579 

8 34.1 141 72 1578 

S
C

 I
II

 

1 32.4 289 72 1576 

70 to 75 
9 to 17 
(middle) 

South West 

2 31.8 159 70 1576 

3 31.5 242 72 1578 

4 30.2 123 70 1580 

5 30.9 185 70 1581 

6 31.7 260 74 1581 

7 32.2 234 68 1582 

8 31.3 189 76 1583 

SC I: Side Class I; SC II: Side Class II; SC III: Side Class III 

 

Methods 
Test samples to be used for physical and mechanical test specimens were taken 

from 2 m sections of tree trunks between 2 to 4 m from the root according to the TS 4176 

(1984) standard. North directions were marked on the 2 m trunk sections cut from the trees 

and tree numbers were written on each of them. The obtained logs were first de-capped 

and then sawn into 3- and 6-cm-thick timber in a private sawmill, following the standards. 

The sawing process was carried out in accordance with TS ISO 3129 (2021). The sawn 

timbers were renumbered and stacked in a covered area to reach the desired equilibrium 

humidity by placing slats between them. The moisture content of the timber was 

continuously checked. The timbers whose moisture content reached the fiber saturation 

point were processed with band saw, circular saw, and planing machines to obtain test 

samples. Care was taken to ensure that the test specimens did not contain defects such as 

cracks, knots, etc. Defective specimens were replaced with new ones. When preparing 

small-sized specimens, the splinters formed on the edges and corners were removed with 

sandpaper. The numbering process was completed by writing the SC and the test numbers 

of each test on the prepared test specimens with a ballpoint pen. Figure 2 shows the 

procedures related to the measurement of physical properties. 

Moisture content, air dry density (AD) and oven dry density values (OD), bulk 

density value (BD), shrinkage and swelling percentages in radial, tangential, and 

longitudinal directions, volumetric shrinkage, and swelling percentages were determined 

from the physical properties of Uludağ fir wood of different SCs. Analyses of physical 

properties were carried out on 20 x 20 x 30 mm3 test specimens. TS ISO 13061-1 (2021) 

standard was followed in determining the moisture values of wood and TS ISO 13061-2 

(2021) standard was followed in determining the density values.  
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Fig. 2. Images from the work and procedures for density and sorption experiments (a,d: for 
shrinkage and swelling measurements, b-c: for density test) 

 

Measurement of the shrinkage and swelling percentages in the longitudinal, radial, 

and tangential directions of the samples used in wood-water relations was carried out in 

accordance with TS ISO 13061-13 (2024), TS ISO 13061-14 (2024), TS ISO 13061-15 

(2021), and TS ISO 13061-16 (2021) standards, respectively. 

 

  
 

Fig. 3. MOR and MOE test specimens and analysis procedure images (a: MOR and MOE test 
specimens, b: MOR and MOE analysis image, c-d: fracture images after MOR and MOE analysis) 
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A 50 kN ton universal testing machine was used in the tests to determine the 

mechanical properties. Modulus of rupture (MOR) and modulus of elasticity (MOE), 

impact bending strength (IBS), and compressive strength parallel to grain (CS) were 

calculated from the mechanical properties. The MOR and MOE tests were performed in 

accordance with TS ISO 13061-3 (2021) and TS ISO 13061-4 (2021) standards, 

respectively. The CS value was determined according to TS ISO 13061-17 (2019) standard 

and IBS values were determined according to TS ISO 13061-10 (2021) standard. Test 

specimens with dimensions of 20 x 20 x 360 mm3 for MOR and MOE, 20 x 20 x 30 mm3 

for CS, and 20 x 20 x 300 mm3 for IBS were used for the analysis of mechanical properties. 

A total of 240 test specimens, 30 specimens from each tree, were used to determine each 

physical and mechanical properties. Figure 3 shows the procedures related to the 

measurement of MOR and MOE tests.  

 

Statistical Analysis 
The data were analyzed using SPSS 22 statistical package program. One-way 

analysis of variance (ANOVA) was used to determine whether there were statistical 

differences between the SCs in terms of physical and mechanical properties. In case of 

significant differences between the groups, Duncan’s test was applied. Confidence level 

was taken as 0.05 (95%) in all comparisons. 

 

 
RESULTS AND DISCUSSION 
 

Physical Properties 
The mean AD, OD, and BD values (X), standard deviation, minimum, and 

maximum values and homogeneity groups obtained as a result of statistical analysis are 

shown in Table 2.  

 
Table 2. AD, OD, and BD Values of Uludağ Fir wood of Different SCs (g/cm3) 
 

Properties 
Site Class 

(SC) 
X HG S XMin XMax F-ratio P-value 

Air dry 
density (AD) 

SC I 0.401* A** 0.04 0.310 0.530 

23.60 0.000 SC II 0.426 C 0.04 0.360 0.670 

SC III 0.409 B 0.04 0.330 0.560 

Oven dry 
density (OD) 

SC I 0.376 A 0.04 0.290 0.490 

19.29 0.000 SC II 0.397 C 0.04 0.330 0.620 

SC III 0.383 B 0.04 0.310 0.520 

Bulk 
 density (BD) 

SC I 0.332 A 0.03 0.260 0.430 

24.25 0.000 SC II 0.352 C 0.03 0.300 0.550 

SC III 0.341 B 0.04 0.280 0.470 
 

*: The average of 240 samples was used for each test; **: there is no statistical difference 
between the averages shown with the same letters in the column for each experimental group (p 
< 0.05); X: mean value; HG; homogeneity group, S: standard deviation values; Xmin: minimum 
value; Xmax: maximum value 
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In general, the differences between the mean AD, OD, and BD values obtained 

from all three SCs were statistically significant at a 95% confidence level (p < 0.05; Table 

2). Therefore, Duncan’s test was applied to determine which SCs were responsible for the 

significant differences. According to the results of the Duncan test, it was determined that 

the average AD, OD, and BD values obtained in all three SCs were different from each 

other (Table 2). The highest averages for AD, OD, and BD values were obtained from the 

SC II, while the lowest values were generally observed in the SC I (Table 2). These results 

demonstrate that differences in the productivity of the growing environment had a 

measurable effect on wood density. 

Wood density is a property that is influenced not only by a tree’s genetic 

characteristics but also by factors such as growing conditions, growth rate, annual ring 

width, and the earlywood-to-latewood ratio. In particular, differences in SC can alter wood 

density by affecting the trees’ cambial activity and cell wall development (Schimleck et al. 

2018; Barrette et al. 2023). 

In this study, the higher wood density values observed in SC II indicate that growth 

conditions in this site not only promoted rapid diameter increase but also resulted in a 

denser wood structure. Although it is generally thought that rapid growth in high-quality 

sites may reduce wood density, this can vary depending on species, age, competitive 

conditions, and annual ring structure. Indeed, studies conducted in different growing 

environments indicate that changes in density cannot be explained by growth rate alone; 

both the growing environment and tree characteristics must be evaluated together 

(Kimberley et al. 2017; Barrette et al. 2023). 

The density findings obtained fell within the ranges reported in previous studies on 

Uludağ fir wood. While Sofuoglu et al. (2023) reported the density of Uludağ fir wood as 

0.410 g/cm³ under 12% moisture content conditions, AD values obtained in the present 

study, depending on the SCs, ranged from 0.401 to 0.426 g/cm³. In addition, As et al. 

(2001) reported that AD density values of fir wood obtained from different growing regions 

ranged from 0.429 to 0.450 g/cm³. 

It is well known that variations in density values are significant in terms of 

mechanical properties and performance in use. This is because density is one of the quality 

indicators that significantly affects the strength and quality of wood, its dimensional 

stability, susceptibility to biological decay, machinability, and end-use applications 

(Romagnoli et al. 2014; Barreiros et al. 2024). Therefore, identifying differences in SC is 

important, particularly for the classification of fir wood intended for structural use. 

The mean tangential, radial, longitudinal, and total volumetric shrinkage values of 

Uludağ fir wood grown in three different SCs and the homogeneity groups obtained from 

statistical analysis are shown in Table 3. According to the results of simple analysis of 

variance, the difference between the mean tangential, radial, longitudinal, and volumetric 

shrinkage percentages obtained from all three SCs was found statistically significant at the 

95% confidence level (p < 0.05; Table 3). In general, in terms of volumetric shrinkage 

rates, there was no difference between the amount of shrinkage obtained in SC II and III. 

The SC I gave a higher shrinkage rate than the others (Table 3).  

In this study, the volumetric shrinkage values determined for Uludağ fir wood 

ranged from 11.4% to 12.0%. As et al. (2001), in their study on different fir species, 

reported that volumetric shrinkage values ranged from 10.7% to 13.0%. The obtained 

values are consistent with the characteristic properties of fir wood’s dimensional change 

behavior. 
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Table 3. Volumetric Shrinkage Percentages of Uludağ Fir Wood of Different SCs 
(%) 

Shrinkage 
Site Class 

(SC) 
X HG S XMin XMax F-ratio P-value 

Tangential 

SC I 7.50 A 0.99 4.11 11.1 

21.47 0.000 SC II 7.53 A 0.83 5.24 11.7 

SC III 7.13 B 0.85 4.14 8.76 

Radial 

SC I 4.01 A 1.15 1.91 9.17 

17.16 0.000 SC II 3.66 C 0.77 1.42 5.98 

SC III 3.79 B 0.60 2.33 5.66 

Longitudinal 

SC I 0.49 A 0.32 0.03 3.35 

7.70 0.000 SC II 0.42 B 0.14 0.10 0.85 

SC III 0.47 A 0.15 0.13 0.98 

Volumetric 
shrinkage 

SC I 12.0 A 1.7 8.30 17.1 

13.45 0.000 SC II 11.6 B 1.2 7.30 15.1 

SC III 11.4 B 1.0 8.23 14.0 

 

Dimensional changes occurring during wood drying are primarily governed by 

water loss in the cell walls and the anatomical structure. In this study, it was observed that 

tangential shrinkage values were higher than radial shrinkage values across all SCs. 

Previous studies have indicated that tangential shrinkage is approximately 1.5 to 2.5 times 

greater than radial shrinkage (Spear and Walker 2006; Schulgasser and Witztum 2015; Xue 

et al. 2018). This phenomenon is attributed to the anisotropic anatomical structure of wood, 

including its annual ring structure, earlywood-latewood ratio, distribution of medullary 

rays, and the arrangement of cell wall microfibrils. In addition to differences in density, 

microstructural characteristics also play a decisive role in the dimensional changes of wood 

(Almeida et al. 2014; Bonarski et al. 2015; Schulgasser and Witztum 2015; Xue et al. 

2018; Zhang et al. 2021; Amer et al. 2022). When evaluating differences among SCs, the 

high shrinkage values observed in Class I may be associated with a more heterogeneous 

wood structure. Wide annual rings formed under rapid growth conditions and changes in 

the earlywood ratio can influence the wood’s drying behavior (Zhang et al. 2021). 

The mean tangential, radial, longitudinal, and total volumetric swelling values of 

Uludağ fir wood of different SCs and the homogeneity groups obtained as a result of 

statistical analysis are shown in Table 4. The tangential, radial, longitudinal, and 

volumetric swelling values of Uludağ fir wood also differed statistically depending on the 

quality classes (p<0.05). In general, there was no significant difference between the 

volumetric swelling percentages obtained in SC I and SC II (Table 4).  

An analysis of the swelling values determined for Uludağ fir wood revealed that, 

across all quality classes, the swelling values in the tangential direction were higher than 

those in the radial and longitudinal directions. This result stems from the wood’s natural 

anisotropic structure. Özan et al. (2017) reported tangential and radial swelling values in 

Uludağ fir wood as 7.3% and 3.9%, respectively, while Korkut and Bektaş (2008) similarly 

noted that the tangential swelling values for control samples were high. 
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Table 4. Volumetric Swelling Percentages of Uludağ Fir Wood of Different SCs 
(%) 

Swelling 
Site Class 

(SC) 
X HG S XMin XMax F-ratio P-value 

Tangential 

SC I 8.17 A 1.15 4.90 11.14 

15.00 0.000 SC II 8.60 C 0.99 5.71 11.08 

SC III 8.34 B 1.07 4.54 11.46 

Radial 

SC I 4.22 B 1.06 1.74 9.27 

20.69 0.000 SC II 3.96 A 0.89 2.08 9.33 

SC III 4.37 C 0.71 2.39 6.32 

Longitudinal 

SC I 0.96 A 0.26 0.36 1.75 

414.7 0.000 SC II 0.56 C 0.13 0.30 0.88 

SC III 0.75 B 0.17 0.36 1.18 

Volumetric 
swelling 

SC I 13.3 AB 1.7 8.28 18.5 

3.19 0.000 SC II 13.1 A 1.4 8.57 17.9 

SC III 13.5 B 1.2 8.54 16.7 

 

Like the shrinkage results, the swelling behavior is also closely related to the 

wood’s anisotropic structure. In this study, as a result of the wood’s natural structure, the 

tangential swelling values were found to be higher than those in the radial and longitudinal 

directions across all SCs. Cell arrangement, annual ring structure, and the organization of 

microfibrils in the cell walls exhibit directional variations in dimensional changes 

(Jankowska et al. 2016; Elaieb et al. 2019). Particularly with regard to wood-water 

relationships, high-density woods generally have a higher bound water content. 

Consequently, it is suggested that their dimensional stability may vary. However, this 

relationship is not linear. The anatomical characteristics of the wood and the characteristics 

of the growing environment also play significant roles (Zhang et al. 2021). 

 

Mechanical Properties 
The mean values of MOR, MOE, IBS, and CS of Uludağ fir wood belonging to 

different SCs and the homogeneity group values obtained as a result of statistical analysis 

are shown in Table 5. According to the results of the simple analysis of variance, the 

difference between the mean values of MOR, MOE, IBS, and CS obtained from all three 

SCs was found to be significant (p < 0.05; Table 5). Therefore, the Duncan test was applied 

to determine which SCs were responsible for the significant differences. An analysis of the 

Duncan test results for mechanical properties revealed that all SCs differed from one 

another in terms of MOR and MOE. It was determined that SC II differed from the others 

in terms of IBS, while SC I differed from the others in terms of CS (Table 5). 

As shown in Table 5, the MOR values for SC I-SC III were 62.0, 71.2, and 66.5 

N/mm², respectively, with the highest values observed in SC II. MOR is one of the 

fundamental mechanical properties that indicate the load-bearing capacity of wood. This 

value results from the combined effect of density, fiber angle, annual ring structure, and 

cell wall properties. In particular, research conducted in recent years on coniferous species 
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indicates a strong relationship between wood density and MOR. In general, it has been 

reported that an increase in wood density leads to an increase in mechanical strength 

properties (Schimleck et al. 2018; Tumenjargal et al. 2020; Park et al. 2024). 

 
Table 5. Results of Mechanical Properties of Uludağ Fir Wood of Different SCs 
 

Mechanical 
Properties 

Site Class 
(SC) 

X HG S XMin XMax F-ratio P-value 

MOR 
(N/mm2) 

SC I 62.0 A 10.1 36.4 85.8 

48.46 0.000 SC II 71.2 C 9.7 35.7 96.1 

SC III 66.5 B 10.9 25.0 101.8 

MOE 
 (N/mm2) 

SC I 7360 A 1294 4530 11393 

47.84 0.000 SC II 8447 C 1176 5307 11920 

SC III 8096 B 1255 4478 13097 

IBS 
 (kgm/cm2) 

SC I 0.281 A 0.09 0.12 0.56 

19.01 0.000 SC II 0.353 B 0.03 0.16 0.59 

SC III 0.296 A 0.09 0.16 0.57 

CS 
(N/mm2) 

SC I 38.1 A 5.0 25.8 53.1 

133.5 0.000 SC II 45.0 B 4.47 30.9 59.6 

SC III 44.3 B 5.6 27.2 61.9 

MOR: Modulus of rupture; MOE: Modulus of elasticity; IBS: Impact bending strength;  
CS: compressive strength parallel to grain 

 
In this study, the higher MOR values obtained for SC II can be explained by the 

fact that fir wood in this group has higher density values, resulting in a more rigid cell 

structure. However, mechanical strength cannot be explained by density alone; anatomical 

characteristics such as fiber orientation, the earlywood/latewood ratio, and the microfibril 

angle in the cell wall also play a decisive role. In particular, the microfibril arrangement in 

the S2 layer-the main component of the secondary cell wall has a significant effect on wood 

stiffness and MOR (Ramage et al. 2017; Li et al. 2021). 

Upon examining the reported MOR values for Uludağ fir, it was observed that the 

results obtained in this study fell within the ranges reported in the literature. While Uysal 

et al. (2022) reported the MOR of Uludağ fir wood as 65.0 N/mm², Pelit et al. (2018) 

reported a value of 66.9 N/mm². The higher MOR observed in the SC II in the present study 

demonstrates the effect of growing conditions on wood quality and highlights the need to 

consider SC differences when evaluating mechanical performance. 

The MOE values for SC I-SC III were determined to be 7,360, 8,447, and 8,096 

N/mm², respectively. The highest MOE was found in SC II, while the lowest value was 

observed in SC I. Upon examining the reported MOE values for Uludağ fir, it was observed 

that the results obtained in this study fell within the ranges reported in the literature. 

However, variations in the MOE values obtained in different studies may stem from 

differences in growing conditions, cambial age, annual ring characteristics, wood density, 

and cell wall microstructure. It has been reported that, particularly in coniferous species, 

the MOE is closely related to wood density and the microfibril angle in the secondary cell 
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wall, and that these properties can vary depending on the growing environment and tree 

development (Schimleck et al. 2018; Vega et al. 2020; Dahlen et al. 2023). Similarly, 

Schimleck et al. (2018) reported that density and fiber properties have significant effects 

on elastic behavior in determining wood quality in coniferous species. 

The IBS values of Uludağ fir wood were determined to be 0.281, 0.353, and 0.296 

kgm/cm² for SC I, II, and III, respectively (Table 5). It was observed that the values for SC 

II were higher than those for the other SCs. IBS reflects the wood’s capacity to absorb 

energy under sudden loads and is significantly influenced by density, fiber continuity, and 

anatomical defects. In particular, fiber straightness, knot formation, and cell wall properties 

are the key factors determining dynamic strength (Ramage et al. 2017). 

In this study, the higher IBS values obtained in SC II can be explained by the more 

favorable anatomical structure and density characteristics developed in this group. It is 

noted that the effect of the growing environment on the mechanical performance of wood 

must be evaluated not only in terms of growth rate but also in conjunction with the 

microstructural properties of the resulting wood (Barrette et al. 2023). 

CS values were determined to be 38.1, 45.0, and 44.3 N/mm² for the SC I, II, and 

III, respectively. The lowest value was observed in the SC I group, while SC II and III 

yielded similar results (Table 5). CS is one of the key mechanical properties that determine 

wood’s load-bearing capacity along the fiber direction. Fundamentally, cell wall thickness 

and the microstructural arrangement of the cell wall can influence wood density. 

Particularly in coniferous species, the orientation of cellulose microfibrils and the 

microfibril angle in the S2 layer (the thickest section of the secondary cell wall) play a 

decisive role in the wood’s stiffness and mechanical behavior along the fiber direction 

(Barnett and Bonham 2004; Bader et al. 2019; Maaß et al. 2020). 

The fact that both the density and CS values were higher for SC II and III supports 

the relationship between wood density and mechanical strength. Wood density is 

considered an important indicator of many mechanical properties, particularly CS. An 

increase in wood density is generally associated with higher strength values (Arriga et al. 

2023). Some researchers have stated that mechanical properties of wood can be determined 

by utilizing its density (Almeida et al. 2016, 2017). However, it is noted that this 

relationship cannot be explained solely by changes in density; cell wall structure, annual 

ring characteristics, fiber orientation, and the anatomical organization of wood also 

influence mechanical performance (Kimberley et al. 2017; Schimleck et al. 2018; Li et al. 

2021).  

The mean DQ and SQ values of Uludağ fir wood of different SCs and the 

homogeneity groups obtained from statistical analysis are shown in Table 6. According to 

the results of simple analysis of variance, the differences between the mean DQ and SQ 

values obtained from all three SCs were found to be significant (p < 0.05; Table 5). 

Therefore, Duncan’s test was applied to determine which SCs were responsible for the 

significant differences. In terms of DQ values, there was no difference between the values 

obtained in SC I and SC III, while the DQ value in SC II was higher than the others. SQ 

values were found to be different from each other in all three SCs.  

Statistically significant differences were found between DQ and SQ values of 

Uludağ fir wood grown in different site classes (p<0.05; Table 6). According to the results 

of the Duncan test, while SC I and III fell into the same homogeneity group in terms of 

DQ, SC II formed a separate group and exhibited higher values. In terms of SQ values, 

however, all three SCs were found in distinct homogeneity groups (Table 6). 
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Table 6. Results of Quality Properties of Uludağ Fir Wood of Different SCs 
 

Quality 
Properties 

Site Class 
(SC) 

X HG S XMin XMax F-ratio P-value 

Dynamic 
quality  
(DQ) 

SC I 1.77 A 0.50 0.79 3.94 

9.09 0.000 SC II 1.98 B 0.71 0.48 4.74 

SC III 1.79 A 0.50 0.67 3.32 

Static 
quality 
(SQ) 

SC I 9.52 A 1.15 6.00 13.20 

79.5 0.000 SC II 10.6 B 1.30 6.70 14.50 

SC III 10.9 C 1.30 6.60 14.40 

 

DQ values are calculated by evaluating IBS and AD values together and provide 

information about the wood’s behavior under sudden loads. In this study, the DQ values 

for the first, second, and third SCs were determined to be 1.77, 1.98, and 1.79, respectively. 

The fact that the highest DQ value was obtained in the SC II can be attributed to the wood 

from this growing environment having both higher density and higher IBS values. The fact 

that all DQ values obtained in this study were found in the group of wood exhibiting high 

elastic properties indicates that Uludağ fir wood possesses a structure capable of absorbing 

a certain level of energy against sudden load impacts. It has been reported that, particularly 

in coniferous species, increases in density, improvements in cell wall organization, and 

enhancements in mechanical strength properties increase wood’s capacity to absorb energy 

from impact forces (Ramage et al. 2017; Schimleck et al. 2018; Barrette et al. 2023). 

When SQ values were examined, values of 9.52, 10.62, and 10.88 were obtained 

for SC I, II, and III, respectively. The lowest SQ value was determined in SC I, while the 

highest value was found in SC III (Table 6). In contrast to DQ, it is noteworthy that the SC 

III yielded the highest SQ value. This is because the SQ calculation evaluates both the CS 

and the density values together. In this study, although the CS in SC III was similar to that 

of the SC II, the higher density value may have contributed to the increase in the SQ value. 

The relationship between wood density and mechanical performance is recognized as an 

important parameter in SQ assessments, particularly for coniferous species (Schimleck et 

al. 2018; Li et al. 2021). 

A comprehensive evaluation of mechanical properties has shown that the 

differences observed among SCs are not limited to a single mechanical property. It also 

indicates a systematic variation that affects the overall performance of the wood. In 

particular, the fact that higher values were obtained for MOR, MOE, and IBS in SC II, 

while the SQ index was found to be higher in SC III, demonstrates that the growing 

environment can influence wood quality through various mechanical parameters. This 

situation indicates that SCs are an important factor determining not only growth 

performance but also the engineering properties of wood. Recent studies indicate that 

evaluating wood quality based on a single mechanical property is insufficient. They report 

that considering stiffness, density, strength, and quality indices collectively provides a 

more comprehensive picture of wood’s utilization potential (Schimleck et al. 2018; Drew 

et al. 2022; Barrette et al. 2023). 
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CONCLUSIONS 
 
1. This article has shown that the physical, mechanical, and quality properties of Uludağ 

fir wood grown in different site classes (SCs) varied significantly, depending on the 

growing environment. 

2. In terms of physical properties, the highest density values were found in SC II, while 

in terms of dimensional stability, lower values of volumetric shrinkage were observed 

in SC III. This finding indicates that differences in SC have a decisive effect on the 

physical properties of the wood. 

3. When mechanical properties were examined, the SC II generally exhibited the highest 

performance in terms of modulus of rupture (MOR), modulus of elasticity (MOE), 

internal bond strength (IBS), and compressive strength parallel to the grain (CS). These 

results support the relationship between density and mechanical performance. 

4. Dynamic quality (DQ) and static quality (SQ) assessments showed that performance 

also varied among the SCs. SC II scored higher in DQ, while SC III scored higher in 

SQ. However, all quality classes fell within an acceptable quality range. 

5. When physical, mechanical, and quality characteristics were evaluated together, it was 

determined that SCs had a significant effect on the technological properties of Uludağ 

fir wood. Therefore, it is recommended that SC information be taken into account in 

the quality-based evaluation of wood raw materials.  

6. This study identified significant effects of SCs on the physical, mechanical, and quality 

characteristics of Uludağ fir wood. However, it should be noted that wood properties 

may be influenced not only by SCs but also by age, annual ring characteristics, fiber 

morphology, cell wall structure, microfibril angle, genetic traits, and other site-specific 

factors. Therefore, evaluating samples obtained from different elevation levels and 

geographic regions in conjunction with these variables in future studies will contribute 

to a more comprehensive understanding of the relationship between SC and wood 

quality. Furthermore, it is believed that the findings from this study can be utilized in 

the development of wood quality prediction models and in sustainable raw material 

planning efforts. 
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