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ABSTRACT 

This work presents the results of selected wood properties in birch trees grown on  
a provenance experiment plot established as a seed orchard. The study concerned: basic density, 
oven-dry density and compression strength along the grain at a moisture content of 0% and at 
moisture content above fiber saturation point. Analyses were performed on 971 wood samples 
collected from 28 trees at the level of breast height. It was found high variability for diameter of 
breast height (22%) and relatively low for basic density (9%) and oven-dry density (11%). Average 
basic density was  446.5 kg.m-3 and average oven-dry density was 537.9 kg.m-3. The compression 
strength at 0% moisture content was four times higher (65 MPa) than the strength at moisture 
content above the fiber saturation point (16.6 MPa). Most of clones had similar properties within 
the limits of statistical errors, but a few clones exhibited statistically significant low value. 

KEYWORDS: Forest plantations, seed orchard, compression strength, wood density, wood 
quality, wood moisture content. 

INTRODUCTION

Wood consumption has increased consistently in recent years in close relation to the 
popularity of wood as an environmentally friendly material. Wood from stands has better 
technical parameters than that from plantations, however wood resources in forests are limited, 
which results in the development of plantations as a natural alternative. In 2001 over 50 million ha 
of plantations worldwide produced approximately 20% of harvested timber. In some countries 
(China, Russia, the United States, Brazil, Indonesia, Sudan, Chile) plantations have become 
important sources of timber (West 2006, Zwoliński 2008). Wood from plantations has slightly 
different properties and stem characteristics, limiting its applications considerably. Plantations 
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in Europe are generally oriented towards biomass and energy production and contain the tree 
species belonging mainly to the genera Salix and Populus (Klašnja et al. 2008, Šefc et al. 2015, 
Mola-Yudego et al. 2017). This is mainly due to plantations being managed as monocultures, 
however attempts are being made to introduce mixed cultures (Gartner 2005, Kelty 2006). 
Despite the development of plantations, a decrease in forested area may be observed as a 
result of timber harvesting (Stibig et al. 2014, Margono et al. 2014). In Poland plantations of  
fast-growing trees have not been of great importance due to the predominance of the traditional 
model of forest economy, although the potential use of plantation culture is being considered, 
particularly for wood as an energy source (Bijak et al. 2013, Szczukowski and Stolarski 2013, 
Bronisz et al. 2016, Mola-Yudego et al. 2017). The wood industry still requires raw material 
of a high technological standard. In the case of plantations it is essential to select appropriate 
genotypes that ensure adequate wood quality. Plantations are typically established using specially 
prepared seedlings. Seed orchards serve a completely different function, ensuring continuous 
seed production by specimens with valuable genotypes, although even in this form of plantations 
the genotype is narrowed down (Przybylski 2015). Seed orchards are established by grafting 
fragments of maternal trees onto rootstock of the same species. Many experimental plantations 
in Poland established in previous decades have already reached an age which allows the wood 
to be examined in depth. Individual specimens have a similar appearance to the maternal trees. 
By definition the purpose is seed production; however in view of the rapid individual growth 
and preservation of traits of the maternal tree, it appears appropriate to considering production 
by vegetative propagation of selected clones. Stems of trees on existing plantations have already 
reached dimensions sufficient for testing (Jakubowski et al. 2013, Szaban et al. 2014). 

Provenance experiments have taken on great importance in recent years, and birch is seen as 
an important source of good quality wood. Consequently research in this field is being conducted 
in various European countries, including the United Kingdom (Lee et al. 2015), Finland (Maja 
et. al. 2015, Haapala et al. 2017), Island (Riege and Sigurgeirsson 2018), Poland (Lachowicz  
et al. 2019) and others (Cameron 1996, Baliuckienė, and Baliuckas 2006, Henynen et al. 2010), 
as well as in countries outside Europe such as China (Wang et al. 2015, 2018).

In this work it is assumed that the wood density and compression strength will be different 
for the tested clones, and this will help in the selection of the most promising specimens. The 
samples from the seed orchard are unique because of restricted conditions of cuttings. These 
studies were conducted on wood collected from the last schematic cuttings. The plantation 
reached the final spacing in 2007. The material from these cuttings is particularly valuable, 
because further samples may come from incidental cuttings only. All tests were carried out in 
2008 and the results were stored in our archives. Due to the growing interest in birch wood, we 
decided to analyze the collected data. The aim of this study was to compare wood density and 
compressive strength along the grain in birch wood of various provenances.

MATERIAL AND METHODS

Plantation Birch II was established in the years 1984-1985 in the Susz Forest Division in 
north-eastern Poland and was intended for the production of seeds. All plantations in Poland are 
registered and are under the control of the Forest Research Institute (Register of seed orchards). 
The plantation was set up in a block design with replications typical of provenance studies. 
Analyses were performed on 28 clones represented by 28 trees. Diameter at breast height was 
measured in two directions: north-south and east-west. The measurements were averaged and 
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the selected trees were felled. Because all of the trees are of the same age and have the same 
number of annual rings we omitted the measurement of rings. The experimental material for 
crash tests consisted of small wood samples with dimensions of 20 x 20 x 30 mm along the grain 
(x, y, z). Samples were collected from the stem cross-section at two levels according to the diagram  
(Fig. 1). Radial rows of samples were oriented in the east-west direction.

 

Fig. 1:  Scheme for wood sample collection from the stem cross-section.

Mechanical tests were conducted in two ways: first (for row 1) - at a sample moisture 
content above the fiber saturation point (> 30%) and second (for row 2) at a moisture content of 
0%. Standard mechanical tests are carried out at 12% of moisture content and we consider this 
a good point for comparison with other research. Oven-dry wood is rarely used for tests: we do 
it in order to observe compression strength after drying. Differences between results for wood 
with moisture content above the fiber saturation point and oven-dry wood may demonstrate 
certain changes in the wood structure after drying. For the first method, samples were immersed 
in water for 72 hours. For the second, samples were dried in an electric drier at 105°C until they 
reached constant mass. The mass of samples was measured with laboratory scales to an accuracy 
of 0.001 g. Dimensions of samples were measured immediately before the crash test with using 
an electronic caliper. The volume of samples was calculated from the dimensions (x, y, z). Wood 
strength was determined using a TiraTest 2300 testing machine controlled by Matest Service 
software. Compression strength along the grain was determined using the following Eq.: 

                (MPa)                 	        (1)

where:	 CS0%  - compression strength along the grain for oven-dry samples, 
	 F -  the applied load (N), 
	 A - specimen area (mm2),

               (MPa)                	            (2)

where: 	 CS>30% - compression strength along the grain for wet samples (moisture content above
	               fiber saturation point), 

	 F – the applied load (N), 
	 A - specimen area (mm2).
Oven-dry density  was determined using the following Eq.:

                (kg.m-3)	 (3)

where:	 OD = oven-dry density, 
	 M0% = mass of sample at 0% moisture content, 
	 V0% = volume of sample at 0% moisture content.
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Basic density (green density) was determined using the following Eq.:

                             (kg.m-3)	 (4)

where:	 BD  -  basic density, 	
	 M0%  -  mass of sample at 0% moisture content, 	
	 Vmax  -  volume of sample at maximum swelling.	 

The collected measurements were analyzed using descriptive statistics and analysis of 
variance (low significance differences test and Tukey test). Statistical calculations were performed 
in Statistica software and for visualization we used the R language.

RESULTS AND DISCUSSION

The trees on the plantation showed large variation in stem thickness. The average diameter at 
breast height equaled 25.78 cm, with values for individual specimens ranging from 15.2 to 38.5 cm 
(Tab. 1). Wood properties show a deeper look into whole population, a total of 971 samples 
from 28 trees were tested. The coefficient of variability was relatively high for diameter (22%) 
in compare with wood density which fluctuated at very low level between 9% and 11% (Tab. 1). 

Tab. 1: Measured features for the whole population of clones grown on the plantation. Basic statistics.

d1.3
 (cm)

CS0%
 (MPa)

CS>30%
 (MPa)

DD
 (kg.m-3)

BD
 (kg.m-3)

Min 15.2 32.83 11.26 376.90 345.32
Max 38.5 94.49 24.85 746.44 598.01
Mean 25.78 65.39 16.60 537.89 446.50
Sd 5.65 10.02 2.54 60.52 41.75
Cv 22 15 15 11 9
N 28 248 264 278 277

The two types of wood density showed different distribution of population which is clearly 
visible in the violin plots (Fig. 2). 

 

Fig. 2: Distribution of basic wood density and dry wood density in birch samples.
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In the case of basic density there were more samples around the median (the center of 
the violin appears much wider) than in the case of oven-dry density. The distance between 
maximum and minimum is also shorter for basic density (252.78 kg.m-3) than for dry density  
(369.54 kg.m-3) which points to more stable distribution in BD. Standard deviation also indicate 
greater f luctuation in the case of oven-dry density (Tab. 1).

The mean density of oven-dry wood is 537.89 kg.m-3 which is 91 kg.m-3 higher than basic 
density, indicating that the basic density is lower by 16%. Difference were confirmed statistically 
using Mann-Whitney test at the level α = 0,05. Density in oven-dry samples varies much more 
than density in green samples. We can see that distance between first and third quartiles are 
longer for oven-dry samples (Fig. 3).

 

Fig. 3: Standard boxplot of oven-dry density (grey) and basic density (white) of 28 birch clones. 
Horizontal line – median, box – 1st and 3rd quartile, vertical lines – whiskers, dots- outliers.

Radial distribution of the analyzed properties is rather typical for tree trunks, with all value 
increasing from pith to bark. We observed that value of samples connected with water (CS>30% 
and BD) showed a relatively mild and stable increase (Figs. 4, 5). There is complete different 
situation in case of oven-dry samples (Figs. 6, 7) were the increase was not distinct in all cases. 
Confidence level also takes high values. 

 

Fig. 4: Average compression strength with confidence level (+0.95) for birch samples over fiber saturation 
point.
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Generally in all cases we observe that green wood shows gentle variation but for oven-dry 
samples the behaviour is extreme. This currently leads to difficulties in planning the use of wood 
as a material. 

 

Fig. 5: Average basic density (kg.m-3) with confidence level (+0.95) in birch samples. 

We observed a very large difference in the strength of tested samples with two levels of 
moisture content. The mean compression strength of oven-dry samples (CS0%) was close to four 
times higher (65.39 MPa) than that of the green (CS>30%) samples (16.6 MPa). 

 

Fig. 6: Average compression strength with confidence level (+0.95) for tested birch samples at moisture 
content of 0%.

 

Fig. 7: Average oven-dry density (kg.m-3) with confidence level (+0.95) in birch samples.
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An examination of the entire clone population showed that the compression strength 
of samples tested in dry conditions f luctuates much more than that of the green samples  
(Figs. 8, 9). The mean difference between the first and third quartile (Q1-Q3) in clones tested 
at 0% moisture content was 13 MPa. Green samples (moisture content of wood > 30%) produced  
a relatively narrow range of compression strength values and the mean difference (Q1-Q3) was only 
4 MPa. These differences are based on absolute values, if we compare relative values, f luctuations 
of compression strength in both cases (CS0% and CS>30%) are identical and equaled 15%  
(Tab. 1). Median in most of clones appears in to the center of the frame or near to center (Fig. 8), 
hence that population shows rather symmetrical value distribution. In a few clones we observed 
asymmetrical distribution. 

 

Fig. 8: Standard boxplot of compression strength of 28 birch clones with different moisture content. 
Horizontal line – median, box – 1st and 3rd quartile, vertical lines – whiskers, dots- outliers.

 

Fig. 9: Distribution of compression strength in different levels of moisture content.

The mean strength of most clones f luctuates within similar values. It is difficult to indicate 
especially strong specimens. Among the samples tested at higher moisture content a high mean 
was recorded for clones 2612 and 2652, while for oven-dry samples high means were obtained 
for clones 2596, 2652 and 2791. There was no real statistical difference between the tested clones 
and the entire population. However, it was relatively easy to identify the specimen with the lowest 
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strength values, clone 2899, which gave the worst results in both tests. Low strength properties 
were also recorded for samples from clone 2790. In the case of these weak clones, the differences 
from the rest of the population were confirmed as statistically significant. 

Differences between the wood properties tested in most clones were observable, although 
they were not statistically significant in most cases. We found significant differences (LSD test) 
for clones 2596, 2652, 2660, 2698, 2791, 2875 and 2899. A more restrictive test (the Tuckey test) 
confirmed significant differences only for clone 2899. This may be result of the high variation in 
properties within a tree and the limited number of samples. No dependence was found between 
the properties tested and stem diameter in the analyzed trees. The plantation from which the 
wood was harvested was only 23 years old at the time of felling,  greater differences appear to be 
observed in older trees. 

DISCUSSION

The biometric features of trees are generally similar on most plantations oriented for wood 
production. In this case, we observed very large differences in diameter at breast height which 
ranged between 15 and 37 cm for various clones. Because the age (23 years) and conditions are the 
same, the difference probably results only from genetic variations between clones. The variations 
in diameters are related to the number of samples that was possible to obtain for testing purposes. 
We are aware that one sample tree for each clone represents low value, but at this time it is not 
possible to obtain more trees. This is a pilot study, and we expect that information obtained from 
single trees will be verified in subsequent research at the next stages of the plantation.

The average basic density obtained in this study (446.5 kg.m-3) is a much lower than that 
reported by Lachowicz et al. (2019) who obtained higher values for various Polish provenances 
(mean = 528 kg.m-3). However, because the populations investigated were much older, results 
may not be directly comparable. Only one of the populations tested by Lachowicz et al. (2019) 
gave a similar result (447 kg.m-3) and this was found in Łobez District and consisted of relatively 
young trees (30-years). Other authors have reported lower mean values for birch in Poland, 
Helińska-Raczkowska and Fabisiak (1995) gave 480 kg.m-3. Basic density in birch varies within 
a wide range: between 375 and 590 kg.m-3 (Helińska-Raczkowska 1996), or between 400 and   
652 kg.m-3 (Lachowicz et al. 2019). Values depend on various factors, including age, habitat, 
geographic location and others (Lachowicz et al. 2019, Repola 2006). 

In this study only a small change in wood density was observed between pith and bark. 
Basic density increased from 435 to 470 kg.m-3, dry density from 525 to 557 kg.m-3. Birch has 
a diffuse porous wood, and so the structure of the wood tissue is quite similar across the whole 
cross-sectional area. The increasing tendency is probably a mechanical response of the stem to 
the load of the crown mass. The crown undergoes extensive growth in the early phase of a young 
plantation. It should be emphasized that we studied a young plantation with trees growing in 
loose conditions. In older trees major changes have been observed (Heräjärvi 2004). A relatively 
large increase in basic density was reported by that author for mature trees of Betula pendula, 
with values increasing from 480 near the pith to 520 kg.m-3 (or even 550 kg.m-3) near the bark 
(Heräjärvi 2004). The same author reported a lower radial increase of basic density for Betula 
pubescens.

The strengthening of wood is accompanied by a reduction in its moisture content, as has been 
described in other works (Kollman and Côté 1967),  and this features has also been as a helpful 
factor for wood quality estimation (Szymański et al. 2013). Generally the relationship between 
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wood strength and moisture content has been subject of several studies (Gerhards 1982, Silva  
et al. 2012, Jakubowski et al. 2011). Changes in compression strength in our research were 
observed only in extreme conditions (0% moisture content), but this conditions reflect the 
behavior of samples after drying. We observed that the variation in strenght in most of the 
population is similar and not statistically differ, although some samples gave extreme values, 
which are probably symptoms of disturbances in the wood structure. For this reason, observations 
of strength under extreme moisture content conditions may be more helpful than the standard 
level of 12% used for crash tests. 

Wood properties considered in relation to distance from pith show the generally typical 
increasing trend also reported by other authors (Heräjärvi 2004). Variation in compression 
strength was greater for oven-dry samples (Fig. 4, 6), and appears to be less predictable because of 
the more extreme values. Problems of testing birch samples during a drying process were studied 
by Zongying et al. (2016). Authors pointed that radial drying stress in birch disks may be the 
result of combination of several factors connected to shrinkage anisotropy. 

CONCLUSIONS

1.	 Trees from a seed plantation having the same age and environmental conditions show large 
variation in the diameter at breast height, but relatively low variability in wood density. 
Coefficient of variability was 22% for diameter of breast height, 11% for oven-dry density 
and 9% for basic density. 

2.	 The tests revealed large differences in compression strength for different moisture contents. 
The compression strength at 0% moisture content was four times higher (65 MPa) than the 
strength at humidity above the fiber saturation point (16.6 MPa). The results of tests carried 
out at 0% moisture content were also characterized by highly extreme values.

3.	 Most of clones had similar properties within the limits of statistical errors, but a few clones 
produced statistically significantly lower values. It appears to be too early for final clone 
selection at this stage of research, but the current results may be helpful for later tests.

4.	 In view of the rapid growth of plantations and the fact of preservation of the genotype 
through vegetative propagation, such experimental results should be verified for the purpose 
of developing a potential method to produce high-quality timber in short periods.
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