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ABSTRACT 
 

The main aim of this study was to determine differences in basic density and average annual 
ring width of pendulate oak wood collected from trees grown on former agricultural land and on 
forest land, using a dimensional method. The experiment was carried out in the western part of 
Poland, near to Poznan, which is in the central part of the European range of pedunculate oak. In 
our study the average basic density was 0.528 g.cm-3, and the value for former agricultural land 
was lower by 0.026 g.cm-3 than that for forest land. Differences in basic density values between 
these two land types were statistically significant. The average annual ring width in samples 
collected from forest land in our study was 2.48 mm, samples from former agricultural land were 
characterized by wider average annual rings. The results suggest that there are significant 
differences in quality of wood from former agricultural land and from forest. However, from 
view of wood quality and applications the difference is not important. 
 
KEYWORDS: Basic density, former farmland, Quercus robur, annual ring, wood physical 
properties. 
 

INTRODUCTION 
 

From the point of view of forest management, the conditions of tree growth and 
development are of exceptional importance for the formation of wood tissue and for the quality 
of the wood raw material (Brüchert et al. 2000, Přemyslovská et al. 2008, Tomczak et al. 2013). 
Some of the most important external factors that affect the conditions of tree growth and 
development are forest habitat type, biosocial position of the tree, management treatments, and 
progressive climate change (Wiemann and Williamson 2002, Mäkinen and Isomäki 2004, Muñoz 
et al. 2008). Trees grown on former agricultural land are particularly vulnerable to a range of 
environmental stresses. The main factor that differentiates forest stands and post-agricultural 
stands is the soil. The soil of former agricultural land is modified as a result of afforestation 
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(Meyer 1978, Alriksson and Olsson 1995, Ritter et al. 2003, Hagen-Thorn et al. 2004). Changes 
are observed first of all in soil properties such as pH, content of basic elements, and porosity 
(Olszewska and Smal 2008, Smal and Olszewska 2008). According to Jug et al. (1999) and Post 
and Kwon (2000) it can be assumed that the cessation of agricultural cultivation, and 
consequently the application of high doses of fertilizers, weeding, etc., can contribute to 
the improvement of soil water quality and lead to the accumulation of organic matter in the soil. 
The establishment of forest ecosystems on former agricultural land is important not only for 
environmental, but above all for economic reasons (Rosenqvist 2007). Considering the expected 
increase in demand for wood raw material (FAO 2000, 2020), measures should be taken to 
increase the production of high quality wood from sources other than forest land. This objective 
is being pursued globally through the establishment of fast-growing tree plantations, and in 
Europe through the afforestation of unused (abandoned) agricultural land. Since World War II 
there has been growth in the use of former agricultural land to increase forest cover in many 
countries worldwide, using both native species and fast-growing tree plantations. The largest 
trend toward the afforestation of unused agricultural land is observed in central Europe, for 
example in Poland (Szwagrzyk 2004, Orczewska and Fernes 2011, Kolecka et al. 2017), 
Slovakia (Špulerová et al. 2017), the Czech Republic (Kotecký 2015) and Ukraine (Baumann et 
al. 2011), as well as in the Scandinavian countries (Rytter 2016, Rytter and Lutter 2019). Rytter 
(2016) showed that approx. 1.8–2.6 million ha of former agricultural land in the Baltic and 
Nordic countries could be used for afforestation. In Poland, as part of the national programme to 
increase forest cover modified in 2003, it was agreed that 680,000 ha of former agricultural land 
would be afforested between 2004 and 2020, with the aim of increasing the country's forest 
cover to 30%. Between 1995 and 2014, a total of 274,300 ha were afforested (Kaliszewski 
2016). Currently, there are approximately 12–16 million hectares of agricultural land available 
for afforestation across Europe (Campbell et al. 2008), while globally there are approximately 
385–472 million hectares of such land (FAO 2008, Campbell et al. 2008). 

The density of wood is considered to be the most important parameter determining its 
mechanical and physical properties, regardless of the species of tree or type of wood. It also 
determines the quality and use of the wood i.e.: wood with a higher density will have higher 
strength and therefore be more suitable for use in construction. Scientific works distinguish 
several types of wood density (Glass et al. 2010, Tomczak et al. 2018, Jakubowski and 
Dobroczyński 2021); the most fundamental include green density, determined on the basis of the 
mass and volume of wood in fresh state, oven-dry density, determined using dry weight and 
volume, and basic density (BD), determined using dry weight and volume of wood at maximum 
fibre saturation. To date, several methods of determining wood density, both non-destructive 
and destructive, have been developed (Gao et al. 2017). Previous investigations of the density 
and other properties of wood from former agricultural land have mainly concerned coniferous 
wood (Jelonek et al. 2008, 2019, Irbe et al. 2015, Miezite et al. 2017, Zeidler et al. 2017, Cukor 
et al. 2020, Kozakiewicz et al. 2020). Among deciduous species, such studies have been carried 
out on the wood density of silver birch (Přemyslovská et al. 2008, Liepiņš and Rieksts-Riekstiņš 
2013, Miezite et al. 2017) and grey alder and its hybrid (Aosaar et al. 2011). No other work has 
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been found concerning the wood properties of deciduous trees grown under the conditions of 
former agricultural land. 

The main aim of this study was to determine differences in the density of wood collected 
from trees grown on former agricultural land and on forest land, using a dimensional method with 
samples collected using a Pressler drill. It was hypothesized that the wood from trees grown on 
former agricultural land would exhibit a higher wood density (H1) and a larger average width of 
annual rings (ARW) (H2). Furthermore, it was hypothesized that the density distribution across 
the stem cross-section would be similar for both land types and that there would be no 
statistically significant differences between them (H3). By determining and comparing the 
density distribution on the stem cross-section, it was planned to test for variation in wood quality 
throughout the growth period, and to determine whether oak wood from former agricultural land 
is of poorer quality, defined by wood tissue properties, and thus less suitable for industrial use, 
for example in construction. 

 
MATERIAL AND METHODS 

 
Study design and site selection 

The study was carried out in November 2021 in the western part of Poland (N 51° 51' 
13.631''; E 16° 26' 8.844''), which is in the central part of the European range of pedunculate oak. 
Model trees were located on two different plots. The first plot was classified as former 
agricultural land, and the second as permanent forest land. Trees from both stands were of similar 
age, between 90 and 110 years, and grew in the same forest habitat type (mixed fresh forest). For 
all pedunculate oak (Quercus robur L.) trees located in the sample plots, the height (H) and 
diameter at breast height (DBH) were measured. Model trees were then selected in each plot. 
Tests were carried out on 18 model trees: 9 from former agricultural land, and 9 from forest land. 

 
Specifying of wood properties using dimensional method 

After the model trees had been chosen, samples were collected from each tree at breast 
height using a Pressler drill. Next, each increment core was divided into samples containing 
10 annual rings (10 years of growth) and labelled according to the scheme illustrated (Fig. 1). 

 

 
Fig. 1: Increment cores drilling process by Pressler drill at the breast height of oak model trees. 
Dividing increment cores on the samples with 10 annual rings each. 
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Immediately after sampling and division, the length of each sample was measured to 
the nearest 0.01 mm using a certified Vogel calliper (Vogel Germany GmbH & Co. KG, 
Kevelaer, Germany). The diameter (D) of each sample was specified, according to 
the manufacturer’s instructions, as 5.15 mm. Then, based on the methodology suggested by 
Pérez-Harguindeguy et al. (2017), the volume of the samples was calculated using Eq. 1: 

 
   3    0.5 2                                                                                                                                       1V x D x L cm     

 
where: V – volume; D – diameter of the sample = 5.15 mm; L – length of sample. 
 

Additionally based on length of samples average width of rings was calculated using Eq. 2:  
 

   /                                                                                                                                                             2AW L AR  

 
where: L – length of samples, AR – number of rings in each sample. 
 

After collecting all the data necessary to determine the volume of the samples, the samples 
were transported to the laboratory, where they were dried in an electric dryer. Drying took place 
at 105°C for 24 hours. After reaching 0% water content and constant weight, the samples were 
placed in a desiccator until cooled. The samples were then weighed to the nearest 0.001 g using 
a Steinberg laboratory balance (Steinberg Systems SBS-LW-200A, Germany). The basic density 
was calculated according to the standard ISO 13061-2:2014/AMD 1:2017 
 
Statistical analyses 

In the first step, the Shapiro–Wilk test was performed to verify the normal distribution 
of data. The test assumes that a statistically significant result permits rejection of the hypothesis 
of the normal distribution of data. To compare the parametric T-student test was performed, 
to compare non-parametric Test Manna-Whitney’a was performed. To compare data between 
samples on cross-section of the trunk ANOVA test was performed. After significant differences 
were proved post-hoc test HSD Tukey was performed. Statistical inference was performed at 
significance level α = 0.05. The program RStudio and the R package (R Core Team 2021) were 
used for the calculations.  
 

RESULTS AND DISCUSSION 
 

Basic density 
The mean value of basic density from all studied samples was 0.528 g.cm-3. A greater 

average value of basic density (0.539 g.cm-3) was observed in samples from forest land. The BD 
of wood from former agricultural land was lower by 0.026 g.cm-3. Differences in BD values 
between these two land types were statistically significant (Tab. 1). Our results are quite similar 
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to those of Jakubowski et al. (2021), who determined the basic density of Q. robur on forest 
land. 

 
Tab. 1: Descriptive statistics of basic density (g.cm-3). 

 Mean N Std. dev Var Coef. var Min Max Median t-student 
test result 

Forest land 0.539 89 0.06 0.003 0.1 0.404 0.699 0.538 
0.00 Former 

agricultural land 0.513 65 0.05 0.002 0.1 0.430 0.644 0.518 

Mean 0.528 154 0.05 0.003 0.1 0.404 0.699 0.527  
N – number of samples; Std. dev – standard deviation; Var – variation; Coef. var - coefficient of variation; 
Min – minimum; Max – maximum. 

 
As regards the radial distribution of basic density, the largest values were observed close to 

the pith, between 10 and 50 years of growth, and then a decrease towards the bark (Fig. 2). 
The same phenomenon was also observed by other authors studying the radial distribution of 
density in ring-porous wood species (Lei et al. 1996, Vavrčík and Gryc 2012, Bahmani et al. 
2018, Tomczak et al. 2018). According to the results of Tukey’s HSD test, there were not 
statistically significant differences on the cross-section between the wood samples from former 
agricultural land. In case of radial variation of BD on the cross-section of the trees from forest 
land statistically significant differences were found (Tab. 2). The obtained results shows that 
history of land use may significantly effect on the oak wood density. However, from view of 
wood quality and applications the difference is not important, which confirmed results presented 
by Kozakiewicz et al. (2020) on Scots pine wood. 

 
Tab. 2: Results of basic density HSD Tukey test between samples from forest land by every 10 
years. 

 
 
 

 FL-I 
FL-I x FL-II 
FL-II  x FL-III 
FL-III   x FL-IV 
FL-IV    x FL-V 
FL-V     x FL-VI 
FL-VI      x FL-VII 
FL-VII       x FL-VIII 
FL-VIII 0.01       x FL-IX 
FL-IX 0.00 0.01   0.01 0.01   x FL-X 
FL-X 0.00 0.000 0.02 0.00 0.00 0.00    x FL-XI 
FL-XI           x 
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Fig. 2: Basic density (g.cm-3) changes on the cross-section by every 10 years from bark (FL -I/ 
FA-I) to the pith (FL– XI/FA – IX).  
 
Average annual ring width 

Mean value of ARW was 3.06 mm. The increment cores collected from trees from former 
agricultural land had wider average annual rings than the samples from forest land. The average 
difference between the two land types was approx. 1.4 mm, and was statistically significant (Tab. 
3). 
 
Tab. 3: Descriptive statistics of average ring width.  

Type of land 
Mea

n 
(mm) 

N Std. 
dev Var Coef. 

var 
Min 

(mm) 
Max 
(mm) 

Median 
(mm) 

M-W test 
result 

Forest 2.48 89 1.13 1.29 0.46 0.92 6.17 2.16 0.00 Former agricultural land 3.87 65 1.50 2.56 0.41 1.54 8.13 3.45 
Mean 3.06 154 1.51 2.28 0.49 0.92 8.13 2.7  

N – number of samples; Std. dev – standard deviation; Var – variation; Coef. var - coefficient of variation; 
Min – minimum; Max – maximum. 

 
The average annual ring width in samples collected from forest land in our study was 

2.48 mm, similar to the result of 2.1 mm for the annual ring width of pedunculate oak reported by 
Vavrčík et al. (2012), although Zeidler et al. (2016) reported a value of around 4.0 mm. 
In the case of samples from former agricultural land in our study, the average width was quite 
similar to the latter result (3.87 mm). Comparing different parts of the cross-section of the trunk, 
the widest annual rings were observed in the central part (close to the pith), and the narrowest 
close to the bark (Fig. 4).  
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Fig. 4: Average ring width (mm) changes on the cross-section by every 10 years from bark 
(FL-I/FA -I) to the pith (FL – XI/FA – IX). 
 

Statistically significant differences were observed in the case of both types of land (Tabs. 4 
and 5), and also in the case of similar samples located closest to the pith from forest and former 
agricultural land. In a direct comparison of the same growth decades of samples from both stand 
types, statistically significant differences in average ring width were found for the first, fifth and 
sixth growth decades. These significant differences may be caused by dynamic growth in 
the initial growth phase. Jelonek et al. (2009) observed a similar phenomenon of dynamic growth 
in the first three decades of growth of Scots pine on former agricultural land. 
 
Tab. 4: Results of average annual ring width HSD Tukey test between samples from forest land 
by every 10 years. 

 
 
 

 FL-I 
FL-I x FL-II 
FL-II  x FL-III 
FL-III   x FL-IV 
FL-IV    x FL-V 
FL-V     x FL-VI 
FL-VI      x FL-VII 
FL-VII       x FL-VIII 
FL-VIII 0.03 0.03   0.03 0.04  x FL-IX 
FL-IX 0.00 0.01  0.04 0.00 0.01   x FL-X 
FL-X 0.01 0.02   0.02 0.02    x FL-XI 
FL-XI           x 
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Tab. 5: Results of average annual ring HSD Tukey test between samples from former 
agricultural land by every 10 years. 

 
Spearman correlation of examined properties 

Spearman correlation was used to determine the correlation between basic density and 
average annual ring width. The results show a strong positive correlation between these two 
properties (0.51). The correlation between BD and ARW for samples from former agricultural 
land (0.75) was stronger than in the case of forest land (0.71). The density was found to increase 
in direct proportion to the width of the annual rings (Fig. 5).  

 

 
Fig. 5: Variation of basic density and average ring width for all model trees. 
 

Pedunculate oak is classified as a ring-porous species. In this type of wood, increases 
in annual ring growth cause a proportional increase in the width of late wood. Therefore, 
in contrast to conifers, when the annual rings are wide, the density of the wood is high (Kollmann 
1968). In our study we observed unusual phenomenon - the density from forest land is higher but 
the annual ring width is smaller, than in case of wood samples from former agricultural land. This 

 FA-I 
FA-I x FA-II 
FA-II  x FA-III 
FA-III   x FA-IV 
FA-IV    x FA-V 
FA-V 0.00 0.00    FA-VI 
FA-VI 0.00 0.00 0.01   x FA-VII 
FA-VII 0.00 0.00     x FA-VIII 
FA-VIII 0.00 0.00 0.00 0.04    x FA-IX 
FA-IX 0.00 0.00 0.00 0.00     x FA-X 
FA-X          x 



WOOD RESEARCH 
___________________________________________________________________________________________________ 
 

726 
 

phenomenon may be caused, by higher proportion of juvenile wood in samples from former 
agricultural land. In oak wood juvenile wood zone may cover even 30 growth rings 
(Raczkowska-Helińska 1994). Nevertheless, this hypothesis need to be confirmed in further 
studies covering not only average width of annual rings, but also their anatomy. 

 
CONCLUSIONS 

 
Wood density can be regarded as a universal property that supplies very important 

information enabling the classification of harvested wood and determination of its potential uses. 
Therefore, it is important to know the properties of the wood of trees growing in different 
locations and under different growth conditions. Our study rejected the first hypothesis (H1) – 
wood collected from trees grown on former agricultural land was characterized by lower density; 
however, despite significant differences, from a biological perspective the differences in basic 
density were not great, amounting to only 0.026 g.cm-3. Average annual ring width was 
approximately 1.4 mm larger in wood from former agricultural land, which confirmed our second 
hypothesis (H2). The third hypothesis was also confirmed, because we did not find any 
statistically significant differences in the basic density distribution on the cross-section of 
the trunk between samples from study plots with different historical use. Despite the absence of 
statistically significant differences between the densities of wood in the same decade, the initial 
growth of pedunculate oak on former agricultural land was significantly more rapid. 
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