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Selected properties of European beech (Fagus sylvatica L.)
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ABSTRACT: The paper deals with the variability of tree-ring width, with the density and swelling (volumetric swelling
and swelling in individual anatomical directions) of wood from two different locations. Further, the variability of the
explored properties along the stem radius is researched. The ring analyses show that the ring width decreases along the
stem radius from the pith to the stem outer perimeter. Location 2 (a lower altitudinal vegetation zone) had on average
wider rings (a statistically insignificant difference), higher density and higher volumetric swelling of wood in compari-
son with location 1 (a statistically significant difference). The relation between volumetric swelling and wood density
has been confirmed. The results show that the wood density and its volumetric swelling change along the stem radius.
With the increasing wood density the volumetric swelling also increases. The average density of beech wood from both

locations is 752 kg/m?3 with moisture content of 12%.
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The European beech (Fagus sylvatica L.) is one of
the most important deciduous commercial tree spe-
cies not only in the Czech Republic but also in the
other countries of Central Europe. In 2005 the area
representation was 6.7% of the total area of the Czech
and Moravian forests (Forest and Forest Manage-
ment Report of the Czech Republic 2006).

Wood is a significant renewable raw material and
many industrial fields, besides forestry and wood
industry, depend on it. In contrast to other industrial
raw materials, wood has the advantage to be renewa-
ble. It is important to remember that wood is a natural
material with a very variable structure and properties.
Its structure and properties are determined during the
tree growth (Gryc, HORACEK 2004).

Beech wood is from the category of deciduous
wood species with diffuse-porous wood structure,
i.e. there are only microvessels (dimensions of
8-45-85 um; WAGENFUHR 2000) which are placed
in the wood as separate ones or in radial groups. The
number and the size of the vessels decrease from

early-wood to late-wood. The basic tissue of the
beech wood is mainly formed by libriform fibres.
Homogeneous rays are of two sizes: the wide rays
(multilayered) are placed in regular intervals (0.5 to
1 mm), the narrow and very narrow rays are irregu-
larly scattered (GROSSER 1977; WAGENFUHR 2000).

Wood density, which significantly affects most
physical and mechanical wood properties, can be
considered as the basic indicator of wood quality.
The average wood density of beech ranges around
720 kg/m? with the moisture content of 12% (KoLL-
MANN 1951; LExA et al. 1952; TRENDELENBURG
1955; CivIDINI 1969; JANOoTA, KURJATKO 1978;
ALDEN 1995; PoZGAj et al. 1997; WAGENFUHR 2000;
BEcTAS et al. 2002; FRUHWALD et al. 2003; BLASS et
al. 2005; MiSikovA 2006; Porovic et al. 2006). The
beech wood density decreases along the stem radius
(from the centre to the peripheral parts) and with the
altitude (GOVORCIN et al. 2003).

When the wood moisture content changes within
the range of bound water content, the wood is sub-
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ject to dimensional changes. The changes in the
wood moisture content above the hygroscopicity
limits (change in free water content) have no sig-
nificant effect on the changes in dimensions. The
shrinkage and swelling (the release or the absorption
of bound water) are localized in the cell wall where
parting (the process of swelling) or closing (the proc-
ess of shrinkage) of fibrils in the fibrillar structure
occurs. In linear swelling and shrinkage, the aniso-
tropic character is demonstrated by different values
in individual directions. The change in dimensions is
the smallest in the longitudinal direction — 0.1-0.4%.
In the transversal direction the wood swells and
shrinks more, in the radial direction it is by 3—6%,
in the tangential direction by 6—-12%. The swelling in
individual anatomical directions can be expressed by
the following ratio: at:ar:al = 20:10:1 (N1IEMZ 1993;
PozGAj et al. 1993; NIEMZ, SONDEREGGER 2003).

The present paper deals with the variability of ring
width, with the density and swelling of beech wood
in dependence on the locations of different altitudi-
nal vegetation zones. Another aim was to examine
the ring width, density distribution and wood swell-
ing along the stem radius.

MATERIAL AND METHODS

Two locations were chosen for sampling. Both of
them are in the cadastral area of the Rajnochovice
village. They are contained within Natural Forest
Area 41 - the Hostyn-Vsetin Highlands and the
Javornik Highlands — and within the supra-regional
biocentre Kelec¢sky Javornik.

Location No. 1 — stand 102 B 06

The total area of the stand is 11.4 ha. The area is
a 12.5° (27%) slope oriented towards the north or
north-west. The average altitude is 560 m above
sea level. The forest is structured into groups. The
dominant tree species is European beech (Fagus
sylvatica) — 55%, there is a smaller proportion of
Norway spruce (Picea abies) — 40%, an admixed tree
species is ash (Fraxinus excelsior), disseminated tree
species are sycamore (Acer pseudoplatanus) and
European alder (Alnus glutinosa). The prevailing
forest type is 5B1.

Location No. 2 — stand 201 C 09

The total area of the stand is 5.29 ha. The forest
grows on a slope of 7.5° (16%) on average oriented
towards the north, structured by gullies. The aver-
age altitude is 460 m above sea level. The forest is
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structured into groups with a significant dominance
of European beech (Fagus sylvatica) — 53%, a smaller
proportion of Norway spruce (Picea abies) — 45%, an
admixed tree species is European alder (Alnus gluti-
nosa), which depends on the stream flowing in one
of the gullies. The disseminated tree species here are
sycamore (Acer pseudoplatanus), oak (Quercus sp.),
small-leaved lime (7ilia cordata) and ash (Fraxinus
excelsior). The area is in the 3" altitudinal vegetation
zone, the prevailing forest type is 3B8.

30 trees were chosen in each of the locations.
Before felling, the northern part of the stem was
marked. A log about 30 cm long was taken out of
each stem (at the height of 0.5 m). The transverse
cuts were used to measure ring width values using
a stereo magnifying glass Nikon SMZ 660 with a
special test desk TimeTable.

The section was used to make a central block with
an N-S orientation. Then, sample pieces of 20 x 20
x 30 mm were made out of the block. The pieces
were marked by letters in an ascending order (A, B,
C,...) in the direction from the stem periphery to the
centre (i.e. the samples marked A were the closest
to the cambium); then the pieces were marked with
two digits. The first digit means the rank of the piece
in the direction of rings, the second digit shows the
rank of the piece in the direction of the stem axe.

Wood density was examined in compliance with
CSN 49 0108 norm. The density was found out for
the moisture content of 12%. The swelling (volu-
metric swelling and swelling in individual anatomi-
cal directions) was examined in compliance with
CSN 49 0126 norm. The maximum linear and volu-
metric wood swelling was found out.

RESULTS
Ring analysis

The ring analysis showed that the found average
age of trees from both locations was considerably
different from the age of the forest stated in the
forest management book. For location 1 — forest
102 B 06, the age of the forest is 57 years according
to the Forest Management Plan, whereas the average
age of the measured trees was 83 years. For location
2 — forest 201 C 09, the age according to the Forest
Management Plan is 88 years but the real average age
of the measured trees was 75 years. Therefore, we
can say there are mistakes in the Forest Management
Plan and these are also manifested in typological
mapping (e.g. continuous character of the 3 and
the 5% vegetation zones). The average ring width
in location 1 was 1.86 mm. The average ring width
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Table 1. The descriptive statistics of the average ring width in the locations

Mean Minimum Maximum Standard deviation Coeflicient
(mm) of variation (%)
Location 1 1.86 0.45 3.13 0.55 29.56
Location 2 2.07 0.91 4.02 0.78 37.48
Table 2. The descriptive statistics of wood density (w = 12%)
Mean Minimum Maximum Standard deviation Coefficient
N of variation
(kg/m?3) (%)
Location1l 289 736.56 670.15 841.16 26.98 3.66
Location2 300 768.51 664.27 912.15 52.04 6.77

in location 2 was 2.07 mm (see Table 1 and Fig. 1).
Statistical examination did not show any statistical
differences in the mean value of ring width between
the researched rings.

Wood density

The average wood density found out in location 1
was 737 kg/m?3. In location 2 it was 767 kg/m?. The
descriptive statistics of the wood density in both
locations is shown in Table 2. Statistical examina-
tion rejected the zero hypothesis of the influence of
individual locations on the wood density (P < 0.05).
It means there is a statistically significant difference
in the wood density between the two locations. Fig. 2
shows the variability of wood density along the stem
radius. It is obvious that the wood density slightly
increases in the direction from the cambium (A) to
the stem centre (H). We can also see that the wood
density variability in individual sections is higher in
the second location than in the first location. Statisti-
cal examination did not show any statistical differ-
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ence in the mean value of wood density between the
northern and the southern parts of the stem (valid
for both locations; P > 0.05).

Wood swelling

Because wood is an anisotropic hygroscopic
material, the dimensional changes (wood swelling)
were researched in all the anatomical directions
(radial, tangential and longitudinal). The descrip-
tive statistics of volumetric swelling and swelling in
the individual anatomical directions is presented in
Table 3. The results show that wood swells the least
in the longitudinal direction. The average values of
swelling in the direction along fibres were 0.49 % in
location 1 and 0.59% in location 2. The coefficient of
variation for the longitudinal wood swelling is very
high, which can be explained by small dimensional
changes that cannot be measured precisely. No
change in the value of the longitudinal swelling along
the stem radius was observed. In the transversal
plane, wood swelled less in the radial direction and
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Fig. 2. A box plot — the variability of wood density along the
stem radius for individual locations

the measured values are 6.98% for location 1 and
7.61% for location 2. The coefficient of variation for
the radial direction is 26% in both locations. The
wood changed dimensions most in the tangential di-
rection. The value of the average tangential swelling
was 14.8% in location 1 and 15.5% in location 2.
The volumetric swelling, which is a sum of all
dimensions in all anatomical directions, is 23.47%
in location 1 and 25.02% in location 2. Statistical
examination rejected the zero hypothesis of the
influence of the individual locations on the volume
wood swelling (P < 0.05). It means there is a statisti-
cally significant difference in the wood volumetric
swelling between the two locations. Fig. 3 clearly
shows the variability of the volumetric swelling along
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Fig. 3. A box plot — the variability of wood volumetric swelling

along the stem radius for individual locations

the stem radius. The volumetric swelling of wood
increases along the stem radius in the direction from
the cambium (A) to the central parts of the stem (H)
— (see Fig. 3). This very graph also shows the higher
variability of the values measured in the second
location. The same tendencies can also be seen in
the wood volumetric swelling along the stem radius
in the northern and the southern parts of the stem.
Statistical examination did not show any statistical
difference in the mean value of volumetric swelling
between the northern and the southern parts of the
stem (valid for both locations; P > 0.05).

Fig. 4 shows the relationship between the density
and the volumetric swelling. First, the measured
data from both locations were put in relation. The

Table 3. The descriptive statistics of volumetric swelling and of swelling in individual anatomical directions in the

locations (in %)

Direction N Mean Minimum Maximum csi:,?i?gi (?f(i/zfizit?:;
Location 1 301 6.98 4.10 13.16 1.83 26.22
Location 2 R 290 7.61 2.41 17.53 2.04 26.77
Location 1 301 14.80 9.52 20.25 2.12 14.29
Location 2 B 290 15.49 2.77 20.88 2.49 16.06
Location 1 301 0.49 0.03 2.14 0.33 60.59
Location 2 . 290 0.59 0.21 2.18 0.38 64.09
Location 1 301 23.47 16.23 33.20 3.53 15.06
Location 2 M 290 25.02 9.11 34.94 3.54 14.15
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Fig. 4. The effect of wood density on the

volumetric swelling of beech

950

0.4 4 m [ ocation 1 A Location 2
- 0.35
0
£ 0.3 -
o)
Z
o 0.25 4
E
£ 0.2 -
2

0.15 4
0.1 L L L L} L} L} 1
600 650 700 750 800 850 900
Density (kg/mS)

degree of the tightness of this relationship, expressed
by the coefficient of determination (R? = 0.484), is
medium-high. The model explains about 50% of the
total spread. Because the data from the two locations
were different as the previous results show, the linear
correlation model was created separately for location
1 and location 2. The resulting graphs and the coef-
ficients of determination show that the dependence
of the coefficient of the volumetric swelling on the
wood density is lower (R?= 0.255) in location 1 than
in location 2 (R*= 0.522). The found functions with
the coeflicients of determination are presented in Ta-
ble 4. To evaluate the relationship of the density and
the volumetric swelling these two physical properties
were put in relation and the data were interlaid with
a trend curve using a simple linear correlation.

DISCUSSION

The paper has dealt with the variability of ring
width, with the density and wood swelling of Eu-
ropean beech (Fagus sylvatica L.) from two differ-
ent locations and also with the variability of these
properties along the stem radius. The ring width
depends on the internal and external factors (TREN-
DELENBURG 1955; BOURIAUD et al. 2004). The ring
width in the researched locations ranged between
0.453 and 4.021 mm, which falls within the range
of values presented by Pozgaj et al. (1997) and

GOVORCIN et al. (2003). Statistical examination did
not show any difference in the average ring width
between the locations although the locations were
in different altitudinal vegetation zones (location
1 — 5B1; location 2 — 3B8). The average ring width
decreases with the increasing altitude (GOVORCIN et
al. 2003). The difference in altitude between the two
researched locations is 100 m. This could explain the
minimum difference in the average ring width be-
tween the researched locations. Also in our case, the
average ring width was higher in location 2, which
is at a lower altitude. Further, a gradual decrease in
the ring width was observed along the stem radius
(location 1). In location 2 the ring width increased
in the first 25 years, it reached the maximum and
then the average ring width decreased with the age.
Therefore, we can agree with the results presented by
GOVORCIN et al. (2003), who showed the variability
of the beech ring width caused by age. Their conclu-
sion is that the ring width of beech decreases until
the age of 100 and then we can see a growing trend,
i.e. increments of the ring width.

Wood density is a basic physical quantity which
also affects other physical and mechanical wood
properties. In contrast to other materials, the wood
density is considerably dependent on the wood
structure (ring width, the proportion and the radius
of macro- and micro-vessels), the position in the
stem, the location of the tree and the moisture con-

Table 4. The chart of the resultant functions and the coefficient of determination for volumetric swelling in dependence

on the wood volume

Coeflicients
Function R?
a b
Location 1 + 2 y=ax+b 0.484 0.0005454 —-0.1682
Location 1 y=ax+b 0.255 0.0004971 -0.1327
Location 2 y=ax+b 0.522 0.0005706 —-0.1883
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tent (LExA et al. 1952; TRENDELEBURG 1955; NIEMZ
1993; PozGAjJ et al. 1997; BOURIAND et al. 2004).
BOURIAND et al. (2004) examined the variability of
wood density within a tree ring. They found out that
wood density ranged between 200 and 850 kg/m3and
that wood density increased continually from the be-
ginning to the end of a ring. The authors claimed the
average wood density of beech to be 764 + 43 kg/m?
with moisture content of 11%. NEpVEU (2001) also
found out that the wood density of beech (a col-
lection of 60 trees, aged 70—-100 years) decreased
with the increasing age (counted from the pith). A
similar trend, i.e. a decrease in the wood density with
age (the first 90 years), was reported by GOVORCIN
et al. (2003). Their research shows that the beech
wood density is constant in the following years. The
same trend was also observed in the chosen sample
trees used for this study. However, as only trees up
to 80 years of age were used, it was not possible to
observe the wood density from the aspect of a longer
period.

The observed average wood density is slightly
higher than the values determined for beech (Fa-
gus sylvatica L.) wood density by other authors
(KOLLMANN 1951; LEXA et al. 1952; C1VIDINI 1969;
PozaGaj et al. 1997; WAGENFUHR 2000; FRUHWALD
et al. 2003). The differences can be explained by the
conditions of the locations or by the variability along
the stem radius. GOVORCIN et al. (2003) stated that
the beech wood density decreased with the increas-
ing altitude. This has been proved in our measure-
ments, when location 2 (lower altitude) showed
statistically higher density than location 1.

Further, the average density of the researched Eu-
ropean beech (752.5 kg/m?) is higher in comparison
with the density of American beech (Fagus grandi-
folia), whose average density is 721 kg/m? (ALDEN
1995).

Wood as a hygroscopic and porous material can
absorb or release water in dependence on the sur-
rounding conditions. When absorbing or releasing
moisture under the limits of hygroscopicity, wood
shrinks or swells. The anisotropic properties of wood
are demonstrated by different swelling and shrinking
in individual anatomical directions.

In practice the longitudinal change in dimensions
is often neglected as swelling and shrinkage are
very small in the longitudinal directions. However,
we cannot neglect the dimensional changes in the
transversal plane where swelling and shrinking are
considerably higher (N1EMz 1993; PoZGAJ et al.
1997; SimpPsoN, TENWOLDE 1999). European beech
(Fagus sylvatica L.) wood is the wood of the species
that are subject to dimensional changes (swelling and
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shrinkage) to a considerable extent when compared
with other types of wood.

The swelling in the longitudinal direction was the
lowest (around 0.5%) in both locations, which was
caused by the minimum deflection of fibrils from the
longitudinal axe of the cell (the fibril angle is 10—15°
in the secondary layer of the cell wall of anatomical
elements). In the transverse plane wood swelled
more in the tangential direction than in the radial
direction. The values of swelling are higher than
the values presented in used literature (KOLLMANN
1951; LEXA et al. 1952; WAGENFUHR 2000), which
is caused by the higher density of the samples. The
effect of wood density on the volumetric swelling
of wood was statistically confirmed (see Fig. 4). The
increase in the volumetric swelling of wood with the
increasing density was reported by TRENDELENBURG
(1955), NECESANY (1959), NiEMz (1993), PoZGAJ et
al. (1997). The increase in the wood volumetric swell-
ing is related not only to the increasing proportion of
cell walls but also it is positively correlated with the
content of cellulose in wood where water molecules
can get bound (NECESANY, MORAROVA 1959).

The results show that the wood swelling in indi-
vidual anatomical directions and also the volumetric
swelling were higher in location 2 (a lower altitude).
It means that our results of measurement correspond
to the results published by GOVORCIN et al. (2003)
— i.e. there is a decrease in tangential swelling with
increasing altitude. A decrease in radial swelling with
increasing altitude is probably related to a decrease
in wood density with increasing altitude. The vari-
ability along the stem radius can be put in relation
with the wood density, which also changed along the
stem radius.

To conclude, the results showed that wood as
a natural material has highly variable properties.
Wood density varies not only between locations
but also within a stem. The anisotropic character
of wood is demonstrated bye different swelling
of wood in the individual anatomical directions.
Therefore, it is necessary to take into account this
knowledge when processing and using wood for
specific purposes.
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Vybrané vlastnosti dfeva buku lesniho (Fagus sylvatica L.)

ABSTRAKT: Préce se zabyva variabilitou $irky letokruhu, hustotou a celkovym bobtninim dfeva (objemového,
v jednotlivych anatomickych smérech) ze dvou rozdilnych lokalit. Dale byla sledovéna variabilita zkoumanych
vlastnosti po poloméru kmene. Z letokruhové analyzy vyplyva, ze $ifka letokruhu se snizuje po poloméru kmene od
dfené k obvodu kmene. Lokalita 2 (niz$i vegetac¢ni stupen) méla v prameéru $irs$i letokruhy (statisticky nevyznamny
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rozdil), vy$si hustotu a objemové bobtndni dieva proti lokalité 1 (statisticky vyznamny rozdil). Byl potvrzen vztah
mezi objemovym bobtndnim a hustotou dfeva. Z vysledki vyplyvd, ze hustota dfeva i objemové bobtndni dfeva se
meéni po poloméru kmene. Se zvysujici se hustotou dfeva se objemové bobtndni zvySuje. Primérnd hustota dieva
buku z obou lokalit je 752 kg/m? pfi vlhkosti dieva 12 %.

Kli¢ova slova: buk; sitka letokruhu; hustota; bobtnéni
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