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Abstract

This study quantified the physical and mechanical properties of sycamore maple (Acer pseu-
doplatanus L.) as a basis for assessing wood quality. The physical properties of oven-dry 
density, density at 12% MC, green density, basic density, longitudinal, radial, tangential and 
volumetric shrinkages were tested and the mechanical properties of bending strength, modu-
lus of elasticity at bending, compression strength parallel to grain and compression strength 
in radial and tangential direction as well as of Brinell hardness on the cross, radial, and tan-
gential section were determined. Five sycamore maple trees from Medvednica region were 
selected for the purposes of this research. The results were compared with known literature 
data on sycamore maple wood, beech wood from the same sight, and beech wood from Gorski 
Kotar region. For a better understanding of sycamore maple physiology, as well as for assess-
ing the quality of wood products, the distribution of wood properties within the tree radius, 
from pith to bark, was investigated. There was a general bell shaped distribution, in the radial 
direction, in wood density, and mechanical properties of sycamore maple wood. Shrinkages 
decreased from pith to bark, except for tangential shrinkage with bell shaped pattern. All in-
vestigated wood densities of sycamore maple from Medvednica were similar to the findings of 
studies known in literature, as well as shrinkages, except for the lower longitudinal shrinkage. 
Investigated mechanical properties of sycamore maple wood were similar to the findings of 
studies known in literature, except for the lower bending strength and modulus of elasticity 
(MOE). Investigated sycamore maple indicated better dimensional stability than beech wood 
from two locations in the region, although it did not match the beech wood regarding me-
chanical properties, especially wood hardness.
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1. Introduction
Sycamore maple (Acer pseudoplatanus L.) is a fast-

growing noble broadleaved tree species that com-
monly grows in the mixed forests of Central Europe 
(Vacek et al. 2018). The natural distribution range of 
sycamore maple includes the mountainous regions of 
Southern, South-western, Western, Central, and Eastern 
Europe with the extreme easterly limit at the Caspian 
Sea (Fig. 1). Although the share of this species in the 
total forest area of Europe is quite low (e.g. around 3%) 
(Spiecker et al. 2009), several studies have highlighted 
its great ecological and economic importance (Florineth 
et al. 2002, Leslie 2005, Bell 2009). Indeed, sycamore 

maple is recorded to promote biodiversity (Binggeli 
1993), as well as positively affect the ecological stabil-
ity of the forest by improving humus formation and 
cycling processes of elements and organic matter 
(Heitz and Rehfuess 1999). Likewise, rapid growth, 
valuable timber with multiple uses, and high market 
prices make sycamore maple economically attractive 
(Hein et al. 2009). For these reasons, certain authors 
believe that the area proportion of maple is going to 
be doubled in the long term (Thies et al. 2009).

Despite its valuable timber and moderate site re-
quirements, this species is treated as a poor relation by 
breeders in most European countries. One reason for 
this might be the lack of acceptance of the species as a 
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traditional forest tree (Krabel and Wolf 2013). The lack 
of relevant research on technical properties has also 
contributed to the underestimation of this wood spe-
cies. In the past decades, the use of sycamore maple in 
the wood-processing industry was largely limited pri-
marily as the consequence of intensive utilization of 
European beech, whose physical and mechanical 
wood properties are similar to those of maple. How-
ever, having in mind the negative influence of chang-
ing climate on beech populations in Central Europe 
(Gessler et al. 2007), the growing interest in the use of 
sycamore maple in forestry and timber industry might 
be expected. Indeed, besides the valuable timber, syc-
amore maple is known as a tree species with high 
adaptability to a broad range of site conditions, as well 
as highly competitive ability reflected through short 
generation turnover, good natural regeneration and 
regular seed set (Rusanen and Myking 2003, Simon et 
al. 2010, Vacek et al. 2018). According to Aitken et al. 
(2008) species are likely to adapt more quickly to al-
tered environmental conditions if characterized by 
high fecundity, short generation lengths, and small 
seeds capable to disperse over a long distance. Vacek 
et al. (2018) reported that sycamore maple produces 
seeds every year starting around the age of 25 to 
30 years. The seed is wind-dispersed usually within 
200 m from the mother tree, although some records 
evidenced long-distance dispersal, up to 4 km (Pasta 
et al. 2016). On the other hand, mast years in beech 
occur at intervals of 2–20 years in the regions of Central 
and Northern Europe (Müller-Haubold et al. 2015), 
while seed dispersal was reported to be locally restricted 
(Sagnard et al. 2007).

Maple is characterized by good natural regenera-
tion and fast growth in the juvenile development 
stage, having, therefore, a competitive advantage over 
co-occurring tree species (Vacek et al. 2018). According 
to Rusanen and Myking (2003), the annual growth of 
maple in the first years might be more than 1 meter, 
on the rich soils. In contrast, several authors demon-
strated that beech trees need approximately 10 years 
to grow to breast height (1.3 m) (Samonil et al. 2009, 
Trotsiuk et al. 2012, Matović 2019). Another advantage 
of sycamore maple might also be shorter rotation (70–75 
years) in comparison to European beech (app. 140 years), 
and therefore the production of high-quality timber 
within a shorter period (Hein et al. 2009, Mariotti et al. 
2017). Finally, sycamore maple is considered as a spe-
cies well adapted to projected climate changes in the 
region of Central Europe (Kölling and Zimmermann 
2007, Kölling 2007). For example, while it is expected 
that sycamore maple grown in Germany adapt to el-
evated air temperatures and reduced precipitations 

(Kölling and Zimmermann 2007), certain studies in-
volving German populations of European beech doc-
umented their sensitivity to drought induced stress 
(Aranda et al. 2014, Stojnić et al. 2018).

In Europe, 1.7% of total annual cuttings consist of 
sycamore maple. Research claim that the future area 
proportion of ash, sycamore maple, and wild cherry 
in Europe will double; the future proportion of 
sycamore maple harvest could, therefore, increase 
remarkably (Thies et al. 2009). These three species 
currently cover 4.1% of the European forests and 
they are expected to reach up to 8.9% and 12.1% in 
German speaking countries alone (Thies et al. 2009). 
According to the Swiss National Forest Inventory, the 
sycamore maple population in Switzerland adds up to 
11.8 Mio m3 and appears on the third position after 
beech (73.3 Mio m3) and ash (14.8 Mio m3) (Brändli 
2010). Sycamore maple covers approximately 0.8% of 
forests in Croatia, while 36% of forests are covered 
with beech wood (Sedlar et al. 2019).

Sycamore maple wood is hard and solid and is 
relatively easy to process. It is used for various pur-
poses, from furniture making, carpentry, floor cover-
ings to parts of ships and aircraft, and some special 
products of wood such as shoe moulds or pulleys. 
However, the most valuable wood consists of resonant 
maples of irregular structure used in the production 
of expensive and highly valued musical instruments 
and veneers. Such wood reaches a very high price on 
the market. High quality sycamore maple wood logs 
achieve a price between 140 to 320 €/m3 in the Croatian 
market (Hrvatske šume 2019). Comparatively, the 
price of the same quality beech wood logs varies be-
tween 95 to 125 €/m3. Concurrently, sycamore maple 
wood with irregular birds eye figure structure reaches 
a price of up to 550 €/m3.

Physical and mechanical properties of wood are 
important indicators for wood quality prediction 
(Stamm and Sanders 1966, Zobel 1984, Savidge 2003, 
Saranpää 2003, Zhang 2003, Zink-Sharp 2003). Beech 
is the most common, most commercial and most ex-
plored domestic wood species. Technical properties of 
beech wood were the subject of much research in 
Europe (Gustafsson 2010, Skarvelis and Mantanis 
2013, Lo Monaco 2014, etc.) as well as in Croatia 
(Štajduhar 1973, Petrić and Šćukanec 1980, Govorčin 
1996, Govorčin et al. 2003, Sinković et al. 2011, Sedlar 
et al. 2019). Although sycamore maple is an attractive 
species in forestry, there is a lack of peer reviewed, 
scientifically based investigations into its silviculture 
(Hein et al. 2008) and its technical properties. Available 
information on technical properties of sycamore maple 
wood are modest, and science-based information on 
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many important technical properties are missing. A 
review of the literature reveals that sycamore maple 
wood has a slightly lower density and strength com-
pared to beech wood (Wagenführ 2007). At the same 
time, sycamore maple wood is more dimensionally 
stable (Ehmcke and Grosser 2014). Because of all the 
above, the physical and mechanical properties of syc-
amore maple wood were investigated.

The main objectives of this study were to: 1. Inves-
tigate and analyze physical and mechanical properties 
of sycamore maple (Acer pseudoplatanus L.) wood from 
the area of the Medvednica mountain, and to determin 
their radial distribution, from pith to bark; 2. Compare 
physical and mechanical properties of sycamore maple 
wood from Medvednica with the properties of syca-
more maple wood from available literature; 3. Com-
pare the physical and mechanical properties of syca-
more maple wood from Medvednica with investigated 
properties of beech (Fagus sylvatica L.) wood from the 
same location and beech wood from Gorski Kotar.

2. Materials and Methods
For the purpose of investigating the physical and 

mechanical properties, trees were selected from the 
forest on the northern slope of the Medvednica moun-
tain in Croatia, which is a part of the »Training and 
Forest Research Centre Zagreb«.

According to Vukelić (1998), the dominant forest 
community of Medvednica is the beech-fir forest of the 
Pannonian part of Croatia (Abieti-Fagetum »pannoni-
cum«). These forests continue to the strongly ex-
pressed vegetation belt of mountain beech forests. In 
the layer of trees, beech and fir predominate, followed 
by large-leaved linden and sycamore maple, while 
common hornbeam appears at the lower altitudes. A 

mixed community of sycamore maple and common 
ash (Chrysanthemo macrophylli-Aceretum pseudoplatani, 
Horvat 1938) occur between 800 and 1000 meters in 
elevation.

Five dominant trees were felled for the analysis ac-
cording to ISO 3129:2012. The mean diameter at 1.3 m 
(DBH) for all trees was 0.49 m. Trees were healthy and 
the first branches noted along the trunk were at a 
height of approximately 10 m upwards. If these trees 
were exploited, the basal log length would be at least 
14 m long. Once felled, a 1.0 m long log was sawn at a 
height of 1.3 m from all trees. Below this height, but-
tressing can occur along the length of the stem bole, 
which may influence the results. Boards were then cut 
through the center of the log, so that the whole cross-
section, from bark to pith, could be used for further 
sampling. One whole core was oriented north–south 
(N–S), and the others were partial from the core to the 
east (E) and from the core to the west side (W) (Fig. 2).

All boards were then stored and submitted to nat-
ural drying until equilibrium moisture content reached 
12% with a constant mass. The boards were then cut 
into smaller samples in the radial direction from pith 
to bark (Fig. 3). Each sample was labelled with an in-
dication of tree number, geographical orientation, and 
the position regarding cambial age. The growth ring 
closest to the centre of the sample was used as the in-
dicator of cambial age for that sample.

Fig. 1 Natural distribution area of sycamore maple (Acer pseudo-
platanus L.) in Europe (Source: EUFORGEN, 2009., www.eufrogen.
org)

Fig. 2 Bark to pith cores (north–south, east and west)
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The physical properties investigated in this study 
were oven-dry density, basic density, and density at 
12% MC according to ISO 13061-2:2014, longitudinal, 
radial and tangential shrinkage according to ISO 
13061-13:2016, volumetric shrinkage according to ISO 
13061-14:2016, moisture content according to ISO 
13061-1:2014 and annual ring width according to EN 
1309-3:2018.

The mechanical properties investigated in this 
study were compression strength in the longitudinal, 
radial and tangential direction according to ISO 13061-
17:2017 and ISO 13061-5:2020, bending strength ac-
cording to ISO 13061-3:2014, modulus of elasticity ac-
cording to ISO 13061-4:2014, Brinell hardness on the 
cross, radial and tangential section according to ISO 
13061-12:2017.

Statistical analysis of data and their comparison 
were carried out in Statistica 8. Data were analyzed 
and presented as the minimum, mean and maximum 
values. The simple linear regression model was used 
to analyze the relationship between oven dry density 
and shrinkages (Table 2), annual ring width and den-
sities (Table 3), density at 12% MC, and mechanical 
properties (Table 4).

To facilitate the comparison of results with the lit-
erature, the average values of three radial areas (inner, 
middle and outer) were computed for all cores: the 
inside area value was obtained by averaging the first 
sample from the pith, the outside area value by averag-
ing the last sample, closest to the bark and the middle 
area value by averaging the remaining samples (Fig. 4). 

The resulting data should be comparable to those of 
Woodcock and Shier (2002), Plourde et al. (2015) and 
Longuetaud et al. (2017), who measured specific grav-
ity on 2 cm core segments and evaluated radial varia-
tions using the inside segment, outside segment, and 
the average of all other segments. Pairwise, compari-
sons between groups were done with the analysis of 
variance (One-way ANOVA) adjusted using Tukey 
HSD correction for multiple comparisons.

To complete the information given by the above 
analyses, radial curves of variations and the corre-
sponding trends are given in Appendices A.

3. Results and Discussion

3.1 Physical and Mechanical Properties
Statistical values of physical and mechanical prop-

erties of sycamore maple wood from Medvednica, as 
well as, physical and mechanical properties of syca-
more maple (Wagenführ 2007, Ehmcke and Grosser, 
2014) and beech wood from the same region (Štajduhar 
1973) and beech wood from Gorski Kotar (Govorčin 
1996) are shown in Table 1.

Oven-dry wood density, density at 12% MC, green 
wood density, and basic density of investigated 
sycamore maple were 0.59, 0.63, 1.08, and 0.51 g/cm3, 
respectively, and were similar to the findings of 
Wagenführ (2007) and Ehmcke and Grosser (2014).

Differential shrinkage was determined for the lon-
gitudinal, radial, and tangential directions at a ratio of 
1:33:72. Measured longitudinal shrinkage of 0.13% 
was unusually low for sycamore maple wood. Accord-
ing to Ehmcke and Grosser (2014), for example, it was 

Fig. 3 Small clear wood samples for testing physical and mechan-
ical properties of wood

Fig. 4 Division of the core into 2-cm-thick samples and into inner, 
middle and outer areas
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0.45%, which is similar to the value of 0.5% stated by 
Wagenführ (2007).

Radial, tangential and volumetric shrinkages of 4.3, 
9.3 and 14.0%, respectively, were similar to the find-
ings of Wagenführ (2007) and Ehmcke and Grosser 
(2014) although slightly greater.

Compression strength in longitudinal, radial and 
tangential (L:R:T) direction was 45.5, 16.0, 10.7%, re-
spectively. The results are similar to the findings of 
Wagenführ (2007), Sonderegger et al. (2013), and 
Ehmcke and Grosser (2014).

Bending strength and MOE were 88.5 MPa and 
8.6 GPa, respectively, and were lower than the same 
findings of Wagenführ (2007) and Ehmcke and Grosser 
(2014).

Brinell hardness was measured on three different 
wood sections, cross, radial and tangential, and was 
51.4, 24.9, and 31.5 N/mm2, respectively. These find-

ings were similar to Wagenführ (2007) and Ehmcke 
and Grosser (2014).

Mean values of investigated sycamore maple from 
Medvednica were compared with summed average 
values of beech wood from investigations of Štajduhar 
(1973) and Govorčin (1996). Densities of beech wood 
were approximately 10% greater than those of syca-
more maple wood. Greater density was the main rea-
son why mechanical properties were also greater in 
beech wood (18, 20, 27 and 52% for compression 
strength parallel to the grain, bending strength, MOE, 
and Brinell hardness, respectively). Although average 
annual ring width of sycamore maple was 20% great-
er than that of beech wood from the same location and 
even 220% greater than that of beech wood from 
Gorski Kotar, shrinkages were lower than in beech 
wood (100, 30, 25, 20% for longitudinal, radial, tangen-
tial and volumetric shrinkage, respectively).

Table 1 Comparison of physical and mechanical properties of sycamore maple wood with reference to sycamore maple (Wagenführ 2007, 
Ehmcke and Grosser 2014) and beech wood from the same region (Štajduhar 1973) and beech wood from Gorski Kotar (Govorčin 1996)

Wagenführ 2007
Ehmcke and 
Grosser 2014

Present research Štajduhar 1973 Govorčin 1996

Annual ring width (ARW), mm – – 0.15...3.18...10.3 0.7...2.7…11.8 0.05...0.99...6.06

Oven-dry wood density (ρo), g/cm3 0.48…0.59…0.75 – 0.51…0.59…0.64 0.60...0.71...0.84 0.57...0.63…0.77

Density at 12% MC (ρ12%), g/cm3 0.53...0.63…0.79 0.53...0.63...0.79 0.52...0.63...0.73 0.63...0.74…0.87 0.60...0.66…0.80

Green wood density (ρmax), g/cm3 0.83...0.97...1.04 – 1.00...1.08...1.16 – –

Basic density (ρy), g/cm3 0.547 – 0.45...0.51...0.57 – 0.48...0.53…0.61

Maximum MC (Wmax), % – – 100…112...133 – –

Longitudinal shrinkage (βl), % 0.5 0.4…0.5 0.04...0.13…0.28 – 0.2…0.34*

Radial shrinkage (βr), % 3.0 3.0...4.4 3.5...4.3...5.2 1.9...5.3..8.0 4.1...5.9...8.6

Tangential shrinkage (βt), % 8.0 8.0…8.5 7.2...9.3…10.9 9.1...11.9...15.1 9.6…11.2...12.8

Volume shrinkage (βv), % 11.2 11.5...12.8 11.2...14.0...16.5 12.5...17.4...24.8 14.6...16.6...20.4

Longitudinal compression strength (σc L), MPa 29.0...49.0...72.0 50.0 37.4...45.5...52.8 59.9 35.2...47.3...56.0

Radial compression strength (σc R), MPa – – 9.4...16.0...19.8 – –

Tangential compression strength (σc T), MPa – – 7.4...10.7...14.4 – –

Bending strength (σb), MPa 50.0…95.0...140.0 120.0 69.0...88.5...110 120.7 64.9...91.7...109.6

Modulus of elasticity at bending (MOE), GPa 6.4...9.4…15.2 10.5 6.1...8.6...11.3 11.4 6.3...10.5...18.0*

Brinell hardness – Cross (HB P), N/mm2 52.0...67.0...86.0 48.0...61.0 41.5...51.4…61.7 – 54.0...78.0...110*

Brinell hardness – Radial (HB R), N/mm2 – 26.0…34.0 18.4...24.9...31.6 – –

Brinell hardness – Tangential (HB T), N/mm2 – 26.0...34.0 21.8...31.5...43.4 – –

* Wagenführ (2007)
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When taking in consideration all three measure-
ments of sycamore maple wood (Wagenführ 2007, 
Ehmcke and Grosser 2014, Sedlar et al. 2019) together 
and comparing them with average values of beech 
wood (Štajduhar 1973, Govorčin 1996), densities of 
beech wood were still approximately 10% greater than 
those of sycamore maple wood, except for basic den-
sity (4%). Bending strength, modulus of elasticity at 
bending and compression strength parallel to the 
grain of beech wood were only 5, 10 and 15%, respec-
tively, greater than those of sycamore maple wood. 
The hardness of beech wood was about 35% greater 
than that of sycamore maple wood. The difference in 
shrinkages was 35 up to 50% between these two wood 
species. Beech wood had 40% smaller longitudinal 
shrinkage.

3.2 Regression
Regression equations between oven dry density 

and shrinkages, annual ring width and densities, and 
density at 12% MC and mechanical properties, as well 
as statistical significance between properties are 
shown in Table 2, Table 3 and Table 4, respectively.

The relationship between oven dry density and 
shrinkages was statistically significant for radial, tan-
gential and volumetric shrinkage of sycamore maple. 
Radial, tangential, and volumetric shrinkage showed 
a positive correlation with oven dry density. Investi-
gated shrinkages showed satisfying correlation coef-
ficient with oven dry density, except for longitudinal 
shrinkage. Pliura et al. (2005) reported a negative cor-
relation between wood density and longitudinal 
shrinkage, and positive correlations between density 
and both radial and tangential shrinkage. Koubaa and 
Smith (1959) observed significant positive correlations 
between basic wood density, and radial, tangential, 
and volumetric shrinkage in P. euramericana hybrid 
clones.

The relationship between annual ring width and 
densities was statistically significant for all three in-
vestigated densities. All investigated densities showed 
a positive correlation with annual ring width, although 
the correlation coefficient between properties was low, 
except in green density. According to Mmolotsi and 
Teklehaimanot (2006), ring width has little influence 
on wood density, as the sycamore maple wood is dif-
fuse porous. This means that the growth rate will not 
affect strength properties although this argument can 
only be conditional, as strength is also affected by 
other anatomical and chemical changes associated 
with faster growth. Numerous studies of a wide range 
of species have proved inconclusive to assume that 
growth rate has an influence upon wood density 

Table 2 The relationship between oven dry density and shrinkages 
of sycamore maple wood

R Equation F p

Longitudinal 0.0502 y = -0.0915x + 0.1854 0.422 NS 0.517

Radial 0.5363 y = 6.0301x + 0.7564 67.405 * 0.000

Tangential 0.7092 y = 15.044x + 0.4923 169.03 * 0.000

Volumetric 0.7181 y = 21.049x + 1.7263 177.83 * 0.000

Note: * significant at level <0.05; NS – not significant
R – coefficient of correlation; F – F statistics; p – significance

Table 3 The relationship between annual ring width and densities 
of sycamore maple wood

R Equation F p

Oven dry 0.2785 y = 0.0066x + 0.5592 14.043 * 0.000

Basic 0.2930 y = 0.0055x + 0.4916 15.681 * 0.000

Maximum MC 0.5117 y = 0.0103x + 1.0432 59.234 * 0.000

Note: * significant at level <0.05; NS – not significant
R – coefficient of correlation; F – F statistics; p – significance

Table 4 The relationship between density at 12% MC and me-
chanical properties of sycamore maple wood

R Equation F p

Compression
Strength, L

0.6838 y = 61.176x + 7.2556 146.64 * 0.000

Compression
Strength, R

0.8788 y = 48.155x – 14.417 264.51 * 0.000

Compression
Strength, T

0.9259 y = 36.033x – 11.876 913.37 * 0.000

Bending 
strength

0.7326 y = 135.13x – 2.0335 179.52 * 0.000

MOE 0.4222 y = 8.8907x + 2.6574 33.630 * 0.000

Brinell 
hardness, C

0.8654 y = 91.153x – 5.8777 325.21 * 0.000

Brinell 
hardness, R

0.9031 y = 72.906x – 20.921 491.13 * 0.000

Brinell 
hardness, T

0.8364 y = 80.315x – 18.922 368.69 * 0.000

Note: * significant at level < 0.05; NS – not significant;
R – coefficient of correlation F – F statistics; p – significance;
Compression strength (L – longitudinal direction, R – radial direction,
T – tangential direction); Brinell hardness (C – cross section,
R – radial section, T – tangential section)
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(Zobel and van Buijtenen 1989, Zhang and Zhong 
1991, de Castro et al. 1993).

The relationship between density at 12% MC and 
mechanical properties was statistically significant for 
all investigated mechanical properties. All investigat-
ed mechanical properties showed a positive correla-
tion with density at 12% MC, with a high correlation 
coefficient between properties, except for MOE. Sev-
eral authors reported different effects of wood density 
on the mechanical properties of wood (Cown et al. 
1999, Alteyrac et al. 2006, Mclean et al. 2016). Some 
researchers have found that the effects of these traits 

on the mechanical properties vary between juvenile 
and mature woods (Cown et al. 1999, Ishiguri et al. 
2009, Tanabe et al. 2017 and 2018, Sedlar et al. 2019).

3.3 Radial Variations
The radial variations of oven dry density, basic 

density, green density, and annual ring width are 
summarized in Fig. 5 and Fig. A1. A slight radial de-
crease in oven dry density, basic density, green den-
sity from pith to bark was observed (with differences 
from inner to outer areas of −0.006, p=0.093, −0.002, 
p=0.110 and −0.013, p<0.001, respectively), whereas a 

Fig. 5 Radial variations of a) oven dry density, b) basic density, c) green density, and d) annual ring width (The inside area includes the in-
nermost 2-cm-thick samples, the outside area includes the outermost samples, and the middle area includes the remaining samples. The 
letters above the boxplots identify the statistically significant different groups according to post-hoc Tukey HSD tests. Effective hypothesis 
decomposition according to One-way ANOVA is given in the graphs.)
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radial decrease was observed for annual ring width 
(+0.154, p<0.001). The radial variation of oven dry den-
sity and basic density from pith to bark showed a bell 
shaped pattern with a slight increase between the in-
ner and middle areas (+0.012, p=0.330 and +0.012, 
p=0.246, respectively) followed by a slight decrease 
between the middle and outer areas (−0.019, p=0.042 
and −0.002, p=0.065, respectively). The middle area 
was denser than the inner and outer areas. These could 
be explained by the annual ring width effect. Densities 
of wider annual rings were higher than those of thin-
ner annual rings. There was no significant difference 

between areas in either property. Regarding the green 
density, the radial increase from pith to bark also 
showed a bell shaped pattern with a slight increase 
between the inner and middle area (+0.015, p=0.159) 
followed by a slight decrease between the middle and 
outer area (−0.028, p<0.001), only the middle and outer 
area being statistically different. Radial variations in 
wood density are often associated with the succes-
sional status of species and associated strategies 
(Woodcock and Shier 2002, Schüller et al. 2013). Wood-
cock and Shier (2002) proposed a model of radial 
variations of basic density with a threshold of initial 

Fig. 6 Radial variations of a) longitudinal, b) radial, c) tangential, and d) volumetric shrinkage (The inside area includes the innermost 2-cm-
thick samples, the outside area includes the outermost samples, and the middle area includes the remaining samples. The letters above the 
boxplots identify the statistically significant different groups according to post-hoc Tukey HSD tests. Effective hypothesis decomposition ac-
cording to One-way ANOVA is given in the graphs.)
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basic density at about 0.55 g/cm3. This model is valid 
for hardwood species. Wood species with basic den-
sity around 0.55 g/cm3 have absent or very limited 
radial variations. Wood species with basic density 
above 0.55 g/cm3 show radial decrease in density as-
sociated with late-successional characteristics, while 
wood species below 0.55 g/cm3 show a radial increase 
in density associated with early-successional charac-
teristics. According to the definition of inner and out-
er wood used by Woodcock and Shier (2002) and 
Plourde et al. (2015), beech and sycamore maple wood 
was mostly characterized by a radial increase of basic 

density from inner to outer areas. Longuetaud et al. 
2017 measured an overall radial increase in basic den-
sities from pith to bark for beech (Fagus sylvatica) and 
sycamore maple (Acer pseudoplatanus) with statistical 
differences from inner to outer areas.

The radial variations of longitudinal, radial, tangen-
tial, and volumetric shrinkages are summarized in Fig. 
6 and Fig. A2. An overall radial decrease from pith to 
bark was observed for longitudinal, radial and volu-
metric shrinkage (with differences in shrinkage from 
inner to outer areas of −0.065, p=0.019, −0.672, p<0.001 
and −0.658, p=0.109, respectively), whereas the radial 

Fig. 7 Radial variations of a) bending strength, b) modulus of elasticity at bending, c) compression strength parallel to the grain, and d) Brinell 
hardness on cross section (The inside area includes the innermost 2-cm-thick samples, the outside area includes the outermost samples, 
and the middle area includes the remaining samples. The letters above the boxplots identify the statistically significant different groups ac-
cording to post-hoc Tukey HSD tests. Effective hypothesis decomposition according to One-way ANOVA is given in the graphs.)
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increase was observed for tangential shrinkage (+0.536, 
p=0.031). Radial decrease of longitudinal shrinkage was 
observed with a statistically significant difference be-
tween the inner and middle areas (−0.064, p=0.007) fol-
lowed by a very slight statistically insignificant increase 
between the middle and outer areas (+0.001, p=0.940). 
Radial decrease of radial shrinkage was observed with 
a statistically significant difference between the inner 
and middle area (−0.402, p=0.004); the decrease was still 
visible and statistically significant between the middle 
and outer areas (−0.270, p=0.007). The radial variation 
of tangential shrinkage from pith to bark showed a bell 
shaped pattern with a statistically significant increase 
between the inner and middle area (+0.688, p=0.010) 
followed by a slight decrease between the middle and 
outer area (−0.152, p=0.424). Radial decrease of volu-
metric shrinkage was observed from inner to middle 
and middle to outer areas with no statistical signifi-
cance (−0.111, p=0.765 and −0.546, p=0.038, respective-
ly). The factors that contribute to transverse shrinkage 
might vary depending on the anatomical structure and 
its variation within each species (Yamashita et al. 2009). 
The same authors reported that the radial trends 
of  tangential shrinkage were different among sugi 
(Cryptomeria japonica) cultivars, while the radial shrink-
age increased in all cultivars. Kaburagi (1956) reported 
that volumetric shrinkage was greater in the outer stem 
of Larix, Abies, and Pinus, as well as in the inner stem 
of Fraxinus, Populus, and Picea. In Populus tremula, it was 
reported that tangential shrinkage was smallest near 
the pith and rather uniform, whereas radial shrinkage 
decreased at first and then increased strongly from pith 
to bark; maximum volume shrinkage was observed in 
the middle of the cross-section and minimum close to 
the pith (Kärki 2001).

The radial variations of bending strength, MOE, 
compression strength parallel to the grain, and Brinell 
hardness on cross section are summarized in Fig. 7, 
Fig. A3 and Fig A4. A slight radial decrease in bending 
strength, MOE, and Brinell hardness on cross section 
from pith to bark were observed (with differences 
from inner to outer areas of −0.937, p=0.101, −0.186, 
p=0.065, and −0.781, p=0.231, respectively). The radial 
increase was observed for compression strength paral-
lel to grain (+0.646, p=0.040). The radial variation of all 
mechanical properties above, from pith to bark, 
showed a bell shaped pattern with a slight increase 
between the inner and middle areas (+4.168, p=0.221, 
+0.475, p=0.229, +2.471, p=0.050 and +1.194, p=0.455, 
respectively) followed by a slight decrease between 
the middle and outer areas (−1.975, p=0.092, −1.825, 
p=0.060, −0.661, p=0.035 and −5.105, p=0.061, respec-
tively). There was no significant difference between 

any areas in all properties. Compression strength in 
radial and tangential direction, as well as Brinell hard-
ness on radial and tangential section, had the same bell 
shaped pattern of radial variations, from pith to bark, 
and insignificant statistical differences of the mechan-
ical properties as shown in Fig. 7. Regarding this in-
vestigation, bell shape pattern of radial variation was 
expected because bending strength, compression 
strength, and Brinell hardness showed a high positive 
correlation with wood density.

4. Conclusions
The following results were obtained in the present 

study:
⇒ �Wood density of sycamore maple from Med-

vednica was similar to the findings from known 
literature, including shrinkages, except for the 
lower longitudinal shrinkage. Investigated me-
chanical properties of sycamore maple wood 
were similar to the findings from known litera-
ture, except for the lower bending strength and 
MOE.

⇒ �Investigated sycamore maple indicated better 
dimensional stability than beech wood from 
two locations in the region, although it did not 
match the beech wood regarding mechanical 
properties, especially wood hardness.

⇒ �There was a general bell shaped trend, in the 
radial direction, in wood density, and mechani-
cal properties of sycamore maple wood. Shrink-
ages decreased from pith to bark, except for 
tangential shrinkage with bell shaped increas-
ing pattern.

⇒ �There was a positive correlation between wood 
density, and radial, tangential and volumetric 
shrinkage, although longitudinal shrinkage was 
weakly negatively correlated with wood den-
sity. All investigated mechanical properties 
positively correlated with wood density, with a 
high correlation coefficient between properties, 
except for MOE. Annual ring width and densi-
ties correlated weekly.

⇒ �ANOVA indicates that there were no significant 
differences in wood density and mechanical 
properties, between inner, middle and outer ar-
eas of investigated sycamore maple wood, ex-
cept for the difference between the middle and 
outer areas in green density. Shrinkages showed 
different trends and various significant differ-
ences between radial areas.
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⇒ �This research enables the assessment of the 
wood quality for further processing of sycamore 
maple wood, especially for special wood prod-
ucts (musical instruments, marquetry, souve-
nirs, veneers, etc.) and better evaluation of syca-
more maple as a wood species.
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Appendix

Radial variations from pith to bark

Variations of investigated properties with radius 
(distance from the pith in the annual ring).

Fig. A1 Variations of a) annual ring width (ARW), b) oven dry density (r0), c) basic density (ry), and d) green density (rmax) from pith to bark 
(Each point represents the average of one 2 cm-thick samples except at annual ring width where it represents one annual ring; the solid lines 
show the LOESS smoothing for each property (Sedlar et al. 2019).)
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Fig. A2 Variations of a) longitudinal (bl), b) radial (br), c) tangential (bt), and d) volume (bV) shrinkage from pith to bark (Each point represents 
the average of one 2 cm-thick samples; the solid lines show the LOESS smoothing for each property (Sedlar et al. 2019).)
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Fig. A3 Variations of a) bending strength (sb), b) modulus of elasticity at bending (MOE), compression strength in c) longitudinal (sc L) and 
d) radial (sc R) direction; from pith to bark (Each point represents the average of one 2 cm-thick samples; the solid lines show the LOESS 
smoothing for each property.)
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Fig. A4 Variations of a) compression strength in tangential (sc T) direction, Brinell hardness on the b) cross (HBP), c) radial (HBR) and d) tan-
gential (HBT) section; from pith to bark (Each point represents the average of one 2 cm-thick samples; the solid lines show the LOESS smooth-
ing for each property.)
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