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» Seasonal variation in moisture content is significant, the greatest moisture content of wood
was recorded in winter, and the lowest in summer.

» The greatest moisture content on cross-section was observed near to the pith, and lower
values near to the bark.

»  From environmental perspective results of this study may have an impact for log transport
planning, weight-scaling systems, lumber drying.

Silver birch (Betula pendula Roth) is classified in diffuse-porous wood category. In this case
structure of wood tissue is quite similar across whole cross-sectional area. The aim of this study
was to analyse cross-section variability of moisture content (MC) of growing silver birch wood,
significant hardwood species in Polish forests. Investigations were performed on 120 model trees.
In the trunk of each model tree, an increment core was collected at breast height. Samples were
collected of 30 different trees in four different seasons. The greatest MC was observed during
winter, lowest MC in summer. Differences in MC were statistically significant only between
winter versus spring, summer, and autumn. Distribution of MC on cross-section was similar in
each season. The greatest average value was observed close to pith, then it was decreasing in bark
direction. The greatest difference between observed in spring — 19.51% (p<0.05) and lowest in
autumn — 4.66%. Distribution of green density (GD) on cross section was inverse proportional
to MC value. Variations in GD and MC are relevant for log transport planning, weight-scaling
systems, lumber drying and dynamic assessment of stiffness. Therefore, from an environmental
loss perspective, it is important to determine changes in MC and GD across the year.
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1 Introduction

Silver birch (Betula pendula Roth) occurs in boreal areas throughout Europe, and is the most
widespread deciduous species in northern Europe. Its climate optimum is located in the humid
and cool climate of the Baltic region, where birch creates solid stands. It accounts for the largest
proportion of total volume of growing stock in the Baltic countries (28% in Latvia, 22% in Esto-
nia, 17% in Lithuania). In Belarus (24%) silver birch is also widespread tree species (Hynynen
et al. 2010). In Poland, it occupies 6% of forest area (Statistical Yearbook of Forestry in Poland
2018). Silver birch is characterized by high productivity and rapid growth. It is a preferred species
for the afforestation of abandoned farmlands (Puchniarski and Sobania 2016; Surminski 1979).
In good climate conditions, birch can grow to 20—30 meters in height and to 80 cm diameter at
breast height (Puchniarski and Sobania 2016). Birch wood contains high-calorie substances which
make it easier to burn (Surminski 1979). High-quality birch wood is used in the plywood industry;
moreover, wood of small dimensions is used in the cellulose industry and for firewood (Liepins
and Rieksts-Riekstins 2013).

Radial variations of wood properties (including density) have been widely studied (Dobrow-
olska et al. 2020; Herdjarvi 2004; Tomczak et al. 2018). Typical radial patterns of changes in the
functional or material properties of wood vary mainly between species (Longuetaud et al. 2017;
Lehnebach et al. 2019). However, some radial trends may be strongly modified by changing growth
conditions for the same species ( Liepin$ and Rieksts-Riekstin§ 2013; Moéttonen and Luostarinen
2006).

Birch wood is classified as diffuse-porous. In this case, the structure of the wood tissue
is quite similar across the whole cross-sectional area. However, the correlation between annual
ring width and wood density is negative (Liepin$ and Rieksts-Riekstins 2013; Giagli et al. 2019),
similar to coniferous species. Additionally, radial variation of density is also comparable to that of
coniferous species. Herdjarvi (2004) examined the variation of basic density within the stem of two
species of birch with different vertical locations. In both cases he found that the density increased
from the pith to the bark. Similar results are presented in literature (Helinska-Raczkowska 1996;
Fedyukov et al. 2020; Jakubowski et al. 2020).

In the tree trunk, the wood around the pith is defined as juvenile. The width of juvenile
wood is influenced by many factors, such as site quality, species, tree growth rate, location and
other environmental factors (Kocon 1991; Abdel-Gadir and Krahmer 1993; Helinska-Raczkowska
and Fabisiak 1995; Bowyer et al. 2003; Csoka et al. 2005; Alteyrac et al. 2006; Pazdrowski et al.
2005; Tomczak et al. 2007; Pazdrowski et al. 2010). Usually it is from several to several dozen
annual rings. Juvenile wood is formed under the strong regulatory (auxin) influence of the active
living crown, where growth hormones, particularly indole-3-acetic acid (IAA), are synthesized
(Savidge 2001). For this reason, juvenile wood is often called crown-formed wood (Paul 1957).
In older trees the concentration of [AA in the bottom part of the tree trunk is lower than in the top
part, and mature wood is formed (Kucera 2007). Compared with mature wood, juvenile wood has
lower holocellulose and alpha cellulose content, higher lignin and hemicellulose content, smaller,
shorter tracheids with thinner walls, and larger microfibril angles. It also has lower tangential
and higher longitudinal shrinkage, and poorer strength properties (Zobel and Sprague 1998). In
silver birch stems, juvenile wood is located from the pith to the 10—15th annual ring (Bonham
and Barnett 2001) or to the 25th ring (Dobrowolska et al. 2020). Compared with mature wood,
the density of juvenile wood is lower by approximately 50-100 kg m—3 (Fedyukov et al. 2020;
Liepins$ and Liepins 2017).

Green density is strongly correlated with moisture content (MC). First of all, an increase in
the moisture content causes an increase in the green density of the wood. More porous wood with a
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lower dry density can store more water, and vice versa (Helinska-Raczkowska 1996; Fromm et al.
2001; Dahlen et al. 2020). For this reason, moisture content and thus the green density of wood vary
within the tree (from pith to bark and from stem to crown) (Cinotti 1989; Millers 2013; Tomczak
et al. 2018). In case of Scots pine (Pinus sylvestris L.) differences of moisture content distribution
on cross-section of the trunk between heartwood and sapwood are statistically significant (Millers
2013). In sessile oak (Quercus petraea (Matt.) Liebl.) moisture content is high as it is the case in
non-heartwood species, Tomczak et al. (2018) found that in case of sessile oak difference between
sapwood and heartwood is similar.

Another interesting phenomenon is the seasonal variation in moisture content. Pallardy
(2008) states that the water content decreases during the summer to a minimum just before leaf
fall, and then increases during the autumn after leaf fall reduces transpiration. Beedlow et al. (2017)
reported that in Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) trees the maximum relative
water content occurred in mid-summer, and the minimum in winter. Markstorm and Hann (1957)
obtained different results: they found that the moisture content of the outer and inner sapwood
for the Douglas fir, Lodgepole pine (Pinus contorta Douglas ex Loudon) and Engelmann spruce
(Picea engelmannii Parry ex Engelm.) was highest during the winter. Clark and Gibbs (1957) pre-
sented seasonal changes in moisture content for selected diffuse-porous species growing in Eastern
Canada. For example, yellow birch (Betula alleghaniensis Britton) and European aspen (Populus
tremula L.) attained a maximum water content in spring and a minimum in autumn. Janiczek and
Bobrowski (1952) presented similar results for European beech (Fagus sylvatica L.). In this case the
maximum moisture content occurred in March, and the minimum in July and August. Additionally,
seasonal changes in moisture content depend on geographical factors and within-stem variability.
The moisture content of softwoods is subject to smaller variation than that of hardwoods species
(Beedlow et al. 2017; Shottafer and Brackley 1982).

The aim of this study was to analyse cross-section variability of the moisture content of
growing silver birch wood, a significant hardwood in Polish forests. Research was carried out in
four different seasons. We proposed the hypothesis that the seasonal variation in the moisture con-
tent would be significant. Additionally, silver birch is a non-heartwood species, and for this reason
moisture content variations will be modified by within-stem wood variability (juvenile wood vs.
mature wood). The analyses were conducted in a selected area, and the trees were of a specific
age; for this reason, alongside moisture content, oven dry density also needed to be determined
and characterized.

2 Materials and methods
2.1 Site selection, preparation of model trees and samples labelling

The study was performed in a birch stand located at alder forest site type (I — site index) in north-
western Poland (geographical coordinates: 54°01'N, 14°49°E). The age of the stand was 50 years.
Diameter of all measured trees at breast height outside bark (DBH) ranged from 16 to 38 cm with
average DBH — 25 cm. The average height of the trees was 23 m (www.bdl.lasy.gov.pl; accessed
20 December 2020). A total of 200 model trees were measured, and among these, 120 model trees
were chosen by the Draudt method (Grochowski 1973). Diameters of measured trees were attributed
to 3 thickness classes, and Draudt coefficient (C) was calculated by using Eq. 1. Draudt coefficient
was 0.6. In the next step, the number of trees obtained in each thickness class was multiplied by
the calculated factor of 0.6, resulting in the following for each thickness class representing the
number of model trees. In the trunk of each model tree, an increment core was collected at breast
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Fig. 1. Increments cores were drilled by Pressler drill at the breast high of silver birch model
trees to study radial gradient of moisture content and green density. Increments cores were
divided into samples with 2 cm length and 5.15 mm diameter, each was representing a different
part of the stem cross-section. The first sample was located 0.5 cm from the pith (1) — juvenile
wood (JW). Two other sections represented mature wood. The last section (3) was collected
close to the surface of the trunk 0.5 cm from bark — outer mature wood (OMW). Third sample
(2) was harvested from the middle of drilling core — inner mature wood (IMW). Between each
sample was minimum 1 cm space.

height using an increment borer (Fig. 1). Samples were collected in four different seasons and
phenological states (Table 1). In each period samples were collected from 30 different trees.

C=N/N M

where:
C — Draudt coefficient; N’ — amount of model trees N — amount of all measured trees.

Table 1. Date of samples collection and phenological state of silver
birch trees during each season to study radial gradient of moisture
content and green denisty.

Season Date Phenological state
Spring 27th May Fully expanded leaves
Summer 25th August End of fruit development
Autumn 3rd November Dormancy
Winter 7th March Bud development
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2.2 Measurement of wood properties

After labelling, properties of green wood were measured on site immediately after the increment
cores had been collected. In the next step samples were weighed using an electronic scale accurate
to 0.01 g. In next step the volume of samples was measured according to dimensional method
suggested by Pérez-Harguindeguy et al. (2016). We measured length (L) of each samples using
calliper with an accuracy of 0.01 cm. Diameter (D) of each sample was specified according to
manufacturer details as 5.15 mm. Based on the measured length and diameter, the volume of each
sample was calculated using Eq. 2:

V =mx(0.5D)2xL (mm?) (2)

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

After measurements on fresh wood in field, all the samples were transported to the labora-
tory. In the laboratory, the samples were oven dried at 105 °C. Drying continued until a 0% of
water content and constant sample mass was reached. Next, samples were weighted and measured
in dried state. Based on all measured properties we specified fallowing wood properties: moisture
content (MC), green density (GD) and oven dry density (DD). GD was calculated using Eq. 3, and
DD using Eq. 4. Absolute moisture content was calculated using Eq. 5:

GD=mm/vf  (gcm3) 3)
DD=ms/vd  (gcm) 4)
MC =((mm—ms)/ms)x100 (%) (5)
where:

mm — mass of fresh sample; ms — mass of dry sample; v/ — volume of fresh sample; vd — volume
of dry sample.

2.3 Oven-dry density — compared wood samples collected during whole experiment

We observed significant Spearman’s correlation between moisture content and oven-dry density
of samples (—0.54). Oven-dry density (volume of dry matter) has an important influence on wood
MC — DD regulates how much water the wood can absorb (Tomczak et al. 2018; Pratt et al. 2007).
Therefore, in the first step we compared oven-dry density of wood samples collected during whole
experiment, to prove that wood samples labelling from 120 different trees in four seasons (30 trees
per season) was similar to each other And consequently, DD was not a factor in differentiating the
amount of water in the tested wood. Wood samples labelling from living trees in spring, winter
and autumn were characterized by similar oven-dry density results. The oven-dry density results
of wood samples collected from trees in summer was higher than for other seasons (Table 2).
However, the differences between wood samples collected in summer, spring and winter were not
statistically significant. We observed significant differences only in case of wood samples from
trees labelling in summer and autumn period.
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Table 2. Means of wood oven-dry density collected from silver birch living trees used to specify that wood material of
all tress was similar during each period of experiment [g cm™].

Season Means N Std. Dev.  Minimum Maximum Q25 Median Q75

Wood samples  Spring 0.576 90 0.078 0.389 0.759 0.512 0.576 0.637
from Summer  0.606 90 0.069 0.450 0.759 0.557 0.606 0.658
Autumn 0.575 90 0.052 0.464 0.702 0.543 0.569 0.607
Winter 0.574 90 0.067 0.397 0.706 0.522 0.594 0.626
Average 0.583 360 0.068 0.389 0.759 0.540 0.585 0.634

2.4 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 data between samples (independent observations) the non-
parametric Kruskal-Wallis test was performed, followed by a Dunn test for multiple comparisons
of means from each group of data. Statistical inference was performed at significance level a=0.05.
The program Statistica 13.1 (TIBCO Software Inc., Palo Alto, CA, USA) and the R package (R
Core Team, 2020) were used for the calculations.

3 Results
3.1 Moisture content and green density in different seasons

The greatest moisture content was observed during the winter season, and the lowest in summer.
In the case of green density, the value was also observed in winter. The lowest green density was
recorded in autumn (Table 3). Differences in moisture content were statistically significant only
between winter and spring, summer, and autumn. There were no significant differences between the
latter three seasons. Moreover we observed significant Spearman’s correlation between moisture
and DBH (-0.35) and green density (0.60). In the case of green density there were significant dif-

Table 3. Mean values of moisture content [%)] and green density [g m—3] measured from samples col-
lected from silver birch trees in four different seasons to study radial gradient of moisture content and
green density.

Season Means N Std. Dev.  Minimum Maximum Q25 Median Q75
MC! [%]

Spring 57.27 90 21.28 16.00 152.94 47.62 53.85 60.87
Summer 54.83 90 18.15 19.35 110.00 42.31 50.00 66.67
Autumn 54.87 90 13.97 26.92 95.24 45.45 54.17 65.22
Winter 81.65 90 18.45 34.62 136.84 69.23 78.71 91.30
Average 62.16 360 21.32 16.00 152.94 4791 59.09 73.38
GD2 [g em3)

Spring 0.894 90 0.090 0.681 1.125 0.829 0.899 0.957
Summer 0.931 90 0.097 0.685 1.263 0.869 0.918 0.976
Autumn 0.887 90 0.079 0.673 1.098 0.845 0.880 0.934
Winter 1.032 90 0.066 0.865 1.176 0.990 1.039 1.075
Average 0.936 360 0.102 0.673 1.263 0.865 0.928 1.009

I'MC — moisture content; 2GD — green density.
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ferences between summer and autumn, and also between winter and spring, summer, and autumn.
There were no significant differences between spring and autumn or summer (Supplementary
file S1: Table A1, available at https://doi.org/10.14214/sf.10545).

3.2 Distribution of examined properties on cross-section

The distribution of moisture content on a cross-section of the trunk was similar in each season.
The average value was observed close to the pith; then it decreased in the direction of the bark.
The greatest difference between JW and OMW samples (19.51%; p<0.05) was observed in spring,
and the smallest (4.66%) in autumn. As regards the average green density distribution, the value
of this feature was greatest close to the bark and decreased toward the pith in each season except
autumn. In autumn the lowest green density value was observed in middle samples (inner mature
wood). The greatest difference in average GD between juvenile wood and outer mature wood
samples (0.104 g cm3; p<0.05) was observed in spring, and the lowest (0.008 g cm~) in autumn
(Fig. 2; Fig. 3; Suppl. file S1: Table A2).

Spring Summer Autumn Winter

120+
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Moisture content [%]

B e L
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Fig. 2. Moisture content [%] changes on the cross-section (JW — juvenile wood; IMW — inner mature wood; OMW —
outer mature wood) of the silver birch trunk by seasons.
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Fig. 3. Green density [g cm~] changes on the cross-section (JW — juvenile wood; IMW — inner mature wood; OMW —
outer mature wood) of the silver birch trunk by seasons.

4 Discussion

Average moisture content in our study was 62%. The lowest MC was observed during summer,
although a quite similar result was recorded in autumn; the greatest MC was observed in winter. The
difference in moisture content between those seasons was about 27%, confirming that MC depends
on season (Janiczek and Bobrowicz 1952; Kubiak and Kosicki 1969; Beedlow et al. 2007; Millers
and Magaznieks 2012). During autumn, water in the trunk is transported more slowly, because
there is no photosynthesis or transpiration (Kopcewicz et al. 2012). Statistically significant differ-
ences were observed between winter and each other season. There were no significant differences
between the other seasons. According to Meinzer et al. (Meinzer et al. 2009), the xylem of species
with high wood density is less susceptible to cavitation and embolism in dry season.

In the case of MC distribution on a cross-section, the moisture content decreased in a direc-
tion from pith to bark in each season. The average MC of samples located near to the pith was
about 12.2% greater than that of samples near to the bark. This may be related to the wood density,
because high-density wood may accumulate less water than xylem of low density, as was also
confirmed by the density results (Pratt et al. 2007; Osunkoya et al. 2007). However, the size of the
differences varied between seasons. The greatest differences were observed in spring (19.51%)
and winter (17.18%), and the smallest in autumn (4.66%). Statistically significant differences were
identified only between the extreme samples (JW and OMW) in spring.

Average green density in our study was approximately 970 kg m3. This is higher than the
values for the GD of birch wood obtained by Wanin (1953) (878 kg m~3) and Wagenfiihr (1996)
(850 kg m3). Average green density in particular seasons ranged from 919 kg m=3 (spring) to
1069 kg m™3 (winter). Statistically significant differences were identified between autumn and
summer and between winter and the other seasons. Similar values of green wood density (no sta-
tistically significant differences) were recorded in spring and autumn and in spring and summer.
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The pattern of green density distribution was inverse than pattern of moisture content.
A similar phenomenon was reported by Helinska-Raczkowska (1996). Variability in the green
density distribution on a trunk cross-section in our study was similar in each season. Values of
this property increased from the pith to the bark in every season except autumn, when the green
density in middle samples was the lowest. These results are similar to those of Dobrowolska et al.
(2020), who measured the distribution of GD on a cross-section, and also found that green density
increased from pith to bark. Herdjarvi (2004) examined birch trees of a similar age and found
that basic density was lowest near to the pith, then increased in the direction of the bark, and then
decreased again near to the surface. Mottonen and Luostarinen (2006) compared the properties
of silver birch wood from natural forests and plantations in three seasons. They also observed an
increase in the basic density of the xylem from pith to surface. The reason for the lower density
near to the pith is the occurrence of juvenile wood. Liepins and Liepins (2017) and Fedyukov et
al. (2020) found the density of juvenile wood to be approximately 50100 kg m3 lower than that
of mature wood. In our study we also observed differences between JW and IMW and OMW. The
greatest variation between these wood types was observed in spring, and the smallest in autumn.

The moisture content and density of the wood properties of fresh-felled trees are similar to
the properties of wood samples of living trees. Variations are relevant in green density and moisture
content for log transport planning, weight-scaling systems, lumber drying and dynamic assessment
of stiffness (Chan et al. 2012). Observation and elimination of unnecessary timber transport can
reduce the cost of transporting wood (Rix 2014), as well as reducing fuel consumption (Kanzian
et al. 2016) and thus GHG (greenhouse gases) emissions and road accidents (Ktape¢ et al. 2017).
Therefore, from an environmental perspective, it is important to determine the changes in MC and
GD across the year.

The experiment was conducted only in one stand to determine the distributions on a cross-
section of the trunk in four different seasons of the year. However our results are consistent with
previous studies. Therefore, it can be predicted that in an older or younger stand, which will grow
on similar or different habitat the results would be comparable. However, this hypothesis needs
to be confirmed in further studies, covering not only trees of various ages in various stands, but
also from different site type. In each season we measured wood properties from 30 different trees
(120 total). The dimension of individual samples were not standardized, moreover samples were
characterized by small dimensions. This issue could cause errors in measurements, however this
method allowed the exact measurement of moisture and green density at the stem cross-section
without felling the trees. Selecting the research material in this way may have resulted in signifi-
cant differences in wood properties of individual trees between seasons. However, the results of
multiple comparison of wood oven dry density collected from all trees during experiment were
not statistically significant between wood samples collected in spring, summer or autumn. This
means that the studied wood samples drilled from living trees had similar volume of dry matter
and therefore oven-dry density did not have significant influence on moisture of examined trees
in these seasons. However, the difference between summer and autumn oven-dry density was sta-
tistically significant. These results may have an influence on comparisons only between these two
seasons; however, during analysis we did not record any significant correlations cases in moisture
content. Therefore, it didn’t have a significant impact on the main aim of this study — seasonal
differences of wood MC.
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5 Conclusions

The aim of this study was to analyse cross-section variability of the moisture content of grow-
ing silver birch wood and determine overall variability of MC in growing trees in four different
seasons of the year. The average moisture content for the whole year was established at 62.16%.
The highest moisture content was recorded in winter, and the lowest in summer. Average green
density was 970 kg m3, with the highest value in winter and the lowest in autumn. However we
observed statistically significant differences only in comparison between winter with rest three
seasons. These results partially support our hypothesis that the seasonal variation in the moisture
content would be significant. Moisture content is strongly correlated with green density, therefore
it is important to determine the changes of these properties across the year. The moisture content
and density of fresh-felled trees are similar to the properties of wood samples of living trees, there-
fore from environmental perspective these results may have an impact for log transport planning,
weight-scaling systems, lumber drying.

In the case of distribution of moisture content, the lowest MC was observed near to the
bark, and higher values near to the pith. The pattern of green density distribution was inverse than
pattern of moisture content. The greatest value was observed near to the bark, and the lowest was
found closest to the pith. We observed significant differences in spring, winter and summer in the
case of green density, and in winter and spring in the case of moisture content. The average differ-
ence between samples located juvenile wood zone was greater by app. 12% than in outer mature
wood, which was located near to bark. In comparison to heartwood species, especially confers,
this situation is exceptional.
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