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Introduction

In forest ecosystems, rainwater may be intercepted by foliar 
or woody surfaces of trees. The characteristic of those 
surfaces then determines whether the rainwater is shed as 
throughfall or stemflow or retained as interception to be 
evaporated back to the atmosphere (Van Stan et al. 2016; 
Campellone et al. 2020). In general, the forest ecohydrolog-
ical research community has focused mainly on leaf-water 
interactions, with bark-water interactions remaining an 
understudied process in forest ecosystems (Van Stan et al. 
2021). Specifically for woody surfaces, bark physical and 
hydrologic properties determine the proportion of rainfall 
partitioned into stemflow. Tree bark has a complex chemi-
cal structure rich in extractives, polyphenolics and inor-
ganic materials (Baptista et al. 2013; Tonello et al. 2021a), 
as well as differences in physical and mechanical properties 
including density, hygroscopicity, and dimensional stability 
(e.g., shrinkage and swelling). These properties are highly 
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Abstract
In forest ecosystems, interception of rainwater on foliar and woody surfaces and the subsequent partitioning into stemflow 
is largely controlled by physical and hydrological properties of bark. Few forest ecohydrology studies have explored the 
role of bark properties (e.g., thickness, density) on bark water storage capacity and stemflow production. Even fewer 
have explored how different phases of water (e.g., liquid, vapor) may affect bark through bark swelling properties across 
the stem and how the degree of swelling affects tradeoffs between bark water storage and stemflow generation. Thus, 
the objective of this study was to analyze changes in a bark swelling index (BSI) vertically along stems of Picea abies 
(Norway spruce) after exposure to both water vapor and liquid water, as a function of tree age and bark moisture content. 
We found that tree age influenced BSI and bark moisture content, wherein BSI was ∼ 6.5% lower in older trees (70 years) 
compared to younger trees (35 and 50 years), and average moisture content was 10.4–13.2% lower. BSI increased when 
bark was exposed to hygroscopic water vapor and reached maximum swelling after 1 day of water saturation. BSI also 
increased from the base of the tree to 20–30% of total tree height, beyond which BSI remained relatively stable across all 
age classes. Enhanced understanding of bark swelling mechanisms as a result of stem position, age, and moisture content 
and exposure provide stronger foundations for understanding canopy hydrologic partitioning and the fate of rainwater 
moving through forest canopies.
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variable—not only among different tree species but also 
within individual species and even within individual trees 
(Ilek et al. 2021). Bark morphology, chemical composition 
and microscopic structure of bark determine its moisture 
absorption properties (Klügl and Di Pietro 2020). Bark 
porosity, as well as pore size distribution, plays a fundamen-
tal role in the absorption of moisture and rain. While large 
pores may absorb water quickly, water tends to be restricted 
to these pores. On the other hand, small pores absorb water 
through capillary action and can redistribute water within 
bark tissues. Under both of these scenarios, bark absorbs 
rainwater or environmental moisture, which leads to bark 
swelling (Raczkowski 1979) and change the stem diameter 
(Oberhuber et al. 2020).

Our current understanding of the role of bark in for-
est hydrology comes primarily from studies on bark sur-
face texture and thickness. For example, species with thin, 
smooth bark have lower water holding capacities and gener-
ate stemflow more quickly compared to species with thicker 
bark that absorb more water and generate very little stem-
flow (Alexander and Arthur 2010; Siegert and Levia 2014; 
Tonello et al. 2021a). Additional bark properties such as 
hygroscopicity and wettability have come under consider-
ation in recent years as key determinants in canopy water 
partitioning. In species with highly wettable bark there is a 
strong and positive correlation between bark absorbability 
and stemflow generation. In contrast, species with non-wet-
table bark displayed inverse relationships between absorb-
ability and stemflow generation (Tonello et al. 2021b). 
While these studies provide preliminary insight into the role 
of bark properties on bark water storage capacity (Valovà 
and Bieleszovà 2008; Ilek et al. 2021) and the stemflow pro-
duction (Livesley et al. 2014; Tonello et al. 2021a, b limited 
amount of research exists as to how rainwater or water vapor 
affect bark swelling and further, how the degree of swell-
ing or shrinkage of bark can subsequently affect tradeoffs 
between bark water storage and stemflow generation. Most 
studies concerning the sorption behavior of bark focused on 
the influence of the addition of bark material to the proper-
ties of wooden particleboards (e.g., Standke and Schneider 
1981; Holmberg et al. 2016) or the influence of shrinkage/
swelling of the inner bark and xylem on daily stem diameter 
variations (e.g., Sevanto et al. 2011; Zweifel 2016).

Moreover, little work has focused on determining verti-
cal variability in bark’s physical and hydrological proper-
ties (e.g., Levia and Wubbena 2006; Ilek et al. 2021), and 
to the best of our knowledge, no study to date has been 
conducted on the swelling properties of bark depending on 
bark location on the stem, tree age and bark moisture con-
tent. Therefore, in our research, we focused on the potential 
ability of Norway spruce bark (containing both outer and 
inner bark) to swell under the influence of both water vapor 

from saturated air and liquid water, expressed in terms of 
the bark swelling index. Consideration of outer bark, inner 
bark, and both components as a whole are important to our 
understanding of bark water relations. While the outer bark 
serves primarily as a barrier between the living tree and 
the external environment (Biggs 1992; Klügl and Di Pietro 
2020), it has greater water storage capacity and more vari-
able structural characteristics (Ilek et al. 2021) compared 
to living inner bark whose primary function in transloca-
tion of photosynethic products. Together, the outer bark and 
inner bark provide a complex and multifunctional system 
(Eberhardt 2013). As such, our research objectives are (1) 
to determine the vertical variation of bark swelling index 
at different levels of bark moisture content and (2) to deter-
mine the influence of tree age on the vertical variation of 
bark swelling index-bark moisture content relations. Better 
recognition of the bark swelling phenomenon will enhance 
the current understanding of species-specific behavior in 
response to contact with rainwater or water vapor and may 
be helpful in ecohydrological and physiological studies. 
Understanding the swelling and shrinking of the bark also 
has practical importance when measuring the diameter at 
breast height of the trees and in fact, importance for estimat-
ing wood volume that could be extracted from trees or logs.

Materials and methods

Study site and bark samples collection

Bark samples including outer and inner bark were col-
lected during the 2020 growing season from three Norway 
spruce stands differing in age, i.e. 35, 50 and 70 years old, 
located in western Poland within the State Forests (Lwówek 
Śląski District, Gradówek Subdistrict), elevation ∼ 355 m 
asl (Fig. 1a; Table 1). The study site is situated in a tem-
perate climate area, where the average annual temperature 
is 8℃, and the average annual precipitation is ∼ 600 mm 
(www.bdl.lasy.gov.pl/portal/mapy). In each stand, we ran-
domly selected three representative trees (Table 1) that were 
free of lichen and beetles, both of which can influence bark 
hydrology. We felled each tree and segmented the stem into 
11 equally divided sections based on 0.0, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 of tree height, where 0.0 and 
1.0 are the bottom and the top of given tree, respectively 
(Fig. 1b). Rectangular bark samples were collected using 
a chisel, knife and hammer from each location along the 
stem (11 samples per tree, 33 samples per stand, and 99 bark 
samples in total).
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Bark swelling index measurements

A bark-swelling index was calculated to assess the tem-
poral degree of change in bark area relative to bark water 
sorption as follows. Bark samples were first air-dried in the 
laboratory and then measured for the thickness of outer and 
total bark using a digital calliper and calculated the outer 
to total bark thickness ratio. Next, bark samples were cut 
into segments 1.0 cm wide using a band saw. The cross-
sections of each segment were smoothed with sandpaper 
and cleaned of sawdust with a brush, and then we used two 
bark pieces per location on the stem to analyze bark swell-
ing properties after different times of water contact with 
bark (22 bark samples per tree, 66 samples per stand, and 
198 samples in total). The prepared, air-dried samples were 

first weighed with an accuracy of 0.01 g, and then scans of 
cross-sections of the bark samples were made at a resolu-
tion of 600 dpi using SigmaScan Pro.5 software (FLATBED 
SCANNER A3 2400 S). For each sample, a scan of one 
cross-section was completed. Next, all bark samples were 
placed in desiccators partially filled with water, where rela-
tive air humidity was close to 100%. We kept bark samples 
in desiccators, recording change in mass every two days 
until reaching a constant mass and maximum hygroscopic-
ity (Ilek et al. 2016). Next, we rescanned the bark samples 
(Fig. 2). Then bark samples were placed in containers with 
water and entirely immersed by covering the samples of the 
bark floating on the water surface with cotton material. The 
samples were taken out of the water after 1 h, 1 day, 2 days, 
and 7 days from their immersion in water, and each time 

Table 1 Characteristics of Norway spruce stands and trees from which bark samples were collected
Norway spruce stand Location Tree age 

(years)
Number of trees felled Tree height range (m) Diameter at breast height range (cm)

I 51.0839°N
15.4781°E

35 3 14.5–17.5 11.0–15.5

II 51.0864°N
15.4785°E

50 3 20.0–24.2 22.0–23.4

III 51.0866°N
15.4763°E

70 3 29.8–32.0 34.0 – 35.5

Fig. 1 Location of the bark samples collection site in western Poland (a) and locations of bark samples collection along the felled stem of the 
Norway spruce tree (b)
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to the initial dry area A0. The greater the value of BSI, the 
greater the swelling of the bark in relation to the initial dry 
area A0 (Fig. 2).

In total, we measured 1188 cross sectional areas of Nor-
way spruce bark samples (198 measurements for dry bark 
and 990 measurements after the contact of bark samples 
with water vapor or liquid water).

Statistical analysis

We performed the statistical analysis and associated graph-
ics using Statistica 13.3 PL software (StatSoft Inc.). Data 
were checked for normality using the Shapiro-Wilk test and 
were found to be non-parametric. Therefore, we used Krus-
kal-Wallis to test for significant differences in thickness, the 
ratio of outer to total bark thickness, bark swelling index 
and moisture content between stem locations, tree ages, and 
bark hydration as a function of tree age, stem height, and 
time exposure to moisture. We adopt a general linear model 
(GLM) to investigate the effect of the location on the stem, 
tree age, and bark hydration on bark swelling index. All 
tests were performed at a significance level of 0.05.

Results

Both bark thickness and the ratio of outer to total bark thick-
ness decreased with stem height (Table 2). The thickness 
of Norway spruce bark ranged from 0.05 to 0.98 cm (on 

the samples were weighed, and their cross-sections were 
scanned (Fig. 2). Excess water was removed from bark sur-
faces using a damp paper towel before measuring sample 
mass and scanning.

We calculated the bark moisture content MC (%) after 
initial water vapor absorption and then after each soaking 
time according to equation:

MCx =

(
Mx −Mdry

Mdry

)
• 100 (1)

where M is the mass of bark sample, and x is the given time 
of contact of the bark with water (1 h, 1d, 2d or 7d) or the 
state of filling the bark with water vapor (SH).

The swelling of each bark sample was computed using a 
bark swelling index BSI which considers the irregular plate–
fissure bark morphology, i.e., cracks and cavities. The BSI 
determination consisted of (1) measuring the initial cross-
section area for individual dry bark samples (A0), (2) mea-
suring the cross-section area for individual bark samples 
after the absorption of water vapor from saturated air (ASH) 
and after the given soaking time (A1h, A1d, A2d, A7d), and (3) 
calculating the BSI according to the formula:

BSIx = Ax/A0 (2)

The minimum value that BSI can reach is 1.0, indicating 
bark did not swell and that the cross-sectional area mea-
sured after contact with water or water vapor was equal 

Fig. 2 3-stages scheme of bark 
swelling index (BSI) determina-
tion. Stage I shows scans of the 
cross-section of bark sample in 
different states of bark hydration, 
i.e., air-dried bark (0), after satu-
ration of bark with hygroscopic 
water (SH), and after immersion 
of bark in water by 1 h, 1 day, 
2 days, and 7 days. Stage II is 
the cross-section area measure-
ments (A) in the given state of 
bark hydration. Stage III is the 
bark swelling index calculation 
procedure based on the cross-
section area, where x is the given 
time of contact of the bark with 
water (1 h, 1d, 2d, 7d) or the state 
of filling the bark with water 
vapor (SH).
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average 0.23 ± 0.01 cm), while the outer to total bark thick-
ness ratio ranged from 0.10 to 0.70 (on average 0.43 ± 0.01). 
The bark thickness of 70 year old trees was 58.2 and 45.2% 
higher than 35 and 50 years old trees (p < 0.001), respec-
tively. Similarly, the outer to total bark thickness ratio of 
oldest trees was 29.1% higher than younger trees (p < 0.001) 
(Fig. 3). Although bark thickness differed significantly 
between 35 and 50 years old trees (p < 0.001), we did not 
observe differences in the ratio of outer to total bark thick-
ness between these two age groups (p > 0.05, Fig. 3). Across 
all ages of trees, bark thickness decreased from the bottom 
(0.0) to the top (1.0) of trees (Table 2). Outer to total bark 
thickness exhibited a consistent decline with height across 
all age trees with an average decline of ∼ 30%, but the most 
distinct variation between stem sections were observed in 
the oldest trees (Table 1).

Regardless of tree age and location on the stem, BSI of all 
examined bark samples ranged from 1.00 to 2.03 (on aver-
age 1.44 ± 0.01), while the bark moisture content ranged 
from 21.7 to 270.0% (on average 117.1 ± 2.0%). The BSI of 
the oldest trees was ∼ 6.5% lower than that of younger trees, 
i.e., 35 and 50 years old (p < 0.001) (Fig. 4a). Similarly, the 
average moisture content of bark collected from oldest trees 
was 13.2% and 10.4% lower than those collected from 35 
(p = 0.003) and 50 years old trees (p = 0.009), respectively 
(Fig. 4b).

The contact of bark with water vapor or liquid water 
significantly affected the BSI (Fig. 5a) and bark moisture 
content (Fig. 5b). During initial exposure to water vapor, 
bark hygroscopicity ranged from 21.7 to 40.4% (on aver-
age 28.5 ± 0.3%). BSI in this bark moisture content range 
was 1.20 ± 0.01 (Fig. 5). The greatest changes in BSI were 
observed after 1 h and 1 day of bark saturation, beyond 
this time frame BSI did not change (Fig. 5a), although bark 
moisture content continued to increase significantly with 

Table 2 Summary of average and standard error of bark thickness and outer to total bark thickness ratio depending on tree age and bark location on 
the stem. Different letters within a vertical column indicate statistical differences in bark thickness and outer to total bark thickness ration between 
stem locations within a single tree age (Kruskal-Wallis test, p < 0.05)
Variable Thickness (cm) Outer to total bark thickness ratio
Tree age (years) 35 50 70 35 50 70
Location on the stem Mean ± Std error Mean ± Std error
0.0 0.41 ± 0.02a 0.46 ± 0.03a 0.79 ± 0.05a 0.53 ± 0.02a 0.47 ± 0.03a 0.56 ± 0.03abcd

0.1 0.20 ± 0.01ab 0.26 ± 0.01ab 0.55 ± 0.02ab 0.43 ± 0.03ab 0.47 ± 0.02a 0.60 ± 0.03ab

0.2 0.15 ± 0.01abc 0.19 ± 0.01bc 0.35 ± 0.02bc 0.41 ± 0.03bc 0.36 ± 0.03bc 0.63 ± 0.02a

0.3 0.13 ± 0.01c 0.18 ± 0.01cd 0.34 ± 0.01cd 0.39 ± 0.03bc 0.37 ± 0.03bc 0.61 ± 0.02ab

0.4 0.13 ± 0.01bc 0.18 ± 0.01cd 0.35 ± 0.01cd 0.36 ± 0.01cd 0.42 ± 0.04ab 0.62 ± 0.03a

0.5 0.12 ± 0.01cd 0.17 ± 0.02cde 0.33 ± 0.02cde 0.38 ± 0.01bc 0.37 ± 0.02bc 0.58 ± 0.02abc

0.6 0.11 ± 0.01de 0.15 ± 0.02cde 0.31 ± 0.03cde 0.34 ± 0.03cde 0.36 ± 0.01bc 0.53 ± 0.03bd

0.7 0.10 ± 0.01de 0.15 ± 0.02cde 0.29 ± 0.01cde 0.32 ± 0.02de 0.36 ± 0.03bc 0.50 ± 0.04cdf

0.8 0.10 ± 0.01e 0.14 ± 0.02def 0.27 ± 0.01def 0.31 ± 0.02de 0.33 ± 0.02c 0.48 ± 0.04def

0.9 0.08 ± 0.01e 0.12 ± 0.01ef 0.16 ± 0.01ef 0.25 ± 0.04e 0.36 ± 0.04bc 0.38 ± 0.02e

1.0 0.08 ± 0.01e 0.10 ± 0.01f 0.11 ± 0.01f 0.38 ± 0.04bcd 0.33 ± 0.02c 0.39 ± 0.03ef

Fig. 3 Variability of bark thickness and outer to total bark thickness 
ratio for all examined bark samples (regardless of bark location on the 
stem) depends on Norway spruce trees’ age. Different letters indicate 
significant differences in bark thickness (red letters) and outer to total 
bark thickness ratio (black letters) between tree ages determined using 
the Kruskal-Wallis test (p < 0.05)
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sections, with BSI displaying a slight decrease in the upper-
most tree section (Fig. 7a and b). Similar trends were also 
observed for BSI when taking into account age of trees and 
bark hydration (Fig. 8). The GLM analysis confirmed the 
influence of tree age and stem location on the BSI in the 
particular state of bark hydration (Table 3).

BSI was inversely correlated with bark thickness, where 
thicker bark resulted in lower BSI values. This relationship 
was stronger after 7 days of submersion (BSI7d) compared 
to after initial hygroscopic wetting (BSISH) (Fig. 9). Inter-
estingly, in the case of the thickest bark with a large pro-
portion of outer bark at lower stem heights (Table 2), the 
differences between BSISH and BSI7d were not so clear. The 
greatest differences between these indices were observed in 

each time interval, reaching a maximum after 7 days of 
immersion (Fig. 5b). In combination, BSI and bark moisture 
content exhibited a strong positive relationship (Fig. 5c).

We observed some influence of tree age on the BSI and 
MC in each state of bark hydration. In most states of bark 
hydration, BSI and MC from the 70 year old trees were sig-
nificantly lower than BSI and MC of bark collected from 
younger trees, i.e., 35 and 50 years old (Fig. 6a and b).

Regardless of the time of bark saturation and tree age, 
average BSI was significantly lower in the bottom (0.0) 
and at 0.1 stem height than in the upper parts of the trees 
(Fig. 7a). The moisture content of bark collected from the 
lowest tree section was 36.4% lower than in the upper 
parts of the trees (Fig. 7b). Marginally more variability was 
observed in BSI compared to moisture content in upper tree 

Fig. 5 (a) Variability of bark swelling index (BSI) and (b) bark mois-
ture content (MC) reached after bark saturation with hygroscopic water 
(SH) and liquid water after immersion bark samples in water from 1 h 
to 7 days, and (c) correlation between the bark swelling index and bark 

moisture content. Different letters indicate significant differences in 
BSI and MC between the time of bark saturation determined using the 
Kruskal-Wallis test (p < 0.05)

 

Fig. 4 (a)Variability of bark 
swelling index (BSI) and (b) bark 
moisture content (MC) depend-
ing on tree age. Different letters 
indicate significant differences in 
BSI and MC between tree ages 
determined using the Kruskal-
Wallis test (p < 0.05)
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of the leaves to every organ of the plant, and part of the 
water stored in the plant tissues during the night is then lost, 
allowing the plant to respond rapidly to changes in atmo-
spheric demand, and diurnal diameter changes occur in 
every water-storing organ of the plant. However, some stud-
ies indicate that daily growth may be obscured by changes 
caused by elastic bark and xylem shrinkage/swelling dur-
ing the day and night (Chan et al. 2015; Zweifel 2016). 
Moreover, since the outer bark is a highly hygroscopic tis-
sue (Ilek et al. 2016), diurnal diameter changes are likely 
also responding to relative air humidity. For Norway spruce 
trees, Gall et al. (2002) found that diurnal changes in bark 

stem sections with thinner bark which also had a smaller 
ratio of outer to total bark thickness(Fig. 9; Table 2).

Discussion

In environmental research, high-resolution dendrometers 
are frequently applied to determine environmental factors 
of stem radial increment and daily stem diameter variations 
(Oberhuber et al. 2020). According to Fernández and Cue-
vas (2010) when transpiration begins at the morning, a ten-
sion is created in the xylem from the evaporative surface 

Fig. 7 Variability of (A) bark swelling index BSI and (B) bark moisture content depending on location of bark on the stem. Different letters indicate 
significant differences in BSI and MC between particular locations on the stem determined using the Kruskal-Wallis test (p < 0.05)

 

Fig. 6 (a) Variability of bark 
swelling index (BSI) and (b) 
bark moisture content (MC) 
reached after bark saturation 
with hygroscopic water (SH) 
and liquid water after immersion 
bark samples in water from 1 h 
to 7 days, depending on tree age 
(mean ± SE). Different letters 
indicate significant differences in 
BSI and MC between tree ages 
in the particular state of bark 
hydration determined using the 
Kruskal-Wallis test (p < 0.05)
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Table 3 General linear model analysis for bark swelling index determined for given time of bark saturation (1 h, 1d, 2d, 7d) and hygroscopicity 
(SH). Significance effect (p < 0.05) are shown in bold
Bark hydration Tree age Stem location Tree age x stem location

F p F p F p
SH 10.87 0.000 5.16 0.000 1.06 0.398
1 h 46.89 0.000 21.67 0.000 1.61 0.056
1d 12.93 0.000 18.10 0.000 1.21 0.248
2d 13.65 0.000 18.01 0.000 1.15 0.309
7d 9.64 0.000 15.73 0.000 1.08 0.378

Fig. 9 Relations between the bark 
swelling index (BSI) achieved in 
contact with hygroscopic water 
(BSISH) and liquid water after 7 
days of bark saturation (BSI7d) 
and bark thickness (T)

 

Fig. 8 Vertical variation of bark swelling index (BSI) depending on tree age and bark hydration (mean ± SE). BSI has been determined after bark 
saturation with hygroscopic water (SH) and liquid water after immersion bark samples in water from 1 h to 7 days
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(2005) investigated bark swelling – temperature relation-
ship for four tree species and showed that for Douglas-fir 
swelling is dependent on bark structure and age. However, 
according to Browning (1963), diversity of bark density 
and presence of hydrophobic extractives are probably the 
most important and decisive factors which influence on 
bark swelling properties, which likely manifest in older 
trees. This is supported by findings of Cardoso et al. (2018), 
who found greater concentrations of polar extractives in 
bark with trunk height of Pseudotsuga menziesii, as well as 
high variability of suberin content with bark age. Fritsch et 
al. (2022) observed interspecific variability in extractives, 
lignin, suberin, holocellulose, α-cellulose, hemicelluloses, 
and ash contents of bark between Abies alba, Pseudotsuga 
menziesii, and Picea abies. They also observed intraspecific 
variability within some species according to the position 
of the sample in the stem. For spruce bark, they found that 
the extractives content of bark ranged from 8.6 to 17.4% 
and tended to increase from the bottom to the top of the 
stem. However, bark sampled in the middle of tree trunks 
presented more variable values, while suberin, lignin, and 
holocellulose content decreased with increasing tree height. 
Taken together, the results of this study and others suggest 
that the variability in the chemical composition of bark 
along with the variation in bark thickness properties, leads 
to variation in BSI across stem position and tree age.

Bark swelling is a direction-depending phenomenon that 
is influenced by the structural properties of the bark. Bark 
swelling can occur in three different directions (longitudi-
nal, radial, and tangential), and each one has its physical 
features (Raczkowski 1979). Longitudinal swelling occurs 
in an up/down direction, radial swelling occurs perpen-
dicular to the growth of tree rings, and tangential swelling 
occurs parallel to the growth of tree rings. We measured 
the potential swelling ability of Norway spruce bark under 
the influence of liquid water and water vapor depending on 
the bark location on the stem and tree age. We measured 
these abilities using the bark swelling index, which takes 
into account cracks and cavities of bark and measures the 
radial and tangential dimensions of swelling by measuring 
changes in the cross-sectional area of the bark. For the bark 
of six tree species (Pinus sylvestris, Larix decidua, Robinia 
pseudoacacia, Populus alba, Salix alba, Quercus robur, 
and Betula pendula), Raczkowski (1979) found the highest 
values of swelling pressure appear in a tangential direction, 
while lowest ones in a longitudinal direction. Swelling pres-
sure in a radial direction was intermediate. Despite this, our 
measurements may have some errors as the swelling was 
measured on samples of bark detached from adjacent bark 
and wood in natural conditions. When the bark is intact on 
the tree, expansion and contraction with varying moisture 
content may be restrained by the bark fibers’ interwoven 

thickness corresponded with relative air humidity but not 
with changes in tree water status. Thus, the knowledge of 
the bark swelling index and bark moisture content relation 
may be helpful in ecophysiological studies.

In this study, we demonstrated that hygroscopic water 
contributed to an increase of BSI. This confirms that the 
bark is sensitive to water vapor and relatively high BSI val-
ues obtained in contact with hygroscopic water indicate that 
changes in air humidity may affect the daily stem diameter 
variations, caused by the swelling and shrinking of the bark. 
Interestingly, we observed a slight decrease in BSI at higher 
levels of the tree stem. This height coincided with sections 
where the ratio of outer bark thickness to total thickness 
was greatest, suggesting that outer bark may have a lower 
swelling capacity compared to sections of bark with pro-
portionally more inner bark. Outer bark has been shown to 
have a higher density than inner bark (Meyer et al. 1981), 
leading to lower total pore volume and a smaller capacity 
to hold water. Chemical properties between outer bark and 
inner bark also differ. For example, Standke and Schneider 
(1981) found that the outer bark of birch and poplar was 
less hygroscopic than the inner bark, probably due to a high 
suberin content, thus leading to a reduced ability to absorb 
water and water vapor from external sources.

With regards to temporal changes, we observed rapid 
changes in BSI during the first 24 h of bark saturation (espe-
cially during the first hour).with no significant changes in 
BSI occurring after this time. Raczkowski (1979) found 
that pine bark in water reaches its maximum swelling after 
about 100 h of soaking indicating that temporal bark swell-
ing properties may be a tree species dependent phenomena.

With regards to vertical variation in BSI, we observed 
an increase in BSI with stem height in lower stem sec-
tions. This may be attributed to the rapid decrease in bark 
thickness at the base of the tree up to approximately breast 
height, especially in 35 and 50 years old trees. BSI remained 
relatively constant in the middle section of the stem of 
younger trees then decreased in the highest sections of trees, 
reaching the minimum at the top of the tree. Interestingly, in 
the top part of the trees, BSI had similar values regardless 
of age. Tree bark is very thin at the top of trees (Musić et 
al. 2019), so variability in bark thickness across ages was 
minimal and as a result so was BSI. The greatest differences 
in BSI between younger and older (70 years old) trees was 
observed throughout the middle sections of the stems. These 
differences probably were caused by the overall greater bark 
thickness and the higher ratio of outer to total bark thickness 
in 70 years old trees than in younger trees. The decreas-
ing trend in BSI reached after contact of bark with liquid 
water when bark thickness and outer to total bark thickness 
ratio increase (Fig. 9) indicates that those two factors have 
a strong influence on bark swelling properties. Butler et al. 
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