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Abstract

Key message Hygroscopicity is a crucial element of bark water storage and can reach >60% of water holding capac-
ity of bark depending on tree species

Abstract Bark forms the outer layer of woody plants, and it is directly exposed to wetting during rainfall and reacts to changes
in relative humidity, i.e., it may exchange water with the atmosphere through absorption and desorption of water vapor. A
current paradigm of bark hydrology suggests that the maximum water storage of bark empties between precipitation events
and is principally controlled by bark thickness and roughness. We hypothesize that (1) the ability of bark to absorb water
vapor during non-rainfall periods (i.e., hygroscopicity) leads to partial saturation of bark tissues during dry periods that
may alter the rate of bark saturation during rainfall, and (2) the degree of bark saturation through hygroscopic water is a
function of internal bark structure, including porosity and density, that varies among species. To address these questions, we
conducted laboratory experiments to measure interspecific differences in bark physical structure as it relates to water storage
mechanisms among common tree species (hickory (Carya spp.), oak (Quercus spp.), sweetgum (Liquidambar styraciflua),
and loblolly pine (Pinus taeda)) in the southeastern United States. Furthermore, we considered how these properties changed
across total bark, outer bark, and inner bark. We found a distinct difference between hickory and oak, whereby hickory had
5.6% lower specific density, 31.1% higher bulk density, and 22.4% lower total porosity of outer bark resulting in higher
hygroscopicity compared to oaks. For all species, hygroscopicity increased linearly with bulk density (R*>=0.65-0.81) and
decreased linearly with total porosity (R>=0.64—0.88). Overall, bark hygroscopicity may constitute an average of 30% of
total bark water storage capacity. Therefore, in humid climates like those of the southeastern USA, the proportion of bark
that remains saturated during non-storm conditions should not be considered negligible.

Keywords Forest hydrology - Bark hygroscopicity - Outer bark - Total bark - Physical properties of bark

Introduction

Bark constitutes the outermost layer of stems, branches, and
roots of trees and shrubs, and plays very different functions
during the life cycle of woody plants. It separates underlying
living tissues from the atmosphere and in case of the bark
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of roots—from the soil matrix. Bark constitutes a defen-
sive barrier against pests, pathogens, and herbivores (Biggs
1992; Dossa et al. 2018). Bark also creates habitat for many
organisms, such as mosses, lichens or arthropods, and bark
properties like the texture, structure, pH or thickness often
determine the abundance and diversity of those organisms
(Nicolai 1986; Everhart et al. 2009). Many studies empha-
size the role of bark properties in the protection of trees
during fire events (Pinard and Huffman 1997; Bauer et al.
2010; Staver et al. 2020). Apart from the physical protection
of trees, bark also has important physiological functions,
like wound repair, photosynthesis, and storage of organic
compounds (Dossa et al. 2018). Since bark can absorb water
from the air and store liquid water from rainfall, stemflow,
dew, and fog, bark helps to protect trees from desiccation as
well (Romero 2014).
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Bark can be divided into the dead, outer bark and the
living, inner bark, which includes the secondary phloem,
the cortex, and the phelloderm, which is also called ‘active
bark’ (Feng et al. 2013; Rosell 2019). Anatomists often refer
to the inner bark as ‘phloem’ and the outer bark as ‘rhyti-
dome’ (Martin and Crist 2007). Outer and inner bark differ
significantly from each other, and from wood (i.e., sapwood,
heartwood) in terms of chemical composition, physical
properties, and anatomy, and morphological characteristics
(Pausas 2015). While inner bark contains physiologically
active tissues, and among others stores water and other
compounds, translocates photosynthates, and is a capacitor
of radial transfer of water from phloem into the xylem, the
outer bark is a layer of dead tissue and is primarily respon-
sible for reducing water loss, providing mechanical stability,
and protecting against stressful climate conditions and fire
(Martin and Crist 2007; Pausas 2015; Pfautsch et al. 2015;
Rosell et al. 2017).

The proportion between outer and inner bark may depend
on the location along the tree trunk and tree age (Krogell
et al. 2012). For example, in longleaf pine (Pinus palustris
Mill.), the outer bark thickness decreased with height up the
tree trunk while inner bark thickness was essentially con-
stant along the tree trunk, and thus the proportion between
outer and inner bark decreased from stump height to the top
of tree (Eberhardt 2012). In turn in pitch pine (Pinus rigida
Mill.), the share of outer bark to total bark increased from
27% at 5 years old to 91% at 50 years, while in sugar maple
(Acer saccharum Marsch.), the share of outer bark increased
from 50% at 60 years to 67% at an age close to 140 years old
(Spalt and Reifsnyder 1962). Analyzing the bark of 640 tree
species Rosell (2016) found that the inner bark tended to be
thicker in locations with higher mean temperature and with
less rainfall. Moreover, Rosell (2016) also stated that stem
diameter explained 72, 68 and 27% of the variation in total,
inner, and outer bark thickness, respectively.

The range of physical bark characteristics discussed above
acts in combination with rainfall characteristics to influence
the fate in incident precipitation moving through the forest
canopy (André et al. 2008; Germer et al. 2010; Van Stan and
Levia 2010; Siegert and Levia 2014). Whether rainwater is
absorbed into bark tissue or diverted to stemflow and through-
fall is a function of how much water the bark can store (i.e.,
bark water storage capacity). Depending on forest type and
climate, interception loss ranges from 10 to 50% (e.g., Llorens
etal. 1997; Bryant et al. 2005; Roth et al. 2007; Carlyle-Moses
and Gash 2011), wherein bark may even intercept more water
than leaves (Liu 1998; Llorens and Gallart 2000). Herwitz
(1985) found that in tropical rainforests, bark interception can
constitute more than 50% of total rainfall interception under
still-air conditions, whereas under turbulent conditions, bark
interception can constitute up to 80% of intercepted rainwa-
ter. Thus knowledge of bark water absorption properties is
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of importance in determining hydrologic inputs in forested
watersheds.

Since bark forms the outer layer of trees, it is directly
exposed not only to wetting during rainfall but also to atmos-
pheric water vapor during non-rainfall and reacts to the
changes in relative humidity and may exchange water with
the atmosphere through both absorption and desorption. This
process describes bark hygroscopicity, which often leads to
temporary changes in bark thickness (Gall et al. 2002; Oberhu-
ber et al. 2020). Limited research has been conducted on bark
hygroscopicity and the majority of which does not distinguish
between outer and inner bark (Reifsnyder et al. 1967). Herzog
et al. (1995) suggested the hygroscopicity is limited only to the
outer bark. According to Gall et al. (2002), the inner bark may
also react to the changes in relative humidity.

Ilek et al. (2017a) found that bark hygroscopicity may rep-
resent 10 to 30% of the maximum water storage capacity of
bark, depending on tree species. However, our relatively weak
understanding of the hygroscopicity properties of bark lim-
its the broader assessment of the importance of bark hygro-
scopicity in the water balance of forest ecosystems and the
influence of bark on the microclimate regulation inside the
forest. Especially in humid climates, like those found in the
southeastern USA, the role of bark hygroscopicity may be
underestimated in its contribution to the hydrologic cycle due
to continuous exposure of bark to abundant sources of atmos-
pheric vapor during rain-free periods. Therefore, the objec-
tives of our research are: (1) to quantify the proportion total
bark hygroscopicity that is represented by the outer and inner
bark, (2) to determine the physical properties of outer and total
bark and relate these properties to bark hygroscopicity, and
3) to quantify the proportion of bark hygroscopicity to total
water holding capacity of outer and total bark among com-
mon species in the southeastern United States. We hypothesize
that (1) the ability of bark to absorb water vapor during non-
rainfall periods (i.e., hygroscopicity) leads to partial saturation
of bark tissues during dry periods that may alter the rate of
bark saturation during rainfall, (2) the degree of bark satura-
tion through hygroscopic water is a function of internal bark
structure, including porosity and density, that varies among
species, and 3) bark hygroscopicity represents a non-negligible
proportion of bark water storage capacity in the species of
study. To address these hypotheses, we collected bark samples
from six tree species common throughout southeastern USA
forests and conducted laboratory experiments to assess bark
hygroscopicity as it relates to species-specific tree traits.
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Materials and methods
Study area

Bark samples were collected from an upland, mixed-hard-
wood forest located in a 15 ha experimental forest (33.4245°,
—88.7607°) near Starkville, Mississippi, United States. The
stand basal area was 33.6 m* ha™! with a density of 207
trees ha~!. Dominant canopy trees at the site include white
oak (Quercus alba L.), post oak (Q. stellata Wangenh.),
cherrybark oak (Q. pagoda Raf.), Shumard oak (Q. shu-
mardii Buckland), shagbark hickory (Carya ovata (Mill.)
K. Koch), and pignut hickory (C. glabra Miller) (Limpert
and Siegert 2019), all of which are deciduous temperate spe-
cies commonly found in the eastern United States. At the
property boundary, the stand transitions into a mixed stand,
with loblolly pine (Pinus taeda L.) becoming more preva-
lent. Leaf area index (LAI) of the stand was estimated to be
4.16 m* m~2 from litter trap collections during the leaf fall
periods of 2014 and 2015. Leaf emergence typically begins
in mid-March and leaf senescence and leaf fall typically
begins in late October. The area is characterized as humid
subtropical and receives approximately 140 cm of annual
rainfall, distributed evenly throughout the year (Arguez et al.
2010). Average summer temperature ranges from 23.5 to
27.7 °C while average winter temperature ranges from 6.6
to 14.4 °C (Arguez et al. 2010).

Bark samples collection

Bark samples were collected in September 2019 from the
stems of 48 living trees, which represent five broadleaved
and one coniferous forest tree species: pignut hickory (Carya
glabra Mill.), mockernut hickory (Carya tomentosa (Lam.)
Nutt.), post oak (Quercus stellata Wangenh.), white oak
(Quercus alba L.), sweetgum (Liquidambar styraciflua
L.) and loblolly pine (Pinus taeda L.). For each tree spe-
cies, we selected eight individual trees with a diameter at
breast height ranging from 30 to 45 cm. Three bark samples,
approximately 100 cm? were extracted from each tree stem
at the breast height using a hand saw, chisels, and hammer.
Bark samples were removed down to the vascular cambium.
Taking into account that mosses and lichens may affect the
bark water storage capacity (Van Stan et al. 2015; Hargis
et al. 2019) and bark hygroscopicity, only bark without vis-
ible mosses and lichens present was collected.

Laboratory experiments

All bark samples collected from the stems of living trees
were first dried at 35 °C to constant mass, and after this,

were measured for thickness of total bark, outer bark, and
inner bark using a caliper. Initial bark drying was done to
prevent variability in bark water content and subsequent
swelling between the outer and inner bark during measure-
ments (Eberhardt 2012, 2015) and between particular tree
species as well. Based on these measurements, we calculated
the outer bark to total bark thickness ratio. Next, each bark
sample was divided into segments (~6-8 cm?) using a band
saw, and these segments were used to analyze specific and
bulk densities, total porosity, bark hygroscopicity, and bark
water storage capacity. We determined these properties for
both outer and total bark, excepting loblolly pine for which
only properties of the total bark were measured, due to rela-
tively small share of the inner bark (~ 11%) in its total oven-
dry bark mass (Schultz 1997).

Bulk density was measured in three replicates for outer
bark and three replicates for total bark of each tree. First,
bark samples were placed in water for 5 days (Ilek et al.
2017a), and then the volume of each outer and total bark
sample was measured by the water displacement method in
a graduated cylinder. Bulk density was calculated as the ratio
of dry mass of bark to its volume, wherein the dry mass was
determined after drying bark samples at 105 °C.

Specific density was determined by the pycnometer
method using the 99.8% ethyl alcohol (Ilek et al. 2017a).
Multiple bark samples from each individual tree were first
ground and then aggregated into one outer bark sample and
into one total bark sample for each tree. After homogeniz-
ing the ground bark, specific density was determined on a
2-g subsample for each tree. Based on specific density SD
(g cm®) and bulk density BD (g cm?), the total porosity TP
(cm?® cm™3) of the outer and total bark was calculated fol-
lowing the equation:

_SD-BD

TP D (1)

To assess how the internal structure of outer and total
bark affected hygroscopic properties, we measured two
kinds of bark hygroscopicity: actual and potential. Ilek
et al. (2017a) defined the actual hygroscopicity of bark
as the maximum amount of water that can be absorbed
by the bark with given physical properties from saturated
air (i.e., relative humidity is 100%), assuming that water
is absorbed only by the outer bark layer, which is directly
exposed to atmospheric conditions. In turn, we understand
the potential hygroscopicity as the maximum amount of
water that can be absorbed from saturated air by the bark
in the absence of structure (i.e., ground bark). We meas-
ured actual hygroscopicity of outer and total bark samples
in desiccators filled with water, where relative humidity
was maintained at 100%. To ensure the absorption of water
only through the external layer of bark samples, we first
secured internal and side surfaces of outer and total bark
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samples with silicone; details of bark samples preparation
were described by Ilek et al. (2017a). The mass of each
sample in the desiccator was measured every 2 days until
a constant mass was achieved, indicating that the samples
with intact internal structure had reached its maximum
absorption capacity, i.e., actual hygroscopicity. Time of
achievement of actual hygroscopicity, or the amount of
time it took for samples to reach actual hygroscopicity,
was also recorded for each outer and total bark sample.
The actual hygroscopicity S, of a particular bark sample
(mm of water in an outer or total bark layer with a thick-
ness of 1 cm) was calculated according to the formula:
My,o

Sya = - 10 2
HA % ()

where My, is the mass of water which has been
absorbed by outer or total bark sample (g), which equals
water volume with assuming its density 1 g-cm®, V is the
volume of a sample calculated as the ratio of the dry mass
of the bark with an intact internal structure to the bulk
density of outer or total bark (cm®), 10 is a factor of con-
version into mm of H,O in an outer or total bark with a
thickness of 1 cm.

Based on measurements of actual hygroscopicity of
outer and total bark, we calculated:

(1) Actual hygroscopicity of inner bark Sy, ; (mm of
water in an inner bark layer with a thickness of 1 cm)
according to the equation:

N -T = § -0
Sy = HA,T - HA,0 3)

where Sy, 7 is the actual hygroscopicity of total bark
(mm of water in a total bark layer with a thickness of
1 cm), Syu o is the actual hygroscopicity of outer bark
(mm of water in an outer bark layer with a thickness of
1 cm), T, O and I is the thickness of total, outer and inner
bark, respectively (cm).

(2) Contribution of the outer bark CO (%) to actual
hygroscopicity of total bark according to the equation:

S -0
CO = <&> . 100 @)
Suar - T

To measure the potential hygroscopicity of bark, we
destroyed the internal bark structure by grinding in a
laboratory mill. The potential hygroscopicity was deter-
mined with an assumption that 1 cm® of each ground
sample contains the same mass and bark particles with
the same size. Thus, bark samples were ground to pass
through a 0.25 mm sieve, and placed in a ceramic crucible.
Next, each crucible was gently tapped in the same way to
remove any large air pockets. We prepared two ground
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bark samples for each broadleaved tree: with outer bark
only, and with total bark (outer and inner bark). In the case
of loblolly pine, only total bark was ground. Then samples
were placed in the desiccators where relative humidity was
100%. Ground bark samples were weighed every 2 days,
and after reaching a stable saturated mass, bark samples
were dried at 105°C. The potential hygroscopicity Sgp of
a particular bark sample (mm of water in an outer or total
bark layer with a thickness of 1 cm) was calculated accord-
ing to the formula:

S = MH20
HP™ M /BD

10 &)

where My, is the mass of water which has been absorbed
by ground sample of outer or total bark (g), Mg is the dry
mass of ground bark sample (g), BD is the bulk density of
outer or total bark with intact structure (g cm™), 10 is a fac-
tor of conversion into mm of H,O in an outer or total bark
with a thickness of 1 cm.

To compare actual and potential hygroscopicity of bark,
we also considered percent bark moisture content, which
was calculated as the ratio of water absorbed by bark to its
dry mass.

We determined the water storage capacity of outer and
total bark after actual hygroscopicity measurements. After
mass stabilization of bark samples in desiccators, we
immersed bark samples in water for seven days. Then, the
bark samples were weighed, dried at 105 °C for 24 h, and
weighed again. Based on these masses, we calculated the
bark water storage capacity of outer and total bark in a way
analogous to the Eq. 2.

Statistical analysis

The statistical analysis and associated graphics were per-
formed in Statistica 13.3 PL (StatSoft Inc.). Significant dif-
ferences in outer bark thickness, outer to total bark thickness
ratio, bulk density of total bark, total porosity of outer and
total bark, total bark water storage capacity, actual hygro-
scopicity of outer and total bark (mm and %), potential
hygroscopicity of outer (mm) and total bark (%) between
particular tree species were tested by one-way ANOVA
and post-hoc Tukey’s test after previous checking of nor-
mality by the Shapiro—Wilk test and the equality of vari-
ance by the Levene’s test. In the case of the non-parametric
nature of data, a Kruskal-Wallis test and post-hoc Dunn’s
test were used to compare total bark thickness, specific
density of outer and total bark, bulk density of outer bark,
time of achievement the actual hygroscopicity by outer
and total bark, potential hygroscopicity of total (mm) and
outer bark (%), actual hygroscopicity of inner bark, outer
bark water storage capacity, contribution of the outer bark
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in the hygroscopicity of total bark, and contribution of the
actual hygroscopicity in the outer and total bark water stor-
age capacity between tree species. To test for differences of
specific density, bulk density, total porosity, water storage
capacity, actual hygroscopicity, and potential hygroscopicity
between outer bark and total bark within each tree species
we used z-tests. All tests were performed at a significance
level of 0.05.

Results
Bark hygroscopicity

Time of achievement of actual hygroscopicity ranged from
7 to 20 days for outer bark (mean =14 days) and from 9 to
42 days for total bark (mean =20 days). It took 2.3 times
longer (17 days) for total bark of hickories to reach a steady
state of actual hygroscopicity compared to sweetgum
(p<0.001) (Table 1).

Actual hygroscopicity of outer bark ranged from 0.90 to
2.28 mm of water in a standardized outer bark thickness of
1 cm, while actual hygroscopicity of total bark ranged from
0.55 to 1.99 mm in a standardized total bark thickness of
1 cm. Hickory species had the highest mean values of actual
hygroscopicity in both outer bark and total bark (Fig. 1a).
These values were 32.3 and 30.8% higher than other spe-
cies, with the largest difference observed between total bark
hygroscopicity of hickory species and loblolly pine. How-
ever, within genera (i.e., Carya, Quercus) there were not
differences in actual hygroscopicity. Actual hygroscopicity
of inner bark derived from Eq. 3 was not significantly dif-
ferent among species (p=0.552) (Table 1).

Overall, potential hygroscopicity was higher in outer
bark compared to total bark (1.75 vs. 1.48 mm, p=0.004).
Hickory species had higher potential hygroscopicity values
in outer bark and total bark compared to the other species
(Fig. 1a). Potential hygroscopicity was greater than actual
hygroscopicity in outer bark among hickories and sweetgum

(»<0.001) and in total bark for pignut hickory (p =0.021)
and loblolly pine (p <0.001).

Actual and potential hygroscopicity as a percentage of
dry mass was on average 24.9 +0.4% of outer bark and
24.3+0.6% of total bark, with no differences among species
(Fig. 1b). However, there were differences between types
of hygroscopicity within a species. Sweetgum and hickory
species had 15.1-21.1% higher potential hygroscopicity
compared to actual hygroscopicity in outer bark. For total
bark, white oak and loblolly pine had 11.4 and 27.3% higher
potential hygroscopicity compared to actual hygroscopicity.

The contribution of the outer bark in the actual hygrosco-
picity of total bark averaged 59.8 +2.5% with no statistical
differences among species (data not shown).

Physical bark properties

Thickness of the outer bark ranged from 0.25 to 1.36 cm,
while the thickness of total bark ranged from 0.51 to
2.22 cm. Among all tree species, sweetgum had the thin-
nest total bark, while mockernut hickory, pignut hickory,
and loblolly pine had the thickest bark (Table 2). The ratio
of outer bark to total bark thickness for hickories was less
than 0.50, and for oaks and sweetgum was more than 0.50
(Table 2).

Specific density of outer bark ranged from 1.601 to
1.736 g cm—, and specific density of total bark ranged from
1.577 to 1.716 g cm™ (Fig. 2a). Overall, the specific density
of outer bark was 5.1% greater in oaks than hickories. For
total bark, only white oak specific density was much lower
and similar to hickories. In hickories and sweetgum, the
specific density of total bark was, on average, 1.7% greater
than the specific density of outer bark, while the opposite
trend was observed in oak (average decrease of 3.6%). The
specific density of pine bark was intermediate in magnitude
compared to broadleaved species.

Bulk density of outer bark ranged from 0.321 to
0.870 g cm™3, while bulk density of total bark ranged from
0.201 to 0.706 g cm™ (Fig. 2b). Outer bark of hickories had

Table 1 Time of achievement

. Species Time of achievement the actual hygroscopicity Actual hygroscopicity of
the actual hygroscopicity by inner bark
outer and total bark (days) and Outer bark Total bark
actual hygroscopicity of inner - - -
bark of broadleaved tree species Mean+Std error Median Mean+Std error Median Mean + Std error  Median
(mm of water ina layer ofinner o hickory 1641 17 3143 34 1.28+0.14 1.19°
with a thickness of 1 cm)
Pignut hickory 16+1 19* 29+3 26* 1.65+0.12 1.60%
Post oak 14+1 12 17+1 16® 1.33+0.13 1.18
White oak 13x1 12 15+1 15% 1.38+0.26 1.25%
Sweetgum 12+1 11? 13+1 125 1.45+0.18 1.30°
Loblolly pine n/a n/a 18+2 19% n/a n/a

Letters denote difference among study species based on the Kruskal-Wallis test (p <0.05)
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Fig. 1 The variability of the 3.2
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b as a percent of the dry mass H
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ences in bark properties within % 20 L ab T2
bark types (outer bark analyzed B - = . bOC
separately from total bark) § 16| o C b & & c
among tree species (p <0.05) 5 D TC | = b BE =
: la® W 1
o - 1
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0.4 : : : :
Mockernut hickory Pignut hickory Post oak White oak Sweetgum Loblolly pine
0.42 - - . -
039 |
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0.36 |
= :. :
£ o33} ‘ i g f
> H i
S a i D a b a ab i
‘S 030} N o T2 : -
3 i a ‘ a allT :
8 g - b a ‘ { a
5 027 i & T N
z i H ( _ E _ i
~ H -
5 024 : ‘
m 1
021 | H
: T
018 | 0
0.15 : E : : :
Mockernut hickory Pignut hickory Post oak White oak Sweetgum Loblolly pine
Species
Table 2 Statistic.s of the outer Species Outer bark thickness* Total bark thickness** Outer to total bark thick-
and total bark thickness (cm) ness ratio™
and the outer to total bark
thickness ratio of particular tree Mean +Std error Median Mean+Std error Median Mean +Std error Median
species
Mockernut hickory ~ 0.56 +0.08% 0.51 1.49+0.07 1.54% 0.37+£0.05% 0.33
Pignut hickory 0.57+0.07® 0.55 1.38+0.11 1.39% 0.43 £0.05% 0.45
Post oak 0.85+0.09 0.78 1.31+0.13 1.19%  0.65+0.03%¢ 0.64
White oak 0.94+0.11° 0.97 1.20+0.09 1.14®  0.77+0.05¢ 0.79
Sweetgum 0.43+0.05* 0.43 0.72+0.06 0.70° 0.58+0.03% 0.55
Loblolly pine n/a n/a 1.47+0.16 1.48% n/a n/a

Letters denote difference in outer, total, or outer:total bark thickness among study species based on Tukey

and Kruskal-Wallis tests
*Tukey’s test
**Kruskal-Wallis test (p <0.05)

29.3% greater bulk density than the other species. For bulk
density of total bark, there were less clear trends among gen-
era, but loblolly pine bulk density was 48.7% lower than the
broadleaved species. Bulk density was a strong predictor of
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hygroscopicity, with stronger correlations among potential
hygroscopicity (outer bark: r*=0.85, total bark: 72=0.81)
compared to actual hygroscopicity (outer bark: r*=0.73,
total bark: >=0.65) (Fig. 3a).
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Fig.2 The variability of a spe-
cific density of outer and total
bark, b bulk density of outer
and total bark, ¢ total porosity
of outer and total bark of indi-
vidual tree species. Different
letters indicate significant differ-
ences in bark properties within
bark types (outer bark analyzed
separately from total bark)
among tree species (p <0.05)
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total bark (2= 0.65; p < 0.01)
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Total porosity of outer bark ranged from 0.48 to
0.79 cm® cm™3, while total porosity of total bark ranged
from 0.58 to 0.87 cm® cm™3 (Fig. 2c¢). For both outer and
total bark, hickories had lower total porosity compared to
all other species (except white oak total bark porosity). The
highest porosity was observed in loblolly pine total bark
(0.82+0.01 cm® cm™). Porosity was similarly a strong pre-
dictor of hygroscopicity, again with stronger correlations
among potential hygroscopicity (outer bark: r*=0.88, total
bark: *=0.82) compared to actual hygroscopicity (outer
bark: 7*=0.74, total bark: /2 =0.64) (Fig. 3b).

Bark water storage capacity

Total bark water storage capacity of loblolly pine was 22.5%
lower than that of broadleaved species (Fig. 4). Although
there were no differences in bark water storage capacity in
total bark among broadleaved species, the variability of bark
water storage capacity of total bark was less than that in
outer bark with a range of 1.68-6.58 mm.

The proportion of bark water storage capacity occupied
by actual hygroscopicity ranged from 11.4 to 61.9% in outer
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bark and from 17.3 to 41.5% in total bark (Fig. 5). Post oak
generally had less bark water storage capacity occupied by
hygroscopicity while hickories had the most.

Discussion

Among the broadleaved tree species considered in this study,
they can be divided into two groups based on the ratio of
the thickness of outer bark to total bark: (1) species whose
inner bark contributes to the majority of total bark thick-
ness (mockernut hickory, pignut hickory, sweetgum), and
(2) species whose outer bark contributes to the majority of
total bark thickness (post oak, white oak) (Table 2). The
bark thickness ratio for loblolly pine was not considered in
this study due to the extremely thin nature of inner bark and
the degree of difficulty in complete extraction of the bark
sample in the field as well as separation of the tissue types
in the laboratory. However, Eberhardt et al. (2009) indicate
that the loblolly pine may have up to 5.8 times more outer
bark than inner bark, which would place loblolly pine to the
second group as well.
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Interspecific differences in the ratio of thickness of outer
to total bark have a reflection on the physical properties
of the bark. Since the bulk density of inner bark is usu-
ally lower than the bulk density of outer bark (Meyer et al.
1981), species with a predominant share of inner bark have,
in general, lower total bark bulk density and higher total bark
porosity in comparison with density and porosity of outer
bark (Fig. 2). In turn, species with a predominant share of
outer bark have a higher total bark bulk density and lower
total bark porosity in comparison with density and porosity
of outer bark tissue alone, which was especially evident in
white oak bark in this study.

Differences in the physical and structural characteristics
of bark were manifest in actual and potential hygroscopicity
among tree species but not in the total water storage capacity
itself, except for loblolly pine. Due to high porosity and low
bulk density, the bark of loblolly pine should theoretically

have a high water storage capacity (Fig. 2), the water storage
capacity of loblolly pine bark was less than half the water
storage capacity of broadleaved tree species (Fig. 4). This
may be caused by a hydrophobic surface on the outer bark
of pine inhibiting in water absorption to internal structures
(Yap et al. 2014), even when immersed in water for extended
periods of time. Additionally, pine bark has a more layered,
platy structure (Hodges et al. 2012). One possible mech-
anism could be that a majority of water is likely adhered
between the thin inter-layers and not absorbed into internal
bark structures, although this mechanism has not yet been
investigated.

Interestingly, the lack of significant differences in bark
water storage capacity between broadleaved tree species
is opposite to other studies, where the interspecific differ-
ences were observed (Levia and Herwitz 2005; Valova and
Bieleszova 2008). However, the 7-day soaking process of
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bark samples with isolated back and side surface employed
in this study may not have actually reached the maximum
water storage capacity of the bark. Ilek et al. (2017b)
found that the time needed to saturate bark is very long,
up to 60 days, depending on tree species. The process of
soaking until maximum water storage capacity enables an
objective comparison among tree species, but it is not rep-
resentative of real-world conditions. In turn, Valova and
Bieleszova (2009) showed interspecific differences in bark
water storage capacity after 24-h of bark soaking. The dif-
ferences found after such a relatively short time of the bark
immersion process may result from different properties of
bark surface area and hydrophobicity among tree species.
Therefore, to clarify the bark water storage capacity, a
uniform research methodology is needed.

Our experiments have demonstrated the strong correla-
tion between actual hygroscopicity and bulk density and
total porosity of the outer and total bark (Fig. 3). A similar
relationship was found by Ilek et al. (2017a) for the total
bark of 8 tree species in European temperate forests. When
bark samples were exposed to 100% relative humidity, the
time of achievement of the actual hygroscopicity varied
among tree species, with species with lower bulk density
and higher porosity (e.g., sweetgum) reaching maximum
hygroscopicity faster. The relationship of moisture content
and density of woody tissues is well documented (Simpson
1993; Glass and Zelinka 2010). The hygroscopic proper-
ties of wood are associated both with the large internal
surface of wood, as well as wood chemical composition
(Okoh and Skaar 1980; Kokociriski 2004). Bark with high
bulk density and low porosity has a large internal surface
and can absorb much more water from the atmosphere than
bark with low density and high porosity.

Furthermore, we found that the potential hygroscopicity
was generally higher than actual hygroscopicity, both for
outer and total bark, which suggests that bark structure
might affect the ‘access’ of bark tissues, which can absorb
water from the atmosphere (Fig. 1). The destruction of the
bark structure caused an increase in the surface of bark
material, and thus an increase in the amount of absorbed
water, which is particularly evident in species with high-
density bark such as mockernut hickory and pignut
hickory. The actual hygroscopicity exhibited some inter-
specific variation for both outer and total bark (Fig. 1a),
but such differentiation was not observed for the actual
hygroscopicity expressed as a percent of the dry mass of
bark (Fig. 1b). This suggests that 1 g of bark with intact
structure absorb similar quantities of water, regardless of
tree species. However, given the physical properties of
bark, the amount of bark material in the volume unit var-
ies between species. For example, 1 cm® of high-density
and low-porosity bark contains more bark material, than
1 cm?® of low-density and high-porosity bark, which can
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partially explain the interspecies variation in the actual
hygroscopicity express in millimeters.

In the case of potential hygroscopicity of the outer and
total bark, we found some interspecific differences, both for
potential hygroscopicity expressed in millimeters and as a
percentage of dry mass (Fig. 1). Taking into account that
each ground bark sample was first sifted through a 0.25 mm
sieve and tapped to remove any large air pockets, we can
assume that 1 cm? of each ground bark sample contained
the same quantity and surface area of bark material. There-
fore, the amount of water absorbed by samples of different
species should be similar due to similar surface area and
mass. According to Hill et al. (2009), absorption of water
vapor by natural fibers from the atmosphere is possible due
to the presence of hydroxyl (OH) groups associated with the
cell wall macromolecules to which mainly belong cellulose,
lignin, hemicellulose, and pectic component. Therefore, the
interspecific variation in the potential hygroscopicity may be
due to differences in the chemical composition of the bark.

Our research indicates that apart from outer bark, the
inner bark can also absorb water vapor from the atmosphere.
However, the time needed to reach the maximum hygro-
scopicity by total bark is on average, 6 days longer than the
time needed for outer bark, and in case of high-density bark
species such a mockernut hickory and pignut hickory, these
times nearly double. The shorter time for water absorption
by the outer bark indicates that it is the most active bark
layer reacting on changes in atmospheric humidity, and its
share in the hygroscopicity of total bark for most of the stud-
ied broadleaved tree species exceeds 50%. As bark absorbs
water vapor, it swells (Reifsnyder et al. 1967) increasing the
diameter of the trees with a 2-3 h delay (Gall et al. 2002).
Although we found that the inner bark can absorb water
vapor from the air, our study is limited by the fact that obser-
vations were made on dried bark samples and deprived of
contact with other living wood tissue of trees. During the life
of the trees, the inner bark is physiologically active, and its
moisture content can be close to 100%. Moreover, the mois-
ture content in the total bark shows seasonal variation, with
a maximum in summer and minimum in winter (Reifsnyder
et al. 1967). Therefore, the importance of water absorption
by the inner bark is probably greater outside the growing
season, in autumn and winter, when the inner bark is less
active or inactive.

Collectively, the connections between bark physical char-
acteristics and water relations extend beyond the individual
samples of bark evaluated in this study and can have impli-
cations to the broader hydrologic cycle. One of these impli-
cations could be the control on the distribution of rainfall
by forest trees into throughfall and stemflow. For example,
when bark becomes saturated with water, either completely
or in localized areas, water is diverted from bark absorption
to stemflow. Traditionally, the quantity of stemflow produced
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by trees has been evaluated as a function of tree species,
bark morphology, tree age, and rainfall characteristics
(André et al. 2008; Germer et al. 2010; Van Stan and Levia
2010; Siegert and Levia 2014). In this paper, we demonstrate
the role of internal bark structural characteristics on water
absorption and retention through hygroscopicity. While our
laboratory experiments were conducted under conditions of
maximum bark saturation, natural rainfall events are of vari-
able lengths in duration and do not always result in complete
bark saturation. As such, our results demonstrate the maxi-
mum degree to which differences in bark water absorption
and retention vary among species and provide a prelimi-
nary evidence of how these processes may be differentiated
among species in natural conditions.

Taking into account interspecific differences in relation
to outer, inner or total bark structure (Bauer et al. 2010;
Rosell 2019) and bark water storage capacity (Valova and
Bieleszova 2008), the contribution of bark hygroscopicity
in bark water storage capacity likely vary among tree spe-
cies. The actual hygroscopicity of total bark could constitute,
on average, 30% of bark water storage capacity, determined
after 7 days of immersion of bark samples in water. Ilek
et al. (2017a) found that, depending on the tree species, the
value of actual hygroscopicity may constitute 10-30% of
bark water storage capacity. In turn, the hygroscopicity of
the outer bark can reach up to 62% of its total water hold-
ing capacity (approximately 34% on average). This indicates
that the hygroscopicity of the outer layer of the bark is an
important element of its water properties and should not
be neglected. Here, bark hygroscopicity may be especially
important in humid climates, where atmospheric vapor is
readily available for absorption in bark tissues. Species with
higher hygroscopicity like hickory will likely retain higher
levels of bark water during non-rainfall conditions, func-
tionally decreasing the capacity of bark to absorb rainwater,
compared to oaks. High hygroscopic saturation of bark pre-
ceding a rain event may reduce the time to canopy storage,
reducing overall interception and causing throughfall and
stemflow to initiate more readily. This process may be espe-
cially important for bark with high hygroscopicity and low
water storage capacity, in which hygroscopicity has a large
contribution in total water storage capacity of bark.

Thus, future research on how forests interact with precipi-
tation may benefit from observations of how both the inter-
nal and external bark structures interact with water vapor
between storms. At the individual tree level, further inves-
tigations should consider the variability of hygroscopicity
and other bark physical properties along the tree trunk and
how the distribution of these properties changes with age
(Campellone et al. 2020). In high-diversity mixed-species
stands, this knowledge can be used to refine parameteriza-
tion of stem storage in analytical rainfall interception models
where estimates of multi-species are scarce (Linhoss and

Siegert 2016). Additionally, unravelling the direct connec-
tions between bark hygroscopicity observed in the labora-
tory with field observations of stemflow will improve our
understanding of the mechanistic processes driving stemflow
generation among species and guide our understanding of
biogeochemical processes as well (Tucker et al. 2020).

Conclusions

We evaluated the physical, water, and hygroscopic proper-
ties of outer and total bark of six common tree species in the
southeastern USA. The results reveal the following:

(1) Species with higher the bulk density and lower the total
porosity of bark (of outer or total bark), had higher
actual hygroscopicity of bark,

(2) Differences between potential and actual hygroscopic-
ity of outer and total bark indicate that bark structure
might affect the ‘accessibility’ of bark tissues, which
can absorb water from the atmosphere,

(3) The time needed to reach the actual hygroscopicity
by total bark is about six days longer than the time
needed for outer bark. This indicates that outer bark
is the most active bark layer reacting to changes in air
relative humidity,

(4) Bark hygroscopicity can represent >60% of bark water
storage capacity. Thus, the ability of bark to absorb
water vapor during non-rainfall periods keeps bark tis-
sues in a degree of saturation between rainfall events
that may affect bark water holding capacity and stem-
flow production during rainfall.
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