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Abstract. Wettability of leaves and the resulting amount of interception loss

of tree crowns is an important component of the atmosphere-tree stand-soil
system balance. In the study, we hypothesized that changes occurring in
leaves during the vegetation period can significantly affect the amount of
rainwater retained by plants and wettability of leaves which is expressed by
the contact angle between drops and leaves. We evaluated the hypothesis
based on measurement series, which combined direct spraying of leaves
with water at different stages of development at a constant temperature
with observations made with an electron scanner which was used to determine changes occurring within a leaf, while the photographic method
was used to analyze the contact angle of drops. The study involved common oak (Quercus robur). Samples of twigs derived from this species were
collected in the area of Przedbórz (Poland) forest district, in particular
from the trees with well-developed crowns. Twigs were collected from 10
trees of similar age (35–40 years). The resulting database contained experimental data on changes of raindrop adhesion on oak leaves throughout the growing season. The internal contact angle of drops was within the
range of 150° on the upper side of the leaf and 160° on the underside in
May, up to 15° and 35° in November on the upper and underside of the
leaves. Loss of interception was established at 6% at the beginning of the
growing season up to 22% in autumn. It was concluded that the wettability and the level of interception increases in line with the age of a leaf.
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Introduction
The process of interception plays a very important role in the hydrologic balance (Aussenag 2000). In numerical terms, interception
is a major component of hydrologic balance.
Pike & Scherer (2003) even suggested that it
is a key problem of forest hydrology. Calder
(1999) and then Chen et al. (2013) suggested
the possibility of retaining about 10–50% of
the total precipitation on the surface of leaves.
When assessing the interception, it is necessary
to consider the impact of factors related to both,
misted surface (Tranqada & Erb 2014, Rosado
& Holder 2013, Fernandez & Eicherd 2009)
and the characteristics of the precipitation
(Nanko et al. 2006, Klamerus-Iwan 2014a).
Gash et al. (1995), Klaassen et al. (1998), Liu
(1997), Chang (2006) determined the retention
possibility of crowns of deciduous and coniferous trees within 0.5–8.2 mm. In this context,
it can be mentioned (Keim 2004) that the ability of crown to retain water can be treated as a
constant value only for a single precipitation,
subsequent precipitation can modulate this
ability. With regard to numerous factors affecting the interception, it is necessary to evaluate
precisely, whether basic processes and both
physical and chemical changes, occurring
during the vegetation period, can affect interception (Xiao and McPherson 2016). Seasonal
and species variations were observed by Neinhuis & Barthlott (1997), Nanko et al. (2013),
Holder (2007), Koch & Bartholott (2009). According to Owsiak et al. (2013) it can be associated with seasonal changes of precipitable
water temperature. Leaves are plant organ, in
which changes in the composition of the epicuticular wax occur during development. These
differences can be explained by phenological
changes and re-metabolism of the components
produced at initial stages of the development
(Kozlowski & Pallardy 1979). Differences in
the chemistry of the wax layer are observed in
abaxial and subaxial surfaces of leaves. There
is a system which divides the plants into the
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most hydrophilic and superhydrophilic (Aryal
& Neuner 2010). Koch & Barthloot (2009) as
well as Otten & Herminghaus (2004) associate
wetting efficiency with hairs covering leaves’
surface of several species.
With no doubt, the amount of wax in the
cuticle has a big impact on the amount of retained water and the tilted angle between drops
and leaf (Extrand 2005, Li and Amirfaz 2008).
Seasonal changes in the composition of the epicuticular wax of oaks were presented by Gulz
& Muller (1992). Along with age of leaves,
they observed an increase in the amount of
hydrocarbons and decrease in the amount of
aldehydes and fatty acids. The values reported
in May for e.g. wax esters and fatty acids are
much higher compared to other months of the
vegetative season.
The effect of exceptional hydrophobicity of
lotus leaf (Ensikat et al. 2010, Barthlott 1997)
as well as their self-cleaning (Bhushan et al.
2010) seem to be comprehensively tested.
Superhydrophobicity provides protection
against plant pathogens such as fungi and bacteria as the infection is inhibited by the lack of
water and humidity (Stosch et al. 2007), which
is very important in terms of oaks.
The objective of this study is to assess the
seasonal changes of tilted angles between
drops and leaves and simultaneously, the
amount of water which can be retained in the
crown of trees. Common oak (Quercus robur)
was selected for the study as it is a species occurring in large numbers and exerting an economic impact across Europe (Pretzsch et al.
2013). An additional objective was to investigate the differences in the degree of adhesion
of water between the upper and lower surface
of leaves.
In the study, we hypothesized that changes occurring in leaves during the vegetation
period can significantly affect the amount of
rainwater retained by plants and wettability of
leaves which is expressed by the contact angle
between drops and leaves.
We evaluated the hypothesis based on meas-
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urement series associated direct spraying of
leaves with water at different stages of development at a constant temperature. Additionally, scanning electron was used to determine
changes occurring within a leaf, while the photographic method was used to analyze the contact angle of drops.
The combination of physiology and forest
hydrology seems to be necessary and justified.
Presented studies demonstrate that change in
adhesion and hydrophilicity of leaves must be
taken into account when studying the rainfall
interception of trees. Precise determination of
seasonal changes can cause a significant difference in hydrologic balance in forests.
The studies presented fulfill the missing
element between sesonal changes and ecohydrological properties of amount of water that
can be retained in the crowns or interception
losses in the water balance of the ecosystem.
This is an important problem not only from
the viewpoint of ecophysiology and hydrology
(Limm et al. 2009, Johnstone & Dawson 2010,
Adamec 2013, Berry et al. 2014).

and 20 day of each month from April to November 2015. For the studies aimed at wettability and to produce images using Scanning
Electron Microscope (SEM), individual leaves
were used. Studies on interception simulating
precipitation at a fixed dose was carried out using twigs of about 30–35 cm selected from different locations and within larger twigs transported to the laboratory. The experiment was
conducted immediately after transporting to
the laboratory. All analyzes were performed in
the laboratory under constant, controlled temperature conditions, humidity, and eliminating
the effect of wind, air pressure or humidity.
Earlier studies indicate that the effect of temperature is important in terms of water density
and adhesion of drops to the leaves (Owsiak et
al. 2013).

Methods
Sample collection

Leaves of common oak (Quercus robur L.)
were analyzed. Samples were collected within Przedbórz area, which belongs to ecological class “0,” therefore without the influence
of impurities and which is free from damages
and contaminations. The area is located in the
central part of Poland, with average monthly
air temperature of 7.4° C and average monthly precipitation totals of 649 mm. We selected
10 trees for the study with a normally-developed crown. The twigs were collected from 8
areas of the crown (from 2 heights and 4 geographical directions) to avoid the influence
of external factors affecting the properties and
thickness of the wax covering the leaves. The
entire experiment was repeated between 15

Evaluation of morphology

Samples for electron microscopy analysis
were collected from selected leaves. The
JEOL JSM5410 scanning electron microscope
was used in the experiment. Fragments of the
leaves were dried, fixed and then sprayed with
gold. For such prepared samples, a series of
images were produced at different zoom range.
We were interested in the construction of cuticle, which is a thin layer covering the external
wall of epidermal cells.
To carry out a more complete analysis of the
results, we used the studies conducted by Gülz
& Müller (1992) wherein the composition of
epicuticular wax lipids of Quercus robur during a 1-year vegetation period (Table 1) was
presented.
Classification of wettability

Each month, above the leaves, from a sprinkler, water was condensed from a nozzle of a
diameter equal to 0.45 mm.
Condensation was proceeded until 30 images of drops were collected for further analysis
of tilted angle between drops and leaf surface
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on the axial and abaxial site. The images were
produced in a shadow-free chamber. To complete image documentation, Canon Eos 450D
camera with EF 100 mm f/2.8 Macro USM
lens, was used. Internal contact angle between
a drop and a leaf was considered (Figure 1).
Measurements of the contact angle of drops
(α) were performed using Sigma Scanv5 program. The scheme is presented in Figure 1.
Measurements were conducted following
the example described by Owsiak et al. (2013)
when measuring the effect of temperature on
the size and tilted angle of drops. Methodology and terminology used to describe the parameters of the drops’ contact with the surface,
is in agreement with the commonly used one
(Nanco et al. 2013, Rosado & Holder 2013).
The obtained values of contact angles between
drops and leaves were compared with classification proposed by Aryal & Neuner (2010)
(Table 1).
Interception measurements
Determination of wettability understood as the
degree of adhesion of drops, was supplemented with interception determination for individTable 1 Ranking grades of hydrophobicity based
on the contact angle of water drops (Aryal
& Neuner 2010)

Contact angle [°]
<40
40-90
90-110
110-130
130-150
>150

Classification

Superhydrophilic
Highly wettable
Wettable
Non-wettable
Highly non-wettable
Superhydrophobic
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ual twigs. Quantitative abilities to retain water
were experimentally determined from the simulated precipitation. The collected twigs were
weighed, and further subjected to simulation
with a stable dose of precipitation followed
by re-weighting under wet condition. Setting
the twigs during spraying was similar to their
natural orientation on the tree. A fixed dose of
water (P) equal to 5.0 g was established. The
twigs were sprayed with water from established distance at the temperature of 21°C, that
is by 1 degree lower compared to that from the
laboratory. Thus, conditions observed in the
field were simulated (Woś 1996).
Statistical analysis
In order to reduce the number of variables in
the statistical data set and visualize the multivariate data set as a set of coordinates in a
high-dimensional data space, the Principal
Component Analysis (PCA) was used. The
PCA method was also used in order to interpret
other factors, depending on the type of data
set. In PCA analysis, interception of twigs and
wettability, were used. For a more comprehensive analysis of the results, physiological data
on the composition of epicuticular wax lipids
of Quercus robur during a 1-year vegetation
period were used from the literature (Gülz &
Müller 1992) (Table 2) because the objective
of this study was the analysis of hydrological
consequences of these changes.
General linear model (GLM) was used to establish the relationship between the angles of
drops on the leaves and between the properties
of leaves’ surface and interception. Differences
between mean values were evaluated using the
nonparametric Kruskal-Wallis test. The statis-

Figure 1 Scheme of contact angles (α) between a drop and a leaf at different stages of the vegetative season
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tical significance of the results was tested at
the significance level of α = 0.05. All statistical analyzes were performed with Statistica 10
software (2010).

Results
Evaluation of morphology

The resulting images produced with electron
microscopy indicate changes in the construction of layer of oak leaves. These changes
Table 2 The composition of epicular wax lipids of Quercus robur during a 1 year vegetation period (Gülz
& Müller 1992)
Hydrocarbons Wax esters
Aldehydes
Alcohols
Fatty acids Triterpentols
May 6
6.9 +/- 0.7
19.1 +/- 5.2
44.0 +/- 15.0 243 +/- 8.5
1.4 +/- 0.3
May 6
2.4 +/- 0.3
7.2 +/- 1.4
8.8 +/- 3.0
70.5 +/- 1.7
9.5 +/- 2.5
0.4 +/- 0.3
June
2.0 +/- 0.5
3.2 +/- 0.9 27.8 +/- 7.2 50.6 +/- 8.3 13.2 +/- 2.6
3.3 +/- 2.5
July
2.9 +/- 0.6
2.5 +/- 0.2 23.0 +/- 1.6 36.3 +/- 2.6 24.5 +/- 3.2
7.4 +/- 0.8
August
3.3 +/- 1.0
3.2 +/- 1.2 22.7 +/- 0.6 38.2 +/- 0.5 23.2 +/- 2.4
8.5 +/- 0.9
September
4.5 +/- 0.3
3.2 +/- 0.6 21.8 +/- 0.5 37.5 +/- 2.8 18.7 +/- 1.8
8.1 +/- 1.0
October
4.4 +/- 0.3
7.7 +/- 2.1 13.6 +/- 1.9 41.3 +/- 4.0 18.3 +/- 1.8
9.6 +/- 0.8
November
5.2 +/- 0.2
7.1 +/- 0.3 12.9 +/- 1.4 44.9 +/- 1.9 16.0 +/- 1.8
8.4 +/- 1.2

Figure 2 SEM micrographs of adaxial and abaxial oak leafe surfaces duron vegetation season. Abbrev.: a the upper side of the oak leaf in May (x1000); b - the lower side of the leaf oak in May (x1000);
c- upper side of the oak leaf in July (x100); d - the lower side of the oak leaf in July (x100); e - the
upper side of the oak leaf in October (x200); f - the lower side of the oak leaf in October (x200)
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relate both, the upper side and underside of
the leaves. Figure 2 presents selected images
with seasonal changes of cuticle. In the picture
denoted with ‘a’ letter, wax crystals can be
clearly observed. In this form it appears at the
beginning of the vegetation period. Pictures c
and d demonstrate the upper side and underside of a leaf in July. Thanks to lower magnification, we managed to present a larger surface.
Wax crystals responsible for hydrophobicity of
leaves are no longer so clear. In the pictures
taken in October (Fig. 2 e, f), we can observe
the lack of such forms on the outer layer of
cuticle or their presence in the form eroded by
atmospheric factors.
Degree of wettability and interception

Contact angle is a physical concept associated with the state of the surface of the leaves.
By obtaining values defining angles adhesion
drops into the leaf, we can infer the degree of
wettability. Wettability is closely related to the
amount of water that can be retained on the
surface and thus the retention properties of the
crown. Figure 3 and 4 demonstrate seasonal
changes between the contact angles of drops
and the surface of leaves. Figure 3 shows the
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upper side of a leaf. Much lower values can
be observed in the first month in which the
analyzes were performed. The values obtained
in April are statistically different from those
reported within the next 3 months. The data
obtained between the tilted angles of drops
and the leaf surface were compared with classification proposed by Aryal & Neuner (2010)
(Table 1). In April and May, axial surface of
oak leaves showed superhydrophobic properties achieving an average monthly tilted angle
of the drop above 150°. This means that the
drop adhered to the surface along a very small
area and a slight movement could cause falling
off the drops. In subsequent months, the tilted
angles between the droplets and the surface decreased along with an increase in wettability.
In September and October, stabilization within
the average values of the contact angle of 80°
was observed. It was the upper limit of wettability referred to as a high wettability. In November, the contact angle was 40° which was
also classified as a high wettability.
In terms of the abaxial side of the leaf, higher values of the contact angle in comparison
to axial side, were obtained in each month.
Thus, every month the underside of the leaf is
more difficult-to-wet (Figure 4). Therefore, in

Figure 3 Seasonal changes in contact angle (left), respective adhesion (right), of drops on the adaxial side
of leaf. Different lower case letters indicate significant differences.
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April it was about 110°, so the leaf was difficult-to-wet. In May and June, the average values of the contact angles were the highest, that
is between 130 and 150°, and indicated that the
leaves’ surface could be considered a very difficult-to-wet. In May, June and July, changes
in the tilted angles of drops were not statistically different between each other (Figure 4).
Since August, increasing adhesion of the drops
to leaves was observed. In November, contact
angles were less than 40° which is referred to
as superhydrophilic leaves.
Contact angles between drops and leaves
obviously correlated positively with the level of interception. The higher the wettability
the greater the interception (Figure 5). From
May to November, increase in the amount of
retained water can be observed. Twigs were
sprayed with a fixed dose of water equal to 5 g.
In May, June and July, we observed a mild increase in the value of interception established
between 5.9% and 7% of the retained precipitation. In the following months, higher inter-

ception loss increased by about 18%, which
constitutes 0.9 g of the total simulated precipitation. The values of arrested precipitation in
April are much higher than in the following
spring and summer months. The amount of interception loss in April, with the value of 17%
is close to that observed at the end of vegetation season reported in November, that is up
to 18%. There were no statistically significant
differences between April and November,
however the etiology of this situation is different for these 2 months.
Figure 6 shows the results of principal component analysis (PCA). Two principal components explain 77.1% of the total variance
(principal component 1 and 2 explain 50.5%
and 26.6% of the variance, respectively). Principal component 1 is related to the content of
alcohols, contact angles of drops to both, upper
side and underside of a leaf, and interception.
In addition, principal component 1 depends
on fatty acids content. Considering principal
component 2, high values of loadings are at-

Figure 5 Seasonal changes of interception. Different lower case letters indicate significant
differences.

Figure 6 The projection of variables on a plane of
the first and second factor;
Ang ab - the angle of droplets adhere to
the upper side of the leaf, Ang ad - the
angle of droplets adhere to the underside
of the leaf, Int – interception, WE - wax
esters, ALC – alcohols, HC - hydrocarbons, T – time (months), FA – fatty acids.
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tributed to the content of wax esters. The tilted
angles between the leaves and drops are positively correlated with the amount of alcohol in
the cuticle, and inversely correlated with the
amount of triterpene esters. The level of interception is highly influenced by fatty acids,
hydrocarbons and wax esters.
The GLM analysis result for the relationship
of interception with the independent variables
is presented in table 3. The results shows the
significance level and the interaction effect of
variables. Using GLM analysis it was demonstrated that interception is affected by leaf age
described as a month in which the samples
were collected, and the contact angles of drops
(p = 0.0000). The least important main effect in the prediction of interception using the
GLM analysis was explained by the wax esters
content (p = 0.0217).
Discussion
In this work, seasonal changes in the wettability of leaves surface and changes in the rainfall
interception of common oak, were captured.
Images produced with an electron microscope constitute a complementary material for
ecohydrological studies. In order to demonstrate the variability of the leaf surfaces at
different stages of development, they are commonly used on a small-scale SEM (Tomaszewski 2004, Koch & Barthlott 2009, Ensikat et
al. 2010, Tranquada & Erb 2014).
Table 3 Results of multivariable analysis of variance based on the general linear model
(GLM)

T x Ang ad
T x And ab
WE

F
6.81
2.22
5.34

Interception
p-value
0.0000
0.0337
0.0217

Note. Abbreviation: T - month of sampling (April to
November), Ang ab - the angle of droplets adhere to
the upper side of the leaf, Ang ad - the angle of droplets
adhere to the underside of the leaf, WE - wax esters.
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Based on monthly measurements in labolatory condition, an increase in the amount of
retained water from about 6% of the total simulated precipitation in May to more than 18%
of the retained precipitation in November, was
reported. Similar relationships are observed
during field measurements of seasonal changes
of interception over the whole tree (Fathizadeh
et al. 2013). The results obtained are consistent
with changes in leaves wettability. Schreuder et al. (2001) found that increased leaf life
span may reduce the hydrophobicity of leaves.
Crocford & Richardson (1990) and Sase et al.
(2008) when performing experiments using
both conifer and deciduous species found that
older leaves were losing their hydrophobic
properties.
Chemical changes occurring inside the leaf
and the influence of atmospheric factors affect
the texture of the leaf surface. It becomes more
rugged and such surface retains more water.
During the whole vegetation period, the underside of leaves shows higher values of contact
angle than the axial side, therefore it is more
resistant to water. On the upper side of the
leaf, we observe a clear increase in the values
of drops’ adhesion in May which is reflected
by lower values observed in April. This increase in hydrophobicity and the achievement
of the highest values in May can be explained
by the chemical structure of cuticle. The same
relationship was reported for the level of interception assessed on the upper side of leaves.
Epidermis of the upper side of the oak leaf is
covered with thicker epithelium in comparison
to the epidermis on the underside; on the upper
side the crumbs is more prone to drying out.
Stomata are located on the underside, which
is less exposed to sunlight and lower amounts
of dust is collected here, which could obstruct
the stroma. These structural features of leaf affect the differences in the degree of wettability
of the upper and lower sides of the leaves and
also affect the level of interception. Fernandez
et al. (2014) showed that regardless of leaf age,
the upper side had a higher surface energy than
the lower one, while this tendency in terms of
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polarity was opposite. This fact is explained by
increased values of the contact angles between
drops and leaves (i.e. less hydrophilicity) on
the abaxial side of the leaves. In April, the
forming leaves did not develop a layer which
is responsible for self-cleaning associated with
superhydrophobicity (Bhushan et al. 2010).
Thus, much higher wettability and interception in the first month of analyzes is explained.
Precise determination of seasonal changes can
cause a significant difference in hydrologic
balance. The amount of retained precipitation
depends on the intensity and duration of precipitation (Klamerus-Iwan 2014b). It can be
reported that low intensity precipitation lasting
for a few minutes is almost entirely retained in
the crown of trees. Presented studies demonstrate that change in adhesion and hydrophilicity of leaves must be taken into account when
studying the interception. This fact has also an
ecological justification. Much higher values
of water adhesion in April, on a very young
leaves can cause a common occurrence and development of oak powdery mildew (Erysiphe
alphitoides) in early spring in juvenile or coppice shoots. For the proper development, oak
powdery mildew requires moist environment.
The obtained results indicate how large the
variability of drops’ adhesion to a surface
sprayed with water is, depending on changes
occurring during the vegetation period. This
is a topic of a growing interest for plant ecophysiology (Helliker & Griffiths 2007, Limm
& Dawson 2010, Berry et al. 2014, Rosado &
Holder 2013, Berry et al. 2013, Helliker 2014)
as they may play an important ecophysiological role.
Water capacity of trees’ crowns and the
amount of water transferred into the under-crown zone is often a necessary condition
for the restoration of desert ecosystems for
xerophytic shrubs and in semiarid tree plantations (Sadeghi et al. 2014). In dry climate,
adaptation of trees not to retain water on the
leaves can be observed so that more water
can enter the soil (Martin & von Willert 2000,

Holder 2012).
Nevertheless, the mechanisms of foliar uptake of water and solutes by plant surfaces are
still not fully understood (Fernández & Eichert
2009, Burkhardt & Hünsche 2013).
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