
ABSTRACT

To establish the method for investigating the behav-
ior of aerosol particles deposited on the leaf surface
against fog water under natural conditions, scanning
electron microscopy with energy-dispersive X-ray
(SEM-EDX) analysis and wash water analysis by ion
chromatography after the washing treatment were
performed using leaves of white birch collected from
low part of the tree crown and the top of the tree in
Sapporo City, Hokkaido, northern Japan. Each of col-
lected leaves was divided into two parts according to
the treatment performed: leaf surface (adaxial side)
was 1) untreated, and 2) washed with deionized wa-
ter with a pipette. In untreated samples, many par-
ticles of various shapes, including soil particles and
organic debris, were deposited on the surface. Parti-
cles containing S were found on the surface of sam-
ples collected from only low part of the tree crown.
After the washing treatment, SEM-EDX analysis re-
vealed that soil particles and particles containing S
had been washed off with water, although some par-
ticles such as soil particles and organic debris still
remained on the leaf surface. The major anion such
as SO4

2- was detected in wash water of all samples,
although the peak of S in X-ray spectra was not de-
tected from samples collected at top of the tree. The
combination of SEM-EDX analysis with wash water
analysis indicated that SO4

2- was deposited on the
leaf surface in dissolved state and/or in state of sub-
micron particles. These results suggested that fog
water could remove soil particles and particles con-
taining S and SO4

2- from the leaf surfaces, but not all
particles. There was no difference in sampling posi-
tion in the tree crown. Our study suggested that com-

bination with SEM-EDX analysis and wash water an-
alysis would be effective for investigation of the be-
havior of particles on the leaf surface against fog wa-
ter. 
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Cleaning technique

1. INTRODUCTION

Recently, the effect of aerosols on forest trees has
been focused on because of an increase in transboun-
dary air pollution from the Eurasian continent in par-
allel with promoting economic growth in Asian coun-
tries. Although several attempts have been made to esti-
mate aerosol deposition fluxes in the forests of Japan
using such as aerodynamic gradient method (e.g., Ma-
tsuda et al., 2010), there is little information on the di-
rect effect of aerosols on forest trees in the field (Igawa
and Okochi, 2009). On the other hand, many studies
have revealed the direct effect of aerosols on physio-
logical traits of tree seedlings after exposure of aero-
sols in growth chamber (Günthardt-Goerg and Vollen-
weider, 2007). However, it would be not always suffi-
cient to apply these results to trees in the forest, because
various environmental factors such as temperature,
precipitation and herbivory as well as aerosol deposi-
tion affect the growth of forest trees. Therefore, we
must consider both factors, i.e., estimation of aerosol
deposition and effect of aerosols on physiological traits
of trees for risk management of transboundary aerosol
deposition in forests of Japan. 

One way of assessing the direct effect of air pollu-
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tion on forest trees in relation with estimation of aero-
sol deposition is through leaf investigation. Plant leav-
es, in particular the leaves of perennial plants such as
trees and shrubs, capture various atmospheric particles
on their surface for long periods (Lorenzini et al., 2006;
Tomasevic et al., 2005). Some studies reported that tree
leaves were useful as passive samplers for monitoring
air quality (Urbat et al., 2004; Shima et al., 1993). 

Aerosol particles deposited on the leaf surface show
various behaviors under natural conditions and affect
the physiological traits of trees. These particles are
dissolved by rain, fog, and dew (Lindberg et al., 1982).
Some particles are removed from leaf surface by rain,
but another remains on the leaf surface (Rossini Oliva
and Raitio, 2003; Markert, 1995). Dissolved aerosol
particles deposited on the leaf surfaces might penetrate
to inside of leaves through cuticular layer and/or stom-
ata, resulting in detrimental effects on plants, such as
reduced photosynthesis and enhanced transpiration
(Burkhardt, 2010). Also, some studies suggested that
aerosol particles were responsible for erosion of epicu-
ticular wax on the leaf surface (Igawa and Okochi,
2009; Sase et al., 1998; Turunen et al., 1990). Deliqu-
escence of hygroscopic aerosol particles in high humid
environments is also known (Burkhardt, 2010; Ebert
et al., 2002). Burkhardt (2010) suggested that deliqu-
escence of hygroscopic particles deposited on the leaf
surface would influence epicuticular wax, resulting in
water stress in plants. Thus, aerosol particles deposited
on the leaf surfaces in the field would be sensitive to
environmental conditions and change in physiological
traits of trees might depend on the behavior of aerosol
particles on the leaf surface under various environmen-
tal conditions. Therefore, to clarify the effect of aero-
sols on forest trees and to estimate aerosol deposition
amount in view of the behavior of aerosol particles on
the leaf surface, it is important to establish the methods
for investigating the behavior of aerosols on leaf sur-
faces against rain and fog water.

The most common method for investigating the be-
havior of aerosols on leaf surfaces against rain and fog
water is to wash the leaf surfaces experimentally by
some kinds of solvents. Many cleaning techniques of
foliar samples have been tried by using some solvents
such as deiozined water and other solvents as well as
some mechanical cleaning such as stripping and wip-
ing with a cloth (Rossini Oliva and Raitio, 2003; Mar-
kert, 1995). Rossini Oliva and Raitio (2003) summariz-
ed the best cleaning procedure for foliar samples of
tree species and showed that many studies recommend-
ed distilled water or deionized water to distinguish ex-
ternal from internal tissue composition in the case of
broadleaf species, because water such as distilled wa-
ter is the most effective, safe and cost efficient agent.

However, no one has focused on the behavior of aero-
sol particles on the leaf surfaces after cleaning treat-
ments.

Another method for investigating the behavior of
aerosols on leaf surfaces against rain and fog water is
to observe aerosols on the leaf traits by scanning elec-
tron microscopy (SEM) before and after the washing
treatment. SEM-EDX is a useful tool to observe parti-
cles and to analyze the elements of them on leaf sur-
face (Tomasevic et al., 2005; Urbat et al., 2004). How-
ever, SEM-EDX analysis cannot detect particles in dis-
solved state on the leaf surface. Therefore, to achieve
our goal, we investigated behavior of particles deposit-
ed on the leaf surface using the SEM-EDX technique
in combination with the wash water analysis.

2. MATERIALS AND METHODS

2. 1  Site Description and Collection of Leaf
Samples

We took leaf samples at the following two areas lo-
cated in Sapporo City (43�06′N, 141�20′E) in Japan
to estimate the wash effect of aerosol particles from
leaf surface distinctly. 

We selected white birch trees (Betula platyphylla
Sukaczev var. japonica), because white birch is one of
the representative species in cool temperate forests in
Hokkaido. To collect leaves from low part of the tree
crown, we selected garden trees grown in a row stretch-
ing east to west along the border of the area of Hokkai-
do Institute of Environmental Science located in urban
area. Mean canopy height was about 20 m. We selected
one of them and took leaves at least three leaves from
outer part of south-facing tree crown at about 2 m in
height on 21 September 2011. 

We selected a forest tree grown in the experimental
forest (area; 146.77 ha) of Hokkaido Research Center,
Forestry and Forest Products Research Institute, which
is located 10 km away from Hokkaido Institute of En-
vironmental Science. This area is a typical cool tem-
perate forest in Hokkaido. The dominant canopy tree
species are white birch (Betula platyphylla), oak (Quer-
cus mongolica), maple (Acer mono) and Kalopanax
septemlobus. Leaves of white birch were taken from
top of the tree by climbing canopy tower at about 25
m height. We took at least three leaves from each part
of tree crown without touching leaf surfaces on 21 Sep-
tember 2011. Before sampling, it was raining on 18
September 2011 (precipitation; 8 mm). Then, it was
cloudy from September 19 to 21. Collected leaves were
fixed in Petri dishes without disruption of the leaf sur-
face. 
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2. 2  Washing Treatment of Leaves
To simulate particle washing by rain and fog water,

we used deionized water as a solvent for washing treat-
ment according to Rossini Oliva and Raitio (2003). To
avoid the leaching of some compositions from internal
tissue of leaves by the washing treatment and to get
wash water at relevant concentration for ion chroma-
tography after the washing treatment, we did washing
treatment with a small amount of water (10 mL) at short
times (10 seconds). 

Before air drying, each leaf was divided into two
parts according to the type of treatment performed: leaf
surface (adaxial side) was 1) untreated, and 2) washed
with 10 mL deionized water for 10 seconds. At the
washing treatment, samples were inclined at a thirty
degree angle approximately with tweezers and then 5
mL deionized water was poured into leaf surface (ada-
xial side) gently using a pipette for 5 seconds once. We
did this manipulation twice and collected total wash
water. After this treatment, samples were fixed and
air-dried in Petri dishes. 

2. 3  SEM-EDX analysis
Two air-dried specimen were obtained from the part

near the midrib region of each leaf from each treatment
group and stuck onto specimen stubs with carbon tape
and then coated with carbon. Before carbon coating,
dusts were blown off well by using a blower. Particles
that were not blown off were recognized as particles
deposited on the leaf surface. Particles with about 1μm
in diameter or larger on the adaxial side of the leaf sur-
faces were observed in all samples and elements of
particles were analyzed using SEM-EDX (JSM-6610
LA, JEOL, Tokyo, Japan) at an accelerating voltage
of 10-15 kV. The working distance was 10 mm. Total
observation areas were about 0.28 mm2 in each sample
and X-ray spectra of these observed areas were col-
lected. Elements (Na, Mg, Al, Si, S, K, Ca and Fe) of
each particle in the observed area were detected by
EDX analysis and elemental mapping images of each
particle in the observed area were taken. The intensity
of the peaks in the EDX is not quantitative, but we
compared relative peak height of each element before
and after the washing treatment (Kutchko and Kim,
2006).

2. 4  Wash Water Analysis
After the washing treatment, wash water was filter-

Preliminary Study on the Behavior of Particles on the Leaf Surfaces 3

Fig. 1. SEM micrographs (a, b) and elemental mapping (c, d) of particles deposited on the surfaces of untreated white birch
leaves collected at top of the tree. (a) Particles on the leaf surface; (b) same micrographs as in (a)-open circles show soil
particles, and an open circle with dotted line shows particles such as organic debris; (c) silicon; (d) aluminum. Scale==50μm.
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ed through 0.2 μm pore size filters (DISMIC-13C,
ADVANTEC-Toyo, Tokyo, Japan) and the concentra-
tion of the major anion such as SO4

2- was measured
by ion chromatography (Dionex ICS-2000, Dionex,
Osaka, Japan). An IonPac AG17 (4 mm×50 mm) guard
column and an IonPac AS17-C (4 mm×250 mm) an-
alytical column were used. Before starting the conduc-
tivity detector, an ASRS-Ultra (4 mm) suppressor was
connected. SO4

2- is the major component of aerosol
particles in Hokkaido (Environmental Laboratories
Association, 2012) and it is possible that SO4

2- depo-
sition has occurred onto surfaces of tree leaves. Fur-
thermore, SO4

2- analysis is considered to be effective
for investigating the washing effect of aerosols on the
leaf surface, because it has been reported that sulfate
did not leach from inner tissues of leaves by through-
fall (Garten et al., 1988). We calculated the area of each
leaf after the washing treatment, and then the content
of SO4

2- per m2 was calculated.

3. RESULTS AND DISCUSSION

We observed particles on the surfaces of white birch

leaves in all samples by using SEM (Fig. 1a and b and
Fig. 2a and c) and then, EDX analysis of observed areas
was performed to obtain X-ray spectra (Fig. 2b and d).
Elements of each particle in observed area were detect-
ed from mapping images of each element (Fig. 1c and
d). Finally, we inferred what kinds of particles were
deposited on leaf surface and what kinds of particles
were removed after washing treatment. Table 1 showed
the main elements detected by X-ray spectra and pos-
sible kind of particles. The result by ion chromatogra-
phy was shown in Fig. 4.

3. 1  Untreated Leaf Samples
In untreated samples from both low part of the crown

and top of the tree, many particles of various shaped
were observed on the leaf surface (Figs. 1a and 2a). Si
and Al were detected in many particles in observed
area by EDX analysis in all samples (Fig. 1c and d). In
some particles, no elements except C and O were de-
tected (Fig. 1b; an open circle with dotted line). These
results showed that soil particles and organic debris
and microorganisms such as bacteria were deposited
on the leaf surfaces of white birch trees under natural
conditions. 
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Fig. 2. SEM micrographs and X-ray spectra of observed area of white birch leaves collected from low part of the tree crown. (a,
b) Untreated samples; (c, d) samples after the washing treatment. Scale==50μm.
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In untreated samples from low part of the tree crown,
particles containing S were sometimes found (Fig. 3c).
The size of these particles containing S was less than
5μm in diameter and of various shapes. X-ray spectra
of observed areas exhibited strong peaks of Si and S
in untreated samples (Fig. 2b). The particles containing
S were considered to be soil particles and CaSO4 (Fig.
3). The particles might be originated from emissions
of aerosols containing S from the ground surface (Urbat
et al., 2004). On the other hand, we could not detect

the peak of S in X-ray spectra in untreated samples at
top of the tree. However, the content of SO4

2- per m2

(mean value±SD) in wash water was 1.04±0.41 mg
per m2 in samples from low part of the tree crown and
1.00±0.64 mg per m2 in samples at top of the tree, re-
spectively (Fig. 4). This situation may be explained by
that particulate SO4

2- deposited from the atmosphere
deliquesced under high humid condition due to leaf
transpiration (Burkhardt, 2010), because the major com-
ponents of aerosol particles in Sapporo were (NH4)2SO4
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Table 1. The summary of the results from X-ray spectra of observed areas, possible particles from elements image mapping and
the anions in wash water before and after washing treatment (n==3).

Low part of tree crown Top of the tree

Untreated Washed Untreated Washed

Elements detected by Na, Mg, Al, Si, S, K, Ca Mg, Al, Si, Ca Na, Mg, Al, Si, K, Ca Mg, Al, Si, CaX-ray spectra

Particles observed on Soil, Particles including Soil Soil Soilthe leaf surface S such as soil and CaSO4

Anions in wash water SO4
2- Not detected SO4

2- Not detected

Fig. 3. SEM micrograph (a), X-ray spectrum (b) of observed area, and elemental mapping (c, d) of a particle on the leaf surface
of untreated sample collected from low part of the tree crown. This particle contained S and Ca. Scale==50μm.
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(Environmental Laboratories Association, 2012). As
a result, the dissolved SO4

2- covered the leaf surface
in samples of top of the tree. Also, it is possible that
SO2 gas was converged to the particle form of SO4

2-

in the atmosphere and deposition of these particles to
leaf surface occurred. It is likely that SEM-EDX could
not detect particulate SO4

2- at submicron level, because
these particles were mainly smaller than 1 μm in size
(Kleeman and Cass, 1998). Our technique showed that
the occurrence of deliquescence at high humid condi-
tions on the top of tree was important in view of the
behavior of aerosol particles deposited on the leaf sur-
faces.

3. 2  Treated Leaf Samples
After the washing treatment, the peak of Si almost

was smaller than that of untreated samples from low
part of the tree crown and top of the tree (Fig. 2d),
although EDX detected some particles containing Si
and Al. SEM micrographs showed that many particles
such as particles containing Si and particles which ele-
ments except C and O were not detected still remained
on the leaf surface, irrespective of the washing treat-
ment in all samples (Fig. 2c). These results showed that
the washing treatment in this study did not wash off
all particles from leaf surfaces and some particles re-
mained on the surfaces after the treatment (Fig. 2c). It
is likely that all particles such as soil particles and
organic debris are not washed off by rainfall and fog
water. This situation is considered to occur when the
particles were attached in asperity of leaves.

The peak level of S also was not detected in all sam-

ples after the washing treatment. Our study indicated
that some types of particles such as soil and CaSO4

and the anion such as SO4
2- on leaf surfaces would be

washed off by rainfall and fog water. Some studies
have been reported that exposure of stimulated acid
rain and acid mist containing sulfate caused visible
injury of plant leaves (Günthardt-Goerg and Vollen-
weider, 2007). Therefore, deposition of aerosols con-
taining sulfate such as (NH4)2SO4 to cool temperate
forests in Hokkaido might affect the leaf tissue of for-
est trees. However, it is possible that cleaning of the
leaf surface by fog deposition would mitigate the effect
of aerosols containing sulfate on forest trees. 

Our study showed that SEM-EDX analysis could re-
veal the behavior of aerosol particles after washing
treatment simulated fog deposition qualitatively, and
wash water analysis by ion chromatography could de-
tect the major anion on the leaf surface quantitatively.
Combination with SEM-EDX analysis and wash water
analysis would be effective for investigation of the
behavior of particles on the leaf surface against fog
water. 
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