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Abstract The effects of simulated acid fog (SAF) and
ozone (O3) stress on the growth and physiology of beech
(Fagus crenata) saplings were investigated. Three-year-old
beech saplings were exposed to SAFs of pH 3 and pH 5
(control) during May 2007 to July 2008. In each SAF
treatment group, half of the saplings were exposed to
60 ppb of O3 during September 2007 to July 2008. In
comparison to the control saplings, those from the pH 3
treatment had lower total plant biomasses, epicuticular wax
amounts, Ca®" concentrations in their leaves, and lower
starch concentrations in their leaves and roots. The effect
of O3 was significant only for the starch concentration in
the roots, but the Oz exposure also negatively affected the
growth and physiology of beech saplings. Results show
that acid fog exerts various severe effects, and that both
chronic acid fog and O3 exposure suppressed the physio-
logical functions of beech saplings.

Keywords Acid fog - Epicuticular wax - Fagus crenata -
Forest decline - Ozone

Introduction

The Tanzawa Mountains in the Tanzawa—Oyama Quasi-
National Park, Japan, are located 60 km southwest of the
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Tokyo Metropolitan area. Beech (Fagus crenata) trees
growing on the southwest-facing slope have shown symp-
toms of decline since the 1980s, but those on the northeast-
facing slope are healthy at present.

To clarify the cause of the decline in the forest on
the Tanzawa Mountains, several studies have conducted
field observations and chamber experiments. Around the
Hinokiboramaru (1601 m asl) summit located on the
northwestern ridgeline of the Tanzawa Mountains, Maruta
and Usui (1997) collected fog water using an active fog
water collector and reported that the pH was lower in
samples collected on the southwest-facing slope than in
samples from the northeast-facing slope. Acid fog may be
one cause of the decline, but limited information related to
the effects of simulated acid fog (SAF) on growth and
physiological responses of beech saplings is available (e.g.,
on plant height, stem diameter, number of leaves, leaf area,
biomass, and starch accumulation in the stem) (Shigihara
et al. 2008a).

Ozone (O5) is a widespread phototoxic air pollutant, and
Totsuka et al. (1997) have reported the frequent occurrence
of higher concentrations of ambient O3 (>100 ppb) in
declining forest areas than in a control plot in the Tanzawa
Mountains. Recently, Takeda and Aihara (2007) examined
beech saplings exposed to unfiltered air or charcoal-filtered
air in an open-top chamber on the Tanzawa Mountains and
reported that their total biomass was reduced considerably
in the unfiltered air. As described, air pollutants such as
acid fog and O; are common environmental stresses for
beech seedlings (Shigihara et al. 2008a; Yonekura et al.
2004), but the effects of acid fog and O5 have been con-
sidered separately thus far. Although few studies to date
have examined the interactive effects of acid fog and O3 on
vegetation, such studies must produce more accurate pre-
dictions of future ecosystem responses to the changing
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environment. In particular, no information is available on
the combined effects of SAF and O; on the growth and
physiological responses of beech seedlings, although a
synergistic effect of SAF and O; has been reported for fir
(Abies firma) seedlings (Yoshida et al. 2004).

The objectives of this study are as follows:

1. To determine how both SAF and Oj simultaneously
influence the growth and physiology of beech saplings,
the saplings’ responses were examined by measuring
total biomass and starch concentrations in roots,
leaves, and winter buds. O3 is well known to have a
strong impact on the central processes of carbon
metabolism, such as photosynthesis and carbohydrate
formation (McLaughlin et al. 1982; Meier et al. 1990).
The major biomass product of photosynthesis is starch
(Gifford et al. 1984).

2. To determine whether much leaching of metal ions
from the leaves occurs when beech saplings are
exposed to both SAF and Os, the cuticular layer—
which protects the leaf surface from loss of moisture,
inorganic ions, and gas from vegetation—was exam-
ined (Klemm 1989). The cuticular layer, especially
epicuticular wax, is reportedly eroded by acid depo-
sition (Mengel et al. 1989) or O3 (Percy et al. 1992).
The amount of base cations (K™, Mg”, and Ca2+) that
are leached from the leaves depends on the decrease in
wax on the surface.

Materials and methods

Five months before the start of the SAF and O3 exposure
treatments conducted at the experimental site of Kanagawa
University in Yokohama, Japan (35°28'N, 139°38'E), 32
three-year-old beech saplings (Fagus crenata, height ca.
85.8 cm) were planted individually in four-liter pots con-
taining a 1:2 mixture of leaf mold and red clay. Saplings
were treated with a mineral fertilizer (2 g; nitrogen 8%,
phosphorus pentoxide 8%, potassium oxide 8%) once
annually in mid-March and irrigated with tap water during
the study, as described in a previous report (Shigihara et al.
2008a). All saplings were kept under natural environmental

Table 1 Experimental site conditions at Kanagawa University in
Yokohama during May 2007 to July 2008 (Yokohama local meteo-
rological observatory data)

Total Average

Precipitation Insolation Temperature Relative
(mm) duration (h) (°C) humidity (%)
2183 2477 17.3 65.8

conditions. The soil surface was not covered, and the ele-
ments leached from leaves and litter entered the soils in
which the beech saplings were planted. The meteorological
data presented in Table 1 were obtained from Yokohama
local meteorological observatory. Additionally, the mean
atmospheric concentrations of Oz and nitrogen oxide
(NOy) were, respectively, 15.6 and 43.6 ppb (Kanagawa
University observational data).

Prior to the experiment, all saplings were divided into
two groups: one group was exposed to SAF at pH 3 (AF;,
16 seedlings each); the other group was exposed to SAF at
pH 5 as a control (AFs, 16 seedlings each). The SAF
exposure experiments were performed over three periods:
April-July 2007, September—December 2007, and April—
July 2008. SAF exposure was halted in August 2007 and
during January—March 2008 because the frequency of acid
fog events is extremely low at Mt. Oyama in the Tanzawa
Mountains. The SAF solution for AF; contained ions typ-
ical of fog samples found in Mt. Oyama at the following
concentrations (mequiv. Lfl): H* 0.675; Na®™ 1.38; NH,*
1.75; CI™ 0.526; NOs~ 0.943; SO,>~ 0.911. The SAF
solution for AF5 was prepared by diluting the SAF of pH 3
with ultrapure water (18.2 MQ cm resistivity at 25°C and
<5 ppb total organic carbon). The SAF solutions were
generated using a dry-fog humidifier (Akimist D; H.
Ikeuchi and Co. Ltd.), which produced droplet sizes of
approximately 20 pm at the rate of 3 L h™' with com-
pressed air using a compressor in exposure chambers
(2.4 x 2.4 x 1.8 m high, 10.4 m3) that consisted of a steel
frame and polyvinyl chloride sheeting on all sides, except
for the floor. The saplings were exposed to the SAF for 2 h
and left in the chamber for 20 min after exposure. During
the exposure period, the chamber was closed off with
sheets. The exposure treatments were conducted on clear or
cloudy days during 1300-1700 JST and twice a week at
three-day or four-day intervals. The total exposure duration
was 172 h (86 times) in this experiment.

After four months’ exposure to SAF, half of the saplings
within each acid fog exposure chamber were exposed to
60 ppb O5 four times a week for 7 h each (during 1000-
1700 JST) until July 2008, except during January—March
(114 day) in the O3 chamber. The O; concentrations were
determined based on data for atmospheric O3 obtained in
the Tanzawa Mountains, where high concentrations of O3
are detected with a mean Oj; concentration of approxi-
mately 60 ppb (Yonekura et al. 2004). The chamber was
1.2 x 1.2 x 1.2 m high, with a volume of 1.73 m3, and
was made of an aluminum framework with polyvinyl
chloride sheeting on all sides except for the floor. The O3
exposure experiments were performed over two periods:
September—-December 2007 and April-July 2008. During
the period of January to March, O; exposure was also
stopped because not only acid fog but also high
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concentration O3 events rarely occur in winter. The O; was
generated with two O5 generators (air essence VR-40;
Ohnit Co. Ltd.) from atmospheric air filtered through
fiberglass. The ozone was distributed uniformly in the
chamber using an electric fan; its concentration was mon-
itored continuously at 10-min intervals using a personal O3
monitor (OC-300; GE Medical Systems) which showed a
good correlation with the results obtained using an ultra-
violet absorption O; photometer (UVAD-1000A; Shimadzu
Corp.). The accumulated exposure to Oz above a threshold
of 40 ppb (AOT40) was 16.6 ppm h during the experi-
mental period. Here the AOT40 of O3 is the sum of the
differences between the hourly mean O; concentration and
40 ppb for each hour when the O; concentration became
greater than 40 ppb. We designated the two treatments as
follows: SAF at pH 3 with O3 exposure, “AF3;—03;” SAF at
pH 5 with Oj exposure, “AFs—03.” The respective expo-
sures of SAF and O3 were repeated.

In late August 2008, all saplings were harvested from the
pots and divided into winter buds, leaves, branches, stem,
and roots. To quantitatively estimate the epicuticular wax,
extracts of 15 leaves per sapling were placed in chloroform
for 15 s (Sase et al. 1998), and then the chloroform was
filtered and evaporated. The residual epicuticular wax was
determined gravimetrically, and the amount of epicuticular
wax was expressed on a dry mass (mg g~ ' dry leaves
weight (DW)) basis. After measuring the wax, the plant
materials (including the leaves) were dried in a forced-air
oven at 80°C for 48 h to obtain the dry weight. Their
weights were measured using an electrobalance.

To measure mineral ions, dried leaves were ashed in a
muffle furnace at 500°C for 2 h. Ten milligrams of ash
were heated in 5 ml of 1% nitric acid at 80°C for 2 h. After
cooling and filtering with a membrane filter (0.45 um), the
concentrations of K™, Mg>", and Ca®>" were determined
using atomic spectrometry (AA-6700; Shimadzu Corp.).
The starch contents in dry materials were also measured
according to the method described by Sugiyama and
Oshiro (2001).

Analyses of variance (ANOVA) were performed in this
study, and significant differences (P < 0.05 or 0.01) in all-
plant biomass, epicuticular wax, metal ion concentrations
in leaves, and starch concentrations in plant fractions were
determined using Student’s ¢ test in order to evaluate dif-
ferences among treatment groups. All data presented in this
paper are average values and standard errors (SEs) of eight
independent replicates.

Results

Because of their large surface areas, leaves are the plant
organs that suffer the most exposure to O; (Lux et al.
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1997). Before O3 exposure, no visible injury to the leaves
was observed in any of the samplings. Two months after
the first exposure to O, leaf injury symptoms (e.g.,
bronzing between the leaf veins) appeared in most saplings
of AF3-0j3; and AF5—0;. The degree of injury was higher
for AF;—0; than for AFs—03;, indicating that chronic acid
fog exposure increased the leaves’ sensitivity to Os.
Figure 1 portrays the total plant biomass and top/root
dry mass ratio (T/R) of beech saplings in August 2008. The
total plant biomass decreased from that observed for pH 5
SAF (control) after exposure to pH 3 SAF and/or Os.
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Fig. 1 Effects of long-term exposure to acid fog and/or Oz on beech
saplings on the top/root (T/R) ratio (a) and the total plant biomass (b).
Data are presented as average values and standard errors (n = 8).
*Significant at P < 0.05, **significant at P < 0.01, ns not significant
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Effects of acid fog and/or O; on the T/R ratio were also
observed, indicating suppressed root growth. However,
there were no significant differences between the AF; and
AF;-0; or AF; and AFs—O; groups for either index. Acid
fog and O; exerted similar effects, although no significant
differences were found between the AFs and AFs—O;
groups. These two effects (of acid fog and O3) are dem-
onstrated in the ANOVA results presented in Fig. 1.

The amounts of epicuticular wax measured after the
harvest are presented in Fig. 2. A large acid fog-induced
reduction in epicuticular wax was observed, but no sig-
nificant effect of O3 was found.

Figure 3 depicts concentrations of metal ions (K,
Mg®", and Ca®") in leaves on August 2008. Acid fog
significantly reduced the concentrations of K™ and Ca*".
Leaves of saplings exposed to pH 3 SAF had Ca*" con-
centrations that were 42% of those of control saplings,
although the difference for K™ was less. Mg>" concentra-
tions were not significantly different between AF; and AFs.

Starch concentrations in the roots, leaves and winter
buds are presented in Table 2. In comparison to control
saplings, starch concentrations were reduced in the roots
and leaves but not in the winter buds of saplings exposed to
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Fig. 2 Amounts of epicuticular wax in leaves harvested in August
2008. The vertical bar denotes the standard error. *Significant at
P < 0.05, **significant at P < 0.01, ns not significant

acid fog. In particular, root starch after exposure to pH 3
SAF was significantly reduced compared to that of the
control plants; the effects of acid fog and O5 on the starch
concentration appear to be additive. The leaf number pre-
sented in Table 1 is the result after harvesting, but we also
observed a change in the number of leaves over the
experimental period. In September 2007, the mean number
of leaves was less for the pH 3 SAF groups (AF; and AF;—
03) than for the control groups (AFs and AFs—0j3). In May
2008, when the leaves were fully developed, the saplings’
leaves were further suppressed. Acid fog-treated plants
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Fig. 3 Effects of acid fog and/or O3 on the metal ion concentrations
in leaves harvested in August 2008. The vertical bar denotes the
standard error. *Significant at P < 0.05, **significant at P < 0.01, ns
not significant
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showed considerably fewer leaves than control plants, and
significant (P < 0.05) antagonistic effects of acid fog and
O3 on the mean leaf number were observed.

Discussion

Results obtained after acid fog and/or Oz exposure suggest
that these factors had an apparently cumulative impact on
the total plant biomass, epicuticular wax and Ca*" con-
centration in leaves, and the starch concentration in roots.

The total plant biomass of the beech saplings treated with
pH 3 SAF was less than that of the control plants (Fig. 1b);in
particular, root growth was significantly reduced (Fig. 1a).
Many reports have described that SAF treatment reduces the
total plant biomass (Smith et al. 1991; Igawa et al. 2002a;
Shigihara et al. 2008a). The root growth impediment
reportedly results from aluminum ion dissolution when the
soil pH is less than 5.0 (Losno et al. 1993). In our experiment,
however, soil pH (H,O) and pH (KCl) were unchanged
during the exposure experiment. The reduced number of
leaves observed in the experiment reduced the photosyn-
thetic efficiency. Therefore, the decrease in the dry matter
weight of the underground part (roots) is considered to be
mainly attributable to a reduction in starch pools in the beech
saplings. Furthermore, no synergistic effects were found
between acid fog and Os; additive effects were found. O3
exposure also decreased the growth of beech saplings in our
experiment, as has been reported for O3 exposure in other
plant systems (Andersen et al. 1997; Watanabe et al. 2006).

A cuticular layer protects the leaf surface; this helps to
prevent the loss of moisture and ions from the plant (Klemm
1989). In a previous study, acid-fog-treated leaves of beech
saplings had less epicuticular wax than control leaves, as
also shown in Fig. 2. Acid deposition (e.g., fog) and air
pollutants accelerate the melting and erosion of the wax

Table 2 Effects of acid fog

(Mengel et al. 1989) and change its chemical composition
(Cape 1986). The decreased amount of epicuticular wax
enhances the possibility of H' diffusing to the leaf interior
and leaching nutrients from the leaf (Tyree et al. 1991;
Shigihara et al. 2008b). Chronic O; exposure to beech
saplings had no effect on the total amount of epicuticular
wax. Giinthardt-Goerg and Keller (1987) reported that the
total amount of wax in Norway spruce needles (Picea abies
(L.) Karst.) exposed to O3 at 300 ppb was reduced, but not
when exposed to the lower concentration of 100 ppb.

Compared with the control plants, Ca®" levels in the
leaves of beech saplings were reduced substantially by
exposure to pH 3 SAF (Fig. 3). Foliar Ca®" leaching
caused by acid fog exposure has been described in reports
of both field and laboratory studies (Igawa et al. 2002a, b).
The Ca”" deficiency may strongly affect the physiological
functions of plants in terms of, for example, membrane
stability and winter cold tolerance (DeHayes et al. 1999).
Recently, Shigihara et al. (2008a) reported that fog-induced
base cation leaching increased as the pH of the SAF
solution decreased. In fact, Ca>*, which is obtained from
the soil via the roots, was significantly leached out from the
beech foliage in comparison to other conifers such as fir
(Abies firma) and cedar (Cryptomeria japonica). The
water-soluble components in the soil after harvest were
determined, but no significant differences were found
between the components of the soil in the pots used for the
saplings exposed to pH 3 SAF and those exposed to pH 5
SAF. Therefore, the effect of exposure of acid fog on the
water-soluble components of the soil or litter was negli-
gible. These reductions in mineral levels in leaves may
result from the reduced uptake in combination with greater
mineral retention by other plant parts.

In this study, the concentrations of starch in the roots
and leaves of beech saplings were reduced significantly by
exposure to pH 3 SAF (Table 2). The greater loss of starch

Amount of starch (mg g' DW)

and/or Oj3 stress on starch Treatment - Number of leaves
concentrations in roots, leaves, Roots Leaves Winter buds
and winter buds, and the number
of beech sapling leaves AFs 75.245.8 9.94£0.7 6.080.7 299+28
harvested in August 2008 AFs 10111 14.1£0.9 7.02+0.7 402439
AF3-O3 53.314.3 7.58+0.3 5.99+0.3 205124
AF5-O3 88.4+10 12.1£0.3 6.71+0.6 321+32
ANOVA  AF; AFs AF3-O3 AF5-O3 ANOVA  AF; AFs AF3-O3 AF5-O3
AF3 - Roots AF3 - Winter buds
PSR i |_Roots [N ] Winter buds
AF3-O3 * * - AF3-O3 ns ns -
Data are presented as average AFs-O3 ns * ** - AFs-Os ns ns ns -
(V:liesg)a“d standard errors ANOVA __ AFs AFs __ AF:x0; _ AFsOs ANOVA _ AFs AFs __ AFx0; _ AFsO;
B AF3 - AF3 - Number of
* Significant at P < 0.05, AF3-Os ns b - AF3-Os * > -
AF5-O; ns ns o - AFs-O3 ns * o -

**significant at P < 0.01
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in acid fog-treated plants than in control plants may be
caused mainly by the reduced photosynthetic efficiency of
leaves. Although we have no tangible proof of this reduc-
tion in photosynthesis, we observed a reduced number of
leaves, and this is considered to exert a great influence on
the photosynthetic efficiency.

In the present study, the combined effect of acid fog and
O3 on root starch concentrations was also significant.
Braun and Fliickiger (1995) reported a significant reduction
in root starch concentrations in beech seedlings exposed to
ambient Os. These results imply that the ozone generated
may impair the biochemical production process. According
to Ziegler (1991), starch storage in roots is a sensitive
indicator of a tree’s carbohydrate reserves. Therefore, the
storage of low amounts of starch in the roots may affect the
growth rate of beech saplings.

The results obtained under these experimental conditions
underscore that acid fog and O; exert negative effects on
beech saplings in an additive manner, and that these con-
ditions may occur under field conditions in the Tanzawa
Mountains.
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