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General Introduction

Acidic deposition is a global environmental issue and has its origin from the emission
of pollutants to the atmosphere. Acidic deposition affects ecosystems directly and/or indirectly.
In Europe and North America acidic deposition has seriously affected watercourses and forests
in some areas are threatened (e.g. Babich et al., 1980; Paces, 1985; Ulrich, 1986; Irwin and
Williams, 1988; Cerny and Paces, 1995). The definition of the forest ecosystem and effects of
acidic deposition was introduced by Papke and Krahl-Urban (1988). The major concern of
this thesis is soil, an abiotic environmental factor of the forest ecosystems. Therefore, the
theme of this thesis is

1) how precipitation chemistry contribute soil (solution) acidification?

ii) how soil acidification induce forest damage?

These subjects were examined by monitoring data for precipitation and soil (solution)

chemistry.

Acidic deposition and its effects on forest ecosystems

Emitted sulfur dioxide and nitrogen oxides are transformed into sulfuric acid and
nitric acid, respectively. These acids enter forest ecosystems as either wet deposition
(precipitation and fog) or dry deposition (gas and aerosols). Acid rain is defined as rain in
which pH values are less than 5.6 based on equilibria with the carbon dioxides (CO,)
concentration in the air (Babich et al., 1980; Okazaki, 1994). Taking natural sources of acid
substances such as volcanos into consideration, it could be defined as acid rain when the pH is
less than 5.0 (Charlson and Rodhe, 1982). Irwin and Williams (1988) and Hara (1994), for
example, applied this criterion. The pH value is the strength of the acidity. Total amount of
acidic substances, however, is important in estimating the chronic effects of acidification on the
forest ecosystems. When forest canopies intercept acidic dry deposition, the intercepted
substances are later washed down to the soil by rainfall. Therefore, the concentration and input
of acidic substances are higher in throughfall than those in open bulk precipitation.
Throughfall governs the soil acidification rate.

Since external ammonium contributes to soil acidification (Gundersen and
Rasmussen, 1990), it is defined as a acidic substance in this thesis. Ammonium ions
contribute to the neutralization of sulfuric and nitric acids in the atmosphere and form
ammonium sulfate and ammonium nitrate. However, protons are released in soil profiles when

ammonium ions are nitrified (van Breemen et al., 1982). In addition, excess nitrogen input to

the forest ecosystems induce nitrogen saturation (Aber et al., 1989), although atmospheric




nitrogen contributes to tree growth as the fertilizer in nitrogen poor ecosystems (Abrahamsen,
1980). Excess nitrogen causes a decrease in frost hardiness (Friedland et al., 1984; Soikkeli
and Kirenlampi, 1984) and an increase in susceptibility to water stress (Dueck et al., 1990).
On the other hand, nitrate output from forest ecosystems increases with saturation.
Simultaneously, base cation mobilization is accelerated. ~When base cation pools are
exhausted, aluminum mobilization becomes the main acid sink.

Acid rain has been recorded in Japan since the 1960s (Komeiji et al., 1975; Okita,

1976). Drizzle injured people's eyes and caused skin irritation in the Kanto district and
Shizuoka Prefecture, Central Japan from 1973 to 1975 in spite of the enactment of the Air
Pollution Acts in 1968 and the Water and Soil Pollution Act in 1970 (Hara et al.,1990). After
this period, extraordinary injuries by air pollutants and oxidants have not been reported
anywhere in the country. Based on the Acid Precipitation Chemistry Monitoring (Japan
Environment Agency, Phase I study, 1983-1987, and Phase II study, 1988-1992), Japan
Environment Agency (1989, 1994) stated that there were no serious problems caused by acidic
deposition in Japan. However, abnormal growth and defoliation of coniferous trees have been
recognized since the 1970s (Yoshizawa and Masuda, 1986). Yambe (1978) and Takahashi e
al. (1986) have suggested that the Japanese cedar (Cryptomeria japonica) in the Kanto district
might be suffering from acidic deposition. According to interim report on Acid Precipitation
Chemistry Monitoring by Japan Environment Agency (Phase III study), relationship between
forest decline and acidic deposition has not been elucidated (Japan Environment Agency,
1997). Dieback of other species has been reported in the northern Kanto district: Japanese
birch (Betula platyphylla var. japonica) at Mt. Akagi (Tanimoto et al., 1996) and northern
Japanese hemlock (Tsuga diversifolia) and Erman’s birch (Betula ermanii) in the Nikko
mountains (Tanimoto et al., 1996; Yoshitake 1996). Recently, diebacks of Momi fir at Mt.
Homan, Fukuoka Prefecture (Suda et al., 1992) and of Japanese red pine (Pinus densiflora)
at Mt. Gokurakuji, Hiroshima Prefecture (Naemura et al.,. 1997) were also reported. Soil
types of these regions were Dystrochrepts which developed on granite.

The soils in areas where forest ecosystems have been affected by acidic deposition
have developed on alluvial sediments, glacial till, sandstone, and granite (Table I-1). These are
poor in base cations. Soil acidification is an indirect cause of forest decline (e.g. Hauhs and
Ulrich, 1988; Heij et al., 1991; Matzner and Murach, 1995). For example, yellowing of
spruce needles was attributed to magnesium deficiency in needles due to magnesium depletion

in soil profiles. Kolling et al. (1997) revealed that nitrogen fertilization enhanced magnesium

deficiency. Acidic deposition accelerates soil acidification and induces aluminum dissolution.
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Table I-1: Soil types in areas where forest ecosystems were affected by acidic deposition.

Condition

Vegetation

Parent materials

Country Soil type (Soil Taxonomy)

Site

declined

Piceaabies

Piceaabies

biotitic granite

Podzolic brown earth

Czech Republic

Jizerske catchment

Nacetin

Sudety

Cambic Podzols - Dystric Cambisols

Czech Republic

Poland

declined

Piceaabies

Brown forest soils [Luvisols] - Podzols granite, gneiss, slates

ol

yellowing

Piceaabies

loess, red sandstone

Podzolic brown earth (Dystrochrept)

Germany

Solling

Fagusssilvatica

yellowing

sandstone Picea abies

Cambisols and Podzols

Germany

Lange Bramke (Harz)

defoliation

chlorosis

Piceaabies

phyllitic solifluction material

(Spodosols, Inceptisols)

Germany

Oberwarmensteinach

7

healthy

healthy

Picea abies

phyllitic solifluction cover

Germany Podzolic brown earth

Whulfersreuth

Selb

Picea abies

basaltic solifluction cover

Eutrophic brown earth

periglacial paragneiss sediments

Podzolic brown earth (Ochrept)

J

Germany

Bavarian Forest

T

damaged

damaged

Piceaabies

(opposite side of border: Bohemian Forest, Czech Republic)

Picea abies

dolomite

Moder-rendzina (Rendoll)

Germany

Bavarian Alps

(opposite side of border: Austria)

-

yellowing/loss

Piceaabies

Podzolic brown earth (Dystrochrept) granite

Germany

Southern Black Forest

(Kalbelescheuer)

defoliation

Abies alba

8

yellowing/loss

Piceaabies

esozoic sandstone

(aquic Dystrochrept)

Germany

Northern Black Forest

(Freudenstadt)

defoliation

Abies alba

defoliation

Picea rubens

glacial till

(Ochrept - Spodosols - Folists)

[low to high elevation]

NH, USA

Northern Appalachians

(Camels Hump)
Adirondacks

10

11

Picea rubens

glacial till

(Spodosol (Humods)- Dysleptist)

(Typic Hapla Umbrept)

NY, USA

USA

defoliation and

Picea rubens
Abies fraseri

Paleozoic granitic quartzite

Southern A ppalachians

growth reduction

and sandstone

1: Cerny and Paces, 1995; 2: Ulrich and Matzner, 1988; 3: Hauhs and Ulrich 1988; 4 :Zech et al. 1988.; 5: Rehfuess 1988; 6: Rehfuess 1988, 7: Zottl and

Mies 1988; 8: Zottl and Aldinger 1988; 9: Johnson 1988; 10: Johnson 1988; 11:Bruck 1988




Aluminum adversely affects biota (Foy et al., 1978; Cleveland et al., 1989; Parker et al.,
1989; Godbold, 1994; Horst, 1995). Soil acidification is commonly defined as a decrease in
acid neutralizing capacity (ANC) (van Breemen et al., 1983). In this thesis, soil acidification
is defined as the process of exchanging base cations by hydrogen and aluminum ions on soil
surfaces. In addition, significant aluminum mobilization is the criteria needed to call it an
acidified soil. Anthropogenic soil acidification due to acidic deposition has been added to the
natural acidification due to carbonic acid, organic acid, nitrification and oxidation of pyrites
(Ulrich, 1986; Okazaki, 1994). The decline in freshwater organisms has been related to
increased water acidity in combination with increased concentrations of toxic aluminum species
in the water (Abrahamsen et al., 1989). It has been suggested that the uptake of aluminum
from drinking water may cause the dementia as a result of accumulation of aluminum in the
brain (McLachlan, 1989; Kuroda, 1992; Kuroda, 1998).

Andisols occupy 16 % of the total land area of Japan and 38 % of the Kanto area
(Adachi, 1971). Melanudands and Hapludands are mainly distributed in the hilly lands in the
Kanto district. Entisols, Haplaquents, developed in the lowlands. The Japan Environment
Agency and Japanese Society of Soil Science and Plant Nutrition (1983) classified Andisols
and Entisols as having high tolerance to acid substances. On the other hand, Dystrochrepts
occupy mountainous areas and typic Cryaquods occupy the higher elevations. These soils are
classified as moderately to poorly tolerant to acid. Soils in the southern Kanto district
developed on basaltic ashes derived from Mt. Fuji, while soils in the northern Kanto district
developed on dacitic or andesitic volcanic ashes derived from Mt. Asama and Mt. Shirane.
Therefore, soils in the southern Kanto have higher tolerance to acid than those in the northern
Kanto because of differences in base cation content. However, dieback of the Momi fir
(Abies firma) forest at Mt. Oyama, Kanagawa Prefecture, southern Kanto district has occurred
(Igawa et al.,1991; Igawa, 1996). This was attributed to acid precipitation and acid fog.

Based on laboratory experiments, Andisols have a large acid neutralizing capacity,
compared with Dystrochrepts and Hapludults (Okazaki, 1990; Oba, 1990). A previous study
(Ishizuka et al., 1990) shows that allophanes and high organic matter content contribute to the
high neutralizing capacity of Andisols. Sulphate adsorption also contributes to the proton
adsorptive capacity (Okazaki, 1989). It takes a long time to drop the pH of Andisols.
However, larger amounts of aluminum can be dissolved from Andisols rich in allophane and
imogolite than soils consisting of crystalline clay minerals at low pH range (Shioiri, 1952).
Aluminum dissolution is regarded as a critical point of soil acidification in this thesis. The

changes in composition of soil solutions are important in predicting the earlier stages of

acidification of Andisols.

Aim and outline of this thesis

Monitoring studies on soil solution chemistry are the most useful and exact approach
in evaluating the changes in pedogenetic processes (van Breemen and Brinkman, 1978). Based
on long-term monitoring studies, the acidification processes and/or its effects on terrestrial
ecosystems have been elucidated in Europe and North America (Likens, et al., 1977; Paces,
1985; Mulder, 1988; Ulrich, 1989). The long-term monitoring of the forested catchment in the
Tama Hills was started in 1990 to study soil acidification by atmospheric acid deposition at the
Rolling Land Laboratory (RLL), Tokyo University of Agriculture and Technology, Hachioji,
Tokyo.

Response of the forest ecosystem to acidic deposition are dependent on soil properties
and the nitrogen saturation status of the forest ecosystem. Several components work as acid
sinks in forest ecosystems (Ulrich, 1986; Yoshida and Kawahata, 1988). The first objective of
this study is to investigate acid deposition and characterize its chemistry (Chapter IT). The main
objective of this thesis was to elucidate the effects of acidic deposition on forested Andisols.
This was individually analyzed in Chapter III-VI. The effect of sulfate adsorption on soil
solution chemistry was discussed in Chapter III. Soil solution chemistry and soil solution
acidification processes were examined in Chapter IV. Soil chemistry, especially the sources of
soil solution aluminum was investigated in Chapter V. In Chapter VI, the effects of nitrogen

saturation at RLL was determined based on stream water chemistry and elemental budgets.
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Chapter 11

Acidic Deposition in Tama Hill Region




Abstract

Acidic precipitation has been observed in Japan. The cause of the decline of Japanese
forests remains controversial. Since 1990, monitoring studies have been carried out at the
Rolling Land Laboratory (RLL), Tokyo University of Agriculture and Technology, Hachioji,
Tokyo to characterize precipitation chemistry and estimate ionic input. Open bulk precipitation,
throughfall, and stemflow were sampled every two weeks and major ions were subsequently
analyzed. The weighted mean pH values of open bulk precipitation were 4.5-4.8. Proton
input was comparable to other study sites. Nitrogen input which was relatively high resulted in
a lower S/N ratio (ratio of non-sea salt sulfate to nitrate). The high nitrate input was attributed
to the high nitrogen oxide gas concentration in the air, which was derived from the non-point
source. Coniferous canopies intercept large amounts of acidic substances. Coniferous
throughfalls and stemflows were consequently abundant in protons and ammonium ions. In
estimating acidic deposition in forest ecosystems, enriched ammonium ions were more
important than protons. Estimation of nitrogen dynamics was essential for understanding

forest response to atmospheric deposition at RLL.

II-1 Introduction

Acidic deposition is a global environmental issue and has its origin in the emissions of
pollutants to the atmosphere. In Europe and North America, acidic deposition has seriously
affected watercourses and forests in some areas may be threatened (Krahl-Urban et al., 1988).
The decline in number of organisms in freshwater has been related to increased water acidity in
combination with increased concentration of toxic aluminum species in the water (Abrahamsen
et al., 1989). It has been suggested that the uptake of aluminum from drinking water may
cause dementia as a result of accumulation of aluminum in the brain (Kuroda, 1992). The
European atmospheric chemistry network was established in 1948 (Oden, 1976). Atmospheric
monitoring networks have been organized in Europe and North America (e.g. European
Monitoring and Evaluation Program (EMEP) (Okita, 1994a) and National Acid Precipitation
Program (NADP) (Okita, 1994b)). A proposal for establishing a monitoring network in East
Asia has been prepared (Yagishita, 1995). In order to elucidate the effects of acidic deposition
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on terrestrial ecosystems, many projects also have been run (e.g. SWAP (UK and
Scandinavian Surface Waters Acidification Programme) (Mason, 1990), the Dutch Priority
Programme on Acidification (Heij and Schneider, 1991), NITREX (Nitrogen saturation

experiments) (Wright and van Breemen, 1995)). %

The term acid rain was first used by Smith over 100 years ago in and around b
Manchester (Oden, 1976; Irwin and Williams, 1988). Precipitation acidity has increased in g% >
Europe and North America (Irwin and Williams, 1988; Babich et al., 1980). The atmospheric E g %0 “E L
ammonium contributed to soil acidification (van Breemen et al, 1982). When ammonium is . § P;:_ :2 é

20

nitrified in soil profiles, protons are released into soils and/or soil solutions. Ammonium,

0

therefore, is regarded as a source of acidity. Precipitation chemistry has been monitored in
Kobe, Japan since 1935 (Maruyama et al., 1993). Acidic precipitation was observed using a

glass electrode from at least 1957 (Maruyama et al., 1994). Drizzle injured people's eyes and

catchment

caused their skin irritation in the Kanto area and Shizuoka Prefecture, Central Japan, from

Minaminosawa

1973 to 1975 in spite of the enactment of the Air Pollution Protection Acts in 1968 and the
Water and Soil Pollution Protection Act in 1970 (Okita, 1976). After their enactment,

extraordinary injuries by air pollutants and oxidants have not been reported anywhere in the

country. Based on a five-year Acid Precipitation Chemistry Study (Japan Environment
Agency, Phase I study, 1983-1987), Japan Environment Agency (1989) stated that there were
ey

no serious problems caused by acid deposition in Japan. Abnormal growth and defoliation of

Nishinosawa
— catchment

coniferous trees, however, have been recognized since the 1970s (Yoshizawa and Masuda,
1986). Yambe (1978) and Takahashi er al. (1986) have suggested that Japanese cedar

(Cryptomeria japonica) in the Kanto area might be suffering from acid deposition. Dieback of

the Momi fir (Abies firma) forest at Mt. Oyama, Kanagawa Prefecture, was attributed to acid
precipitation and acid fog (Igawa et al.,1991).

The monitoring networks on acidic precipitation were established in Japan (Chemical
Society of Japan, 1997). Precipitation chemistry at the open space has been intensively

studied. On the other hand, only the nutrient cycling aspect of throughfall chemistry has been

0100km

—

investigated in forest ecosystems (e.g. Nishimura, 1973; Haibara and Aiba, 1982; Tsutsumi,

1987). Throughfall chemistry markedly varies due to vegetation and other factors. Therefore,

comprehensive monitoring should be carried out when the effects of atmospheric deposition on

the forest ecosystems are estimated.
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The long-term monitoring of the forest catchment was started in 1990 to study soil
acidification by atmospheric acid deposition at the Rolling Land Laboratory (RLL), Tokyo
University of Agriculture and Technology, Hachioji, Tokyo. The objectives of this study are

to investigate acidic deposition and to characterize precipitation chemistry at RLL.

I1-2 Materials and Methods
[1-2-1 Study site

The study site is located in the Rolling Land Laboratory (12.6 ha including 11.3 ha
covered by coniferous and deciduous trees at an elevation of 138-184 m above sea level) in
Horinouchi, Hachioji, Tokyo. The annual mean temperature and annual precipitation from
1985 to 1994 are 14.0 °C and 1780 mm (Tomizawa et al., 1992; Tomizawa et al., 1995).
The Tama Hills are a terrace underlain by interglacial marine deposits which emerged from the
sea 300,000 to 500,000 years ago. The aeolian volcanic ashes from Mt. Hakone, Mt.
Yatsugatake, and Mt. Fuji were deposited on Tama Hills resulting in the formation of thick
Andisols. The Andisols, Melanudands and Hapludands, derived from volcanic ash are
observed on the flat hill tops and gentle slopes (Okazaki and Matsui, 1990). Meanwhile, the
Dystrochrepts cover parts of the steep slopes. Predominant tree species are Japanese cedar,

Hinoki cypress (Chamaecyparis obtusa) and oak (Quercus serrata).

[1-2-2 Continuous monitoring study

There are 3 subcatchments at RLL. Two catchments were used for acid deposition
study from March, 1990. One of these is called Nishinosawa (NS). Its areais 2.15 ha, 0.6 ha
is covered with coniferous trees (Japanese cedar occupies lower elevations and Hinoki cypress
occupies upper elevations) and 1.55 ha is covered with deciduous trees (oak is the typical
species of secondary succession in this region). The other, Minaminosawa (MS), is 2.2 ha of
mixed deciduous forest consisting of oak, dogwood (Cornus controversa), and Japanese big-
leaf Magnolia (Magnolia obovata). Four 10 by 20 m? sampling plots, Plot I (upland field;
open bulk), Plot II (coniferous trees), Plot III (deciduous trees) and Plot IV (deciduous trees),
were studied from March 1990 to March 1991. These plots were selected according to their

topography and vegetation (Figure II-1). Topographical features control water movement in

soil layers. However, it was impossible to install the deciduous site on the same slope
direction as the coniferous site in the NS catchment. Therefore, Plot III was set up at almost
the same slope in MS catchment as that in Plot II. Due to lack of available data on the MS
catchment, one more plot (Plot IV) was set up to examine variability on throughfall and soil
solution chemistry. An intensive monitoring study was conducted in the NS catchment from
March, 1991 to May, 1992. Three 10 by 20 m? sampling plots (Plot II, Plot III and Plot V)
were chosen. Plot V was installed on the side opposite Plot II (Figure II-1). It was more
useful to concentrate on one basin for calculation of nutrient budgets than to study several
catchments individually. As a consequence, Plot V was installed under the deciduous trees.
Plot I1I is used to compare the difference between soil solution chemistry under coniferous and
deciduous trees.

Rainfall (open bulk), canopy throughfall, and sten'lflow were singly collected from
every sampling plot at the catchment slopes and at the bottom of the small valley. As Ogura
and Sasaki (1990) investigated minute precipitation chemistry for two years at RLL, our study
was focused on soil and soil solution chemistry related to precipitation chemistry. Because of
great seasonal fluctuation in both temperature and rainfall, samplings were carried out every
two weeks and also immediately after large amounts of precipitation. Open bulk (Plot I) and
throughfall (Plot II-V) were collected in the water samplers (200 cm? polyethylene funnels
which were set at 1 m above the ground with 5 L glass bottles in 1990-1992: shown in Figure
I1-2). In 1995-1996 throughfall samples were taken in duplicate at 1.5 m from Hinoki trunks
using 10 L polyethylene bottles. Stemflow of Hinoki cypress and oak was collected through
vinyl tubes glued into a spiral (28 mm in diameter) using 20 L polyethylene collection vessels
in 1990-1992 (Figure II-3). Only stemflow samples of Hinoki cypress were collected using
200 L vessels in 1995-1996. Samples were collected at least once every two weeks in 1990-
1992 and once a month in 1995-1996.

[1-2-3 Analytical methods
Water samples were analyzed for pH and electric conductivity immediately after
collection. Subsequently, all samples were filtered using membrane filters (Millipore 0.45 um
in pore size) and stored at —20 °C and analyzed for nitrate (NO, ™), sulfate (SO,%") and chloride
(CI") by ion chromatography (Yokogawa, IC 200 Ion Chromatographic Analyzer). Calcium
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Figure II-3: Collecting equipment for stemflow.

Figure II-2: Collecting equipment for open bulk precipitation
and throughfall.
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(Ca®*), magnesium (Mg?*), potassium (K*) and sodium (Na*) were determined by atomic
absorption spectrophotometry (Shimadzu, 670/AA Atomic Absorption Spectrophotometer).
Ammonium (NH,") analysis was performed by the indophenol-blue colorimetric method

(Shimadzu, Spectrophotometer UV-140-01).

I1-3 Results and Discussion
[1-3-1. The pH values

The pH value of open bulk precipitation fluctuated randomly and widely, 3.9 - 6.6
(Figure I1-4). The weighted mean pH values were 4.8 in 1990-1991, 4.8 in 1991-1992 and
4.5 1n 1995-1996. Ogura and Sasaki (1990) observed similar weighted mean pH values, 4.4
in 1987 and 4.5 in 1988. These values were similar to the results in Musashino, Tokyo by the
Japan Environment Agency (1989).

Coniferous throughfall pH values ranged from 4.1 to 6.2 at the distal point,
intermediate between tree trunks, and 3.9 - 4.8 at the proximal point, 0.5 m from the tree
trunks (Figure II-5). The weighted mean pH values were 4.9 in 1990-1991, 4.8 in 1991-1992
and 4.5 in 1995-1996. It was lower at the proximal point, 4.2 in 1995-1996, than the distal
point. Ogura and Sasaki (1990) observed 4.5 in 1987 and 4.5 in 1988 which was the same as
the result at the distal point in 1995-1996.

Deciduous throughfall pH varied from 4.6 to 6.8 (Figure 11-6). The weighted mean
pH values were 5.6 in 1990-1991 and 5.0 in 1991. The mean values were 4.8 in 1987 and 5.2
in 1988 (Ogura and Sasaki, 1990). Throughfall samples in 1991-1992 were collected in the
same catchments as Ogura and Sasaki. The results, therefore, were similar to each other.

The pH value of coniferous stemflow was lower than the coniferous throughfall and
fluctuated between 3.1-4.3 (Figure I1-5). This range was lower than the results by Sasa et al.
(1991), although they conducted episodic samplings at sites where air pollutant concentrations
were low. At RLL the weighted mean pH values were 3.7 in 1990-1991, 3.9 in 1991-1992
and 3.8 in 1995-1996. These values were 1 pH unit lower than those of the coniferous
throughfall. That is, proton concentrations in the stemflow was 10 times as high as those in
the throughfall. Therefore, proton input due to stemflow reached 31 % of the total input. The

percentage was calculated as follows;
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Percentage = (H*)s*Vs /{(H*)s*Vs + (H")t*Vt}*100
=10*4.3 /{10*4.3 + 1*95.7}*100 = 31 (%)

where parenthesis represents proton concentration, V' is volume, s is stemflow and
¢ is throughfall.  Stemflow, therefore, is quantitatively important in estimating soil
acidification. Katou (1996) observed 3.9 for individually standing Hinoki cypress in Isogo,
Kanagawa Prefecture. At RLL deciduous stemflow pH values were also lower than those of
deciduous throughfall until March of 1991. In 1991, after changing the deciduous site, the pH
values of the deciduous throughfall became similar to those of stemflow (Figure II-6). The
weighted mean pH values were 4.7 in 1990-1991 and 5.0 in 1991. The difference in canopy
structure with respect to its shape and size would affect the result, because deciduous trees at
RLL grew in secondary succession. Factors affecting throughfall quality were reviewed by
Parker (1983). Cape and Lightowlers (1988) summarized eleven factors which control
throughfall and stemflow chemistry. Tree species determine canopy structure and morphology
of leaves and bark. These factors govern interception of cloud or dry deposition, leaching, and

distribution of water and nutrients, although it is very difficult to estimate how individual

factors contribute to throughfall input.

I1-3-2. Annual proton (H*) input

Annual rainfall from March of 1995 to March of 1996 was 1357 mm, which was
1000 mm less than that from March of 1991 to March of 1992 (2398 mm) and 400 mm less
than the average in 1985-1994.

Input of H*, NO;~, SO42-, and NH,* from March 15 to the following March 15
were shown as the annual input associated with open bulk precipitation in Table II-1 with the
results at other study sites. The annual proton input owing to open bulk precipitation increased
from 0.29 kmolc ha-! yr-1 in 1990-1991 to 0.44 kmolc ha-! yr-! in 1995-1996, although they
were still lower than those in 1987 and in 1988 (Ogura and Sasaki, 1990). The proton input
was comparable to other study sites and less than half of those at polluted sites. Using data in
Table II-1 except data in Chongqing, China where sulfate input was extremely high,

relationship between proton input and nitrate input or proton input and sulfate input is shown

Figure II-7. Proton input was proportional to nitrate input or sulfate input. However, proton
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0.48
0.54
0.63
0.45

0.66
0.62
0.47
0.75

0.64
0.53
0.43
0.55

0.29
0.40
0.44
0.70

1990-1991

RLL, Hachioji, Tokyo, Japan

1991-1992
1995-1996

1987-1988

RLL, Hachioji, Tokyo, Japan

RLL, Hachioji, Tokyo, Japan

Ogura and Sasaki, 1990

0.64-0.66 0.14-0.18 0.48-0.54 0.15-0.16 Shibata and Sakuma, 1996

RLL, Hachioji, Tokyo, Japan

1990-1992

Tomakomai Experimental Forest, Japan

Ushikubo and Okamoto, 1995

JEA, 1989

0.36
0.56
0.14
0.27
0.23
0.78
0.42
0.19
0.19
0.35
0.54
0.43
0.50

0.38

0.81
0.64
0.22
0.37
0.27
1.07
0.24
0.47
0.33
0.79
0.90
0.84
1.00
0.78

0.55
0.53
0.25
0.29
0.31
0.45
0.37
0.26
0.17
0.29
0.28
0.30
0.32
0.27

0.048
0.20
0.20
0.28
0.37
0.44
0.31
0.39
0.14
0.36
0.28

0.29

1993-1994

Setagaya, Tokyo, Japan

1984-1987

Musashino, Tokyo, Japan

Ushikubo and Okamoto, 1995
Ushikubo and Okamoto, 1995
Ushikubo and Okamoto, 1995

Katou, 1996

1993-1994
1993-1994
1993-1994
1991-1992

1993-1994

Okutama, Tokyo, Japan

(W)
W

Atsugi, Kanagawa Prefecture, Japan

Ninomiya, Kanagawa Prefecture, Japan

Isogo, Kanagawa Prefecture, Japan

Ushikubo and Okamoto, 1995

Katsuno et al., 1995

Fujinomiya, Shizuoka Prefecture, Japan

1993-1994

Nagiso, Nagano Prefecture, Japan

Katsuno et al., 1995

Iimura, 1994
Iimura, 1994
limura, 1994
Iimura, 1994

JEA, 1989

1993-1994

Nagano Prefecture (average), Japan

1991-1993
1991-1993
1991-1993
1991-1993
1983-1987

Tottori-city, Japan

Daiei, Tottori Prefecture, Japan

Sekikane, Tottori Prefecture, Japan

0.43
0.34

Sakaiminato, Tottori Prefecture, Japan

Japanese average




Table 1I-1 (Continued)

Japanese average 1988-1992 0.24 0.19 0.52 0.26 JEA, 1994
Japanese average 1995 0.26 0.24 0.50 0.31 JEA, 1994
Chongging, Southwest China 1991-1992 0.31 0.56 5.77 1.32 Ogura, 1994
Janow, Southeastern Poland 1990-1991 0.17 0.36 0.63 0.33* Vogt et al., 1994
Trnavka river basin, Czech Republic 1976-1982 0.37-0.42 0.26-0.31 0.65-0.76 0.35-0.40 Paces, 1985
Krusne hory (Erzgebirge), Czech Republic 1978-1982 0.46 0.39 1.21 0.54 Paces, 1985
Uhlirska, Jizerske hory, Czech Republic 1994 0.97 0.59 1.66 0.51 Cerny and Paces, 1995
Grunewald, Berlin, Germany 1986-1989 0.34 0.58 1.49 0:52 Marschner et al., 1991
Solling, FRG 1969-1985 0.82 0.62 1.41 0.85 Hauhs, 1989
Lange Bramke, FRG 1981-1988 0.72 0.64 1.33 0.94 Hauhs, 1989
Harste, FRG 1982-1985 0.34 0.40 0.78 0.45 Bredemeier et al., 1990
Spanbeck, FRG 1982-1985 0.35 0.44 0.89 0.53 Bredemeier et al., 1990
Lueneburger Heide, FRG 1980-1985 0.44 0.48 0.98 0.74 Bredemeier et al., 1990
Oberbarenburg, FRG 1985-1994 0.35 0.53 1.71 0.66 Cerny and Paces, 1995
Gerritsfles, Netherlands 1983-1987 0.18 0.42 0.85 0.89 Mulder et al., 1987b
Gerritsfles, Netherlands 1982-1984 0.31 0.41 0.78 0.77 van Dobben et al., 1992
Tongbersven, Netherlands 1981-1984 0.33 0.37 0.89 0.81 van Dobben et al., 1992
Kliplo, Netherlands 1982-1984 0.29 0.40 0.74 0.71 van Dobben et al., 1992
Strodam Reserve, Denmark 1986-1987 0.24 D)5 s 0.45 0.41 Beier et al., 1993
Birkenes, Norway 1973-78+81-83 0.77 0.53 0.88 0.54 Abrahamsen, 1989
Storgma, Norway 1975-78+80-84 0.52 0.28 0.53 0.27 Abrahamsen, 1989
*Calculated based on charge balance

Table II-1 (Continued)
Site, Country Period H* NO;- SO,% NH,* References
Langtjern, Norway 1975-1983 0.33 0.19 0.38 0.21 Abrahamsen, 1989
Karvatn, Norway 1978-1984 0.16 0.06 0.14 0.09 Abrahamsen, 1989
Sogndal, Norway 1983-1991 0.16 0.09 0.19 0.10 Wright et al., 1994
Berg, Sweden 1986-1992 0.54 0.48 0.61 0.51 Lofgren and Kvarnas, 1995
Tiveden, Sweden 1986-1992 0.31 0.22 (.35 0.22 Lofgren and Kvarnas, 1995
Reivo, Sweden 1986-1992 0.12 0.07 0.16 0.07 Lofgren and Kvarnas, 1995
Gardsjon, Sweden 1989-1991 0.51 0.40 0.60 0.33 Moldan et al., 1995
Beddgelert Forest, Wales, UK 1982-1984 0.53-1.31 0.28-0.36 1.31-1.65 0.36-0.48 Stevens et al., 1989
Strengbach catchment, France 1986-1989 0.47 0.45 0.64 0.41 Probst et al., 1992
Bllinzago, Italy 1985-1988 0.38 0.56 1.05 0.63 Lucia et al., 1996
Bllinzago, Italy 1989-1993 0.36 0.56 0.75 0.72 Lucia et al., 1996
S.M. Orta, Italy 1985-1988 0.59 0.88 1.37 1.02 Lucia et al., 1996
S.M. Orta, Italy 1989-1993 0.56 0.79 1.00 0.96 Lucia et al., 1996
Pallanza, Italy 1985-1988 0.81 0.98 1.56 R K Lucia et al., 1996
Pallanza, Italy 1989-1993 0.69 0.99 1.26 1.16 Lucia et al., 1996
Lunecco, Italy 1989-1993 0.62 0.79 1.08 0.94 Lucia et al., 1996
Domodossola, Italy 1985-1988 0.52 0.53 0.91 0.53 Lucia et al., 1996
Domodossola, Italy 1989-1993 0.36 0.41 0.56 0.41 Lucia et al., 1996
Lake Toggia, Italy 1985-1988 0.13 0.20 0.40 0.23 Lucia et al., 1996
Lake Toggia, Italy 1989-1993 0.07 0.14 0.20 0.13 Lucia et al., 1996
HBEF, NH, USA 1963-1974 0.96 0.31 0.78 0.16 Likens et al., 1977
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Table II-1 (Continued)

HIFS, ME, USA 1989 0.42 0.23 0.37 0.098 Lawrence and Fernandez, 1991
HIFS, ME, USA 1988-1993 0.32 0.20 0.29 0.090 McLaughlin et al., 1996
Arbutus, Adirondack Mountains, NY, USA 1983-1992 0.43 0.24 0.41 % ] Mitchell et al., 1996
Cree Lake, Sask., Canada 1985 0.061 0.033 0.059 0.023 Brydges and Summers, 1989
McCrear, Manit., Canada 1985 0.028 0.063 0.072 0.098 Brydges and Summers, 1989
Island Lake, Manit., Canada 1985 0.053 0.041 0.062 0.050 Brydges and Summers, 1989
Ela, Ont., Canada 1985 0.095 0.11 0.14 0.13 Brydges and Summers, 1989
Pickle Lake, Ont., Canada 1985 0.11 0.075 0.13 0.081 Brydges and Summers, 1989
Algoma, Ont., Canada 1985 0.64 0.40 0.66 0.33 Brydges and Summers, 1989
Dorset, Ont., Canada 1985 0.67 0.39 0.55 0.21 Brydges and Summers, 1989
Priceville, Ont., Canada 1985 0.62 0.45 0.64 0.34 Brydges and Summers, 1989
Longwoods, Ont., Canada 1985 0.70 0.43 0.69 0.27 Brydges and Summers, 1989
Sutton, Que., Canada 1985 0.79 0.42 0.63 0.23 Brydges and Summers, 1989
Chalk River, Que., Canada 1985 0.54 0.28 0.42 0.14 Brydges and Summers, 1989
Montmorency, Que., Canada 1985 0.52 0.26 0.47 0.17 Brydges and Summers, 1989
Nitchequon, Que., Canada 1985 0.087 0.037 0.087 0.0334 Brydges and Summers, 1989
Bay D’espoir, Que., Canada 1985 0.29 0.088 0.21 0.069 Brydges and Summers, 1989
Goose, Que., Canada 1985 0.12 0.043 0.080 0.021 Brydges and Summers, 1989
Harcourt, Que., Canada 1985 0.30 0.12 0.20 0.047 Brydges and Summers, 1989
Jackson, Que., Canada 1985 0.37 0.16 0.27 0.075 Brydges and Summers, 1989
Kejimkujik, Que., Canada 1985 0.51 0.19 0.35 0.092 Brydges and Summers, 1989
H* input (kmolc ha-! yr1) H* input (kmolc ha! yr!)
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0.15

o Summer

input at RLL was inversely proportional. This might be attributed to decrease in calcium and A e Winter
magnesium input (see Table VI-1). Nitrate and sulfate input in 1991-1992 or 1995-1996 - 2

decreased respectively 0.1-0.2 kmolc ha-! yr-!, compared with those in 1990-1991 On the

other hand, decrease in calcium input was 0.3-0.6 kmolc ha-1 yr-!, which was larger than 0.10 i

increase in ammonium input (0.05-0.15 kmolc ha-! yr-1). Consequently, proton input

increased although nitrate and sulfate input decreased. Asian long-range eolian dust, which

= -1.79¢e3 + 1.16ex

contain 100-200 g kg-! of calcite, affects precipitation chemistry in Northeast Japan (Inoue et
2=0.829

al., 1998). Although non-sea salt calcium input was not correlated with non-sea salt sulfate 0.05
= 3.68e2 + 2.70e"5x

2=0.006

H* input (kmolc ha'l)

input at RLL, the effects of eolian dust on precipitation chemistry at RLL should be studied to
elucidate factors to control proton input.

Monthly proton input was higher in summer (July to September) than that in winter

(December to February) at a significance level of 5 % (Figure II-8A). Monthly inputs were 0.00

almost less than 0.1 kmole ha-!. These results were congruent with the observation by Hara 0 100 200 300 400 500
Rainfall (mm)

(1997). Monthly proton input in winter was proportional to rainfall. On the other hand, in

summer there was no relationship between proton input and rainfall. 0.15 7

The amount of annual proton input owing to the coniferous throughfall at the distal

point was similar to those of open bulk precipitation and also tended to increase throughout the

y = - 1.21e3 + 2.44e"x
R?=0.535

study (Table 1I-2). Proton loads due to dry deposition estimated after Mulder et al. (1987a)
were larger than measured proton input during study periods. Dry deposition acidity was 0.10
smaller under the deciduous forest than that under the coniferous forest (Table II-2, II-3).
Similar results were observed in Tomakomai (Shibata and Sakuma, 1996). Proton input due to
coniferous throughfall was proportional to rainfall amount in summer (R? = 0.535, p < 0.05)

0.05

(Figure I1-8 B). On the other hand, there was no significant correlation in the winter. The

H* input (kmolc ha'!)

opposite result was observed for open bulk precipitation (Figure I1-8 A).
Proton input by the coniferous stemflow in 1995-1996 was larger than that in 1991-
1992 (Table 11-4), although rainfall in 1995-1996 was 1000 mm less than that in 1991-1992.

When 20 L vessels were used, samples often overflowed, which resulted in underestimating 0.00 . .
0 100 200 300 400 500

input associated with stemflow. In 1995-1996 200 L vessels were used, which performed
Rainfall (mm)

successfully (to collect whole amount of stemflow). Deciduous throughfall and stemflow were

less important than coniferous, especially for stemflow. Proton input due to the deciduous Figure I1-8: Seasonal difference in proton input due to open bulk

stemflow was less than the coniferous stemflow by factors of 7.5 to 22. The difference in precipitation (A) and coniferous throughfall (B).

28 29




Table I1-2 Annual throughfall input of major ions under the coniferous forest

Study site Period H* Hd,y* Y NO;- SO, NH,* Ca?t Mg2+ K+ Na+* Reference
(kmolc ha'! year1)
RLL 1990-1991 0.230 0401 2.13 LS 1.61 1.54 1.84 1.02 0.851 0.835 This study
RLL 1991-1992 0.336 0.924 1.94 1.08 1.76 1.21 1.67 0.935 0.940 0.550 This study
RLL 1995-1996% 0.481 0.760 1.56 1.40 1.22 1.57 1.08 0.448 0.484 0.433 This study
RLL 1987 0.40 1.81 1.62 (9| 2.03 V.2 0.52 0.20 0.67 Ogura and
RLL 1988 0.63 2.02 139 2351 2.20 1.97 0.50 0.34 0:39 Sasaki, 1990
Tomakomai(P)  1990-1992 0.36 0.88 243 0.27 1.42 0.23 0.94 0.70 0.61 2.22 Shibata and
Sakuma, 1996
Sapporo(fi) 1991 0.13 0.52 0.26 1.26 0.71 Sanada et al.,
Sapporo(sp) 1991 0.12 0.58 0.19 1.18 0.61 1991
Seta, Gunma(c®) 1978-1979 0.39 0.60  1.49 0.35 0.49 Haibara and
Seta, Gunma(cy) 1978-1979 0.62 0.71 1.00 0.28 0.24 Aiba, 1982
[sogocy 1991-1992 0.16 2.4 7.6 3.1 4.7 4.6 4.7 1.9 1.2 4.4 Katou, 1996
Fujinomiya(¢y) 19898 0.10 -0.14 0.51 0.12 0.38 0.17 0.23 0.077 0.15 0.41 Inoueetal., 1993
Ohtsu, Shiga 1968-1969 0.16 0.16 1.28 0.48 0.54 0.42 Nishimura, 1973
Kyoto¢y 0.14 0.31 0.83 0.35 0.34 Iwatsubo and

Tsutsumi, 1967

*: [H*Jary = [SO,* Jth - [SO,” Jpr + [NO; Jth - [NO; Jpr + [NH, *Jpr - [NH,*]th ; th = throughfall, pr = open bulk precipitation
$: Area weighted mean input: The weighted mean of throughfall input in proximal and distal areas by their proportional area.

§: May-Nov; Half year

Parenthesis represents tree species; pi: eastern white pine, fi: Todo fir, sp: Yezo spruce, ce: Japanese ceder, cy: Hinoki cypress

Table I1-3 Annual throughfall input of major ions under the deciduous forest

Study site Period H+ Hd,y* Cl- NO,- SO,2- NH,+ Ca%* Mg+ K+ Na* Reference
(kmolc ha1 year-1)

RLL 1990-1991 0.0433 0.049 1.40 0818 1.29 1.14 1.39 0.602 1.22 0.673 This study

RLL 1991-1992 0.195 0.207 0.851 0.486 0.969 0.542 0.876 0.424 0.762 0.432 This study

RLL 1987 0.23 1.01 D62 L1135 Qs 202 0.56 1.00 0.30 Ogura and

RLL 1988 0.11 1.22 0.56 1.86 0.60 1.43 0.72 1.09 0.29 Sasaki, 1990

Tomakomai 1990-1992 0.13 0.04 1.22 0.15 0.76 0.19 0.73 0.39 0.53 1.10  Shibata and
Sakuma, 1996

Fujinomiya®e)  1989% 0.041 0.01 0.58 0.088 0.60 0.21 0.33 0.12 0.76 0.38 Inoue et al., 1993

Kyoto 0.11 0.29 0.65 1.00 0.30 Iwatsubo and

Tsutsumi, 1967

*: [H"Jary =[SO, Jth - [SO,4” Jor + [NO3 Jth - [NO; Jor + [NH,*]pr - [NH,*Jth ; th = throughfall, pr = open bulk precipitation

§: May-Nov; Half year
Parenthesis represents tree species; be:Siebold’s beech




Table II-4 Annual input of elements due to stemflow at the Rolling Land Laboratory

Mg Na

nss-SO,4 NH,4
(mmolc tree-! year!)

SO,

NO,

Cl

Coniferous stemflow

1990-1991*

18.4

5.40
2

83.0 35.8

81.8
130

45.0 84.0
132

68.5

47.0

(@
(@

53.7

73.9
124

90.5
130

110
165

1991-1992
1995-1996

Deciduous stemflow

3BT

20.5

™
(g

49.1

149

143

147

3476
33.3

2
158

7.97

84.4

16.2

112

8.65
41.0

18.5

19.0
136 131

16.4

14.4
109

2.12
14.7

1990-1991%*

70.1

1991-1992#

*: The total input from July, 1990 to March, 1991

#: Calculated as ratio annual rainfall (2397.9 mm) to total rainfall (2145.3 mm) from March, 1991 to November, 1991 by input in this period.

proton input would be very important for the difference in soil (solution) acidity as discussed in
Chapter IV and V.

I1-3-3. Annual input of major ions

Annual input of NO5-, SO,%-, Cl-, Na*, and NH,* gradually decreased. Sodium
and chloride input remarkably decreased in 1995-1996, compared to nitrate and sulfate input
(Table 1I-5, II-1). Concerning throughfall, chloride and sodium input also decreased in 1995-
1996 (Table II-2). The decrease in Cl- and Na+ input was attributed to a decrease in rainfall in
1995-1996, which was the most notable in thee autumn (Figure 11-9). The annual rainfall in
1987 was also less than that in 1995-1996. However, sodium and chloride input in 1987
(Ogura and Sasaki, 1990) were larger than those in 1995-1996. Typhoons brought sea salt in
the autumn (Baba et al., 1995: Arrows in Figure 11-9, 10 show typhoons). Typhoons (No.
13, 16 and 19) affected rainfall in autumn of 1987, which gave larger amounts of rainfall than
the average. By contrast, rainfall from September to October in 1995 was 240 mm (Figure II-
9), only half of the average. Sparse rainfall in the autumn resulted in a small input of sodium
and chloride in 1995-1996 and resulted in a small sea salt contribution to the chloride input that
was less than 50 % of the total chloride input in 1995-1996 (Table I1I-5). The sea salt
contributions were estimated by a equivalence ratio of chloride to sodium in sea water
(Methodological committee for acid rain survey, 1993). In 1990-1991 and in 1991-1992, sea
salt contributed nearly 100 % of chloride input. The weighted mean concentrations of Cl- and
Na* in 1995 were remarkably lower than those in 1990-1991 and in 1991-1992 (Table I1-6).
This also contributed to the small CI- and Na+ input. In addition, sodium and chloride input at
RLL were less than 50 % of the Japanese average in 1986-1988 (Japan Environment Agency,
1989).

Hara (1997) showed that there were no distinct seasonal differences in sodium input
on the side facing Pacific Ocean. Sodium inputs at RLL were higher in summer than those in
winter (at a significance level of 5 %) although significant correlation with rainfall amount was
not confirmed in summer (Figure II-11). By contrast, inputs in winter were correlated with

rainfall (R2 = 0.97, p < 0.001). This relationship was also observed for Cl- input.

The sea salt contribution to the coniferous throughfall input was a third of the total

chloride input (Table II-5). This value in 1995-1996 was not different from those in 1990-
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Table I1-5 Contribution of sea salt to chloride and sulfate inputs at the Rolling Land Laboratory

Period Sodium Chloride Sulfate
Total Seasalt Total Seasalt
kmolc ha-! yrr1  kmolchal yr!  kmolchal yrl (%) kmolc ha'l yr'1  kmolc ha'l yr'! (%)

Open-bulk

1990-1991 0.881 0.927 1.04 (112) 0.766 0.107 (13.9)
1991-1992 0.714 0.823 0.839 (102) 0.710 0.0866 (12.2)
1995-1996 0.152 0.376 0.178 (47.4) 0.490 0.0184 (3.75)
Coniferous throughfall

1990-1991 0.835 243 0.752 (33.9) 1.61 0.0388 4.58)
1991-1992 0.550 1.94 0.645 (33.3) 1.76 0.0333 (3.78)
1995-1996 0.425 1.52 0.500 (32.8) 1.16 0.0516 (4.46)
1995-1996° 0.472 1.75 0.555 (31.7) 1.53 0.0572 (3.75)
Deciduous throughfall

1990-1991 0.610 1.26 0.792 (56.6) 1.19 0.0817 (6.34)
1991-1992# 0.432 0.851 0.455 (59.7) 0.969 0.0469 (5.41)
mmolc tree! yr'!  mmolc tree'! yrr'!  mmolc tree-! yr! (%) mmolc tree'! yr-1  mmolc tree’! yr'1 (%)

Coniferous stemflow

1990-1991* 18.4 68.5 21,7 (31.7) 84.0 2.24 2.66)
1991-1992 22.0 90.5 259 (28.6) 132 2.67 2.02)
1995-1996 5, 130 39.7 (30.5) 147 4.09 (2.79)
Deciduous stemflow

1990-1991* 3.76 14.4 4.43 (30.6) 19.0 0.457 (2.40)
1991-1992# 333 109 35.0 (36.1) 136 3.62 (2.98)

P: Throughfall at the proximal point. No entry represents throughfall at the distal point.
*: Weighted mean from July, 1990 to March, 1991

#: Weighted mean from March, 1991 to November, 1991
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Figure II-9: Rainfall at RLL during study periods.
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Table [1-6 Weighted mean concentrations of precipitations at the Rolling Land Laboratory
Period H Cl NO; SO, NH, Ca Mg K Na
(mmolcL-1)
Open-bulk
1990-1991 0.0145 0.0473 0.0324 0.0391 0.0246 0.0425 0.0102 0.00391 0.0448
1991-1992 0.0174 0.0360 0.0233 0.0311 0.0235 0.0219 0.00670 0.00274 0.0312
1995-1996 0.0351 0.0298 0.0342 0.0388 0.0500 0.0181 0.00575 0.00728 0.0120
Coniferous throughfall
1990-1991 0.0107 0.118 0.0728 0.0899 0.0875 0.109 0.0447 0.0502 0.0340
1991-1992 0.0156 0.0901 0.0500 0.0817 0.0560 0.0774 0.0434 0.04337 0.0256
1995-1996 0.0326 0.120 0.107 0.0915 0.113 0.0844 0.0355 0.0396 0.0336
Lo 1995-1996F  0.0576 0.124 0.117 0.108 0.142 0.0807 0.0312 0.0284 0.0334

Coniferous stemflow
1990-1991*  0.191 0.279 0.183 0.342 0.338 0.146 0.0490 0.0220 0.0752
1991-1992 0.140 0.114 0.0935 0.167 0.129 0.0679 0.0276 0.0157 0.0278
1995-1996 0.175 0.138 0.132 0.155 0.158 0.0522 0.0238 0.0219 0.0.344
Deciduous throughfall
1990-1991 0.00252 0.0816 0.0477 0.0751 0.0666 0.0812 0.0351 0.0709 0.0392
1991-1992#  0.00921 0.0401 0.0229 0.0457 0.0256 0.0413 0.0200 0.0359 0.0204
Deciduous stemflow
1990-1991*  0.0214 0.146 0.165 0.191 0.0872 0.164 0.0804 0.121 0.0380
1991-1992#  0.00997 0.0720 0.0465 0.0898 0.0272 0.0739 0.0559 0.105 0.0221
P: Throughfall at the proximal point. No signature represents throughfall at the distal point.
*: Weighted mean from July, 1990 to March, 1991 #. Weighted mean from March, 1991 to November, 1991
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Figure II-11: Seasonal difference in chloride (A) and
sodium (B) input due to open bulk precipitation.
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1991 and in 1991-1992 in contrast with open bulk precipitation. Sodium inputs owing to the
coniferous throughfall in 1990-1991 and in 1991-1992 were less than those owing to open
bulk precipitation. This resulted in the small sea salt contribution, because the sea salt
contribution was estimated by sodium input. Sea salt contribution was higher for the
deciduous throughfall than for the coniferous throughfall. Excretion and uptake of chloride
and sodium at the canopy was neglected. The differences in dry deposition, therefore,
reflected the percentage of the sea salt contribution in both coniferous and deciduous
throughfall. Leaf areas of the coniferous trees are relatively wider, compared to the deciduous
trees. Coniferous canopies, therefore, can intercept larger amounts of aerosols, dust and
gaseous particles than the deciduous canopy. Sea salt contribution to both coniferous and
deciduous stemflow were smaller than the corresponding throughfall. Sea salt contribution
was 30 % of chloride input in case of the stemflow.

When compared with the results in Tomakomai, Hokkaido Prefecture (Shibata and
Sakuma, 1996), sodium input was notably lower (Table II-6), because RLL is located in
Hachioji which is 35 km from Tokyo Bay and 36 km from the Pacific Ocean. As Tomakomai
is only 6 km from the Pacific Ocean, sea salt contribution to throughfall input was relatively
high. Tsunogai and Shinagawa (1977) revealed relationship between the distance from sea and
the sea salt input.

Sea salt contribution to sulfate input was less than that of chloride. It was the largest
for open bulk precipitation and smaller for throughfall and stemflow (Table II-5). Sulfate input
by open bulk precipitation tended to decrease (Table II-1). Nitrate input by open bulk
precipitation also gradually decreased from 0.64 kmolc ha-! yr-1 in 1990-1991 to 0.43
kmolc ha-! yr-! in 1995-1996. Consequently, the equivalent ratio of non-sea salt sulfate to
nitrate (nss-SO42~ / NO;™: S/N ratio) was stable. Using data in Table II-1 except data in
Chonggqing, China, relationship between nss-SO42~ and NO5~ is shown in Figure II-12. Dots
of this study result are close to the line of 1:1. The S/N ratio at RLL was 1.1 during the study
periods, which was markedly lower than the Japanese average of 2.9 in 1983-1987, 2.7 in
1988-1992, and 2.0 in 1995 (Japan Environment Agency, 1989, 1994, 1997). Nitrate input at
RLL were twice as much as the Japanese average and sulfate input was slightly smaller than the
Japanese average, which resulted in the low ratio. The S/N ratio at RLL was lower than those

in Europe (3.1 in Erzgebirge (Paces, 1985); 2.3 in Solling (Hauhs, 1989)) and in North
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Relationship between nss-SO >~ and NO;-

Figure 1I-12

America (2.6 in Hubbard Brook Experimental Forest (HBEF) (Likens, et al., 1977)). Nitrate
inputs at RLL were larger than those in HBEF and Erzgebirge. On the other hand, sulfate
inputs were smaller than those in Erzgebirge and Solling. High nitrate input was attributed to
the non-point source emissions of nitrogen oxides, mainly from cars in Tokyo (Japan
Environment Agency, 1991, 1995). According to the annual report of the Air Quality Bureau,
Japan Environment Agency (1996), the mean sulfur dioxide concentration in the air in 1995
was 0.21 pmol m™3 at Katakura, Hachioji, the closest measurement station to RLL. Whereas,
nitrogen dioxide was 1.13 umol m—3. The sum of average concentration of nitrogen oxide and
nitrogen dioxide concentration was 2.25 umol m=3. The air quality affected the deposition
chemistry at RLL.

Ammonium input associated with open bulk precipitation was proportional to nitrate
input or sulfate input (Figure II-13 which was made as Figure II-7). However, ammonium
input at RLL was inversely proportional to nitrate input or sulfate input. From October to
March ammonium input was correlated with nitrate input or sulfate input (Figure 1I-14). On
the other hand, from April to September there was no relationship. Factors, which control
ammonium input from April to September, were not elucidated. Ammonium input from April
to September tended to be higher than that from October to March.

Annual ammonium input increased from 0.48 kmolc ha-! yr-! in 1990-1991 to 0.63
kmolc ha-1 yr-1 in 1995-1996. As a result, the total inorganic nitrogen input exceeded 1
kmolc ha-! yr-1. Nitrogen input exceeded the minimum threshold for nitrogen saturation
proposed by Wright et al. (1995). Nitrate and ammonium input in 1995-1996 in central
Tokyo was 0.61 kmolc ha-! yr-! and 0.64 kmolc ha-! yr-1, respectively (Japan Environment
Agency, 1997). These were the highest values in Japan. Deposition chemistry in Tokyo is
characterized by the high nitrogen input. Nitrogen saturation status at RLL and its effects were
examined in Chapter V1.

The coniferous throughfall fluxes of nitrate and ammonium were enriched by factors
of 2 to 3 compared with those by open bulk precipitation. On the other hand, fluxes by the
deciduous throughfall were increased by factors 0.9 to 2. Both ammonium and nitrate input
due to the coniferous throughfall always exceeded those by open bulk precipitation and by the
deciduous throughfall (Figure 1I-15). Nitrogen input due to the deciduous throughfall were

occasionally lower than those by open bulk precipitation. In particular, inputs were almost the
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: Relationship between ammonium input and nitrate input (A)
and ammonium input and non-sea salt sulfate input (B).
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Figure I1-14: Relationship between ammonium input and nitrate input (A)
and ammonium input and non-sea salt sulfate input (B) using
monthly input associated with open bulk precipitation at RLL.
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same as those by open bulk precipitation in the winter dormant season. Ammonium could be
regarded as a source of acidity in soils (van Breemen et al., 1982; Gundersen and Rasmussen,
1990; Baba et al., 1995). The sum of H* and NH,* input under the coniferous forest was 1.6
- 2.3 times as much as those by open bulk precipitation. In case of the throughfall under the
deciduous forest, enrichment factors were 0.8 to 1.4. Different ionic inputs were attributed to
the canopy function as mentioned above. Difference in H* and NH,* input under the
coniferous forest and the deciduous forest contributed to the differences found in the soil
(solution) acidity (Baba et al., 1995).

Ammonium input associated with coniferous throughfall correlated well with nitrate
input throughout the year (R2 = 0.81, p < 0.001) (Figure II-16). The high ammonium
concentration in aerosols was attributed to the formation of ammonium nitrate (Matsumoto and
Ogura, 1992). Accordingly, dry deposition from aerosols may have contributed to the large
input of nitrate and ammonium in the coniferous forest. Nitrate and ammonium input by
throughfall at RLL were larger than those in other study sites (Haibara and Aiba, 1982; Shibata
and Sakuma, 1996) except for a forest in an industrial area (Katou, 1996) (Table 1I-2, 1I-3).
Magnesium input were also higher than other study sites. Calcium and potassium input were
comparable to other study sites, although tree species were not same. Potassium inputs were
higher under the deciduous forest than those under the coniferous forest from April to
December (Figure 1I-15). The weighted mean concentration of K+ was also higher under the
deciduous forest than that under the coniferous forest (Table I1I-6). From January to March,
K+ inputs under the deciduous forest were almost the same as those by open bulk precipitation.
It indicated that K+ was excreted from leaves. Tsutsumi (1987) pointed out that potassium was
recycled via excretion due to rain water rather than via litterfall. Calcium and magnesium input
from April to December were also similar to those by open bulk precipitation (Figure 1I-17).
Calcium and magnesium inputs in other months under the coniferous forest were comparable to
those under the deciduous forest. The weighted mean concentration of Ca?+ and Mg?* in the
coniferous throughfall were also comparable to those in the deciduous throughfall in 1990-
1992. The equivalent (Ca2+ + Mg2+ + K*)/(H* + NH4*) ratio of the coniferous throughfall
was relatively lower than that of the deciduous throughfall. This low ratio would contribute to

the difference in the soil (solution) acidity.
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II-4 Conclusion
Precipitations were acidic at RLL. Strong inorganic acid, especially nitrate, acidified
open bulk precipitation. This was attributed to nitrogen oxides emitted from the non-point
sources. The high nitrate input lowered S/N ratio. Coniferous canopies trapped larger
amounts of acidic substances, resulting in very acidic throughfall and stemflow under the
coniferous forest. Enriched ammonium and the high nitrate input were important in this study
site in combination with . Studies on nitrogen cycles in the forest ecosystems are essential for

further understandings of the effect of atmospheric deposition at RLL.

References

Abrahamsen, G., Seip, H. M., and Semb, A. 1989. Long-term acidic precipitation studies in
Norway. In Acidic Precipitation, vol. 1: Case Studies, Ed. D. C. Adriano and M. Havas,
p. 137-179, Springer-Verlag, New York

Air Quality Bureau, Japan Environment Agency 1996. Air pollution in Japan (1996 edition) -
The results of nationwide air quality monitoring in 1995 and its summary-, pp. 2077,
Gyosei, Tokyo (in Japanese)

Baba, M., Okazaki, M., and Hashitani, T. 1995. Effect of acidic deposition on forested Andisols
in the Tama Hill region of Japan. Environ. Pollut.,89,97-106

Babich, H., Davis, D.L., and Stotzky, G. 1980. Acid precipitation -Causes and Consequences-.
Environ., 22, 6-13+40

Beier, C., Hansen, K., and Gundersen P. 1993. Spatial variability of throughfall fluxes in a
spruce forest. Environ. Pollut.,81,257-267

Bredemeier, M., Matzner, E., and Ulrich, B. 1990. Internal and external proton load to forest
soils in northern Germany. J. Environ. Qual.,19,469-477

Brydges, T.G. and Summers, P.W. 1989. The acidifying potential of atmospheric deposition in
Canada. Water, Air, Soil Pollut.,43,249-263

Cape, J.N. and Lightowlers, P.J. 1988: Review of throughfall and stemflow chemistry data in the
United Kingdom, pp. 64, ITE project T07003el, Final report, Institute of Terrestrial

48

Ecology, Midlothian, UK

Cerny, J. and Paces, T. 1995. Acidification in the black triangle region. pp. 96, Czech
Geological Survey, Prague

Chemical Society of Japan 1997. Popular topics in global environment: Acid rain, how is it
going? pp. 220, Corona Publishing Co., Ltd, Tokyo (in Japanese)

Haibara, K. and Aiba Y. 1982. The nutrient circulation and budget for a small catchment basin
of an established Sugi (Cryptomeria japonica D. Don) and Hinoki (Chamaecyparis
obtusa S. et Z.) stand. J. Jpn. For. Soc. 64 8-14 (in Japanese with English summary)

Hara, H. 1997. Precipitation chemistry in Japan. J. Chem. Soc. Jpn., Chem. Ind. Chem.
(Nippon Kagaku kaishi), 1997, 733-748 (in Japanese with English summary)

Hauhs, M. 1989. Lange Bramke: An ecosystem study of a forested catchment. Acidic
Precipitation, vol. 1: Case Studies, Ed. D. C. Adriano and M. Havas, p. 39-83, Springer-
Verlag, New York

Heij, G.J. and Schneider, T. 1991. Acidification research in the Netherlands. p. 771, Elsevier,
Amsterdam

Igawa, M., Hoka, E., Hosono, T., Iwase, K., and Nagashima, T. 1991. Analysis and scavenging
effect of acid fog. J. Chem. Soc. Jpn., Chem. Ind. Chem. (Nippon Kagaku kaishi), 1991,
698-704 (in Japanese with English summary)

Inoue, K., Yokota, N., Murai, H., Kumagai, N., and Mochizuki, J. 1993. Rain and percolation
waters of beech and Japanese cypress forests in the foot of Mt. Fuji and neutralization of
acid rain by a beech tree. Jpn. J. Soil Sci. Plant Nutrit., 64, 265-274 (in Japanese with
English summary)

Inoue, K., Hamaura, H., Hiradate, S., and Kasai, O. 1998. Influence of Asian long-range
eolian dust on chemical components and inorganic dust deposits of rainwater in
Northeast Japan. Jpn. J. Soil Sci. Plant Nutrit., 69, 445-456 (in Japanese with English
summary)

Irwin, J.G. and Williams, M.L. 1988. Acid Rain: Chemistry and Transport. Environ. Pollut., 50,
29-59

Iwatsubo, G. and Tsutsumi, T. 1967. Circulation of plant nutrients in forest ecosystems. Bull.
Exp. For. Kyoto Univ., 39, 110-124 (cited from Tsutsumi, T. 1987. Nutrienis

circulation in forest ecosystems. The University of Tokyo Press, Tokyo) (in Japanese)

49




—

SR W

Japan Environment Agency 1989. Results of Survey for acid deposition, First Phase 1984-
1987. Japan Environment Agency, Tokyo (in Japanese)

Japan Environment Agency 1991. White Report for Environment -Generalities- (1991 edition),
pp. 242, Japan Ministry of Finance, Printing Bureau, Tokyo (in Japanese)

Japan Environment Agency 1994. Results of Survey for acid deposition, Second Phase 1988-
1993, pp. 80, Japan Environment Agency, Tokyo (in Japanese)

Japan Environment Agency 1996. White Report for Environment -Generalities- (1996 edition),
pp. 515, Japan Ministry of Finance, Printing Bureau, Tokyo (in Japanese)

Japan Environment Agency 1997. Interim report on results of Survey for acid deposition,
Third Phase. In Acid deposition, Ed. T. Okita, T. Totsuka, and K. Hishita, p. 203-252,
Chuoh-Hoki, Tokyo (in Japanese)

Katou, Y. 1996. Throughfall and stemflow in urban area: The composition of precipitation and
of throughfall and annual deposition. Environ. Conserv. Eng., 25, 612-617 (in
Japanese)

Katsuno, T., Miyajima, 1., and Shiozawa, K. 1995. Acid deposition and its effects on river water
and sediments: -Evaluation of exchangeable aluminum in sediments as an index of
acidification. Chikyukagaku (Geochemistry),29,137-145

Krahl-Urban, B., Brandt, C.J., Schimansky, C., Peters, K., Peniston-Bird, R., Benz, A., Anderer, J.,
and Stocker, V. 1988: Forest Decline, pp. 137, KFA, Julich, EPA, Washington, BMFT,
Bonn

Kuroda, Y. 1992. Cause of dementia. pp. 223, Iwanami, Tokyo (in Japanese)

Lawrence, G.B. and Fernandez, 1.J. 1991. Biogeochemical interactions between acidic
deposition and a low-elevation spruce-fir stand in Howland, Maine. Can. J. For. Res., 21,
867-875

Likens, G. E., Bormann, F. H., Pierce, R. S., Eaton, J. S., and Johnson, N. M. 1977.
Biogeochemistry of a forested ecosystems. pp. 146, Springer-Verlag, New York

Lofgren, S. and Kvarnas, H. 1995. Ion mass balances for three small forested catchments in
Sweden. Water, Ai, Soil Pollut.,85,529-534

Lucia, M.D., Marchetto, A., Mosello, R., and Tartari, G.A. 1996. Studies on a chemical gradient
of atmospheric deposition from the Po valley to the Alps. Water, Air, Soil Pollut., 87,
171-187

50

Marschner, B, Stahr, K., and Renger, M. 1991. Element inputs and canopy interactions in two
pine forest ecosystems in Berlin, Germany. Z. Pflanzenernahr. Bodenk.,154,147-151

Maruyama, H., Tamaki, M., Shoga, M., and Hiraki, T. 1993. Study on acid rain in Kobe I.
Environ. Conserv. Eng.,22,732-735 (in Japanese)

Maruyama, H., Tamaki, M., Shoga, M., and Hiraki, T. 1994. Study on acid rain in Kobe II.
Environ. Conserv. Eng.,23,106-112 (in Japanese)

Mason, B.J. 1990. The surface waters acidification programme. pp. 522, Cambridge University
Press, Cambridge

Matsumoto, K. and Ogura N. 1992. Chemical composition and behavior of atmospheric
aerosols in Fuchu city, Tokyo. Chikyukagaku(Geochemistry), 26, 95-104 (in Japanese
with English summary)

McLaughlin, J.W,, Fernandez, 1.J., and Richards, K.J. 1996. Atmospheric deposition to a low-
elevation spruce-fir forest, Maine, USA. J. Environ. Qual.,25,248-259

Methodological committee for acid rain survey 1993. Analytical and monitoring methods for
acid rain. pp. 401, Gyosei, Tokyo

Mitchell, M.J., Raynal, D.J., and Driscoll, C.T. 1996. Biogeochemistry of a forested watershed in
the central Adirondack mountains: Temporal changes and mass balances. Water, Air,
Soil Pollut.,88,355-369

Moldan, F., Hultberg, H., Nystrom, U., and Wright, R.F. 1995. Nitrogen saturation at Gardsjon,
southwest Sweden, induced by experimental addition of ammonium nitrate. For. Ecol.
Manage.,71,89-97

Mulder, J., van Grinsven, J.J.M., and van Breemen, N. 1987a. Impacts of acid atmospheric
deposition on woodland soils in the Netherlands: III. Aluminum Chemistry. Soil Sci.
Soc. Am. J.,51,1640-1646

Mulder, J., van Dobben, H.F., de Visser, P.H.B., Booltink, HW.G., and van Breemen, N. 1987b.
Effect of vegetation cover (pine forest vs. no vegetation) on atmospheric deposition and
soil acidification. In Proceedings of UNESCO-IHP Symp. Acidification and Water
Pathways, Vol. 1. p. 79-89, Norw. Nat. Committee for Hydrology, Oslo, Norway

Nishimura, T. 1973. Movement of nutrients in a small mountainous and forested watershed. J.
Jpn. For. Soc. 55 323-333

Oden, S. 1976. The acidity problem - An outline of concepts. Water, Ai, Soil Pollut., 6, 137-

51




R, N e e e

166

Ogura, N. 1994. Acidic deposition and it effects around Chongqing. In Science for changes in
global environment II -For our common future, Ed. Organizing committee of 8 th
symposium, p. 186-195, “University and Science”, Kubapuro, Tokyo (in Japanese)

Ogura, N. and Sasaki, K. 1990. Acid precipitation and neutralizing capacity in the small
catchment in Tama Hill region. In Assessment for effect of acid deposition on terrestrial
ecosystems and the overcoming strategy, Ed. T. Totsuka, p. 59-76, The Ministry of
Education, Science and Culture, Japan, GO28-N11-01 (in Japanese)

Okazaki, M., and Matsui T. 1990. Geomorphology and geology, /n Guidebook Excursion C,
Soils and Agriculture in Kanto and Tokaido, Ed. 14th ICSS Excursion Committee, p. 2-7

Okita, T. 1976. Wet air pollution -acid rain-, J.Envir. Pollut. Contr.,13,732-750

Okita, T. 1994a. Study on acidic deposition in Europe: European Monitoring and Evaluation
Program and collaboration. In Acid rain (II), Ed. T. Okita, p. 41-47, Meteorological
Society of Japan, Tokyo

Okita, T. 1994b. Study on acidic deposition in United States: National Acid Precipitation
Program and collaboration. n Acid rain (II), Ed. T. Okita, p. 49-58, Meteorological
Society of Japan, Tokyo

Paces, T. 1985. Sources of acidification in Central Europe estimated from elemental budgets in
small basins, Nature,315,31-36

Parker, G.G. 1983. Throughfall and stemflow in the forest nutrient cycle. Adv. Ecol. Res., 13,
58-121

Probst, A., Viville, D., Fritz, B., Ambroise, B., and Dambrine, E. 1992. Hydrochemical budgets
of a small forested granitic catchment exposed to acid deposition: The Strengbach
catchment case study (Vosges Massif, France). Water, Air, Soil Pollut., 62,337-347

Sasa, T., Gotoo, K., Hasegawa, K., and Ikeda, S. 1991. Acidity and nutrient elements of the rain
fall, throughfall and stemflow in the typical forests around Morioka city, Iwate Pref.,
Japan. -Characteristic pH value of the stem flow in several tree species-. Jpn J. of For.
Environ.,32,43-58 (in Japanese with English summary)

Shibata, H. and Sakuma, T. 1996. Canopy modification of precipitation chemistry in deciduous

and coniferous forests affected by acidic deposition. Soil Sci. Plant Nutr.,42,1-10

52

Stevens, P.A., Hornung, M., and Hughes, S. 1989. Solute concentrations, fluxes and major
nutrient cycles in a mature Sitka-spruce plantation in Beddgelert forest, north Wales.
For, Ecol. Manage.,27,1-20

Takahashi, K., Okitsu, S., and Ueta, H. 1986. The dieback of Cryptomeria japonica and the
possibility of acid deposition on its phenomena. Jpn. J. For. Environ., 28, 11-17 (in
Japanese)

Tomizawa, N., Tomizawa, M., Suzuki, S., Tange, 1., Ambe, Y., and Ogura, N. 1992. Report on
meteorological observation from 1984 to 1988 at the Rolling Land Laboratory. pp. 12,
Tokyo University of Agriculture and Technology, Fuchu, Tokyo (in Japanese)

Tomizawa, M., Tomizawa, N., Ogura, N., Suzuki, S., and Ambe, Y. 1995. Report on
meteorological observation from 1989 to 1993 at the Rolling Land Laboratory. pp. 12,
Tokyo University of Agriculture and Technology, Fuchu, Tokyo (in Japanese)

Tsutsumi, T. 1987. Nutrient cycling in forest ecosystems. pp. 124, Tokyo University Press,
Tokyo (in Japanese)

Ushikubo, K. and Okamoto, M. 1995. Monitoring study on acidic deposition and dynamics of
sulfate ion in the Metropolitan area. In Long range transport and geochemical dynamics
of substances derived from coal combustion, Ed. N. Ogura, p. 11-22 The report for
Scientific study grant of Japan Ministry of Education (in Japanese)

van Breemen, N., Burrough, P.A., Velthorst, E.J., van Dobben, H.F., de Wit, T., Ridder, T.B., and
Reijnders, H.F.R. 1982. Soil acidification from atmospheric ammonium sulphate in forest
canopy throughfall. Nature,299,548-550

van Dobben, H.F.,, Mulder, J.,, van Dam, H., and Houweling, H. 1992. Impact of acid
atmospheric deposition on the biogeochemistry of moorland pools and surrounding
terrestrial environment. Agricultural Research Reports 931, pp. 232, Wageningen, the
Netherlands

Vogt, R.D., Seip, H.M., Pawlowski, L., Kotowski, M., Odegard, S., Horvath, A., and Andersen, S.
1994. Potential acidification of soil and soil water: a monitoring study in the Janow
Forest, southeastern Poland. Ecol. Eng.,3,255-266

Wright, R.F., Loste, E., and Semb, A. 1994. Experimental acidification of alpine catchment at
Sogndal, Norway: Results after 8 years. Water, Air, Soil Pollut.,72,297-315

Wright, R.F., Roelof, J.G.M., Bredemeier, M., Blanck, K., Boxman, AW., Emmett, B.A,

53




Ll s g il s il el

B PR s AR 1 (W U 0§

Gundersen, P., Hultberg, H., Kjonaas, O.J., Moldan, F., Tietema, A., van Breemen, N., and
van Dijk, H.F.G. 1995. NITREX: responses of coniferous forest ecosystems to
experimentally changed deposition of nitrogen. For. Ecol. Manage.,71,163-169

Wright, R.F. and van Breemen, N. 1995. The NITREX project: an introduction. For. Ecol.
Manage.,71,1-5

Yagishita, M. 1995. Establishing an acid deposition monitoring network in East Asia. Water,
Air, Soil Pollut., 85,273-278

Yambe, Y. 1978. Declining of trees and microbial flora as the index of pollution in some urban
area. Bull. For. Prod. Res. Inst.,301,119-130 (in Japanese with English summary)

Yoshitake, T. and Masuda, M. 1986. Study on unusual defoliation of Pinus strobus etc. in
region of Tomakomai. Bull. For. and For. Res. Inst., 337, 1-28 (in Japanese with

English summary)

Chapter 111

Sulfate Concentration in Soil
Solution of Sulfate Sorptive Soils




T N R W e T T

Abstract

Sulfur dioxides are one of the main sources of acidic deposition. Estimates of sulfate
dynamics in forest ecosystems are very important. The objective of this section is to study the
effect of sulfate adsorptive properties of Andisols on anion components in soil solutions.
Sulfate concentration in soil solution was governed by the sulfate adsorption capacity of
Andisols. The sulfate adsorption capacity was influenced by various factors. Protons and
nitrate ions were produced by nitrification, resulting in a seasonal decrease in soil and soil
solution pH. Sulfate adsorption capacity increased with a decrease in pH levels. Sulfate
concentration in soil solution consequently decreased with an increase in nitrate concentration.
Typhoons which had relatively high pH and low sulfate concentration resulted in a decrease in
sulfate adsorption capacity. Sulfate concentration in soil solutions increased in the autumn
when typhoons came across. Soil and soil solution pH increased with soil depth. Therefore,
sulfate adsorption capacities were smaller in the deeper horizons, resulting in higher sulfate

concentration.

III-1 Introduction

Sulfuric acid is one of the main components of acidic deposition (See Table II-1).
Sulfuric acids are occasionally neutralized by ammonia and deposited as ammonium sulfate
(van Breemen et al. 1982). Forest decline in the Czech Republic was attributed to dry sulfur
dioxide (SO,) gaseous deposition (Paces, 1985; Materna, 1989). Sulfuric acids were
transformed from sulfur dioxides, which were emitted from the combustion of lignite in the
Czech Republic (Moldan, and Schnoor, 1992). Asthma, which was attributed to tremendous
air pollution, had risen in Yokkaichi, Mie Prefecture, Japan since 1961. Desulfurizing
equipment has been installed as the counter measure. Sulfur dioxide emission has decreased
since the late 1960s (Japan Environment Agency, 1992). Sulfur dioxide emission in China is
still high (Ogura, 1994). Kitada (1994) estimated that 73 % of deposited sulfate in Japan was
derived from China and Korea. Sulfate is an important component of atmospheric deposition
in Japan (Table II-1). The estimation of sulfate dynamics in the forest ecosystems would
contribute to the understanding of forest response to acid deposition.

Several soils can retain sulfate ions (Table I1I-1). Evaluation of sulfate adsorption
capacity is essential for estimation of sulfate dynamics. Okazaki (1989) revealed that sulfates
were adsorbed by Andisols, even though their surface charges were negative (Figure II1-1, 2).

That is, sulfate ions were specifically adsorbed by Andisols. The objective of this section is to
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Figure III-2: Sulfate adsorption on the Andisols in the Rolling

Figure III-1: Surface charges on the Andisols in the Rolling Land Laboratory (Cited from Okazaki, 1989).
OCe: 0.02 M NaCl or Na,SO, solution

i i, 1989).
Land Laboratory (Cited from Okazaki, 1989) A A: 0.1 M NaCl or Na,SO, solution
[J: 0.01 M NaNO3 solution
A: 0.1 M NaNO3 solution
O: 1 M NaNO3 solution
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Table I1I-1: Estimate of sulfate retention in soils.

Study sites Soil types Horizons® Method Reference

Walker Branch, Oak Ridge, TN, U.S.# Typic Paleudult A,B Soil analysis / Soil column Johnson et al., 1986
Typic Fragiudult

Walker Branch, Oak Ridge, TN, U.S. Typic Paleudult B2 Soil analysis / Equilibration method Johnson and Todd, 1983

Walker Branch, Oak Ridge, TN, U.S.# Typic Paleudult B2 Sequential leaching experiment Johnson and Henderson, 1979

Batch method

Camp Branch, TN, U.S. Typic Paleudult Soil analysis / Equilibration method Johnson and Todd, 1983
Fluvaquetic Dystrochrept C

Cross Creek, TN, U.S. Typic Hapludult c Soil analysis / Equilibration method Johnson and Todd, 1983
Aquic Hapludult B

Melton Branch, Oak Ridge, TN, U.S.# Equilibration method Kooner et al., 1995

Coweeta, NC, U.S. Humic Hapludult B2, C  Soil analysis / Equilibration method Johnson and Todd, 1983
Typic Hapludult B2

Anderson Country, SC, U.S.# Typic Hapludult Bt Batch equilibrium isotherm procedure Hodges and Johnson, 1987

Huntington, Adirondack Mountains, NY,U.S.  Typic Haplorthods Bs Soil analysis / Equilibration method Fuller et al., 1985

Hubbard Brook Experimental Forest, NH, U.S.  Typic / Lithic Haplorthods /
Aquic Fragiorthods Bs Soil analysis / Equilibration method Fuller et al., 1985
Hubbard Brook Experimental Forest, NH, U.S.  Typic Fragiorthods B2 Soil analysis / Equilibration method Johnson and Todd, 1983
Chesuncock, MA, U.S. Typic Fragiorthods B2 Soil analysis / Equilibration method Johnson and Todd, 1983
Aquic Fragiorthods
Maine, U.S. Spodosols B Soil column+simulated throughfall David, et al., 1991
Table I1I-1 (Continued)
Michigan, U.S. Typic Udipsamments Bw Soil analysis / Equilibration method MacDonald and Hart, 1990
Entic Haplorthods Bs
Typic Haplorthods Bhs
Eutric Glossoboralfs Bhs, Bs
Psammentic Hapludalfs Bt
Typic Hapludalfs Bt
[llinois, U.S. Alfisols Soil column+simulated throughfall David, et al., 1991
Wind River Mountains, WY, U.S.# Dystric Cryochrept Soil analysis / Batch method Clayton et al., 1991a, b
Humic Cryaquept Soil column leaching experiment
Thompson, WA, U.S.# Dystic Entic Durochrept A, B Soil analysis / Soil column Johnson et al., 1986
Thompson, WA, U.S. Dystic Xerochrept A,B Soil analysis / Equilibration method Johnson and Todd, 1983
Findley Lake, WA, U.S. Cryandept B2 Soil analysis / Equilibration method Johnson and Todd, 1983
U.S. Typic Halpumbrepts Soil lysimeters+simulated acid rain Lee, 1985
La Selva, Costa Rica Typic Hydrandept A, B Soil analysis / Equilibration method Johnson and Todd, 1983
Southern Norway”* Typic Udipsamments 0-40 cm  Soil lysimeters+simulated acid rain Singh et al., 1980
Birkenes, southern Norway Spodosols Bsh Soil analysis / Soil column Singh and Johnson, 1986
Storgama, southern Norway podzol Bsh Soil analysis / Soil column Singh and Johnson, 1986
Metta-Dokkas, Sweden” Haplocryods Bs Sequential leach procedure Gustafsson, 1995
- Kvalneset, Norway
Sweden Typic Cryorthods Spodic B Soil analysis Karltun and Gustafsson, 1993
Humic Cryorthod Spodic B
Typic Cryorthents Spodic B
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3 < 2 § g § % The detailed site description is given in II-2-1. Sulfate inputs due to open bulk
& , . .g % % :;, g precipitation ranged from 0.49 kmole ha-! yr! to 1.07 kmole ha-! yr1. Sulfate inputs
g '3 '3 _%r ‘é ‘g ‘é é increased by factors of 2.1-3.5 under the coniferous forest and of 1.4-2.6 under the deciduous
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a i e S 4 I1I-2-2 Column experiment
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§ §_ £ é leachate was collected in 1 L glass flasks. Distilled water was allowed to continue percolating
;%‘ é g :} § —QE; in one column (Column 1). The other was subjected to artificial acid rain with a pH of 3.6
g E (g g é 5 {13; ; (Column 2). The artificial rain was comprised of 0.137 mmolc ! of sulfate and 0.132
2 3 g % ;a ‘:% §_ |5 2 mmolc L~! of nitrate. The addition amounted total of 2.42 kmolc ha~! of sulfate and 2.34
% § é —?__. g g ﬁ g E X .% kmolc ha~! of nitrate. This represents 1.5 times as much sulfate and twice as much nitrate as
i (30 g % i ;6—3.'1 25: g CEL é :i § those brought by the coniferous throughfall in 1991. Atmospheric nitrogen deposition
g -%3 E 5 % f§ % %” g :% f (—;’; consisted of equal amounts of ammonium and nitrate. In this experiment, all ammonium ions
A& @»IO S TOxm | & % &

were assumed to be nitrified. Nitrate and protons were produced in the soil horizon.

60 61




=
£
N 2
P
@
— b
=T
M =
—_
S o
Y =
g3
n - -
<2
== E
llllllllllllllllll "
SEe T ] o
Enmrra Lo > o
LTyt P
] %
llllllllll > »
.S

Leachate

4

Teflon tube
\1 L glass bottle
v }

A\

i OSSO O

Polyethylene two side cock

WP LSBT PG FE G ETT T

Ry
&
o
(]
%]
<
7)) /\
o
5 N
N
7))
£ ﬁ
&) N\
X
N\
N
N\ &y,
N =
) 9] N =
= L N <
= - N =
- N =
g = ek :
5 By ﬂ O
f Q \& ——— TR T T ve 008
222! =

Equipment for the column experiment.
63

Figure I1I-4:

Collecting equipment for the soil solution.
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Figure III-3:




Accordingly, twice the amount of nitrate input was added to the soil. At the of 5 weeks of acid

treatment, 1 L of distilled water was added.

[11-2-3 Analytical methods
Analytical methods were basically the same as those for precipitation. After

collection, water samples were immediately analyzed for pH and electric conductivity. After

* . ° . S 9
filtration, all samples were stored at —20 "C and analyzed for nitrate (NO;~), sulfate (SO,*") Table III-2 Dmeliiich. Shotloints betwbek  sultaie
and chloride (CI") by ion chromatography (Yokogawa, IC 200 Ion Chromatographic concentrations in soil solutions and pH, nitrate
Analyzer). concentrations.
Depth (cm) pH Nitrate
III-3 Results and Discussion
[1I-3-1 Sulfate concentrations in soil solutions CR0ipous
: : s hiahs ; i ; : . 101 (E7a e —0.850***
Changes in anion concentration in soil solutions which were taken from various soil
: 201 0.545%** —).784***
: depths under both coniferous and deciduous forest and fluctuation in soil solution pH values 301 0.311* _0.866%%*
are shown in Figure III-5 to III-12. Sulfate concentration taken from 10 cm soil depth under 501 0.249 _0.68]***
i the coniferous forest was usually low (Figure II1-5). Sulfate concentration fluctuated with the Deciduous
soil solution pH. Nitrate concentration fluctuated inversely. The coefficient of correlation 101 0.791*** —0.6]12%**
|
%: between soil solution pH and sulfate concentration became lowered with soil depth (Table II- 202 (,539%* —).882%**3
| 2). The coefficients were not significant at the depth of 50 cm. By contrast, coefficients of 302 0.032 —0.844%**
502 0.118 —0.765**

correlation between nitrate concentration and sulfate concentration were significant at all depths

under both coniferous and deciduous forests. Sulfate concentration in soil solution at the depth
*1 pe0.08, **%: pe 001, Yt op 00 081

1: Data from March, 1990 to May, 1992.
2: Data from March, 1990 to May, 1991.
3: Data from March, 1990 to October, 1990 (In case of

period from November, 1990 to May, 1991, coefficient
relation between sulfate concentration and nitrate concentration. Chloride concentration in soil was —0.811 ¥,

of 10 cm under the deciduous forest was not lower than 0.05 mmolc L1, when nitrate

concentration exceeded 1.0 mmolc L-1. When these data were included, coefficients of

i
3
X

correlation between nitrate concentration and sulfate concentration was not significant. In the

case of soil solution at the depth of 20 cm under the deciduous forest, there was a difference in

solution at the depth of 20 cm increased from November, 1990. However, how chloride
concentration affected sulfate concentration was not elucidated.

Fluctuations of anion concentration in soil solution were not caused by concentration
due to drought but by nitrification. Chloride is not retained by soil particles and/or assimilated
by plant and microorganisms. Therefore, chloride concentration in soil solution was governed
by its concentration in rainfall or degree of drought. Except during summer, chloride

concentration in soil solution, at least in the upper layers, changed directly with nitrate
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Figure I11-5: Changes in anion concentrations and pH values of soil solutions which were taken

from 10 cm soil depth under the coniferous forest.
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Figure I11-7: Changes in anion concentrations and pH values of soil solutions which were taken
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concentration. However, during summer, only nitrate concentration increased sharply which
implies that nitrate is produced in the soil by microorganisms. Nitrate concentration was
correlated with soil temperature from spring to summer (Figure III-13). The activities of
nitrifiers were facilitated resulting in the high nitrate concentration. Occasional typhoons
diluted nitrate concentration in soil solution and cooler temperature in October made activities of
nitrifiers sluggish.  Consequently, nitrate concentration plummeted. When 1 mol of
atmospheric ammonium and/or mineralized ammonium was nitrified, 2 moles of proton were
produced (van Breemen et al., 1982, Gundersen and Rasmussen, 1990). Protons were
almost consumed by ion exchange with calcium and magnesium (This is discussed in Chapter
[V). A portion of the released protons contributed to a decrease in soil solution pH, which
resulted in increase in sulfate adsorption capacity (Figure I1I-14 Nitrification). When sulfate
adsorption capacity increases, sulfate ions in soil solutions were removed, resulting in low
sulfate concentration in the lower pH ranges of soil solution.

Sulfate concentrations increased seasonally. An increase was observed when
typhoons affected rainfall, bringing a large amount of water. Rain pH values were relatively
high, resulting in a decrease in sulfate adsorption capacity (Figure III-14 Typhoons: arrow A).
In addition, sulfate concentration in this precipitation was low. When the sulfate concentration
in the rainfall was low, sulfate adsorption capacity of Andisols became small (Figure III-14
Typhoons: arrow B) and sulfate concentrations in soil solution increased.

Soil solution pH gradually increased with the soil depth. Soil solution pH ranged
from 4.5 to 5.4 at the depth of 10 cm and from 5.9 to 6.6 at the depth of 50 cm under the
coniferous forest. Soil solution pH under the deciduous forest ranged from 4.8 to 6.4 at the 10
cm soil depth and from 5.8 to 6.5 at the SO cm soil depth. Sulfate concentrations, therefore,
increased with soil depth. Under the coniferous forest, the arithmetic mean concentration
increased from 0.0953 mmolc L-! at the depth of 10 cm to 0.148 mmolc L-! at the depth of 50
cm. The arithmetic mean concentration under the deciduous forest was 0.0831 mmolc L-1! at
the depth of 10 cm and 0.105 mmolc L-1 at the depth of 50 cm. The increase in soil solution
pH induced the decrease of sulfate adsorption capacity as mentioned above (Figure III-14 Soil
depth). Stable high pH at the depth of 50 cm was responsible for the high sulfate concentration

compared to a depth of 10 cm.

[11-3-2 Column experiment
Sulfate output initially amounted to 2.10 mmolc kg-! soil, on average, due to the

addition of distilled water (Figure III-15). During second week, 1.43 mmolc kg~! of sulfate
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leached from column 1. The total sulfate output from column 1 reached 6.24 mmolc kg-!.
When the artificial acid rain was added to Andisols taken from RLL, adsorbed amounts of
sulfate decreased from 60 % to 19 % of the additional amount. In total 9.9 mmolc kg~! (which
was equal to 2.42 kmolc ha™!, 1.5 times as much as the annual input by throughfall under the
coniferous forest) of sulfate was added in this experiment and 3.9 mmolc kg-! (40 %) of
sulfate was adsorbed. Since sulfate adsorption amount increased when artificial rain added.
This was attributed sulfate ions has been saturated in soil. Distilled water was added to
Column 2 in the last week. Relatively high pH and low sulfate concentration in distilled water
caused sulfate desorption. Desorbed sulfate amounted to 2.3 mmolc kg=!. Thus sulfate ions
were easily removed by water, when percolating water pH values were relatively high and
sulfate concentration was low. On the contrary, nitrate was not retained in soils (Figure III-
16). Nitrate output was stable during the artificial acid rain treatment.

The sum of calcium, magnesium, and total aluminum output was 1.8 mmolc kg1
during first week of artificial rain addition (second week in Figure I1I-16) and increased to 2.4
mmolc kg-! in last week of of artificial rain addition (sixth week in Figure III-16). Since
sulfate output increased gradually, the amount of mobilized cations was governed by the sulfate
output in this column experiments. This was incongruent with soil solution in the field (see
Chapter IV). As mentioned above, in this experiment, all ammonium ions were assumed to be
nitrified and twice the amount of nitrate input was added to the soil. In the field, activity of
nitrifers varied seasonally and affects soil solution chemistry. In this experiment, this effect
could be neglected. On the other hand, sulfate output increased with its saturation.
Consequently, cation output increased with increase in sulfate output.

Johnson et al. (1986) revealed that Inceptisols adsorbed more sulfate than Ultisols
because of greater amorphous (oxalate extractable) iron (Fe) and aluminum (Al). Karltun and
Gustafsson (1993) also showed high correlation between sulfate adsorption amounts and
amorphous (oxalate extractable — pyrophosphate extractable) Fe and Al. They also found that
as the proportion of organically complexed Fe and Al increases, the sulfate adsorption ability of
soils decreased. Johnson and Todd (1983) pointed out that organic matter had a decidedly
negative influence upon sulfate adsorption. In addition, Johnson and Todd (1983) and Merino
et al. (1994) exhibited the correlation between crystalline Fe and sulfate adsorption amounts.

Fumoto et al. (1996) revealed correlation between adsorbed sulfate amounts and
amorphous (oxalate extractable — pyrophosphate extractable) Al in several Andisols in Japan.
As discussed in Chapter V, Andisols at RLL contained large amounts of amorphous Al

However, this fraction depleted at most acidified points. Depletion of amorphous Al decreases
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in sulfate retention ability. On the other hand, sulfate adsorption capacity increases at relatively
low pH. Soil acidification would induce both an increase in sulfate adsorption capacity and
depletion of amorphous Al pools. Therefore, monitoring of sulfate concentration in soil
solution and soil chemistry is necessary to detect the change and to elucidate the interrelation of

both factors.

I1I-4 Conclusion

Sulfate concentration in soil solution was governed by the sulfate adsorption
capacities of Andisols. The sulfate adsorption capacity was influenced by various factors.
Protons and nitrate ions are produced by nitrification, resulting in a seasonal decrease in soil
and soil solution pH. Sulfate adsorption capacity increases with a decrease in pH. Sulfate
concentration in soil solution consequently decreases with an increase in nitrate concentration.
Typhoons which had relatively high pH and a low sulfate concentration contributed to the
decrease in sulfate adsorption capacity. As a result, sulfate concentrations in soil solutions
increased in the autumn when typhoons occurred. Soil and soil solution pH increase with soil
depth. Sulfate adsorption capacities, therefore, are smaller in deeper horizons, resulting in a

higher sulfate concentration in deeper horizons than in the surface horizon.
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Spatial Variability of Soil Acidification




Abstract

A monitoring study on precipitation and soil solution was conducted to analyse soil
acidification processes at the Rolling Land Laboratory (RLL), Hachioji, Tokyo based on the
spatial variability of the soil solution chemistry around the Hinoki cypress (Chamaecyparis
obtusa) trunk. Soil solution samples were taken at various distances from the tree trunks and
at various depths. Soil solution pH at the depth of 10 cm decreased to 4.1-4.2 on the
downslope side of large tree trunks, presumably due to heterogeneity of throughfall input and
infiltration of acidic stemflow. Ammonium ions brought by throughfall and stemflow were
nitrified and provided large amounts of H*. Protons were replaced with exchangeable cations.
When base cations were depleted, aluminum ion became the dominant cation species. On the
average, Ca2+ concentration in the soil solutions at the depth of 10 cm decreased from 0.28
mmole L-1 at the reference site to 0.18 mmolc L-! on the downslope side and Mg2+
concentration decreased from 0.30 mmolc L1 to 0.15 mmolc L-!. Arithmetic mean aluminum
concentration at the depth of 10 cm on the downslope side was 0.35 mmolc L-1. Here
aluminum dissolution was the main acid sink. Based on the spatial variability of the soil

solution chemistry, soil solution acidification processes were divided into four stages.

IV-1 Introduction

The soils in areas where forest ecosystems have been affected by acidic deposition
have developed on alluvial sediments, glacial till, sandstone and granite (Krahl-Urban et al.,
1988; Cerny and Paces, 1995: See Table I-1). These soils are poor in base cations and display
a limited acid neutralizing capacity (ANC) (van Breemen et al., 1983). Soil acidification
(decrease in ANC) is considered to be an indirect cause of forest decline (e.g. Krahl-Urban et
al., 1988; Heijj et al., 1991; Matzner and Murach, 1995). For example, yellowing of spruce
needles was attributed to magnesium deficiency due to the depletion of magnesium in the soil
profiles. Acidic deposition promotes soil acidification and induces aluminum dissolution.
Aluminum would adversely affects biota (Foy et al., 1978; Cleveland et al., 1989; Parker et
al., 1989; Godbold, 1994). The decline in freshwater organisms has been related to increased
water acidity in combination with increased concentrations of toxic aluminum species in the
water (Abrahamsen ef al.,, 1989). It has been suggested that the uptake of aluminum from
drinking water may cause dementia as a result of accumulation of aluminum in the brain

(McLachlan, 1989; Kuroda, 1992; Kuroda, 1998).
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Based on laboratory experiments, Andisols exhibit a larger acid neutralizing capacity
than Dystrochrepts and Hapludults (Okazaki, 1990; Oba, 1990) and show a relatively high
tolerance to acid substances (Japan Environment Agency and Japanese Society of Soil Science
and Plant Nutrition, 1983), due to the presence of allophane and a high organic matter content
(Ishizuka et al., 1990). However, a larger amount of aluminum can be dissolved from
Andisols, rich in allophane and imogolite, than from soils consisting of crystalline clay
minerals at low pH (Shioiri, 1952; Oba, 1990). Based on an equilibrium study in the pH range
of 3.5-4.5, Takahashi et al. (1995) estimated that the dissolved aluminum was derived from
both organically bound aluminum fractions (ca. 20 % of total dissolved aluminum) and
amorphous aluminum fractions (80%) of allophanic Andisols.

Kato and Shirai (1995) studied the acidification of Andisols around the tree trunk base
of Japanese cedar (Cryptomeria japonica) and Hinoki cypress (Chamaecyparis obtusa) in
Tochigi Prefecture, northern Kanto. Soil acidification around the tree trunks had been reported
in various other study areas (Table IV-1). Wolfe et al. (1987) investigated soils around tree
trunks in which different amounts of atmospheric sulfur has been deposited and showed that
soils around the trunk base which were exposed to a higher sulfur input were more acidified
than those with less exposure. These studies indicate that the estimation of soil acidification
around the trunk base is a suitable method for evaluating the effects of atmospheric deposition
and estimating acidification processes based on field conditions.

Baba et al. (1995a) observed acidified soil around the Hinoki cypress trunk at the
Rolling Land Laboratory (RLL), Tokyo University of Agriculture and Technology, Hachioji,
Tokyo, southern Kanto. The soil solution, rather than soil itself, was a more suitable indicator
for predicting subtle changes in soil acidification, especially when the soils displayed a high
tolerance to acids like Andisols (Baba et al., 1995a). In fact, nitrate was the dominant anion in
soil solution at all the depths and affected cation concentration (Baba et al., 1995a: Figure IV-
1). Calcium and magnesium were usually codominant cations. When nitrate concentration
markedly increased, aluminum was dissolved into soil solutions in surface layers under a
mixed coniferous forest at RLL (Figure IV-2).

In this study, the spatial variability of soil solution chemistry was emphasized for
interpreting the stages of acidification. The causes of variability were examined based on a
long-term monitoring study with simultaneous analysis of throughfall, stemflow and soil

solutions.
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organic matter content, Al, Ca, Mg, Mn, Base saturation
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Beech

Dystric Cambisols

Solling, Germany

Ca, K, NH,, NO; concentration in soil solutions

Spruce

NH, and SO, content in forest floor

pH (H,0) and pH (KCI)

Cambisols - Cambic Podzols Norway spruce

Fichtelgebirge, Germany

Beech

Terrafusca

Gottinger Wald, Germany

Typic Haplorthod Norway spruce Sulfate concentration in soil solutions

Klosterhede, Denmark

Soils at the proximal point were acidified

Terrafusca - Rendzina

Northwestern Yugoslavia

Ca, Mg, K, Base saturation, Al, saturation of (H+Fe)

Brown forest soils

o0

Typic Hapludults Scarlet oak Soil at the distal point was acidified

Camp branch, TN

Soil at the distal point was acidified

Red maple

No distance-related effect on SO4-S




Table IV-1 (Continued)

Cross Creek, TN Typic Hapludults

Scarlet oak

Soils at the proximal point were acidified

Red maple Soils at the proximal point were acidified 3
Tuscarawas Country, OH Beech 137Cs 9
Blacklick Woods, OH American beech Radioisotopes 10
Krantz Woods, OH American beech Radioisotopes 10
Blacklick Woods, OH American beech Soils at the proximal point were acidified, organic carbon, 11

Sugar maple Ca, Mg, K, 137Cs

Red oak
Krantz Woods, OH American beech Soils at the proximal point were acidified, organic carbon, 11

Ca, Mg, K, 137Cs
% Pignut hickory  Ca, 137Cs 11

White oak Organic carbon,Ca 11

Recknagel Memorial Lithic Dystrochrept Red pine Soils at the proximal point were acidified 12
Management Forest

Kanto district, Japan Japanese ceder  Soils at the proximal point were acidified 13
Shioya, Tochigi, Japan Andisols Japanese ceder  Soils at the proximal point were acidified, Mg, Al 14

Hinoki cypress  Soils at the proximal point were slightly acidified 14
Leimigrain, Germany Beech Distribution of acid indicator plant at forest floor 15
1: Mina, 1967, 2: Falkengren-Grerup, 1989, 3: Koch and Matzner, 1993, 4: Seiler and Matzner, 1995, 5: Ulrich, 1983, 6, Beier et al., 1992,
7: Jochheim and Schafer, 1988, 8: Wolfe et al., 1987, 9: Franklin et al., 1967, 10: Gersper, 1970, 11: Gersper and Holowaychuk, 1971, 12:
Pallant and Riha, 1990, 13: Matsuura, 1992, 14: Kato and Shirai, 1995, 15: Wittig and Neite, 1985
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Figure IV-1: Elemental composition of throughfall, stemflow and soil solutions during 17-29 September 1990.
TH: Throughfall; SF: Stemflow; SS10: Soil solution at the 10 cm soil depth; SS20: Soil solution at the
20 cm soil depth; SS30: Soil solution at the 30 cm soil depth; SS50: Soil solution at the 50 cm soil depth.
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IV-2 Materials and Methods

Rolling Land Laboratory is located in the northwestern part of the Tama Hills. The
Tama Hills consist of a terrace underlain by interglacial marine deposits which emerged from
the sea 300,000 to 500,000 years ago. The aeolian volcanic ashes from Mt. Hakone, Mt.
Yatsugatake, and Mt. Fuji had been deposited on the Tama Hills resulting in the formation of
thick Andisols. The forested area of RLL covers 11.3 ha and the studied catchment
(Nishinosawa) covers an area of 2.15 ha (1.55 ha of mixed deciduous forest and 0.60 ha of
mixed coniferous forest: Figure 1V-3). The major species are oak (Quercus serrata) in
deciduous forest and Japanese cedar (Cryptomeria japonica) and Hinoki cypress in the
coniferous forest. The tree density at this site amounted to 2500 trunks ha-!. Dendropanax
trifidus, Eurya japonica, and Ardisia japonica were observed in the same area under the
coniferous forest. The soil type of the site was Hapludand. The thickness of the A horizon
was 15-25 cm. Predominant clay mineral was allophane, associated with halloysite (0.7 nm)
and Al-vermiculite (Okazaki, 1989; Baba et al., 1995a). On the average, the slope inclination
of this site was 20°.

The soil solution was taken from different depths (10, 20, 30 and 50 cm) with soil
solution extractors consisting of porous ceramic cups connected with vacuum glass bottles
using initially 85-95 kPa suction. Two days prior to the sampling, the bottles were deaerated.
Porous cups were installed at a site which was located at a distance of at least 1.5 m from any
tree trunks to prevent the effect of stemflow (Figure IV-4a, at Plot II in Figure IV-3 [or Figure
I1-1]). This site was referred to the coniferous reference site. According to previous studies
(e.g. Mina, 1967; Wolfe et al., 1987; Falkengren-Grerup, 1989), no effects of stemflow on
soil chemistry could be detected in an area of a distance of 1.5 m from the trunk. Cups were
also installed at a similarly selected reference site under the mixed deciduous forest (at Plot III
in Figure II-1). Porous ceramic cups were set up at various distances from the trunk of a
Hinoki cypress whose diameter at breast height (DBH) was 30 cm (Figure IV-4b) in
December, 1990. During the period from March 1991 to May 1992, a single sample at each of
the points around the trunk base was collected every two weeks in order to examine the
seasonal fluctuations. Since soils under the coniferous forest were more acidic than those
under the deciduous forest (Baba et al., 1995a), spatial variability was examined only under the
coniferous forest.

During the period from March 15, 1995 to March 15, 1996, soil solutions were
sampled in triplicate (Table IV-2). Three large trunks (30 cm in DBH) and three small trunks

(20 cm in DBH) were selected for replication. One of the large trunks was the same as that
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g2 9 around which soil solutions were taken in 1991-1992. Trees which were not suppressed by
8 g ey neighboring tree crowns were chosen. This criterion was also applied when throughfall or
s ~
s stemflow collectors were installed. Ceramic cups were set up on the downslope side of these
eZ 5 4l TR el = trunks in January, 1995. Three reference sites were also selected and porous cups were
=
f installed. One of these sites was the same as that used as the coniferous reference site in 1991-
=
" % é 1992. Soil solutions were sampled for two weeks once each month, so that the extractors were
S = e ’ :
- g sufficiently depressurized to obtain adequate samples. The vacuum was then released for two
il a - weeks.
9]
© Sampling point codes were used for the soil solution around the tree trunks. The first
n .
g - letter of the soil solution sampling point code indicates the trunk size (L: Large, S: Small). The
3 =
z 5 5 second letter indicates the direction (D: Downslope side of the trunk, U: Upslope side of the
L (]
ﬁ trunk, L: Left side of the trunk facing the upslope side, R: Right side of the trunk facing the
&N
E % 5 upslope side, Figure IV-4b). The following two digits indicate the distances (in dm) from the
S ) trunk and the last two digits indicate the soil depth (in cm).
X s . , . -
» o — o Throughfall or stemflow collectors were installed near the soil solution sampling site.
L Q
= " Throughfall samples were collected using 200 cm? polyethylene funnels with 5 L glass bottles
w2
E 2 °§~ g under both the coniferous and deciduous forests in 1991-1992. However, throughfall samples
. >
3 é- ] were collected only under the coniferous forest using 10 L polyethylene bottles in 1995-1996.
) -~ O - . .
fl = & = -§ Throughfall collectors were installed at a distance of 0.5 m (proximal point) and 1.5 m (distal
il
= T8 point) from the tree trunks under the coniferous forest. Stemflow samples of Hinoki cypress
v ven S| B A Sl . i :
E i %_g '5:: and oak were collected through glued vinyl tubes (28 mm in diameter) forming a rolling spiral
3 s D . \
'y :‘30-50'2 using 20 L polyethylene collection vessels in 1991-1992. Only the stemflow of Hinoki
% (@ — i R O g
g =) o4 cypress was collected using 200 L vessels in 1995-1996. Samples were collected at least once
2 £
%’ - e e | B = every two weeks in 1991-1992 and once a month in 1995-1996. Throughfall and stemflow
@ | & 8 ik e 00 . ,
2| 5o ol s samples were collected singly in 1991-1992 and in duplicate in 1995-1996.
2| &= 2% 4
S £ A —_— cen o §§ 95’ After collection, the samples were analyzed for the pH and electric conductivity.
c = o e .
'% g s _?:E;T g Subsequently, rain water samples (Open-bulk precipitation, throughfall, and stemflow) were
2 g B men oo | ol O filtered using membrane filters (Millipore mixed cellulose ester 0.45 pum in pore size), stored at
Q. é ol o * "’é‘
5] n .
o | S 0 § S 3 —20 °C and analyzed for the concentration of nitrate (NO, "), sulfate (SO,%") and chloride (CI")
o Bl =
= AA A - v S _—Q‘é ég by ion chromatography (Yokogawa, IC 200 Ion Chromatographic Analyzer); for the
E - O = . .
& 22 '§ concentration of calcium (Ca2*), magnesium (Mg?*), potassium (K*), sodium (Na*) and total-
;‘ —% § § = é ,:->_~ aluminum by atomic absorption spectrophotometry (Shimadzu, 670/AA Atomic Absorption
- @ s : .
© - ~EEBEE WEBEE ‘35’ ate Spectrophotometer); and for the concentration of ammonium (NH,*) by colorimetry
e o = RS G e
] = 3 2SRKER 2=[]KR | =% (Shimadzu, Spectrophotometer UV-140-01) using the indophenol-blue method. All the
i g 92 93




samples were concentrated by heating under acidic conditions prior to aluminum analysis
because of the low concentrations. Aluminum concentration was calculated as Al*+.

The factors related to soil solution acidification such as tree size, distance from the
tree trunks, and soil depth were analysed by t-test using data in 1995-1996. The differences
between soil solutions around trunks and reference sites were also examined. The arithmetic
mean concentration during March to October was used because it was not possible to collect a
sufficient number of samples due to the occurrence of drought from November to March in the

following year. The heterogeneity of the annual throughfall fluxes, however, was examined.

IV-3 Results
IV-3-1. Spatial variability of soil solution pH in relation to
stemflow and throughfall chemistry

Soil solution pH values at the depths of 10 and 20 cm in the LD-plots (downslope
side of large Hinoki cypress trunks) were about 0.2-0.9 pH units lower than those of the SD-
plots (downslope side of small cypress trunks) (Table IV-3). It was assumed that larger
amounts of stemflow had infiltrated around the trunk base of larger cypresses than that of
smaller cypresses. In fact, the amount of stemflow of the larger trunk was on the average 1.2
times as much as that of the smaller trunk. The pH values at the depth of 10 cm of the LD-
plots were similar to each other, regardless of the distance from the tree trunk. On the other
hand, at the depth of 20 cm in the LD-plots, there was an obvious tendency for the pH to
significantly decrease as one approached the trunk. In the case of the SD-plots, only samples
taken at a depth of 10 cm and less than 1 m from the trunk showed a decrease in pH. Soil
solution pH values at SD1710, SD0520, and SD1020 were similar to the pH values at the
corresponding depth of the reference sites. The pH values increased with the soil depth and
reached a neutral range at the depth of 50 cm. The values at the depth of 50 cm in the LD and
SD plots except at LD0550 were higher than those at the corresponding depths of the reference
sites.

Around the tree trunk bases, stemflow chemistry markedly affected the soil and soil
solution chemistry. The pH values of the coniferous stemflow fluctuated between 3.1-4.3 (see
Figure I1-5). Weighted mean pH values of the stemflow which were 3.9 in 1991-1992 and 3.8
in 1995-1996, were 0.7-0.9 pH units lower than those of the coniferous throughfall at the
distal point (4.8 in 1991-1992 and 4.5 in 1995-1996). Weighted mean proton concentration in

Hinoki cypress stemflow was very high, 0.208 mmolc L-! (Figure IV-5). Since ammonium
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Table IV-3 Arithmetic mean pH of soil solution on the downslope side from March to October in 1995.

Reference site

Small (SD-plots)

Depth Distance from the trunk
Large (LD-plots)

15/ m

1.0m

0.5m

Jomn

1.0 m

v

4.60°2.""5

4.63"2.***5

4'34#0‘tx#']y*t*R'tttz'xth 4.48t7,tt2vtt$5
4.93***5

4.15ttts‘ttR’t#2‘tt5

4.54#S,tR‘tt5
6.42°R

4.15ansytttR.nt2‘tt5

IO cm 4.09‘tsvtttR‘t2‘t5

4.89***5
5.96

5.41°R.*S

4,97

20 cm 4.18.“5.“0,“‘7,"R.'5 4_46"5,‘R,“5

50 cm 5.52%0.%7

6.59"*"R

6.77"°R

6.60"R

6.70°7."R

\O

3

e 05 L p< 0.0, P*op< 0001,

R: Different from the Reference site.

S: Different from corresponding point around small tree trunk.

0: Different from soil solution at the same depth, 1.0 m distance from the same size trunk.

7: Different from soil solution at the same depth, 1.7 m distance from the same size trunk.

2: Different from soil solution at the depth of 20 cm, with the same distance from the same size trunk.

S: Different from soil solution at the depth of 50 cm, with the same distance from the same size trunk.




ions act as an acid source in the soil profile, they could be considered to be acidic substances.

Ammonium concentration showed the highest value in the stemflow, 0.158 mmolc L-1. By

contrast, base cation concentrations in the stemflow were lower than those in the coniferous

throughfall. Proton and ammonium concentrations in the oak stemflow in 1991-1992 were

w T, 0.00977 mmolc L-1 and 0.0272 mmolc L-!, respectively. These concentrations were slightly
‘:::E 9 = higher than those in the deciduous throughfall. Conversely, base cation concentration in the
FE:‘ - E j oak stemflow increased by factors of 1.1-2.9, compared with the deciduous throughfall. The
™ :EE:: 5 é sum of the percentage of proton and ammonium concentration in Hinoki cypress stemflow
00 ¢ie] ::E:E 2 3 accounted for 73 % of the total cation concentration, while 16 % in the case of oak stemflow.
=~ s ,ag Hinoki cypress stemflows were characterized by high proton and ammonium concentrations,
% ]ﬁf 2 which promoted acidification around the tree trunk base.
s S % Proton and ammonium concentrations in the throughfall at the proximal points were
2 i E higher than those in the throughfall at the distal points and open bulk precipitation (Figure IV-
‘& = %D 5). Heterogeneity of acidic substance input associated with coniferous throughfall (Table IV-4)
i ,-E was consistent with the spatial variability of the soil solution pH. Proton, nitrate, sulfate, and
g _g ammonium inputs at proximal points exceeded those at distal points. Proton input at proximal
> =_ .j":g- points was twice as high as that at distal points. Conversely, Ca2+ and Mg2+* inputs were
%§ %E é % similar to those at the distal points. Potassium input at proximal points was 80 % of that at the
: ﬁ e E a distal points.
B LB L 1 :
= z
§ § g’. IV-3-2. Changes in Soil Solution Composition
i_ § - kS Atall the sampling points, nitrate was the dominant anion in 1991-1992 (Figure V-
% & 4\ é 6), although soil solution data taken at deeper depths at the reference site are not shown.
o §_ Nitrate concentration increased during the summer months (0.97 mmolc L~! in maximum at
. g LD-0510). Immediately after the decrease in autumn, the nitrate concentration in the soil
o v solution at the depth of 10 cm increased again from winter to spring. On the other hand, at the
* E depth of 20 cm, sulfate ion became the dominant anion from October to March. Both protons
Ep and nitrate ions were produced through nitrification. Soil solution pH values were inversely
; T 5 correlated with the nitrate concentration (r = —0.846 to —0.957; p < 0.001: Table IV-5), which
“é implies that nitrification provided large amounts of H*. Sulfate concentration was inversely
S E

proportional to the nitrate concentration (Table IV-5). Sulfate concentration in the soil solution

increased when the nitrate concentration decreased (Figure IV-6). Sulfate concentration was

= so2
[] NO;-
A c-
&

positively correlated with the soil solution pH (Table IV-6). At LRO0010, the sulfate

concentration, however, was inversely proportional to the pH levels. Stemflow composition
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Figure IV-7:

Changes in calcium, magnesium, and aluminum concentrations in soil solutions.
Legend of points around the Hinoki cypress trunks was shown in Figure IV-4.
The first letter is the tree trunk size.

The second letter is the direction of transects.

Figure IV-6:

Changes in chloride, sulfate, and nitrate concentrations in soil solutions.
Legend of points around the Hinoki cypress trunks was shown in Figure IV-4.
The first letter is the tree trunk size.

The second letter is the direction of transects. The following two digits are distances from the trunk bases (dm).
The following two digits are distances from the trunk bases (dm). The last two digits are soil depth (cm).

The last two digits are soil depth (cm).
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Table IV-4. Differences in element inputs between proximal and distal points from March, 1995 to March, 1996.

Precipitation  F Cl NO; SO, NH, Ca Mg K Na H
(mm) (kmolc ha-! yr-1)
Proximal (0.5 m) 904 0.0462 1.75* o558 BAYE 200 | 4448 0.441 0.401 0.472*  0.813**
= Distal (1.5 m) 810 0.0475 1.52 135 1.16 1.48 1.07 0.449 0.501 0.425 0.412
)
* **: Difference in major ion input between proximal and distal points; *, significant level of 5 %; **, significant level of 1 %.
Parenthesis: Distance from the tree trunks.
l
Table 1V-5 Correlation coefficients between nitrate concentrations in soil solutions and pH, sulfate, calcium,
magnesium, and aluminum concentrations in soil solutions in 1991-1992.
pH Sulfate Aluminum Calcium Magnesium
LD-0510 e IR b -0.723*** 0.816*** 0.936*** 0.954*+*
LD-0520 0.925*** -0.881*** 0.9 s 0930 ** 0.944***
LD-1010 -0.879*** 0.200 0.734**x* 0.949%+# 0.885%**
_ LD-1020 -0.846*** -0.750%** D831 % 8T e 0.860***
= LD-1710 -0.957*** -0.487* 0.564* 0.918*** 023355
LR-0010 -0.549** 0.304 DT PY3uRes Da33%*>
LR-0510 -0.872*** -0.578* 0. 822 % 0.944*** 0.969%+*
LU-0510 -0.859*** -0.839*** 0.978**+ 0.993%5%¢ 0.988***
LL-0510 -0.535* -0.462* 0.861*** (Og1*** (.920%%#
Reference site (10 cm) -0.868*** -0.823*** 0.836*** D91 ree U235+
Deciduous (10 cm) -0.888*** -DI9I** 0.785*%" Q.99 ** NI77Er

*p<0.05,.%: p= 001, ***%p < 0001




Table IV-6 Corrclation coefficients between sulfate concentrations in soil solutions and pH or

cations concentrations in soil solutions in 1991-1992.

Magnesium

Calcium

Aluminum

pH

-0.810*** -0.671*** o) T3P EH

0.646%**

LD-0510
LD-0520
LD-1010
LD-1020
LD-1710
LR-0010
LR-0510

-0.886*** -0.886*** -0.853***

-0.140

D925%%%
0.117

0.209
-0.906***
-0.626**

0.439*%
-0.844***

-0.236

-0.708**

(LIosr =
0.328
-0.605***

-0.875%**
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0.541*
-0.623*
G Ak

-0.271

0.214
-0.727**
-0.824**

-0.412

0.642**
0.672*
-0.853***

0.552*

|
0.497*

Reference site (10 cm)  0.803***

LU-0510
LL-0510

-0.780***

-0.860*** -0.877***

-0.829***

-0.623*** -[),734*#** S Fndes

) B0 +F

Deciduous (10 cm)

*:p <0.05, **: p < 0.01, ***: p < 0.001

affected the soil solution composition at LRO010. The coefficient of correlation between the
soil solution pH and sulfate concentration at LD1010 was low, for unknown reasons. Cation
concentration was inversely proportional to the sulfate concentration.

Calcium, magnesium and aluminum concentrations fluctuated simultaneously with the
nitrate concentration (Table IV-5, Figure IV-7). The correlation coefficient between the nitrate
concentration and both Ca?+ and Mg?* concentrations was significant at all the points although
at some points aluminum dominated. Mobilization of base cations was an important acid sink
at RLL even in a relatively low pH range. The coefficient between nitrate and aluminum
concentrations at LD1710 was small. Aluminum concentration at LD1710 was similar to the
Ca2+ and Mg2+* concentrations until October (Figure IV-7). On the other hand, the aluminum
concentration was higher than the Ca2* concentration by factors of 2.6-4.9 from November to
May. When the coefficients between nitrate and aluminum were calculated for the respective
time period, correlation coefficients were 0.944 (p < 0.001) for the former period and 0.997
(p < 0.001) for the latter period. During the former period, only the nitrate concentration
increased. On the other hand, the chloride concentration increased with the nitrate
concentration during the latter period. Since chloride ions are not retained on soil or
assimilated to plants and rainfall amounts were small during the latter period, the concentration
associated with the drought affected the soil solution composition at LD1710. An increase in
the chloride concentration during the latter period contributed to an increase in the aluminum
concentration (r = 0.980, p < 0.001).

Arithmetic mean concentrations of Ca2+, Mg2+, and total-aluminum are shown in
Table IV-7. Calcium concentration in the soil solution at a distance of 0.5 m from the large
trunk was significantly lower than that of more distant samples. Around the small trunk, a
significant decrease in the calcium concentration was observed only at SD0510. Calcium
concentrations at the depth of 10 cm in the LD-plots ranged from 0.127 to 0.198 mmolc L1,
values which were lower than that at the depth of 10 cm at the reference site (0.282 mmolc !
on average). Calcium concentration in soil solution at LD0520, LD0550, LD1010, LD1020,
SD0510, and SD0550 was markedly lower than that at the corresponding depths at the
coniferous reference site

In the case of the magnesium concentration, values at a 0.5 m distance from the small
trunk base decreased significantly, compared with more distant points regardless of the depth.
The arithmetic mean at SD0510 was 0.199 mmolc L1, a value which was similar to that of the
Ca?* and total-aluminum concentrations (0.215 mmolc L-1, 0.184 mmolc L-1, respectively).

Three cations (Ca2*, Mg2+ and total-aluminum) were also codominant at LD0520. Around the
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Table IV-7 Arithmetic mean calcium, magnesium, and total-aluminum concentrations in soil solution (mmolc L-1) from March to October in

1995.

Reference site

Small (SD-plots)

Depth  Distance from the trunk
Large (LD-plots)

1:Fm

1.0m

0.5m

1.7m

1.0m

0.5m

Calcium

0.282

0.313
0.32

0.287

0.215*0.*7,*R
0.252

0.198%5

0.261

0.127**$S‘#*R'¥*2

10cm 0.181*70

0.274**5
0.409

1

0.269

0.206"7."R
0.511

20cm 0.182°7."R

0.339

0.409

0.297***R

0.377

50 cm 0.190%0."*7.*R

Magnesium

104

0.260 0.303

0.283

0.19970,*R

0.292

0.1387S,*R,)*S

10cm 0.151°R
20cm  0.200%*7

50cm 0.181

0.292%
0.418

0.296

0.303
0.320

0.214%0,*7.*R

0.333*S
0.357

0.202*7."R
0.435

0.306"R

0.282°0.***7.R

Total-aluminum

0.0727
0.0285

0.079072

0.1132
0.0380

0.184**7’**R’**2
0.0365

0.360*S,"R

0.107*S

0.277*R
0.101

10cm  0.351°S."*R,*2

0.00749

20cm  0.231**S,*0,*7,**R

50 cm

0.00218 0.00306

0.00323

- - 0.00373

Legend is the same as that in Table IV-3

large trunk, the arithmetic mean of Mg2+ concentration at LD0510 was 0.151 mmolc L-1, a
value which was half of that at the depth of 10 cm at the reference site (0.303 mmole L-1).
Magnesium concentration at the depths of 10 and 20 cm which was less than 1 m from the
large trunk was lower than that at the corresponding depth at the reference site.

Tree size affected the aluminum concentration in the soil solution as well as the pH
values. Aluminum showed the highest concentration of cations at the depth of 10 cm in the
LD-plots, 0.351 mmolc L1 at the LD0510. Aluminum concentration at the depths of 10 and
20 cm in the LD-Plots increased significantly, compared with that at the corresponding depth at
the reference site. Although aluminum was dissolved in the surface layer, it was immobilized

by percolation to a depth of 50 cm.

1V -4 Discussion
IV-4-1. Factors responsible for soil solution acidification at RLL

Koch and Matzner (1993) revealed that the spatial variability of the soil solution
chemistry was due to the stemflow in European beech (Fagus silvatica) and to the
heterogeneity of throughfall input in the case of the Norway spruce (Picea abies), because the
stemflow was negligible under the spruce forest. In the case of beech stemflow, the amounts
were 14-20 % of the total precipitation. In this study, the amounts of Hinoki cypress stemflow
ranged from 0.1 % to 7.7 % of the total rainfall at RLL, on the average, 4.3 % in 1995-1996.
Stemflow, therefore, was an important factor of spatial variability of the soil solution chemistry
at RLL.

The elemental input associated with stemflow should not be divided by the tree crown
area but by the area which was affected by the stemflow, for estimating the effects on soil
solution acidification around the trunk base. Sato and Takahashi (1996) estimated the area
which was affected by the stemflow based on the soil pH around the trunk base. They then
calculated stemflow fluxes using an area of 0.48 m2 and compared them with throughfall
fluxes. However, at RLL it was too difficult to estimate the area affected by the stemflow
because of the slope (20°). Gersper (1970) who investigated radioisotope accumulation in
soils around beech trunks, speculated that stemflow water on the slope (ca. 11°) was likely to
flow vertically and also contribute significantly to internal downslope flow. In addition, Voigt
(1960) noted that stemflow infiltration was more rapid along the large roots than in soils
between roots, and that old root channels acted as an important pathway of water flow. As a

result, estimating stemflow movement in solum was difficult. Therefore, emphasis of the
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study was placed on the stemflow composition (Figure IV-5).

High proton and ammonium concentrations in Hinoki cypress stemflow promoted
acidification around the tree trunk base. According to previous studies, the main cause of soil
and soil solution acidification around the trunk base was the low pH (high proton
concentration) of stemflow. Our results underscored the importance of ammonium ions for
soil solution acidification. High proton and ammonium concentrations in Hinoki cypress
stemflow were also reported by Sakai (1997) and soil acidification around the 35 year old
Hinoki cypress trunk was revealed with a value of 4.0 on the average.

Heterogeneity of throughfall input was also a factor of spatial variability at RLL.
Proton input at the proximal points was twice as high as that at distal points (Table IV-4).
Beier et al. (1993) showed that the deposition of all the substances was considerably higher at
0.3 m from the Norway spruce trunk than that at the periphery of the canopy, 1.6 m away.
Ammonium input associated with throughfall at 0.3 m increased by factors of 1.4-2.2,
compared with that at 1.6 m. The ratio of the ammonium input at 0.5 m from the tree trunk to
that at 1.5 m was 1.4 at RLL. However, no significant differences in base cation input were
observed.

Higher proton and ammonium inputs at the proximal points also contributed to the
acidification of the soil solution close to the tree trunks. At RLL, both stemflow and

heterogeneity of throughfall input promoted soil solution acidification around the trunk base.

[V-4-2. Acidification processes and changes in Soil Solution Composition

The forested catchment at RLL has been saturated with nitrogen due to atmospheric
deposition and nitrogen transformation became the main acid source (Baba and Okazaki,
1998). Increased acid production due to nitrogen transformation promoted the acidification of
the soil solution. On the other hand, ion exchange with base cations and weathering was the
dominant acid sink. Calcium and magnesium concentrations, therefore, were proportional to
the nitrate concentration in the soil solutions. Soil solution pH decreased due to the portion of
protons produced through nitrification, resulting in aluminum dissolution. Aluminum
concentration, therefore, was also correlated with the nitrate concentration. Sulfate adsorption
on Andisols alleviated the increase in acidification (Baba and Okazaki, 1998). Sulfate
concentration in soil solution at RLL was controlled by the large sulfate adsorption capacity of
Andisols (Baba et al., 1995b: Chapter I1I). Protons that were produced by nitrification
contributed to a decrease in the pH levels of the soil solution. Sulfate adsorption capacity of

Andisols increases with a decrease in pH levels. When the pH levels decreased, sulfate ions
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were removed from the soil solution through sulfate adsorption on soils. Therefore, the sulfate
concentration was positively correlated with the soil solution pH (Table IV-6) and negatively
with the nitrate concentration or cation concentration.

Using the values listed in Tables VI-3 and VI-7, the relationship between the pH and
cation concentration was examined (Figure IV-8). Soil solution pH decreased with a decrease
in the calcium concentration (R2 = 0.638, p < 0.001) and with a decrease in the magnesium
concentration (R2 = 0.399, p < 0.01). When the pH values decreased below 5.0, aluminum
ions were dissolved in the soil solution and the concentration increased exponentially with a
decrease in pH levels. Ohrui et al. (1993) also reported that aluminum ions were dissolved at
the same pH levels in Azuma, Set<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>