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Ahstract

Arcid precipitation is presently a major environmental issue worldwide and a great deal of
information conceming the effects of acid precipitation on terrestrial ecosystems is becoming
available. This review describes the status of acid precipitation in Japan and the impact of
actd precipitation on the growth of agricultural crops and foresttrees. Annual mean pH value
of precipitation in Japan which was about 4.7 did not change significantly in the past decade.
The acidity of rainwater which was caused by H 30, and HMNO, mainly was neutralized by
alkaline species such as WH3 and Ca® in urban areas. In simulated acid rain experiments,
wisible foliar injury of most of the crop species and some sensitive tree species ocourred at
pH values below 3.5 and pH 3.0, respectively. Ithas been suggested that the decreasze in intercellular
pH levelsis one of the possible mechanisms of occurrence of foliar injury. Acidrain
droplets on leaves accelerate the leaching of cellular materials such as minerals, amino acids,
proteins and carbohydrates, which may neutralize acidic rain droplets on the leaf surfaces.
Since these materials which contribute to the buffering system of plants were leached by acid
rain, residual H ions may penetrate into the leaf tissues across the cuticular layer, and lead
tothe increase of the acidity in leaf tissues and development of foliar injury symptoms.

Discipline: Agricultural environment

Additional key words: crop, epicuticular waz, leaching, pH, acid rain

Introduction

Recently there has been a growing concern about
global changes, namely planetary warming due to
the increase of the concentration of greenhouse gases
such as carbon dioxide, methane, nitric oxide and
chlorofluorocarbons in the atmosphere, increase of
ultraviolet-B radiation on the earth’s surface caused
by stratospheric ozone depletion, rapid depletion of
tropical forest land by human activities associated
with various land-uses or over-logging and expan-
sion of desert areas due to over-grazing of livestock.
On the other hand, it has been recognized for a long
time that the emissions of sulfur and nitrogen oxides
to the atmosphere from metal refineries, electric
power plants and auto-exhaust gases caused local

air-pollution problems. However, it is now being
realized that the increase of these emissions could
affect areas over distances a few thousand kilometers
apart from the main emission source, resulting in
the acidification of the atmosphere and adverse eco-
logical effects in many regions of the world. There-
fore, acid deposition (including both wet and dry
deposition) has recently become a subject of wide-
spread concern, in relation to global changes. This
deposition occurs mostly in highly industrialized
regions, mainly Europe and the eastern part of North
America, as evidenced by the reports on the altera-
tion of the chemistry and biology of lakes and marsh-
es in the 1970s and terrestrial ecosystems in the
1980s™.

Sulfur dioxide and nitrogen oxides emitted into
the atmosphere may be transformed into particulates
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which can be transported over long distances. Par-
ticulate sulfur and nitrous compounds and sulfur
dioxide or nitrogen oxides may be incorporated into
precipitation by conversion to H3SO4 or HNO; as-
sociated with various chemical reactions and result-
ing in the decrease of the pH of precipitation. Under
non-polluted conditions, natural acidity in precipi-
tation may occur at around pH 5.6, a value which
is in equilibrium with gas-liquid phase reactions
between the atmospheric CO; concentration (about
350 ppm) and cloud water. Therefore, acid precipi-
tation may be defined as rain, snow, fog, or other
forms of precipitation with pH values less than 5.6
and a hydrogen ion concentration above 2.5 x 10°®
mol/{.

Both wet deposition such as rain, mist and snow
and dry deposition such as acidic gases and aerosols
may affect directly or indirectly plants in various
aspects. The direct effects consist of foliar injury,
leaching of cellular components from plant leaves
and alteration of physiological and biological
metabolism when the acid precipitation occurs on
the surface of aerial parts of plants. The indirect
ones appear when the wet and dry deposition of air
pollutants enhances the acidity of soils, which in-
duces the increase of solubility of phytotoxic alumi-
num ion in the soils, the acceleration of leaching of
essential elemental magnesium and calcium for plant
from soils, inhibition of activity or destruction of
mycorrhizag, and increasc of the susceptibility of
plants to other stress factors such as drought, nutrient
deficiency, and biotic pathogens.

Acid precipitation in Japan and its impact on
plants were reviewed in a series of two papers. The
first paper presents the current status of ambient
precipitation in Japan and foliar injury due to acid
precipitation. The second paper will analyse the pos-
sible impact of acidity in precipitation on growth or
vield of agricultural crops and forest decline
phenomenon.

Current status of acid precipitation in Japan

1) Background of acid precipitation studies
Studies on precipitation chemistry in Japan were
initiated at the end of the 19th century. However,
the significance of acid precipitation was not
recognized in Japan until about 30,000 people
suffered from eye and skin irritation arising from
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contaminated drizzle droplets, particularly in June
and July of 1973 to 1974 in the Kanto District
(Metropolitan Tokyo and its surrounding prefec-
tures)*”. Since then many studies on acid precipi-
tation chemistry in Japan have been conducted by
collecting data on pH and related chemical
parameters in a number of prefectural institutes, na-
tional institutes and universities,

2) Sampler for precipitation

There are two types of samplers for precipitation:
filtering bulk samplers and wet only samplers. Since
the filtering bulk sampler is not fitted with a lid on
the collecting funnel, it is exposed to the atmosphere
all the time. On the other hand, the wet only sam-
pler is covered during the periods without precipita-
tion by a lid which automatically opens when it rains
due to the presence of a rain sensor and a mortar.
The filtering bulk samplers are currently being
utilized in almost all the research institutes in Japan,
while the wet only samplers have not yet been dis-
seminated, A schematic illustration of the filtering
bulk sampler is shown in Fig. 1. The rain collector
of the filtering bulk sampler consists essentially of
three parts: a collection funnel, a storage bottle and
a membrane filter at the interface between the other
two parts. The membrane filter fulfills three func-
tions: separation of the soluble fraction of collected
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Fig. 1. Filtering bulk sampler conventionally used



precipitation from insoluble substances, prevention
of bacteria-induced chemical transformations of the
filtrates, and reduction of the vaporization of rain-
water in the storage bottle. The pH value determined
by using the bulk sampler is somewhat higher, by
0.1 pH unit on the average, than that determined
by using the wet only sampler'", the difference be-
ing due to the dissolution of deposits of alkaline gases
and particles during the periods without rain into
rainwater' ",

3) Annual mean pH of precipitation

Hara'? and Tamaki et al.>® summarized the
results of the phase | survey on acid precipitation
carried out by the Japan Environment Agency (JEA)
at 29 monitoring stations from April 1986 until
March 1988, Fig. 2 shows the annual average pH
(volume weighted) using bulk samplers for weelky
collections'”. The annual average pH at each sta-
tion ranged from 4.5 to 5.2 with a mean value of
4.7 in Japan. This annual mean of pH 4.7 in Japan
was similar to that recorded in the U.S.A, (regional
annual average of 1980), Europe (EMEP network)
and China (data from several sites during the peri-
od 1980-1984)'",

4) lonic concentrations

Mean ionic composition of precipitation over
Japan is shown in Fig. 3'"®. It is considered that
approximately 60% of the ionic components had
originated from seasalt, since most of the monitor-
ing stations were located in coastal areas. The sum
of the equivalent concentrations of H', NH** and
non-seasalt-Ca®* (nss-Ca®*) corresponded well with
that of nss-SO4*" and NO; ™ reflecting the original
acidity, the equivalent sum of H:SO4 and HNO;,
and the fact that the components were neutralized
by ammonia and calcium species. The concentra-
tions of nss-S04> and Ca®* were estimated under
the assumption that all the Na' was derived from
seawater and that the ratios of Na' to seasalt-S04*
and to Ca®" were identical with those of seawater.
Hara et al.'" pointed out that if these alkaline spe-
cies were not present in the precipitation, the result-
ing pH would have been 4.3, a decrease of 0.4 pH
unit. The annual pH value did not change signifi-
cantly in the past decade®,
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Fig. 2. Annual mean pH values of precipitation in

Japan'

This illustration is cited from phase | sur-
vey on acid precipitation carried out by the
Japan Environment Agency at 29 sampling
stations from April 1968 10 March 1988.
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Fig. 3. Mean ion composition of precipitation'™
This illustration is cited from phase 1 sur-
vey on acid precipitation carried out by the
Japan Environment Agency at 29 sampling
stations from April 1986 to March 1988.
Annual mean ion composition of several
major ions is as follows: H*, 20; NH.*,
22; Ca?t, 26; K*, 4.6; Mg?*, 21; Na*,
86; NOy~, 16; SO, 55; CI-, 108
peq/l. The broken lines in the $O,%~ and
Ca®" boxes indicate the partition of total
ion amount into non-scasalt (left part) and
seasalt origin (right part).
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Plate 1. Bleached lesions on upper surface of radish
leaves caused by simulated acid rain with
pH 2.5

5)  Acid deposition

Deposition, defined as the product of concentra-
tion and rainfall amount, is another major parameter
in the analysis of the acid deposition phenomenon,
Annual mean deposition of several major ions is as
follows: nss-SO4” , 4.63; NOy , 1.68; NH,*, 0.68;
catt, 0.90 g/m*/yr'®. Deposition levels of nss-
SO,% and NO; in Japan are comparable to or rela-
tively larger than those in North America. It should
be noted that Japan has a larger amount of rainfall,
the average precipitation amounting to about 1800
mm/yr while 760 mm/yr in the U.S.A.

Foliar injury symptoms due to acid
precipitation

Acid rain or mist induces bleaching or brown
necrotic lesions on the upper surface of leaves and
bleaching spots on petals (Plates 1 & 2). In simu-
lated acid rain experiments, visible foliar injury of
most herbaceous plants and some sensitive woody
plants occurred at pH values below 3.5 and 3.0,
respectively''*?". On the other hand, damage 10
petals of sensitive horticultural species like morning
glory had been observed when the petals were ex-
posed 1o natural and simulated acid rain at pH 4.3
or lower'™. The degree of injury of leaves or petals
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Plate 2. Relatively large brown necrosis on upper sur-
face of primary leaves of bush bean after
simulated acid rain precipitation occurred
twice

by simulated acid rain depends upon the effective
dosage which is a function of both hydrogen ion con-
centration and the period of exposure. The degree
of injury increases with the increase in the hydrogen
ion concentration (lowering pH) and the increase in
the period of contact of acid droplets or films on
the leaf or petal surface”. For example, small
necrotic lesions on wormwood leaves appeared at a
pH value of about 3.0, while larger areas of bifacial
necrosis occurred at pH 2.5 or lower®.

Foliar injury symptoms due to acid rain are at-
tributed to the following processesz’. As droplets or
films of acid rain slowly evaporate, the concentra-
tion of ions (including protons) increases, and may
result in the increase of local acidity, which leads
initially to the collapse of a few epidermal cells, fol-
lowed by progressive injury of the underlying
mesophyll tissues (palisade and spongy parenchyma).
The number of collapsed cells increases and the cells
coalesce at a lower pH after repeated exposure to
acid rain, resulting in the formation of necrotic
lesions. Foliar lesions due to acid rain tend to occur
where droplets normally accumulate along the side
of a leafl vein or marginsz'T's'm. In addition, Evans”
demonstrated in a variety of plant species that fol-
lowing the exposure to simulated acid rain about 95%
of all the lesions occurred near the base of trichomes,
the guard and subsidiary cells of stomata and along



veins.

The susceptibility of crops to visible foliar injury
was in the order of root, leafy, cole, legume, grain,
and leaf and seed forage crops, respectively'”,

Mechanisms of foliar injury by acid rain

1} Cuticle

Plant cuticle is composed of epicuticular wax, wax
layer, cutin layer and pectin layer and covers the sur-
face of leaves. The cuticle fulfills numerous func-
tions and adaptive roles including the prevention of
water evaporation from leaves and protection of leafl
cells against physical and chemical injury. There-
fore, the cuticle is the first target of acid rain and
acts as the main barrier to acid rain. The crystal-
line epicuticular wax, on the surface of the cuticle,
not only prevents the contact between droplets of
precipitation and the leafl surface and decreases wet-
tability, but also reduces water and ion movements
into leaves™'®21Y It is considered that the micro-
pores in the cuticle act as the main route for the
penetration of chemicals into the intracellular struc-
tures of leaves, as well as for cation exchange”, The
large number of cuticular micropores in specialized
areas such as the base of trichomes, hydathodes, and
glandular hairs may account for the fact that injury
from acidic precipitation occurs more frequently at
the base of trichomes and hydathodes'?.

2} Erosion of cuticular wax

The decrease of the pH of droplets or films of
acid rain which is accelerated by concentration
processes involving evaporation leads to the erosion
or degradation of cuticular wax. Strong acids are
able to oxidize and hydrolyse the wax esters and to
release some of the long fatty acid chains from the
wax matrix. According to a review on the reaction
of epicuticular wax of conifer needles to air pollu-
tants (including acid rain) by Turunen and
Huttunen®”, the degradation of cuticular wax, which
appears as a fusion of wax tubes in epistomatal
chambers and eventually results in the amorphous
appearance of wax, is the most common micromor-
phological type of injury observed in studies on fir,
larch, spruce and pine trees. They concluded that
the erosion of epicuticular wax is a significant fac-
tor for the multiple forest decline syndrome. On the
other hand, Paparozzi et al.?? who used scanning
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and transmission electron microscopy did not observe
any erosion of epicuticular or cuticular wax in either
yellow birch or kidney bean after exposure to simu-
lated rainfall with pH values as low as 2.8, Berg"
suggested that the disruption of the cuticle was a
secondary effect associated with the loss of support
from injured underlying cells.

Acid rain can erode wax as well as alter its bio-
synthesis, which may reduce the concentration of wax
or modify the composition of wax?". Thus the ero-
sion and inhibition of biosynthesis of cuticular wax
due to acid rain may drain cuticular wax and lead
to the acceleration of cuticular transpiration and
leaching of cellular components from leaves. The
eroded and damaged epicuticular wax with cracks
and rupture is more easily infiltrated or infected by
fungal pathogens or insects than intact wax
structures®”, which may adversely affect the growth
of agricultural crops or forest trees.

3)  Buffering capacity to acid rain

Some plants appear to develop limited or do not
experience foliar injury from acidic precipitation. It
is possible that the plant tissues may effectively buffer
the acid before the occurrence of any significant
physical or physiological injury and this ability may
differ among species”. Adams and Hutchinson"
demonstrated that the leaves of wormwood, spinach
and wax bean exhibited different buffering capaci-
ties. The initial pH values of simulated rain droplets
(50 uf) which were 5.6, 3.5 and 3.0 usually increased
after contact with leaves in certain plant species.
However, when the initial pH was 2.5, the pH always
decreased with time. The pH of the Parafilm sur-
face (control) was always lower than the pH of any
of the leaf surfaces, suggesting that the leaves
produced substances that neutralized the acidity. The
neutralization of acidic droplets was higher in worm-
wood plants, which showed the lowest sensitivity 1o
foliar injury from simulated acid rain. Spinach
leaves were the least able to neutralize acid droplets
and also were most sensitive to foliar injury damage.
Then Adams and Hutchinson" concluded that the
ability to neutralize acidic droplets on the leaf sur-
face may be an effective mechanism for alleviating
the damage caused by acid rain.

4) Foliar leaching
Although some foliar leaching normally occurs,
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the application of simulated acidic rain droplets on
leaves of trees such as maple and spruce or crops
such as bean accelerated the leaching of potassium,
magnesium, calcium, amino acids, proteins and car-
bohydrorates from the leaves’?¥. Wood and
Bormann®® demonstrated that K*, Ca®' and
Mg?" were leached from pinto bean leaves more
rapidly at pH levels of 3.0 and 3.3 than at pH levels
of 4.0 and 5.0. Leaching of cations involves ex-
change reactions on the leaf surface, in which cations
on the exchange sites of the cuticle and cell walls
are exchanged for H* from the leaching solutions".
Although these processes may partially neutralize
acidic droplets on the leal surface, prolonged ex-
posure 1o acid rain droplets results in the exudation
of salts from leaves, leading to increased damage due
to the loss of the buffering capacity'.

Foliar buffering and acceleration of leaching due
to acidity may be related processes. As cellular
materials which contribute to the buffering system
of the plants were leached by acid rain, residual H*
ions may penetrate into the leaf tissues across the
cuticular layer, and lead to the increase of the acidi-
ty in leaf tissues and development of foliar injury
symptoms™,
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