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Acid Precipitation in Japan and Its Impact on Plants

2. Effect of acid precipitation on growth or yield of crops and forest decline
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Abstract

In most of the studies, no effects of simulated acid rain on the growth of agricultural crops

and tree seedlings were reported when the pH of the applied solution exceeded a value of

3.0. Therefore, significant effects on agricultural crops and tree seedlings at current ambient
levels of acid rain (pH 4.0-5.0% are unlikely. Howewer, acid rain potentially could affect trees
in natural forests in a variety of waysincluding the increase of so1l acidity, increase of the
solubility of phytotoxic aluminum 1on, acceleration of acidic leaching of foliar nutrients and
soil nutrients, and inhibition of activity of mycorthizae. Therefore, acid rain may be one

of the many environmental stresses contributing to forest decline. Howewer, the cause of forest
decline in Japan as well as in Europe and MNorth America has not yet been clearly and

completely determined.
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Introduction

In the previous paper’”, the current status of am-
bient precipitation in Japan and foliar visible injury
due to acid precipitation were discussed. The present
paper reviews the possible impact of acid precipita-
tion on the growth or yield of agricultural crops and
new type of forest decline phenomenon.

Effects of acid rain on growth or yield of crops

Until now there have been no reports on visible
injury or crop loss under field conditions due to
naturally occurring acid precipitation except for vol-
canic eruptions'”*¥. Therefore, most of the studies
on the effects of acid rain on the growth or yield
of agricultural crops have been carried out using
simulated acid rain. Rain treatments are simulated
through nozzles suspended above the plant canopy.

Simulated acid rain is usually prepared with deionized
water to which sulfuric or sulfuric and nitric acids
are added. In many cases nonacidic salts at low
levels are added to simulate important inorganic com-
ponents of natural rain. Studies on the effect of
simulated acid rain on the growth or yield of crops
have been carried out mainly in the U.S.A. In
Japan, however, attempts to assess the effects of acid
rain on crops are still limited®!*!**"  In particu-
lar, experiments on the effect of simulated acid rain
on field-grown crops have not been conducted yet.

1) Controlled environment experiments

Plant growth may be stimulated, inhibited or not
affected by exposure to simulated acid rain. Lee et
al.'™® conducted experiments using 28 crops grown
in pots in field chambers. Simulated sulfuric acidic
rain was applied at pH levels of 5.6, 4.0, 3.5 and
3.0. Marketable yield was inhibited in five crops
(radish, beet, carrot, mustard green, and broccoli)
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and stimulated in six crops (tomato, green pepper,
strawberry, alfalfa, orchardgrass, and timothy). No
consistent effects were observed in 16 other crops.
They found that foliar injury was not generally relat-
ed to the effects on yield. They also reported that
dicotyledonous plants (e.g. bean) were more suscept-
ible to simulated acid rain than the monocoty-
ledonous ones (e.g. corn) and within the dicoty-
ledonous group, the sensitivity decreased in the order
of root, leaf, cole and tuber, legume and fruit crops.
However, Irving'"” noted that there were both sup-
porting and conflicting data for this classification.

In our Institute, Hosono and Nouchi® exposed to
simulated acid rain at pHs of 5.6, 4.0, 3.0 and 2.7
{or 2.5) three species of crops, radish, spinach and
bush bean, throughout the growing period in four
greenhouses. The plants were subjected to acid rain
treatment three times a week, for 1 hr with 10 mm
of precipitation at a time. In these experiments,
treatment at pH 3.0 or higher did not significantly
affect the increase of the leaf area and dry weight
of whole plant in the three species. When radish
and spinach plants were exposed to simulated rain
at a pH of 2.5, the dry weight of the hypocotyl of
radish and dry weights of whole plant in spinach
decreased significantly compared to the plants ex-
posed to rain at pH 5.6 (Fig. 1). On the other hand,
pod dry weights and dry weights of whole plant in
bush bean plants exposed to acid rain at pH 2.7
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were not significantly reduced.

One of the most comprehensive dose-response
studies illustrating the possible impact of acidic
precipitation on crop yield was conducted on
greenhouse-grown radish by Irving'”. Radish plants
were exposed to simulated acid rain throughout a
growing season at pH values ranging from 5.6 to
2.6. The results indicated the presence of a threshold
for significant yield loss from rain acidity for pH
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Fig. 1. Relationship between pH of simulated acid
rain and relative reduction of dry weight
of whole plant of radish, spinach and bush
bean®

The dotted curve indicates the response

of radish plants.
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Fig. 2. Radish yield as a function of the acidity of simulated acid rain'"
Data are means for one or two experiments in six different labora-

tories.



values between 3.0 and 3.4 throughout the growing
season (Fig. 2). Jacobson et al."” calculated the
threshold for yield loss using Irving’s radish data
described above'” and a Mitcherlich function where
the pH value associated with a 10% reduction in
hypocotyl yield (root) was 3.3 = 0.3.

2) Field experiments

Hypocotyl (root) yields of radish plants were
reduced after exposure to simulated acidie rainfall
under controlled environmental conditions™'%'®, In
contrast to these results, Troiano et al.*® recorded
higher yields under high acidity rainfall compared
with controls in radish plants grown under field con-
ditions and Evans et al.” did not observe a signifi-
cant yield loss in radish. Generally, the growth or
yield of plants cultivated under growth chamber or
greenhouse conditions appeared to be more adversely
affected by acid rain compared with the plants grown
under field conditions”, for unknown reasons.
Shriner*® pointed out that cuticular development un-
der the radiation, temperature and humidity condi-
tions prevailing in the greenhouse was markedly
different from that under similar conditions in the
field, and that these differences may account for the
difference in sensitivity between greenhouse and field-
grown plants with respect to acid rain.

One of the most important objectives of research
relating to the effects of acidic rain on agricultural
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crops is to determine the impact of acidic rain on
the growth and yield of crops cultivated under field
conditions. In such experiments, for example, au-
tomatically mobile rainfall-exclusion shelters have
been employed in acidic deposition experiments con-
ducted in the field"®. These shelters cover the vege-
tation and exclude ambient precipitation when
natural precipitation occurs and when artificial treat-
ments are applied. Rain exclusion shelters were
moved by a motor that was controlled by a rain-
sensing detector. This type of research facility al-
lows experimental plants to grow in a microclimate
comparable to a normal agricultural field except dur-
ing natural or simulated precipitation. Open-top field
chambers, which have been used to expose crops to
air pollutants such as ozone, were also used with
automatic rain exclusion shelters to expose crops to
acid rain'®,

Irving'" summarized the results of a field experi-
ment on eight crops (corn, soybean, wheat, timo-
thy/clover, tobacco, potato, oat and snap bean) using
simulated acid rain and ambient rain exclusion con-
ditions in the National Acid Precipitation Assessment
Program (NAPAP). None of the crops tested
exhibited consistent reductions in yield from simu-
lated rain within the range ol average ambient acidity
levels (pH 4.1 to 5. 1) during the growing season
or even from higher acidity levels found in occasional
rain events in the eastern part of the U.S.A. (pH
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Fig. 3. Effects of simulated acid rain throughout the growing season on the yield
of several important agricultural crops'”
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3.0 to 4.0) when compared with the yield of plants
which were exposed to rain without strong acidity
(pH 5.6) (Fig. 3). Variable results were obtained for
some cultivars of soybean. However, Evans et
al.***" reported that simulated acid rain at pH
values from 3 to 4 reduced the yields of field-grown
crops such as soybean when compared to exposures
at pH 5.6. Interim report of NAPAP?? concluded
that the impact from acidic deposition on regional
crop production in the United States was negligible,

Mechanism of growth or yield reduction
associated with acid precipitation

There are few studies on the physiological and bio-
chemical changes associated with acidic rain. One
possible physiological change which has often been
suggested could operate by means of alterations of
intracellular pH levels. Jacobson'® pointed out the
direct effects of hydrogen ion on biochemical reac-
tions, including enzyme activity and cell elongation.
Such effects may account for physiological changes
because the acidity of the cell sap is normally main-
taimed within a relatively narrow pH range neces-
sary for the preservation of enzyme configuration
and reactivity. As buffering systems are weakened,
H* ion concentrations in plant tissues are likely to
increase and lead to the increase of leaf acidity. In-
deed, Bytnerowicz et al.? found that leafl extracts
of pinto bean plants exposed to mist at pH values
of 2.8, 2.4 and 2.0 showed a pH decrease of 0.05,
0.12 and 0.18 units, respectively. In addition, Sakaki
and Kondo™ reported that the photosynthetic ac-
tivity was inhibited by the reduction of cytoplasmic
pH. However, there are few reports on the changes
in the rates of photosynthesis or respiration except
in the case of rainfall with very low pH such as pH
2.0%%  which makes it difficult to explain the
reduction in growth of sensitive crops such as rad-
ish, beet and certain varieties of soybean attributed
to simulated acidic rain at pH values from 3.0 to
3.5. It is possible that the *‘energy redirection’
hypothesis may account for the net growth reduc-
tion of crops due to acidic rain®®, which implies that
the energy for growth may decrease. The energy
which would be used for growth may be directed
to consumption for protection and recovery from
acid rain.
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Forest decline in Europe and North America

In recent years, symptoms ol a new type of
damage to forest trees first appeared in West
Germany in the late 1970s, initially on silver fir,
Abies alba, and then on Norway spruce, Picea abies.
For example, Norway spruce trees showed symptoms
such as yellowing and early loss of needles, loss of
fine roots, and decreased growth, leading to prema-
ture death. This phenomenon is currently widespread
in Europe and North America®®, but the causes are
complex and controversial®®,

The complexity of plant-environment interactions,
including acid precipitation phenomena, in the forest
decline problem was illustrated in the review by
Schiitt and Cowling?®. They reviewed the problem
from a historical perspective as well as common sym-
ptoms along with five hypotheses about its cause,
as follows:

(1) The acidification-aluminum toxicity hypothesis

Natural acidification of soil increases as a direct
or indirect result of deposition of acidic or acidify-
ing substances from the atmosphere. Increased
acidity in the soil leads to the increase of the con-
centrations of soluble aluminum ions. Aluminum
toxicity results in the necrosis of fine roots, which
leads to water stress and nutrient stress and eventu-
ally to the **drying out’" and death of the trees.
(2) The ozone hypothesis

Based on this hypothesis, ozone damage to foliage
results in dieback,

(3) The Mg-deficiency hypothesis

This hypothesis is based primarily on field obser-
vations of yellowing symptoms and low concentra-
tions of magnesium in both soil and leaves at high
elevations. Element leaching from foliage is
presumably accelerated by ozone or frost damage to
cuticles and cell membrances.

(4) The excess-nitrogen hypothesis

Nitrogen is an essential nutrient generally in limited
supply in a forest. Most of the nitrogen is provided
by root uptake, but some can be absorbed through
the foliage as nitrate (NO3~), ammonium (NH4")
or ammonia (NH3) from the atmosphere. Present-
ly, nitrogen inputs from the atmosphere to forests
have increased with industrialization. Excess nitro-
gen promotes growth and hence increases the demand
for all other essential nutrients, leading to deficien-
cies in these elements. Furthermore, excess nitrogen



inhibits the activity of mycorrhizae, increases the sus-
ceptibility to frost, root-disease [ungi, changes the
root-shoot ratio, and alters patterns of nitrification,
denitrification and possibly N fixation.
(5) The general stress hypothesis

Air pollutants lead to a decrease in net photo-
synthesis and modify the carbohydrate status. The
decrease in the amount of energy to the roots leads
to poor development of fine roots and mycorrhizae
and foliar decline symptoms. Reduced energy sta-
tus increases the susceptibility of the trees to other
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stress factors, such as drought, nutrient deficiency,
and biotic pathogens.

The cause of forest decline in Europe and North
America has not been yet clearly and completely de-
termined. However, many researchers consider that
forest decline is the result of complex interactions
between the environmental factors and natural
ecosystems'”, These complex environmental factors
(stresses) may include cold injury, drought stress, soil
acidity, aluminum toxicity, insect attacks, high con-
centration of ozone, acid precipitation and others.
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Fig. 4. Conceptual diagram of the reaction of wet- and dry-deposition on forest ecosystems
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Forest decline may be caused by the combination of
factors even when one factor is dominant. Concep-
tual diagram of the effect of wet- and dry-deposition
on forest ecosystems is shown in Fig. 4.

Forest decline in Japan

In Japan, although severe forest decline like in Eu-
rope and North America has not been detected yet,
symptoms of tree crown damage in mature Japanese
cedar, Cryptomeria japonica, have been observed in
the Kanto district. Japanese cedars in the Kanto
plain have been commonly planted in shrines and
temple yards for religious purposes. Sekiguchi et
al.’” and Takahashi et al.” reported that acidic
deposition including that of photochemical oxidants
is a major factor affecting Japanese cedar because
the distribution of Japanese cedar decline and the
map of acid deposition including photochemical ox-
idants coincided. On the other hand, Morikawa et
al.?” concluded that the cause of the decline of ma-
ture forests of Japanese cedar is not clear. They sug-
gested three possible causes as follows: (1) recent
climate changes; especially lower precipitation and
low air humidity, (2) gaseous air pollutants; com-
plex effects, and (3) physiological properties of ma-
ture old trees; water stress in tree crown at higher
position and decrease in the amount of photosyn-
thetic products in the crown.

In addition to Japanese cedar, numerous cases of
death of fir trees at Mt. Oyama in Kanagawa Prefec-
ture and Mt, Homan in Fukuoka Prefecture, and
birch, Butula platyphyll var. japonica, at Mt. Akagi
in Gunma Prefecture have been recorded. However,
the causes have not yet been determined.

Conclusion

At present, the current ambient levels of acid
precipitation in Japan, where the annual mean pH
value was about 4.7, may not affect the growth or
yield of crops. On the other hand, acid precipita-
tion may affect the growth or viability of forest trees
by direct (foliar injury, leaching) or indirect means
(soil acidity, soil nutrient effect, resistance to attacks
by pathogens or insects). It is anticipated that if the
current level of acid precipitation persists, some ef-
fects of acid precipitation on forest could become
apparent like the phenomenon of forest decline in
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Europe and North America. Since acid deposition
is a gradual process requiring a long period of time
before its impact can be evaluated, delayed effects
on terrestrial ecosystems may be caused by the
acidification of the environment. The recovery of
the ecosystems is very difficult once these effects be-
come apparent. Therefore, utmost efforts should be
made to reduce the emission of SO; and NOx in
order to protect agricultural and natural ecosystems.
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