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Air Pollution Injuries to Vegetation in Taiwan

Taiwan is an island 395 km long and
144 km wide, located between 21 and
25° north latitude and 119 and 124° east
longitude, with a population of 20 mil-
lion, making it one of the most crowded
countries in the world. Chinese settle-
ment of the island began in the 12th cen-
tury, and large numbers of Chinese,
mostly from the east coast of China,
came in the 17th century. Modernization
began after the government of the Re-
public of China moved to the island in
1949. During the past four decades, indi-
viduals and the government have en-
gaged in substantial industrial invest-
ment, first in labor-intensive manufac-
turing industries, then gradually shifting
to heavy or high-technology industries.
The export-oriented economy of Taiwan
was not accomplished by a few big com-
panies but rather resulted from the col-
lective contributions of tens of thousands
of small factories. From 1952 to 1990,
the real gross national product grew at
an average annual rate of nearly 9% (1).
The annual per capita income was $7,500
(U.S.) in 1989 and over $10,000 in 1992.
In 1992, Taiwan boasted the world’s larg-
est foreign exchange reserves: $80 billion
(U.S.).

Taiwan is now classified as a newly
industrialized country and is referred to
as one of Asia’s “Four Little Dragons™
by economists. As in any industrialized
country, however, economic success has
a number of drawbacks, including air
pollution that injures plant life.

Distribution of Agriculture
and Natural Resources

The fundamental topographic feature
of Taiwan is the central range of high
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mountains running from the northeast
corner to the southern tip of the island.
About three-fifths of the island is covered
by hills and mountains. Most of the pop-
ulation and human activities, including
agriculture and industry, are located on
the western side, which includes a few
basins and a southwestern plain.

Taiwan has more than 200 mountains
with an elevation of over 3,000 m. Be-
cause of the island’s subtropical climate
and complicated topography, vegetation
types are diverse and abundant. The high
altitude of the mountains provides cli-
matic and vegetation zones ranging from
tropical to alpine. Agriculture is concen-
trated in the fertile alluvial plains or
basins. Taiwan has 15 families, 55 genera,
and 537 species of ferns and [75 families,
1,079 genera, and 3,305 species of seed
plants. Endemic species are relatively
numerous, amounting to about 409 of
the total (1). The Council of Agriculture
and many private groups in the Republic
of China are working to protect wildlife,
including rare plant species. Wildlife con-
servation efforts are carried out under
a legal framework composed of the Na-
tional Park Law, the Cultural Assets
Preservation Law, and the Wildlife Con-
servation Law (1).

Taiwan was once entirely covered by
forests, but forested areas today are esti-
mated at only 1.9 million ha, including
all the high mountains and most of the
hills. A 5-year reforestation program ac-
companied by soil conservation projects
has been implemented to preserve the
health of woodlands and protect the en-
vironment on the island. Recently, the
government has been encouraging farm-
ers to reforest agricultural areas to con-
serve soil and to serve as windbreaks and
as classrooms for environmental educa-
tion.

Over 900,000 ha of land were culti-
vated on Taiwan in 1992: 454,000 ha for
rice paddies and alternate crops, 222,000
ha for fruit, and 230,000 ha for vegetables
(1). Among the major crops are rice
(Oryza sativa L.), corn (Zea mays L.),
soybean (Glycine max (L.) Merr.),
sugarcane (Saccharum officinarum L.),
and tea (Camellia sinensis (L.) Kuntze).

Air Pollutants: Sources,
Types, and Distribution

The number of factories on the island
increased from about 48,700 in 1982, to
81,700 in 1988, to 94,670 in 1992. Most
are located on the crowded west coast,
where there are, on the average, approxi-
mately six factories per square kilometer.

Kaohsiung harbor in the south and
Keelung harbor in the north are the most
important doors for foreign trade, and
the heavy industries, such as steel and
petrochemical plants, oil refineries, and
shipyards, are distributed mostly in these
two areas. A comprehensive survey dur-
ing the past 10 years of foliar injury to
vegetation induced by air pollution
showed that most episodes occurred in
the western counties of Kaohsiung and
Taipei (Fig. 1). However, the light in-

County

1 Taipei

2 Taoyuan
3 Hsinchu
4 llan

5 Miaoli

6 Taichung
7 Hualien

8 Nantou

9 Changhua
10 Yunlin

11 Chiayi

12 Tainan

13 Kaohsiung
14 Taitung
15 Pingtung

Fig. 1. Distribution of major sources of
air pollution causing injuries to vegetation
in Taiwan, including the sources of flu-
oride (O), sulfur dioxide (O), chlorine (H),
hydrogen chioride (A), and cement dust
(A).



dustries, including cement, textile, brick,
ceramic, food, fertilizer, chemical, ma-
chinery, and metal factories, are located
more evenly on the plains throughout the
island. Both particulate matter and gas-
eous (primary and secondary) pollutants
are emitted from these sources (Table 1).

The air pollution problem is further
aggravated by engine exhaust from auto-
mobiles and motorcycles. The number
of automobiles on the island increased
from 1.4 million in 1986 to 3.3 million
in 1992, and the number of motorcycles
rose from 5.2 million to 10.6 million. The
yearly rate of increase in motor vehicles
is 18%, and the emissions from these ve-
hicles serve as precursors for secondary
pollutants such as ozone, peroxyacetyl
nitrate, and nitric acid.

The Taiwan Environmental Protec-
tion Administration (EPA) operates 19
air-quality monitoring stations on the
island, using methods designated by the
U.S. EPA or equivalent techniques (3,4)
to measure air pollutants such as sulfur
dioxide, nitrogen oxides, carbon mon-
oxide, ozone, hydrocarbons, and total
suspended particulate matter. The data
gathered are expressed in a pollutant
standard index (PSI) ranging from 0 to
500 (8), in which 0-50 = good, 51-100
= moderate, 101-100 = unhealthy,
200-299 = very unhealthy, and 300-500
= hazardous. In 1990, 1,090 of the 6,673
station days (or 16.3%) monitored for
pollution registered a PSI exceeding 100,
compared with 979 station days (or
15.1%) in 1989, indicating a deterioration
in air quality.

In recent years, peroxyacetyl nitrate
has been found to exceed phytotoxic
levels in all three major urban areas:
Taipei in the north, Taichung in the cen-
ter, and Kaohsiung in the south (6,14).
Ambient concentrations, monitored by
a gas chromatograph with an electron

capture detector accompanied by a
nitrogen oxide analyzer for calibration,
fluctuated tremendously according to
weather conditions (6,14). On calm
sunny days, concentrations frequently
reached above 3.5-6.0 ppb and caused
foliar injury to some sensitive crops.
From February 1992 to April 1993, there
were 50 days with concentrations above
the phytotoxic level in the Taipei area
(6). The situations in Taichung and
Kaohsiung were more serious because
the weather conditions were more suit-
able to photochemical reactions.

Data from the 19 EPA monitoring
stations showed that during 1984-1992,
mean hourly ozone concentrations occa-
sionally exceeded the set standard of 120
ppb. In 1986, for example, ozone hourly
means were higher than 120 ppb in three
of 356 measuring days in Taichung
County (3), in 14 of 206 measuring days
in Taipei County (4), and in eight of 328
measuring days in Kaohsiung County
(4). At monitoring stations in the north,
the average number of hours with ozone
hourly means higher than 120 ppb was
12.6 in 1989 and 5.0 in 1992.

Ambient concentrations of fluoride at
some locations with ceramic factories
have ranged from 0 to 15 ppb, with a
maximum daily mean of 9.7 ppb and a
monthly mean of 4.5 ppb (16).

At most of the 19 EPA monitoring
stations in 1992, the 24-hr mean con-
centrations of sulfur dioxide ranged from
0.027 to 0.180 ppm and the yearly mean
ranged from 0.015 to 0.044 ppm. At one
monitoring station in an industrial area,
the maximum 24-hr mean concentration
was higher than 0.28 ppm and the yearly
mean was 0.083 ppm. Sulfur dioxide,
however, is not a serious problem be-
cause the Taiwan EPA has enforced the
use of low-sulfur fuel during the past 10
years (4).

Table 1. Major sources of air pollutants that injure vegetation in Taiwan

In 1992, the maximum 24-hr mean
concentration of ambient nitrogen di-
oxide at most of the 19 monitoring sta-
tions ranged from 0.013 to 0.217 ppm,
with the yearly means ranging from 0.005
to 0.044 ppm. Therefore, the ambient
levels of nitrogen dioxide are not con-
sidered to be harmful to vegetation at
the present time (4).

Impact of Pollutants on Plants

History of air pollution injury to
vegetation in Taiwan. During the 1960s,
a mysterious disease of banana (Musa
sapientum L.) called marginal scorch was
noticed in several orchards in southern
Taiwan (11). Water-soaked, irregular le-
sions started from the margins of affected
leaves and, as the disease progressed,
coalesced and turned dark green or dark
brown, with waves of new lesions ap-
pearing behind the old ones (Fig. 2).
Fruit produced by affected plants were
greatly reduced in size and not suitable
for export. Because of the seriousness of
the problem, the government allocated
funds for plant pathologists in Taiwan
to study this disease and also sought ad-
vice from foreign experts.

The problem remained unidentified
until the mid-1970s, when W. H. Ko of
the University of Hawaii was invited to
inspect the diseased orchards and de-
velop methods to tackle the problem.
Experimental designs suggested by Ko
revealed the disease to be noninfectious.
When diseased plants from the affected
area were planted among healthy plants
in a nonaffected area, the disease did not
spread to healthy plants and, further-
more, diseased plants became healthy. In
addition, the disease originated from the
air and not from the soil. Healthy plants
planted in soil transported from the
affected area to a nonaffected area did
not become diseased, but healthy plants

Pollutants Sources Emissions General process Counties*
Primary
Hydrogen fluoride  Brick factory Continuous  F in clay - HF Hsinchu, Miaoli, Changhua,
Kaohsiung
Ceramic factory Continuous  F in raw material — HF Taipei, Hsinchu, Miaoli
Phosphate fertilizer factory Continuous  Fluorapatite + H,SO, = HF Hsinchu, Miaoli, Kaohsiung
Sulfur dioxide Oil refinery Accidental H,S + 0, — SO, Taoyuan, Kaohsiung
Sulfuric acid factory Accidental S+ 0,— 80, Taoyuan, Miaoli, Kaohsiung
Oil-fired boiler Continuous S in fuel oil + O, — SO, Taoyuan, Hsinchu, Kaohsiung
Oil-fired power plant Continuous S in fuel oil + 0, — SO, Taipei
Coal-fired power plant Continuous S in coal + O, — SO, Taipei
Copper smelter Continuous  CugFeS; + 0, — SO, Taipei
Chlorine Vinyl chloride monomer factory  Accidental Cl, leak Miaoli, Kaohsiung
Chloro-alkali factory Accidental Cl, leak Miaoli, Kaohsiung
Hydrogen chloride ~ Vinyl chloride monomer factory  Accidental C;H; + Cl, - HCl + VCM  Miaoli, Kaohsiung
Ammonia Refrigeration factory Accidental NH; leak Taoyuan, Kaohsiung
Fertilizer factory Accidental NH; leak Hsinchu, Miaoli, Kaohsiung
Cement dust Cement factory Continuous  Flue dust Ilan, Hualien, Kaohsiung
Secondary
Ozone Automobiles and motorcycles Episodic NO,+ HC— 0y Taipei, Taichung
Peroxyacetyl nitrate Automobiles and motorcycles Episodic HC + NO, — PAN Taipei, Taichung, Kaohsiung
*See Figure 1.
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Fig. 2. Banana leaves showing symptoms of marginal scorch caused by hydrogen fluoride
injury, with waves of new lesions forming behind old ones.

Table 2. Fluoride concentrations in plant tissues collected from polluted and nonpolluted

areas in Taiwan

Fluoride concentration (ug/g)

Necrotic Nonnecrotic

Plant tissue sample portion® portion Control®
Rice (Oryza sativa)

Slightly injured leaf 460 120 10

Severely injured leaf 1,280 220 10

Injured ratoon leaf 3,950 920 15

Injured immature grain s 110 6

Injured full grain i 20 3
Banana ( Musa sapientum) leaf 750 90 4
Sweetpotato (Ipomoea batatas) leaf 570 230 9
Bo-tree fig (Ficus religiosa) leaf 1,180 440 7
Beakpot eucalyptus ( E. robusta) leaf 1,030 580 7
Hedge bamboo ( Bambusa multiplex) leaf 1,100 580 10
Acacia tree (A. confusa) petiole 670 170 6
Guava ( Psidium guajava) leaf 450 190 10
Chinese hibiscus ( H. rosa-sinensis) leaf g 1,030 7

* Usually the leaf margin or tip.
® Corresponding part from healthy plant.

in soil from a nonaffected area and trans-
ported to the affected area all developed
marginal scorch. The causal agent fi-
nally was found to be hydrogen fluoride
emitted from nearby brick factories (11).
Analysis of leaf tissues showed that the
concentration of fluoride was about 10
times higher in diseased leaves than in
healthy leaves (11). Healthy leaves fumi-
gated with hydrogen fluoride vapor de-
veloped symptoms of marginal scorch
indistinguishable from those occurring in
nature, and fluoride content increased
more than sixfold in diseased tissues (11).
This was the first record of a plant disease
caused by an air pollutant in Taiwan.
Since then, foliar injury induced by vari-
ous air pollutants has been reported on
a number of agricultural crops and forest
tree species. As a result, a diagnostic
pictorial atlas of air pollution injury on
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various plant species in Taiwan was com-
piled (12).

Hydrogen fluoride. Hydrogen fluoride
is usually generated and emitted to the
atmosphere when clays and minerals
containing fixed fluorides are heated to
a very high temperature for the manu-
facture of bricks and ceramics. Produc-
tion of phosphate fertilizer is another
source of airborne fluoride (Table 1).
Fluoride injury to vegetation has been
a serious problem in Taiwan because
people on the island utilize a large
amount of bricks and tiles in the con-
struction of houses and because many
common utensils and decorations are
made of ceramic materials. Ceramics and
porcelains are also important export
items. The island has many ceramic fac-
tories, mainly in the northern and south-
ern counties (Table 1, Fig. 1). Ying Ko,

Fig. 3. Hydrogen fluoride emitted from
ceramic factories at Ying Ko, Taipei, (A)
killed acacia trees used as windbreaks,
with (B) tip necrosis of petioles the main
sign of injury.

about 20 km south of Taipei, has nearly
600 ceramic factories for production of
porcelain or tile, most of which are small
and family-owned.

Fluoride was found to affect many
ornamental and crop plants in addition
to banana in several industrial areas.
Hydrogen fluoride killed acacia trees
(Acacia confusa Merr.) used as wind-
breaks near Ying Ko ceramic factories
(Fig. 3A); the main symptom was tip
necrosis on petioles (Fig. 3B). The
pollutant also caused severe chlorosis
and tip necrosis on leaves and glumes
of rice in about 300 ha of paddy fields
in that area (16). Other effects of the
pollutant included tip necrosis of gladi-
olus (Gladiolus gandavensis Van Houtte)
and hedge bamboo (Bambusa multiplex
(Lour.) Raeusch) and marginal scorch of
white mulberry (Morus alba L.), bo-tree
fig (Ficus religiosa L.), beakpot eucalyp-
tus (Eucalyptus robusta Sm.), peanut
(Arachis hypogaea L.), sweetpotato (Ipo-
moea batatas (L.) Lam.), pear (Pyrus
lindleyi Rehd.), mango (Mangifera in-
dica L.), longan (Euphoria longana
Lam.), and guava (Psidium guajava L.)
(12). The symptoms were similar to those
reported by others (20). Fluoride concen-
trations in injured tissues were increased
from several dozen to over 100 times
normal (Table 2) and were consistent
with those described in the literature (2).

0zone. During the early 1970s, ozone
caused slight leaf weather fleck symp-
toms on the tobacco ( Nicotiana tabacum
L.) cultivar Bel-W3 in the central county
of Taichung (10,17). Because Vam-
Hicks, which was tolerant to ozone in-
jury, was the predominant tobacco culti-
var grown in Taiwan, the disease did not
affect yield significantly and was largely
ignored for about 20 years.



Fig. 4. Weather fleck symptoms on to-
bacco leaf caused by ozone in ambient
concentrations of over 120 ppb.

In the autumn of 1992, Bel-W3 plants
grown in the greenhouse of National
Taiwan University showed weather fleck
symptoms (Fig. 4) similar to those de-
scribed in the literature (7). These symp-
toms appeared three times during that
season. In addition, a few other sensitive
plants such as spinach (Spinacia oleracea
L..) and leafy sweetpotato in a nearby
field also showed ozone-type symptoms
concurrently (15). Exposure of these
plants to 80-200 ppb of ozone in con-
tinuous stirred tank reactors reproduced
the symptoms observed in nature. The
ambient ozone concentrations moni-
tored at the campus were 120 ppb at noon
during that period. These results suggest
that ozone has been a problem for vegeta-
tion since 1970, although causing less
foliar injury than peroxyacetyl nitrate.

Peroxyacetyl nitrate. Injury caused by
peroxyacetyl nitrate (PAN) was first
noticed in 1989 in Taipei County on the
local lettuce ( Lactuca sativa L.) cultivars
Sword-leaf and Round-leal (14). Both
cultivars showed the characteristic symp-
toms of bronzing and silvering on the
abaxial leafl surface (Fig. 5A and B),
especially of new, fully developed leaves.
A subsequent survey showed that PAN
also injured these crops in Taichung and
Kaohsiung counties. Estimates of the
total area affected ranged from 6,000 to
10,000 ha, and some fields sustained yield
losses of approximately 609 (14).

PAN also caused silvering and/or
bronzing symptoms on the lower leaf
surface of spinach (Fig. 5C), petunia
( Petunia X hybrida Hort. Vilm.-Andr.),
Swiss chard ( Beta vulgaris L. subsp. cicla
(L.) W. Koch), black nightshade (Sola-
num nigrum L.), quickweed (Galinsoga
parviflora Cav.), Nicotiana excelsior
J.M. Black (Fig. 5D), and sweet basil
(Ocimum basilicum L.) (6). The symp-
toms were similar to those described in
the literature (18,19). Exposure of these
plants to 15-20 ppb of PAN in contin-
uous stirred tank reactors for 3-6 hours
reproduced the symptoms observed in
nature (6,14).

Use of Indicator Plants

Although PAN and ozone may simul-
tancously affect sensitive plants such as
spinach, tobacco, and black nightshade

Fig. 5. Symptoms induced by peroxyacetyl nitrate on abaxial surface of leaves: (A)
Bronzing and necrosis of lettuce from Taipei area where ambient concentration of
peroxyacetyl nitrate exceeded 22 ppb, (B) bronzing and silvering of lettuce from a
field close to an urban area, (C) silvering of spinach, and (D) silvering of tobacco
from Taipei area.
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Fig. 6. Lettuce leaves collected from suburban area in Kaohsiung County during April
1990 and arranged from oldest (right) to youngest (left). Symptoms on the fourth through
seventh leaves and ninth through eleventh leaves from the right indicate at least two
periods of elevated concentrations of peroxyacetyl nitrate during the month.

(6), they cause quite different symptoms
(7). Sword-leaf and Round-leal lettuce
are very sensitive to PAN but tolerant
to ozone. For this reason, these two
cultivars have been used extensively as
selective bioindicators in the study of
spatial and temporal distribution of PAN
in Taiwan (6,14). They are planted year-
round and grow rapidly, producing a new
alternate leal approximately every 3
days. Fully developed leaves show a
transverse band of bronzing and silvering
symptoms about 1-2 days after exposure
to PAN, whereas fully mature and very
young leaves do not show symptoms.
Therefore, progressive development of

leaves can furnish a historical record of
phytotoxic levels of PAN exposures in
a certain area. For example, 11 leaves
of Sword-leal lettuce collected from
Kaohsiung County in April 1990 were
arranged with the youngest on the right
and the oldest on the left (Fig. 6). Symp-
toms on the fourth through seventh
leaves and the ninth through eleventh
leaves indicated exposures to elevated
concentrations of PAN on days 12
through 15 and days 27 through 30, re-
spectively. This approach was used to
determine that PAN concentrations were
elevated one or two times per month
throughout the year in Taipei County
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and two to five times per month during
the winter in Kaohsiung County (14).

Indicator plants have been used ex-
tensively in Taiwan to diagnose foliar
injury induced by air pollutants and to
monitor air pollution (5,9,12). Advan-
tages include low cost compared with ex-
pensive air-quality monitoring instru-
ments, an almost unlimited number of
plants that can be grown over very wide
geographic areas, and ease of evaluation.
Indicator plants are particularly useful
for plant pathologists and environmen-
talists, since a given area or industrial
park in Taiwan frequently encompasses
many types of industries. The nature of
a point-source plume dispersion allows
specific foliar injury symptoms to be
related to the emission source in the
vicinity (12,13).

Perspective for the Future

In Taiwan, injury to vegetation in-
duced by air pollution is controlled
mainly through reduction of emissions
and consequently air concentrations of
phytotoxic pollutants. The government
has developed procedures to control pol-
lution from industries, but the emissions
from motor vehicles, especially from
motorcycles, are still a major problem.
This may be the main reason for the
appearance of PAN-type symptoms on
sensitive plant species in all major urban
areas in recent years (14). Enforcement
of emission limits and construction of
mass-transit systems from suburban to
metropolitan areas to reduce the number
of vehicles are two major approaches to
solving the smog problem. A mass-tran-
sit system is currently being constructed
at Taipei and one is in the planning stage
at Kaohsiung. PAN-induced foliar injury
to crops is expected to decrease in the
future in these two densely populated
counties,

The public in Taiwan has been very
involved in reducing the amount of pri-
mary air pollutants over the last decade.
Previously, cryolite had been used in
some ceramic factories as an ingredient
in the manufacture of porcelain. Because
cryolite has a high fluoride content,
emissions from these factories contained
very high concentrations of hydrogen
fluoride and caused severe damage to
crops and trees in the vicinity. Protests
from residents and farmers, coupled with
the enforcement of emission limits set by
the Taiwan EPA, led the industries to
abandon the use of cryolite.

A lawsuit brought by some banana
growers in southern Taiwan forced the
closing of several brick factories. When
new factories were constructed, to save
energy and reduce labor costs the kiln
design was changed from the conven-
tional dome-shaped downdraft type to
a modern tunnel type that utilizes resid-
ual heat for drying and preheating clay
blocks. When hydrogen fluoride released
from the clay blocks in the brick-forming
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chamber (>>1,000 C) passed through the
tunnel, about 989 was reabsorbed by the
clay blocks drying in the tunnel. The kiln
modifications therefore unintentionally
solved the banana marginal scorch prob-
lem.

With increasing experience and grow-
ing public awareness, air quality in Tai-
wan is expected to improve. We should
continue to determine the sensitivities
and responses of various plant species
to different air pollutants so that exten-
sion agents can advise growers whose
crops are subjected to such pollution.
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