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mosquito larvae was therefore 2289.9: 158.0, or
14.5: 1.
The collections of adult mosquitos taken in the

emergence traps provide an estimate of the propor-
tion of adult mosquitos with non-predacious larvae
emerging relative to the number of adult mosquitos
with predacious larvae. This proportion is 67 adults
of C. gelidus to 38 adults of C. fuscanus, or 1.8: 1,
compared with the estimate of the proportions of the
larvae of 14.5: 1; this is a reduction in the proportion
of non-predacious larvae by 87.6%. (The numbers
of C. tritaeniorhynchus are small and are omitted
from these calculations.) The number of females of
C. gelidus and C. fuscanus (plotted as log.(n+ 1))
ovipositing daily on 6 square feet (0.55 m2) of the
surface of the pit from the first to the fifth day are
shown in the accompanying figure, which also shows,
for comparison, the number of adults emerging
daily from 8 square feet (0.74 m2) of the surface of
the pit from the sixth to the tenth day. Although this

type of experiment may be subject to many errors,
the fit of the oviposition and later emergence curves
is reasonably close, and there is such a marked
discrepancy between the numbers of C. gelidus from
one generation to the next-which was not found in
the predator C. fuscanus, and which is in agreement
with our qualitative observations-that there appears
to be little doubt that the population of C. gelidus
was effectively controlled in the cadjan pit by the
presence in the pit of the predacious mosquito,
C. fuscanus. We assume that other predators in
the cadjan pit which might feed on mosquito larvae
(amphibia, water beetles and water bugs) would not
discriminate between the larvae of two species of
Culex.

* *
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The common manifestations of air pollution re-
sulting from man's contamination of the atmosphere
are interference with visibility, damage to property,
irritation to the senses, adverse effects upon the
public health and welfare, and damage to animals
and vegetation. The effects of air pollutants upon
animals are usually described as " acute ", causing
death or destruction of organs, and " chronic ", in
which organ function and growth, as well as repro-
duction, may be impaired. Air pollutants may damage
plants and cause death or destruction of tissue with
visible pathological symptoms, reduce growth, pro-
ductivity, and commodity quality, and interfere with
biological processes without causing visible injury
symptoms.
The contaminants responsible for damage may be

either particulate or gaseous in nature. The solid
particles released into the atmosphere are sometimes
the cause of soiling of fruits and vegetables, tissue

damage to exposed leaves and fruits, growth re-
duction; in addition, they add a toxic burden to
forage crops used as feedstuffs for livestock. Liquid
particles, such as acid aerosols and toxic mists, are
sometimes responsible for leaf spotting. The greatest
amount of damage to animals and vegetation is
usually caused by gaseous air contaminants, which
directly injure plants and indirectly injure animals by
the toxic effects produced after the animal has con-
sumed contaminated forage and food supplements.

Particulates
A number of particulate materials, such as carbon

and cement dusts, occur in the atmosphere and
form undesirable deposits on agricultural produce.
Injury to leaves and fruits of many plants may result
from acid aerosols, originating from the combustion
of sulfur-containing fuels, smelting of ores, and
chemical manufacture. Sulfuric and other acid aero-
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sols produce small to large spots on the upper exposed
surface of leaves. Although injury usually occurs
during periods of fog when the droplets become large
enough to settle out and the leaf readily wets, acid
aerosol damage also occurs near combustion ef-
fluents in the absence of fog when the gas effluent
dew-point permits droplet formation.
There appears to be little doubt that naturally

deposited dust from certain cement plants is respons-
ible for leaf injury to deciduous and coniferous
species and occasionally for death of the latter. Injury
results from the combination of a relatively thick
crust deposit and the toxicity of alkaline solutions
formed when dusts are deposited in the presence of
free moisture. Also, the finer particles of certain
cement-kiln dusts which may escape from electro-
static precipitators interfere with carbon dioxide
exchange and may cause considerable leaf injury.
Gases
The inherent sensitivity of many plant species to

damage from recognized gaseous air pollutants makes
plants useful indicators for the detection of specific
pollutants, delineation of their geographical distri-
bution, and estimation of their concentration. Plants
are adversely affected at dosages below those com-
monly known to affect man, except in respect of a
few gases, notably carbon monoxide and hydrogen
sulfide. Consequently plant response to air pollutants
is not only useful in developing air quality guides
requisite for the protection of agriculture, but it is
also useful in providing evidence for the reporting of
air quality problems of concern to public health.
The principal gaseous air pollutants damaging

vegetation are ethylene, fluorides, nitrogen oxides,
ozone, peroxyacetyl nitrate (PAN) and sulfur dioxide.
Whereas damage to vegetation by fluorides is pro-
portional to the amounts of material accumulated in
leaves, damage caused by the other contaminants is
related to the concentration of the toxicants in the
ambient air and the length of exposure to it. In each
instance the amount of plant damage is significantly
affected by the plant species and the environmental
conditions under which it is exposed. All these air
pollutants may cause tissue damage and visible
injury.a While they may all also interfere with some

a There are published photographs of the symptoms
produced by several pollutants on a number of plant species
(see, inter alia, Thomas, M. D. (1961) Effects of air pollution
on plants. In: Air pollution, Geneva, pp. 233-278 (World
Health Organization: Monograph Series, No. 46)); these are
of assistance in evaluating air pollution problems involving
plants. In addition, the authors have on file a number of
coloured slides or prints that can be made available to
persons conducting plant survey programmes.

biological process or system, only ozone, PAN,
and nitrogen dioxide are known to cause growth
reduction in the absence of visible injury.

It is interesting to note that, in a few cases, a plant
may detect more than one toxicant simultaneously.
Symptoms of ozone and PAN or of ozone and
sulfur dioxide may occur on the same pinto bean
(Phaseolus vulgaris) leaf when plants are exposed
to either of these pairs of pollutants simultaneously.
On annual blue grass (Poa annua), on the other
hand, it is not possible to distinguish between ozone
and PAN as each pollutant produces the same
stipple or bleach symptom.
The ranking of the importance of air pollutants

changes as industries and metropolitan areas shift
and grow and energy sources for transportation and
power development vary. In Europe the principal
vegetation-damaging air pollutants are at present
sulfur dioxide, fluorides, and dusts; in North America
they are fluorides, sulfur dioxide, ozone, PAN,
dusts, ethylene, and nitrogen oxides. The symptoms
caused by each of these pollutants on specific plants
are unique and may be used to identify the damaging
toxicant.

Ethylene, an important air contaminant resulting
from combustion of natural gas, burning of gasoline
in the motor vehicle, and chemical manufacturing,
causes serious damage to many agricultural crops.
Flower crops are particularly susceptible. Unlike
most air pollutants which cause irreversible tissue
collapse, ethylene typically interferes with the normal
action of plant hormones or growth regulators; it
thereby brings about growth retardation, abnormal
epinastic growth of shoots and leaves, leaf and flower
drop through the stimulation of cells forming the
abscission layer, irregular opening of flowers, and
abnormal floral tissue development. Epinasty to
tomatoes appears after 48 hours' exposure to 0.1 ppm,
while in roses, epinasty and leaf abscission appear
only after a 48-hour exposure to 40.0 ppm. After one
hour at 0.3 ppm or six hours at 0.05 ppm the sepals of
Cattleya orchids appear abnormal and the tissue near
the apex subsequently becomes translucent and later
dries. Carnation flowers often fail to open properly
after a six-hour exposure to 0.1 ppm.

Fluorides are common waste products from smelt-
ing, from ceramic, clay product and glass manu-
facture, and from the aluminium, chemical and phos-
phate fertilizer industries. Of the several fluoride
compounds emitted, gaseous hydrogen fluoride is the
most damaging and particulate calcium fluoride the
least. Soluble fluoride enters and accumulates in
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plant leaves. Fluorides are translocated to the margins
and tips of leaves, where they become concentrated
and cause leaf damage in sensitive species. Damage
is most often simply leaf necrosis; chlorosis and
growth retardation occur only infrequently.
The amount of fluoride accumulated depends upon

the sensitivity of the crop, the absorption capacity of
the plant, and the ambient air fluoride concentra-
tions. More than 500 ppm fluoride can be concen-
trated in foliage during a single season from atmos-
pheric fluoride levels below 0.5 part per thousand
million. The sensitivity of plants to the pollutant
varies greatly, ranging from the sensitive gladiolus
that shows leaf damage with less than 50 ppm fluo-
ride in the leaf to highly resistant cotton, showing no
damage with more than 5000 ppm.

Ozone, a highly active oxidizing compound pro-
duced photochemically from nitrogen oxides and
hydrocarbons evolved from combustion of organic
fuels, causes serious widespread damage to a broad
spectrum of plant species. Characteristic symptom
expression and the degree of damage are dependent
upon the sensitivity of the plant, the physiological
age of the plant tissue, the concentration of toxicant,
and the environment. Acute symptoms of tissue col-
lapse, bleaching, and necrosis are caused by exposure
to high concentrations for a few hours, but may be
caused by very low concentrations on very sensitive
leaves. Damage to white pine and tobacco results
from an exposure to about 0.06 ppm ozone for six
hours while bean and tomato plants are severely
damaged by 0.4 ppm for two hours. More resistant
plants require much longer exposure to cause visible
necrotic lesions; grape leaves may require several
hours and citrus leaves as much as 10 successive days
ofexposure to 0.4 ppm ozone for visible symptoms to
be produced. Leaves of woody plants develop dis-
crete, punctate spots on the upper surface, when
small islands of palisade tissue are damaged and a
red-brown pigment is deposited in the damaged
region.

Peroxyacetyl nitrate (PAN), a photochemical reac-
tion product of nitrogen oxides and hydrocarbons, is
a very serious phytotoxicant in areas polluted with
effluents from the combustion of organic fuels. Plant
damage can be caused by an eight-hour exposure to
concentrations as low as 0.05 ppm. Severe damage on
bean, petunia, and tomato is caused by 0.5 ppm for
one hour or 0.1 ppm for five hours. The severity of
damage and characteristic visible symptoms are in-
fluenced by concentration of toxicant, length of
exposure, plant species, stage of growth, and environ-

mental conditions. Conditions conducive to the pro-
duction of a succulent, fast-growing plant increase the
sensitivity of the plant to PAN damage. Only the
young, actively-expanding leaves of sensitive plants
are marked by visible symptoms; even specific
regions of rapidly expanding tissue of a leaf are more
sensitive than other areas. This differential sensitivity
causes the transverse bands characteristic of PAN
damage.
The most severe visible symptom is the total col-

lapse and necrosis of areas of leaf tissue caused by
high concentrations for short periods of time. Pri-
mary leaves of young bean plants develop this type
of symptom when exposed to 0.8 ppm PAN for 30
minutes. Glazing or bronzing of the lower leaf
surface with few or no symptoms visible on the upper
surface develop when bean leaves are exposed to 0.8
ppm for 15 minutes.

Sulfur oxides produce measurable effects on both
animals and plants. Whereas gaseous sulfur dioxide
is a more important plant-damaging toxicant, sulfuric
acid aerosols are more important in causing damage
to animals. Sulfur dioxide is commonly emitted from
the smelting of ores and the combustion of coal and
petroleum fuels. Damage from sulfur dioxide is local
and non-systemic, resulting in the irreversible killing
of leaf tissue and the production of characteristic
marginal and interveinal brown to white necrosis
without growth retardation. When sulfur dioxide is
absorbed over long periods of the time at low con-
centrations, leaves may accumulate abnormally high
amounts of sulfate. Leaves in which sulfate has ac-
cumulated may appear normal, become chlorotic, or
eventually drop. For most crops the effect on pro-
duction is directly related to the amount of leaf tissue
destroyed by the toxicant; the effects of multiple
exposures are additive. A standard of susceptibility
of 1.0 has been arbitrarily assigned to alfalfa, one of
the most susceptible plants. Taking this as the index,
the following sensitivity values for other crops to
sulfur dioxide have been determined under identical
conditions of exposure: barley and cotton, 1.0; cab-
bage, 2.0; potato, 3.0; corn (maize), 4.0; and silks
and tassels of corn, 21.

Assessment of air pollution
It is thus apparent that a variety of plants are

available which can be used for monitoring a number
of air pollutants, not only as to kind but also as to
concentration.

Diagnosis depends on suitable vegetation in the
study area. Native vegetation may contain a number
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of species that are useful as differential indicators for
the presence of suspected pollutants. If the native
vegetation is not sufficiently varied to record response
to all the pollutants, the number of species can be
augmented by growing selected susceptible cultivated
plants in appropriate areas.

Accurate diagnosis of air pollution response also
requires a knowledge of plant abnormalities caused
by disease agents, such as fungi, bacteria, and viruses,
and by an unfavourable environment, such as frost,
certain moisture relationships and unbalanced
nutrition.

In a few cases, particularly with fluorides, but also
to some extent with sulfur dioxide, it is possible to
verify the presence of the pollutant by chemical ana-

lysis of plant material. This method becomes par-
ticularly useful in instances where pollution is
suspected but the plant has not accumulated enough
toxicant to produce symptoms. Unfortunately the
chemical method is not useful for ethylene, PAN.
or ozone.

This discussion of plant damage symptoms and
responses has been directed to the qualitative aspects
necessary for assessing the presence and distribution
of pollution. As to the evaluation of the concentra-
tion and duration of exposure to specific pollutants,
experimental systems are available, or can be
designed, to meet these specific quantitative needs
once the presence of given pollutants has been
determined.


