
C H A P T E R 14 

Introduction 

Plants, like human beings or animals, grow best within certain 
ranges of the various factors that make up their environment. Such fac
tors include temperature, soil moisture, light, air composition and 
contaminants, soil composition and p H. Although these factors affect 
all plants growing in nature, their importance is considerably greater 
for cultivated plants which are often grown by man in areas barely 
meet ing the requirements for normal growth of the particular plants. 
Moreover, cultivated plants are frequently grown or kept in com
pletely artificial environments (greenhouses, warehouses, etc.) or are 
subjected to a number of cultural practices (fertilization, irrigation, 
spraying with pesticides, etc.) which may affect their growth consider
ably. 

T h e common characteristic of noninfectious d iseases of plants is 
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that they are c a u s ed by lack or excess of any of the conditions support
ing life or by an agent that interferes with the supply thereof. Non
infectious d iseases occur in the a b s e n ce of pathogens, and cannot, 
therefore b e transmitted from d i s e a s ed to healthy plants. Noninfec
tious d iseases may affect plants in any or all of their life stages, such as 
seed, seedl ing, mature plant, or fruit, and they may cause d a m a ge in 
the field, storage, or market. T h e symptoms c a u s ed by noninfectious 
d iseases vary in kind and severity with the particular environmental 
factor involved and with the d e g r ee of deviation of this factor from its 
range which supports normal plant growth. Symptoms may range from 
slight to severe, and affected plants may even die. 

T h e diagnosis of noninfectious d iseases is sometimes m a de easy by 
the presence on the plant of characteristic symptoms known to b e 
c a u s ed by the lack or excess of a particular factor. At other times diag
nosis can b e arrived at by carefully examining and analyzing the 
weather conditions prevailing before and during the appearance of 
the d isease, recen t changes in the atmospheric and soil contaminants 
at or near the area where the plants are growing, and the cultural prac
tices, or poss ib le accidents in the course of these practices, p receding 
the appearance of the d isease. Often, however, the symptoms of sev
eral noninfectious d iseases are too indistinctive and closely r esemble 
those c a u s ed by several viruses and by many root pathogens. T h e di
agnosis of such noninfectious d iseases then b e c o m es a great deal 
more complicated and d e p e n ds on proof of absence from the plant of 
any of the pathogens that could cause the d isease, and on reproducing 
the d isease on healthy plants after subjecting them to conditions simi
lar to those thought of as the cause of the d isease. T o distinguish fur
ther among environmental factors causing similar symptoms, the in
vestigator must cure the d i s e a s ed plants, if poss ible, by growing them 
under conditions in which the d e g r ee or the amount of the s u s p e c t ed 
environmental factor involved has b e e n adjusted to normal. 

Noninfectious plant d iseases can b e controlled by avoiding the ex
tremes of the environmental conditions responsible for such diseases, 
or by supplying the plants with protection or substances that would 
bring these conditions to levels favorable for plant growth. 

Temperature 

Plants normally grow at a temperature range from 1 to 40°C, most 
kinds of plants growing best b e t w e en 15° and 30°C. Perennial plants 
and dormant organs, such as seeds and corms, of annual plants may 
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survive temperatures considerably be low or above the normal tem
perature range of 1°-40°C. Vegetative growth, however, especial ly the 
young, growing tissues of most plants and the entire growth of many 
annual plants, is usually very sensitive to temperatures near or b e 
yond the extremes of this range. 

T h e minimum and maximum temperatures at which plants can still 
produce normal growth vary greatly with the plant species and with 
the stage of growth the plant is in during the low or high temperatures. 
Thus, plants such as tomato, citrus, and other tropical plants grow best 
at high temperatures and are injured severely when the temperature 
drops to near, or below, the freezing point. On the other hand, plants 
such as cabbage, winter wheat, alfalfa, and most perennials of the 
temperate zone can withstand temperatures considerably be low 
freezing without any apparent ill effects to the plant. E v en the latter 
plants, however, will b e injured and finally killed if the temperature 
drops too low. 

A plant may also differ in its ability to withstand extremes in tem
perature at different stages of its growth. T h u s, older, hardened plants 
are more resistant to low temperatures than are young seedl ings. Also, 
different tissues or organs on the same plant may vary greatly in their 
sensitivity to the same low temperature. B u ds are more sensitive than 
twigs, flowers and newly formed fruit are more sensitive than leaves, 
and so on. 

Plants are generally injured faster and to a greater extent when tem
peratures b e c o me higher than the maximum for plant growth than 
when they are lower than the minimum. However, too high a temper
ature rarely occurs in nature and, therefore, few disorders of signifi
cance can b e attributed to too high temperatures. E v en in the best 
documented cases, high temperature s e e ms to cause its effects on the 
plant in conjunction with the effects of other environmental factors, 
particularly excessive light, drought, lack of oxygen, or high winds 
accompanied by low relative humidity. High temperatures are usually 
responsible for sunscald injuries (Fig. 133) appearing on the sun-ex
p o s ed sides of fleshy fruits and vegetables, such as apples, tomatoes, 
onion bulbs, and potato tubers. On hot, sunny days the temperature of 
the fruit tissues beneath the surface facing the sun may be much 
higher than that of those on the s h a d ed side and of the surrounding 
air. This results in discoloration, water-soaked appearance, blistering, 
and a desiccation of the tissues beneath the skin which leads to 
sunken areas on the fruit surface. Succulent leaves of plants may also 
deve lop sunscald symptoms, especial ly when hot sunny days follow 
periods of cloudy, rainy weather. Irregular areas on the leaves b e c o me 
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F i g. 133. S u n s c a ld injury on p e p p er fruits. (Photo by courtesy of U.S. D e p t. Agr.) 

pale green at first but soon col lapse and form brown, dry spots. Too 
high a soil temperature at the soil line sometimes kills young seed
lings (Fig. 134) or causes cankers at the crown on the stems of older 
plants. High temperatures also s e em to b e involved in the water core 
disorder of apples (Fig. 135) and, in combination with r e d u c ed oxy
gen, in the blackheart of potatoes. 

Far greater d a m a ge to crops is c a u s ed by low than by high tempera
tures. L ow temperatures, even if above freezing, may d a m a ge warm-
weather plants such as corn and beans. T h e y may also cause excessive 
sweetening and, upon frying, undesirable caramelization of potatoes 
d ue to hydrolysis of starch to sugars at the low temperatures. 

Temperatures b e l ow freezing cause a variety of injuries to plants. 
Such injuries include the d a m a ge c a u s ed by late frosts to young meri
stematic tips (Fig. 136) or entire herbaceous plants, the frost-killing of 
buds of peach, cherry, and other trees, and the killing of flowers, 
young fruit, and, sometimes, succulent twigs of most trees. L ow win
ter temperatures may kill young roots of trees, such as apple, and may 
also cause bark-splitting and canker deve lopment (Fig. 137) on trunks 
and large branches, especial ly on the sun-exposed s ide, of several 
kinds of fruit trees. F l e s hy t issues, such as potato tubers, may be in
jured at subfreezing temperatures. T h e injury varies d e p e n d i ng on the 
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F i g. 134. Potato sprouts ki l led at the soil l ine by excess ive ly high temperatures. (Photo 
by courtesy of the D e p a r t m e nt of Plant Pathology, Cornell University.) 
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d e g r ee of the temperature drop or the duration of the low tempera
ture. Injury only on the main vascular t issues appears as a ringlike 
necrosis, injury of the finer vascular e lements which are interspersed 
in the tuber gives the appearance of netlike necrosis, and with more 
general injury large chunks of the tuber are d a m a g ed creating the so-
called "blotch-type" necrosis (Fig. 138). 

T h e mechanisms by which high and low temperatures injure plants 
are quite different. High temperatures apparently act by inactivating 
certain enzyme systems and accelerating others, thus leading to ab
normal biochemical reactions and death of the cell. High temperature 
may also cause coagulation and denaturation of proteins, disruption of 
cytoplasmic membranes, suffocation, and possibly re lease of toxic 
products into the cell. T h e e n d effects of high temperature on plant 
cells and tissues d e p e nd on the maximum temperature and its dura
tion. T h e y may vary from a minor temporary disturbance in the physi
ology of the cells to death and desiccation. 

L ow temperatures, on the other hand, injure plants primarily by 
inducing ice formation b e t w e en and/or within the cells. T h e rather 

F i g. 135 . S t a g es of watercore d e v e l o p m e nt in D e l i c i o us apples. I = healthy. (Photo by 
courtesy of W. J. Lord .) 
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F i g. 136. Chi l l ing injury on young p e a plants. (Photo by courtesy of the D e p a r t m e nt of 
Plant Pathology, Cornell University.) 

pure water of the intercellular spaces freezes first and at about 0°C, 
while the water within the cell contains solutes which, d e p e n d i ng on 
their nature and concentration, may depress the freezing point of wa
ter for several degrees. Furthermore, when the intercellular water 
b e c o m es ice, the vapor pressure b e t w e en cells decreases and more 
vapor (water) moves out of the cells and into the intercellular spaces, 
where it also b e c o m es ice. T h e r educed water content of the cells 
depresses further the freezing point of the intracellular water and this 
could continue, up to a point, without damaging the cell. B e l ow that 
point, however, ice crystals may form within the cell, disrupting the 
p lasma membrane and other organelles and systems and causing in
jury and death to the cell. T h e freezing point of water in cells varies 
with the t issues of the plant and with the species of plant; in some tis
sues of the winter-hardy species of the north, ice probably never forms 
within the cells regardless of how low the temperatures b e c o m e. 
E v en when ice forms only in the intercellular spaces, cells and tissues 
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may be d a m a g ed either by the inward pressure exerted by the ice 
crystals, or by loss of water from their protoplasm to the intercellular 
spaces. This loss causes plasmolysis and dehydration of the proto
plasm, which may cause salting out or coagulation. T h e rapidity of the 
temperature drop in a t issue is also important, s ince this affects the 
amount of water remaining in a cell and, therefore, the freezing point 
of the cell contents. Thus, a rapid drop in temperature may result in 
intracellular ice formation where a slow drop to the s a me low temper
ature would not. T h e rate of thawing may have similarly variable ef
fects, since rapid thawing may flood the area b e t w e en cell wall and 
protoplast and may cause tearing and disruption of the protoplast if 
the latter is incapable of absorbing the water as fast as it b e c o m es 
available from the melting of ice in the intercellular spaces. 

F i g. 137. (A) Frost d a m a ge on y o u ng growth of rhododendron. (B) Cracking of rho
d o d e n d r on stem c a u s ed by frost. (Photos by courtesy of the D e p a r t m e nt of Plant 
Pathology, Cornell University.) 
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F i g. 138. Frost necrosis (blotch-type) on potato tubers. (Photo by courtesy of the D e
partment of Plant Pathology, Cornell University.) 

Moisture 

Moisture disturbances in the soil are probably responsible for more 
plants growing poorly and b e i ng unproductive annually, over large 
areas, than any other single environmental factor. Small or large terri
tories may suffer from drought over periods of time. T h e subnormal 
amounts of water available to plants in these areas may result in re
d u c ed growth, d i s e a s ed appearance, or e v en death of the plants. Lack 
of moisture may also b e localized in certain types of soil, s lopes, or 
thin soil layers underlaid by rock or sand and may result in patches of 
diseased-looking plants, while immediate surrounding areas appear to 
contain sufficient amounts of moisture and the plants in them grow 
normally. Plants suffering from lack of sufficient soil moisture usually 
remain stunted, are pale green to light yellow, have few, small and 
drooping leaves, flower and fruit sparingly and, if the drought contin
ues, may wilt and die. Although annual plants are considerably more 
susceptible to short periods of insufficient moisture, even perennial 
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plants and trees may be d a m a g ed by prolonged periods of drought and 
may produce less growth, small, scorched leaves and short twigs, die-
back, defoliation, and finally wilting and death. Plants w e a k e n ed by 
drought are also rendere d more susceptible than before to certain 
pathogens. 

Lack of moisture in the atmosphere, i.e., low relative humidity, is 
usually temporary and se ldom causes damage. Whe n combined with 
high wind velocity and high temperature, however, it may lead to 
excessive loss of water from the foliage and may result in leaf scorch
ing or burning, and temporary or permanent wilting of plants. 

E x c e s s i ve soil moisture occurs much less often than drought where 
plants are grown; but poor drainage or flooding of planted fields may 
result in more serious and quicker d a m a g e, or death, to plants than 
that from lack of moisture. F l o o d i ng during the growth season may 
cause permanent wilting and death of succulent annuals within 2-3 
days. Trees, too, are killed by water logging, but the d a m a ge usually 
appears more slowly and after their roots have b e e n continually 
flooded for several weeks. 

As a result of excessive soil moisture the fibrous roots of plants de
cay. Their underground storage organs collapse and are invaded by 
soft rot microorganism. T h e death of flooded roots is probably due 
both to the r educed supply of oxygen to the roots and to changes in the 
soil microflora brought about by the excess water in and exclusion of 
atmospheric oxygen from the soil. Oxygen deprivation causes stress, 
asphyxiation, and col lapse of many root cells. Wet, anaerobic condi
tions favor the growth of anaerobic microorganisms which, during 
their life processes, form substances, such as nitrites, that are toxic 
to plants. B e s i d e s, the root cells d a m a g ed directly by the lack of oxy
gen lose their selective permeability and may allow toxic metals, etc., 
to b e taken up by the plant. Also, once parts of roots are killed, more 
d a m a ge is done by facultative parasites which may b e greatly favored 
by the ne w environment. Thus, the wilting of the plants which soon 
follows flooding, is probably the result of lack of water in the above-
ground parts of plants c a u s ed by the death of the roots, although it 
appears that translocated toxic substances may also b e involved. 

Inadequate Oxygen 

L ow oxygen conditions in nature are generally associated with high 
soil moisture and/or high temperatures. Lack of oxygen may cause 
desiccation of roots of different kinds of plants in water logged soils, as 
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was mentioned under moisture effects. Root collapse of alfalfa has 
b e e n shown to result from a combination of high soil moisture and 
high soil temperature, and to b e influenced by the stage of growth of 
the plant after clipping. T h e first condition, apparently, reduces the 
amount of oxygen available to the roots while the other two increase 
the amount of oxygen required by the plants. T h e two effects together 
result in an extreme lack of oxygen in the roots and cause their col
lapse and death. 

L ow oxygen levels may also occur in the centers of fleshy fruit or 
vegetables in the field, especially during periods of rapid respiration 
at high temperatures, or in storage of these products in fairly bulky 
piles. T h e best known such case is the deve lopment of the so-called 
blackheart of potato, in which fairly high temperatures stimulate res
piration and abnormal enzymatic reactions in the potato tuber. T h e 
oxygen supply of the cells in the interior of the tuber is insufficient to 
sustain the increased respiration, and the cells die of suboxidation. 
Enzymatic reactions activated by the high temperature and suboxida
tion go on before, during, and after the death of the cells. T h e se reac
tions abnormally oxidize normal plant constituents into dark melanin 
pigments. T h e pigments spread into the surrounding tuber tissues and 
finally make them appear black. 

Light 

Lack of sufficient light retards chlorophyll formation and promotes 
slender growth with long internodes and abnormal internal tissue. 
This condition is known as etiolation. Etiolated plants are found out
doors only when plants are s p a c ed too close together or when they are 
growing under trees or other objects. Etiolation of various degrees, 
however, is rather common in greenhouses, s e e d b e d s, and cold 
frames, where plants often receive inadequate light. Etiolated plants 
are usually thin and tall and are susceptible to lodging. 

Excess light is rather rare in nature and se ldom injures plants. T h e 
quality of light that reaches the plant surfaces, however, is important. 
Although many injuries attributed to light are probably the result of 
high temperatures accompanying high light intensities, certain plant 
injuries have b e e n shown to be c a u s ed by light of short wavelengths 
including the ultraviolet region. T h e best-documented such d isease 
is the sunscald of pods of beans grown at high altitudes, where, d ue 
to absence of dust, etc., more light of short wavelengths reaches the 
earth. T h e pods deve lop small water-soaked spots which quickly be 
come brown or reddish brown and shrink. 
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Air Pollution 

T h e air at the earth's surface consists primarily of nitrogen and oxy
gen ( 7 8 % and 21 % respectively). Much of the remaining 1 % is water 
vapor and carbon dioxide. Man's activities in generating energy, man
ufacturing goods, and disposing of wastes result in the re lease into the 
atmosphere of a number of pollutants which may alter plant metabo
lism and induce disease. Air-pollution d a m a ge to plants, especial ly 
around certain types of factories, has b e e n recognized for almost a 
century. Its extent and importance, however, increased with the in
dustrial revolution and will, apparently, continue to increase with the 
world's increasing population, industrialization, and urbanization. 

Almost all air pollutants causing plant injury are gases, but some 
particulate matter or dusts may also affect vegetation. S o me gas con
taminants, such as ethylene, ammonia, chlorine, and sometimes mer
cury vapors, exert their injurious effects over limited areas only. Most 
frequently they affect plants or plant products stored in poorly venti
lated warehouses in which the pollutants are produced by the plants 
themselves (ethylene), or from leaks in the cooling system (ammonia). 

More serious and w i d e s p r e ad d a m a ge is c a u s ed to plants in the field 
by chemicals such as hydrogen fluoride, nitrogen dioxide, ozone, per-
oxyacyl nitrates, sulfur dioxide, and particulates. High concentrations 
of or long exposure to these chemicals causes visible and sometimes 
characteristic symptoms (e.g., necrosis) on the affected plants. Howev
er, when plants are exposed to dosages less than those that cause acute 
damage, their growth and productivity may still b e s u p p r e s s ed due to 
interference by the pollutants with the metabol ism of the plant. T h e 
main pollutants, their sources and their effects on plants are d iscussed 
briefly below. 

Hydrogen Fluoride 

Fluor ides are emitted from the stacks of factories and are spread by 
diffusion or carried by air currents. Hydrogen fluoride ( H F) is very 
toxic to plants, e.g., corn, peach, tulip, on which it can cause injury in 
concentrations as low as 0.1-0.2 parts per billion (ppb). F luor ide accu
mulation in the foliage generally injures the leaf margins of dicotyle
donous plants and the tips of leaves of monocotyledonous plants. In
jured areas turn tan to dark brown, die, and may fall from the leaf. 
Plants differ in their sensitivity to fluoride. T h e more tolerant ones are 
able to accumulate much more fluoride (up to 200 ppm) without show
ing necrosis. Instead, they d e v e l op a slight chlorosis, followed some
times by premature defoliation. Actively growing plants, especial ly 
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when the leaves are wet, are generally the more susceptible to fluo
ride damage. F luoride seems to b e absorbed by the leaves through the 
cuticle and to b e translocated to the leaf margins and tips. Whe n a 
toxic concentration is reached, the cells from epidermis to epidermis 
collapse and die. F luoride may also escape from the plant through 
volatilization and washing, and the plants then may recover from 
chronic fluoride symptoms within a few weeks. 

Sulfur Dioxide 

Sulfur dioxide ( S 02) is also produced from industrial or combustion 
sources. Sulfur dioxide is itself phytotoxic, but it may also combine 
with moisture and form acid droplets which, upon settling on plants, 
can cause injury. T h e sulfur dioxide gas b leaches the interveinal tis
sues of leaves of plants such as alfalfa, violet, conifers, etc. T h e inter
veinal areas b e c o me white or light tan and may later b e c o me brown, 
while the veins themselves remain green. L ow concentrations of sul
fur dioxide may cause chlorosis of leaves without formation of necrotic 
lesions. 

Sulfur dioxide may injure plants in concentrations as low as 0.3-0.5 
ppm. Since sulfur dioxide is absorbed through the leaf stomata, condi
tions that favor or inhibit the opening of stomata similarly affect the 
amount of sulfur dioxide absorbed. After absorption by the leaf, sulfur 
dioxide reacts with water and forms phytotoxic sulfite ions. T h e latter, 
however, are slowly oxidized in the cell to produce harmless sulfate 
ions. Thus, if the rate of sulfur dioxide absorption is slow enough, the 
plant may be able to protect itself from the b u i l d up of phytotoxic sul
fites. 

Nitrogen Dioxide 

Nitrogen dioxide ( N 0 2) is produced from oxygen and nitrogen in the 
air by hot combustion sources, such as open fires, furnaces, and auto
mobile combustion chambers. Nitrogen dioxide in concentrations of 
2-3 p pm causes bleaching of plants similar to that c a u s ed by sulfur 
dioxide. At even smaller concentrations, however, it suppresses the 
growth of plants such as beans and tomatoes. 

Ozone 

Ozone ( 0 3) is one of the most widely occurring air pollutants and 
apparently one of the most destructive to plants. Ozone originates 
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primarily from the activities of man and his civilization, but it may also 
be brought to the earth's surface from the ozone-rich stratosphere by 
vertical winds, it may form from electrical discharges, such as light
ning during thunderstorms, and it may b e a byproduct of photochemi
cal reactions b e t w e en nitrogen oxides and plant-emanating terpenes, 
especial ly in conifer forests. 

Exhausts of automobiles and other internal combustion engines are 
probably the most important sources of ozone and other phytotoxic 
pollutants. Thousands of tons of incompletely b u r n ed hydrocarbons 
and N 0 2 are re leased into the atmosphere daily by automobile ex
hausts. In the presence of ultraviolet light from the sun, this nitrogen 
dioxide reacts with oxygen and forms ozone and nitric oxide. T h e 
ozone may react with nitric oxide to form the original compounds: 

sunlight 
N 0 2 + 0 2 ^LQ3 + NO 

However, in the presence of unburned hydrocarbon radicals, the ni
tric oxide reacts with these instead of ozone, and therefore the ozone 
concentration bui lds up. Ozone, too, can react with vapors of certain 
unsaturated hydrocarbons, but the products of such reactions (various 
organic peroxides) are also toxic to plants. Normally, the noxious 
fumes produced by automobiles and other engines are swept up by 
the warm air currents from the earth's surface rising into the cooler air 
above, where the fumes are dissipated. Dur ing periods of calm, stag
nant weather, however, an inversion layer of warm air is formed above 
the cooler air and this prevents the upward dispersion of atmospheric 
pollutants. T h e pollutants then are t rapped near the ground where, 
after sufficient bui ldup, they may seriously d a m a ge living organisms. 

Ozone causes a stippling, mottling, and chlorosis of leaves that is 
confined primarily to the upper leaf surface (Fig. 139). T h e spots may 
b e small or quite large and may vary in color from b l e a c h ed white to 
tan, brown, or black, d e p e n d i ng on the plant and on the severity of 
injury. Many different kinds of plants, including tobacco, alfalfa, bean, 
cereals, petunia, pine, citrus, have b e e n found to b e afflicted with 
ozone injury in the field. In some plants, such as citrus, grapes, and 
pine, ozone injury also causes premature defoliation and stunting. 

Ozone enters leaves through stomata. Once in the leaf, it concen
trates in the pal isade layer, where it causes col lapse and b leaching or 
discoloration of the pal isade cells. Ozone affects primarily expanding 
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F i g. 139. F l e c k i ng on the u p p er surface of tobacco leaf c a u s ed by naturally occurring 
high concentrations of ozone in the atmosphere. 

leaves, but not very young or old, mature leaves. Several mechanisms 
by which ozone can d a m a ge plants have b e e n suggested, including 
inhibition of mitochondrial activity, destruction of the permeabil ity of 
the cell membrane, inactivation of auxin, inhibition of photosynthesis, 
and inhibition of protein synthesis. Although each of these effects has 
b e e n observed in at least some of the hosts affected, it is not clear how 
ozone brings these about. 

Plants can b e protected from ozone d a m a ge in several ways. For 
example, plants e s c a p ed d a m a ge from ozone when they were watered 
with ascorbic acid (an inhibitor of oxidation in cells), when sprayed 
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with antioxidants and antiozonants, or when sprayed with dithiocarba-
mates. Also some plant varieties are considerably more resistant to 
ozone injury than others. 

Peroxyacyl Nitrates (PAN) 

Peroxyacyl nitrates (PAN) cause a plant disorder, generally known 
as "si lver leaf," which produces spots on the lower leaf surfaces of 
plants of many herbaceous crops. T h e color of the spots may range 
from b l e a c h ed white to bronze. 

Peroxyacyl nitrate is produced, along with peroxypropionyl nitrate 
and peroxybutyryl nitrate, the other m e m b e rs of the homologous se
ries of peroxyacyl nitrates, from the reaction of vapors of gasoline or 
incompletely burned hydrocarbons, p roduced from the exhaust p ipes 
of cars, with ozone, nitrogen dioxide and probably other oxidizing 
substances in the presence of sunlight. 

T h e silvering or glazing of the lower surfaces of leaves injured by 
PAN results from air filling the space created by dehydration and 
shrinking of the mesophyll cells. Meanwhile the guard cells b e c o me 
congested and the epidermis cells collapse. 

Although injury is generally l imited to the spongy parenchyma of 
the leaves, the pal isade layer may also b e affected. In that case, chlo-
rotic symptoms resembl ing those c a u s ed by ozone may appear on the 
upper surface also. 

PAN injury has b e e n observed primarily around metropolitan areas 
where large amounts of hydrocarbons are re leased into the air from 
automobiles. T h e problem is especial ly serious in areas like Los An
geles and N ew Jersey, where the atmospheric conditions are condu
cive to inversion layer formation. Many different kinds of plants, in
cluding spinach and petunia, are affected by PAN over large 
geographical areas surrounding the locus of PAN formation, due to 
diffusion or to dispersal of the pollutant by light air currents. 

Particulate Matter 

Plants near roads or cemen t factories, for example, receive large 
amounts of dust particles which are deposi ted on the leaf surface and 
interfere with the carbon dioxide absorption of the leaves by forming 
thick crust deposits. Affected plants may b e c o me chlorotic, grow 
poorly, and even die. Additional d a m a ge to plants is c a u s ed by the 
toxicity of some of the deposits to leaf t issues either directly or after 
formation of toxic solutions in the presence of free moisture on 
the plant. 
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Nutritional Deficiencies in Plants 

Plants require several mineral e lements for normal growth. S o me 
elements, such as nitrogen, phosphorus, potassium, calcium, magne
sium, and sulfur, n e e d e d in relatively large amounts, are cal led " m a
jor" e lements, while others, like iron, boron, manganese, zinc, copper, 
molybdenum, and chlorine, n e e d e d in very small amounts, are called 
" t r a c e" or " m i n o r" e lements or "micronutrients ." Both major and 
trace e lements are essential to the plant. Whe n they are present in the 
plant in amounts smaller than the minimum levels required for nor
mal plant growth, the plant b e c o m es d i s e a s ed and exhibits various 
external and internal symptoms. T h e symptoms may appear on any or 
all organs of the plant, including leaves, stems, roots, flower, fruits, 
and seeds. 

T h e kinds of symptoms produced by deficiency of a certain nutrient 
d e p e nd primarily on the functions of that particular e lement in the 
plant. T h e se functions presumably are inhibited or interfered with 
when the e lement is limiting. Certain symptoms are the same in defi
ciency of any of several e lements, but other diagnostic features 
usually accompany a deficiency of a particular element. Numerous 
plant diseases occur annually in most agricultural crops in many loca
tions due to r educed amounts or r educed availability of one or more of 
the essential e lements in the soils where the plants are grown. T h e 
presence of lower-than-normal amounts of most essential e lements 
usually results in merely a reduction in growth and yield. Whe n the 
deficiency is greater than a certain critical level, however, the plants 
deve lop acute or chronic symptoms and may even die. S o me of the 
general deficiency symptoms c a u s ed by each essential e lement, the 
possible functions affected and some examples of common deficiency 
disorders are given below. 

Nitrogen 

T h e plant grows poorly and is light green in color. T h e lower leaves 
turn yellow or light brown and the stems are short and slender. Nitro
gen is essential for proteins ( including enzymes), chlorophyll and 
numerous other plant compounds and, therefore, nitrogen deficiency 
affects plant growth in many ways at once. 

Phosphorus 

T h e plant grows poorly and the leaves are bluish green with purple 
tints. T h e lower leaves sometimes turn light bronze with purple or 
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brown spots. T h e shoots are short and thin, upright and spindly. Phos
phorus is associated with almost as many of the s a me vital functions in 
the cell as nitrogen. Deficiency in phosphorus interfers with the per
formance of these functions. Phosphorus is a constituent of nucleic 
acids, phospholipids, and most proteins and is necessary for the me
tabolism of carbohydrates, fats, and proteins and for respiration. 

Potassium 

T h e plant has thin shoots. In severe cases dieback may occur. Older 
leaves may show slight chlorosis with typical browning of the tips, 
scorching of the margins, and many brown spots usually near the mar
gins (Figs. 140 and 141). Potassium s e e ms to b e essential to many 
plant functions, including synthesis of carbohydrates and proteins, 
regulation of cell hydration, and catalysis of reactions, but its exact 
role is not well understood. 

Magnesium 

First the older leaves and then the younger ones b e c o me mottled or 
chlorotic, followed by reddening and, sometimes, appearance of ne -

F i g. 140. T o m a to leaf showing s y m p t o ms of p o t a s s i um deficiency. Healthy leaf on 
right. 
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Fig. 141 . Alfalfa plants g rowing in a field deficient in p o t a s s i um (left) a nd in a field 
a d e q u a t e ly s u p p l i ed with potass ium. (Photo by courtesy of the D e p a r t m e nt of Plant 
Pathology, Cornell University.) 

erotic spots. T h e tips and margins of leaves may turn upward so that 
the leaves appear cupped. Defoliation may follow. M a g n e s i um is a 
structural component of chlorophyll and the cofactor for many en
zymes involved in carbohydrate synthesis. M a g n e s i um deficiency, 
therefore, results in r educed chlorophyll synthesis and chlorosis. 

Calcium 

Young leaves b e c o me distorted, with the tips hooked back and the 
margins curled. Often the leaves are irregular in shape and ragged, 
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with brown scorching or spotting. Terminal b u ds finally die. T h e 
plants have poor, bare root systems. Calc ium regulates the permeabil
ity of membranes, forms salts with pectins in the middle lamella and 
cell walls, and influences the activity of several enzymes active in the 
meristematic cells of the growing points. Its deficiency, then, inter
feres with these functions. 

Sulfur 

T h e plant has pale green or light yellow young leaves without spot 
formation. T h e se symptoms r e s e m b le those of nitrogen deficiency. 
Sulfur is a component of some amino acids, vitamins, and coenzymes, 
and s e e ms to b e related to chlorophyll formation although it is not a 
constituent of the chlorophyll molecule. 

Iron 

T h e young leaves b e c o me severely chlorotic but their main veins 
remain characteristically green . This effect is probably due to the cat
alytic role of iron in chlorophyll synthesis. Iron is also a constituent of 
many enzymes of respiration and other oxidation systems. 

Boron 

T h e b a s es of young leaves of terminal b u ds b e c o me light green and 
finally break down. Stems and leaves may b e c o me distorted (Fig. 
142). Fruit or other large storage tissues may crack on the surface or rot 
in the center. Many plant d iseases, such as heart rot of sugar beets, 
brown heart of turnips, browning or hollow stem of cauliflower (Fig. 
143), cracked stem of celery, corky spot of apples, hard fruit of citrus, 
top sickness of tobacco, etc., are c a u s ed by boron deficiency. T h e role 
of boron in plants is not known, but it appears to b e involved in trans
location of sugars, and perhaps in utilization of calcium in cell wall 
formation. 

Zinc 

L e a v es show interveinal chlorosis. Later they b e c o me necrotic and 
show purple pigmentation. F e w and small leaves, short internodes 
and low fruit production are common. Zinc deficiency causes "little 
l e af of apple, "s ickle leaf" of cacao, "white t i p" of maize, etc. Zinc is 
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F i g. 142. T o m a to plants grow
ing on similar nutrient solu
tions, except that for the 
plant on the right 1 part of 
boron was a d d ed per 2 mil
lion parts of water. 

found in plants mostly as a component of several enzymes involved in 
auxin synthesis and in the oxidation of carbohydrates. 

Copper 

T h e tips of young leaves of cereals wither and their margins b e c o me 
chlorotic. L e a v es may fail to unroll and tend to appear wilted. H e a d
ing is r educed and the heads are dwarfed and distorted. Stone and 
p o me fruit trees show dieback of twigs in the summer, burning of leaf 
margins, chlorosis, rosetting, etc. C o p p er is a cofactor in many oxida
tive enzymes. 

Molybdenum 

L e a v es d e v e l op chlorotic mottling, necrosis, and suppress ion of the 
laminae, which may b e c o me thin and dry like paper. Growing tips 
may b e c o me distorted and die. T h e se effects are enhanced w h en ni
trogen is suppl ied as nitrate, b e c a u se m o l y b d e n um is a constituent of 
the enzyme that reduces nitrate to nitrite. 
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Manganese 

L e a v es b e c o me chlorotic, but their smallest veins remain green , 
producing a checke d effect. Necrotic spots may appear scattered on 
the leaf. Severe ly affected leaves turn brown and wither. M a n g a n e se 
is a cofactor of many enzymes involved in cellular respiration, photo
synthesis, and nitrogen metabolism. 

Soil Minerals Toxic to Plants 

Soils often contain excess ive amounts of certain essential or nones
sential e lements, both of which at high concentration may b e injurious 
to the plant. Of the essential e lements, those required by plants in 
large amounts, such as nitrogen, phosphorus, potassium, etc., are 

F i g. 143. H o l l ow stem of c a b b a ge c a u s ed by boron deficiency. (Photo by courtesy of 
the D e p a r t m e nt of Plant Pathology, Cornell University.) 
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usually much less toxic when present in excess than are the e lements 
required only in trace amounts, such as manganese, molybdenum, 
boron. E v en among the latter, however, some trace e lements such as 
manganese and m o l y b d e n um have a much wider range of safety than 
do others, e.g., boron. B e s i d e s, not only do the e lements differ in their 
ranges of toxicity, but various kinds of plants also differ in their sus
ceptibility to the toxicity to a certain level of a particular element. 
Concentrations at which nonessential e lements are toxic also vary 
among elements, and plants in turn vary in their sensitivity to them. 
For example, some plants are injured by very small amounts of nickel, 
cobalt, or chromium, but can tolerate considerable concentrations of 
aluminum or selenium. 

T h e injury occurring from excess of an e lement may b e slight or 
severe. It may b e the result of direct injury by the e lement to the pro
toplast of the plant cells, including interference with vital enzyme or 
other basic functions of the cell. On the other hand, the e lement may 
interfere with the absorption or function of another e lement and 
thereby lead to the symptoms of a deficiency of the e lement b e i ng in
terfered with. Thus, excessive sodium induces a deficiency of calcium 
in the plant, while the toxicity of copper, m a n g a n e s e, zinc, chromium, 
cobalt, or nickel is both direct on the plant and by inducing a defi
ciency of iron in the plant. 

E x c e s s i ve amounts of sodium salts, especial ly sodium chloride, so
dium sulfate, and sodium carbonate, raise the pH of the soil and cause 
what is known as alkali injury. This injury varies in the different plants 
and may range from chlorosis to stunting, leaf burn, wilting, to out
right killing of seedl ings and young plants. S o me plants, e.g., wheat, 
apple, are very sensitive to alkali injury, while others, e.g., sugar 
beets, alfalfa, and several grasses, are quite tolerant. On the other 
hand, when the soil is too acidic, the growth of s o me kinds of plants is 
impaired and various symptoms may appear. Plants usually grow well 
in a soil pH range from 4 to 8, but s o me plants grow better on the 
lower p H than others, and vice versa. T h u s, b lueberr ies grow well on 
acid soils, while alfalfa grows best on alkaline soils. T h e injury c a u s ed 
by low pH is not always the result of high hydrogen-ion concentra
tion: in most cases, it is brought about by the greater solubility of min
eral salts in acid solutions. T h e se salts then b e c o me available in con
centrations that, as was pointed out above, either are toxic to the 
plants or interfere with the absorption of other necessary e lements 
and so cause symptoms of mineral deficiency. 

Boron, m a n g a n e s e, and copper have b e e n most frequently impli
cated in mineral toxicity d iseases, although other minerals, e.g., alu-
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minum and iron, also d a m a ge plants in acid soils. E x c e ss boron is toxic 
to many vegetables and trees. E x c e ss m a n g a n e se is known to cause a 
crinkle-leaf d isease in cotton, and has b e e n implicated in the internal 
bark-necrosis of R ed Delic ious apple and in many other d iseases of 
several crop plants. S o d i um and chlorine ions also have b e e n shown 
to cause symptoms of poor growth and decl ine, like those shown by 
some of the trees along roads in northern areas where heavy salting is 
carried out in the winter to remove ice from roads. 

Improper Agricultural Practices 

A variety of agricultural practices improperly carried out may cause 
considerable d a m a ge to plants and increased financial losses. Almost 
every agricultural practice can cause d a m a ge when done the wrong 
way, at the wrong time, or with the wrong materials. Most commonly, 
however, losses result from application of chemicals, such as fungi
cides, insecticides, herbicides (Fig. 144), fertilizer, at too high concen
trations or on plants sensitive to them. Spray injury resulting in leaf 
burn or spotting or russeting of fruit is common on many crop plants. 

F i g. 144. H e r b i c i de injury to a p p le l eaves. T h e h e r b i c i de h ad b e e n u s ed to kill w e e ds 
in the orchard, but it was a b s o r b ed by and c a u s ed d a m a ge to the a p p le trees. (Photo 
by courtesy of W. J. Lord.) 
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