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FOREWORD 

A D V A N C E S I N C H E M I S T R Y SERIES was founded in 1949 by the 

American Chemical Society as an outlet for symposia and col­
lections of data i n special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub­
lished at all . Papers are referred critically according to A C S 
editorial standards and receive the careful attention and proc­
essing characteristic of A C S publications. Papers published 
in A D V A N C E S I N C H E M I S T R Y SERIES are original contributions 
not published elsewhere in whole or major part and include 
reports of research as wel l as reviews since symposia may em­
brace both types of presentation. 
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PREFACE 

ir pollution is a fact of contemporary life. It is now recognized as 
being deleterious to vegetation and, in particular, to agricultural 

vegetation throughout the United States, Canada, Mexico, Africa, and 
Europe ( I ) . Every major city in the United States suffers deteriorated 
air quality caused by increased industrialization and transportation. U n ­
fortunately, the biological effects of mal air are not clearly understood 
even though the problem of contaminated air has been of social concern 
and attracted community attention since the 13th century. 

Early concern about pollution, however, centered about suspended 
particulates, particularly those associated with smoke and soot as a result 
of fuel combustion for comfort and cooking. As coal became the fuel of 
choice for home and a developing industry, the problem became more 
complicated because sulfur dioxide became a major constituent of smoke. 
By about 1600, sulfur dioxide was recognized as a principal air contami­
nant, and as the metallurgical industry grew, so did the problem of sulfur 
dioxide. As the chemical industry developed in the early 19th century, 
hydrogen chloride, hydrogen sulfide, nitrogen dioxide, and hydrogen 
fluoride were found in increasing quantities in the air, along with other 
fumes from the increased production of heavy metals, including beryllium. 
Recently the complex of photochemical smog components, introduced 
primarily via the internal combustion engine, have commanded our atten­
tion because of their ubiquituousness and their increasingly obvious ef­
fects. The character of the air pollution problem has changed from one 
of relatively simple composition of carbon particulates to the exceedingly 
complex and variable photochemical smog of gaseous composition. The 
problem has thus changed from a local issue to one of world-wide status 
and from a visible nuisance to an invisible plague. 

The severity of the air pollution problem becomes obvious as we 
learn to recognize the effects of aerial toxicants upon biological systems. 
The aesthetic degradation of the air by a pall of smoke is obvious, but 
the toxic subtleties of S 0 2 ? heavy metal, or ozone are not as easy to 
recognize and evaluate. Establishing repeatable cause/effect data in re­
gard to air pollution effects has been a principal problem in the area of 
human health effects. Fortunately, cause and effect data are obtainable 
in plant investigations, and even with our current limitations on symptom-

ix 
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atology it is possible to obtain repeatable dose-related cause and effect 
data. 

Plant toxicology does not yet have the advanced insights of human 
and animal toxicology. Consequently, the visible and most obvious gross 
effects on sensitive tissue have been the most studied and reported. The 
symptomatology syndrome arising from exposure to a relatively high 
concentration of a toxicant has been traditionally called an acute response 
and has occupied most of the attention of investigators studying vegeta­
tive effects. Most of these expressions of toxicity are general responses 
evidenced by pigment changes in the leaves, necrosis, or malformed 
growth. The shape, consistency, and location of these lesions are con­
sidered diagnostic, and they have been a helpful first order of magnitude 
estimate of the effect of air pollution on vegetation. Using these acute 
symptoms, many estimates of economic damage have been calculated 
and the presence of a phytotoxicant established. 

Recently, however, in addition to the acute response of individual 
plants or plant varieties, an increased awareness of the symptomatic 
expression of low level toxic exposure for longer periods of time has 
developed. Often included in the literature of acute symptomatology, this 
so-called hidden injury was considered to be different from acute injury. 
This hidden injury was the early recognition that symptomatology and 
dosimetry were not clearly understood. When ozone and other photo­
chemical oxidants became the object of intensive study, the response of 
plants to low-level long-term exposure to toxicants established a better 
understanding of the complex dosimetry and response of plants to toxic 
exposure. These studies have clarified the significance of chronic exposure 
and have, in turn, led to a better understanding of the complexity of 
dosimetry and plant response. 

The complexity of plant response to toxicants is even more apparent 
as biochemical information regarding toxicosis has become available. 
However, the biochemical information has arisen from individual studies 
and reflects the interests of many investigators and many points of view. 
The appreciation of and recognition of the basis of biochemical lesions 
as responses to air pollutants is essential if we are to progress in this 
important field. 

A n increased awareness of the complexity of plant response also 
developed as considerations of the response of populations of plants ex­
posed to a toxicant were initiated. Detailed descriptions of acute re­
sponses and even chronic responses were the result of chamber studies 
of individual plants held under relatively constant experimental condi­
tions with only dosimetric variables. As investigators became more adept 
at recognizing symptomatology, whole fields of damaged plants were 
investigated, and the population aspects of the response became evident. 
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The presence of extremely susceptible and resistant clones led to con­
trolled breeding for resistance. This resulted in population manipulation 
to produce resistant varieties. As the symptomatology of ozone injury 
became better known in crop plants, an increased awareness of ozone 
damage to trees developed. It was noted that mountainsides covered 
with vegetation were slowly being adversely and selectively affected and 
changed by photochemical constituents in the air in a subtle manner that 
contrasted dramatically with the widespread and complete removal of 
plants associated with point sources of S 0 2 . Thus it became demonstrable 
that wholesale and widespread population shifts could be affected by the 
subtle selection effect of toxic substances in the air. This, in turn, led to 
greater emphasis upon the population as a means of mediating change 
and produced further understanding of the complex nature of the bio­
logical systems that were responding to the increased contamination of 
the air. 

The study of plant population toxicology is mandatory if we are to 
understand and eventually to ameliorate the problem of toxicant-mediated 
changes to the world around us. Rather than just being an interesting 
phenomenon to be studied by a few plant pathologists, the fact that toxic 
air can threaten our food supply stimulates us to greater concern. W e 
still depend upon plants to exist. Phytotoxic response among many indi­
vidual plants and plant populations is a fact, and adverse effects on food 
production are a matter of record. The papers in this volume address 
themselves to the problem. 

Intrinsic to understanding the problem of air pollution is the necessity 
of understanding the chemical basis of the air pollution problem. If we 
are to have any grasp of the real effects of air pollution, much less 
predict future effects with any confidence, we must know the specific 
compounds involved, have some idea of their toxic nature and residence 
time in the atmosphere, and make some reasonable guess as to what the 
future composition of the atmosphere might be with respect to these 
phytotoxicants. For this reason Edward Schuck discusses the chemical 
basis of the air pollution problem. 

Our appreciation of the magnitude and, in fact, the presence of air 
pollution problem on vegetation is rooted in our understanding of the 
acute responses of plants to toxicants. While this approach deals with 
only our initial appraisal of the problem, it has been a valuable tool and 
an important first step in understanding the dosimetry of toxic response 
in plants. O. Clifton Taylor discusses the variety of acute responses ex­
hibited on a number of horticultural and agronomic crops. 

As our experience with the air pollution problem grows, the subtleties 
of the problem become more apparent. They are expressed in response 
to long-term low-level exposures to toxicants, particularly the photochem-
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ical smog complex. Wi l l iam A . Feder reviews our current understanding 
of these responses. 

Insofar as the response of plants to short-term high concentrations 
and the response of plants to long-term low-level concentrations of toxi­
cants are expressions of the biochemical basis of plant response, Brian 
M u d d reviews the current status of the biochemical effects of pollutants 
on plants. 

Since all this information is vital to developing an operational attack 
on the problem, Delbert C . McCune provides a summary and synthesis of 
plant toxicology to establish several possible schemes to organize our 
thinking and to provide a basis for future action. 

The importance of the population as an entity of concern suggested 
the necessity of understanding how populations work to regulate change. 
This area of biology is now receiving considerable attention and holds 
the key to our understanding of how biological changes occur. Thus, 
James Harding discusses colonizing genetic populations as units of regu­
lated change. This discussion naturally led to the question of how we 
manipulate populations to produce the kinds of changes that are of im­
mediate help in alleviating the deleterious effects of the pollution prob­
lem. Hence, Edward J. Ryder reviews controlled selection for increased 
tolerance to air pollutants. 

Populations can be likened to an organism with the various com­
ponents linked to each other through the medium of chemicals. Insofar 
as this is a viable way to view populations, we would be amiss if we did 
not examine the implications of this concept when viewed with the dis­
ruption that the air pollution problem may initiate to community stability. 
To introduce this concept Michael G . Barbour discusses chemistry and 
community composition. 

A viable example of the widespread and dramatic change that pollu­
tion can initiate on a plant community is found in the conifer forest of 
the San Bernardino mountains. This vivid example of what photochemical 
oxidants can do to initiate biological change provides an instructive base 
for future speculations. Paul Mil ler covers oxidant-induced community 
change in a mixed conifer forest. 

Finally, our ultimate concern is the effect that air pollutants may 
have upon future agricultural production. Walter W . Heck summarizes 
the current views on this subject. 

As you read this volume, we hope that you w i l l appreciate not only 
the magnitude of the air pollution problem but also the complexity of the 
phenomena. In addition, we hope that you w i l l become aware of the fact 
that the composition of the air we breathe is having an impact upon the 
plants we depend upon for food, fiber, and aesthetic enjoyment. U l t i -
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mately we hope that these realizations w i l l stimulate you to use your 
professional and technical skills to ameliorate the problem. 

1. Halliday, E. C., in "Air Pollution" World Health Organization, Columbia 
University Press, New York, 1961. This volume details more information 
on the history of the air pollution problem. 

J O H N A. N A E G E L E 

Waltham, Mass. 
M a y 1973 
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1 

Chemical Basis of the Air Pollution Problem 

E. A. S C H U C K 

Statewide Air Pollution Research Center, University of California, 
Riverside, Calif. 92502 

Combustion of fossil fuels to release useful energy produces 
several gaseous and particulate wastes which are discarded 
into and temporally persist in the atmosphere. Many of 
these waste products undergo further reactions in the atmos­
phere to produce additional products. These emissions and 
their reaction products are detrimental to biological systems. 
The presence of these substances in the vicinity of urban 
areas has and will continue to exert detrimental effects on 
agricultural operations. Many sensitive crops can only be 
grown in areas far removed from urbanized areas. Many 
other crops while exhibiting little outward signs of damage 
suffer up to 50% reduction in growth rate and yields. Thus 
our energy based pollution problems are impacting in a 
substantial manner on agricultural land use planning and 
on costs of crop production. 

/Contamination of the air begins with the emission into the atmosphere 
^ of certain gases and particulates. This presentation briefly reviews 
the chemical nature of these emissions and their interactions in the am­
bient atmosphere. The first questions to explore are the reasons for the 
formation of these contaminants and why air pollution appears to be 
affecting ever increasing areas of the world. In this exploration, digression 
into fields other than chemistry is necessary in order to relate the chem­
istry involved to the overall pollution problem. Too restricted a view­
point can be detrimental when examining the complex air pollution sys­
tem. The chemistry involved, while fascinating, should not be viewed 
as a separate part of the system. 

This discussion is restricted to the most common contaminants which 
affect the largest number of people. Therefore, attention is focused on 
the combustion process and its products. Such combustion is an oxidation 
reaction in which oxygen in air combines with a hydrocarbon fuel and 
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2 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

results in the release of energy. The energy released is used for various 
purposes—i.e., for heating homes, for automotive and aircraft propulsion, 
for generating electricity, for melting ore, etc. These combustion processes 
have at least three common characteristics: they release energy, al l the 
commonly used fuels (wood, coal, oil , and natural gas) have as their 
major combustion products oxides of carbon and oxides of hydrogen [i.e., 
carbon dioxide ( C 0 2 ) and water ( H 2 0 ) ] , and these combustion processes 
usually give rise to minor amounts of partially oxidized fuel such as 
carbon monoxide (CO), olefins, and unburned hydrocarbon fuel ele­
ments. In addition, the exhaust gases from combustion may contain 
oxides of sulfur (SOa,) which stem from small amounts of sulfur com­
pounds in the supplied fuel. Oxides of nitrogen (NO*,) are also formed 
because of the high temperatures reached during combustion which 
promote the oxidation of the nitrogen contained in the combustion air. 
Particulate matter may also be present in combustion products, either 
from chemical processes occurring during combustion of because of direct 
fuel entrainment. 

Since man today requires a large amount of energy for various rea­
sons, he uses large amounts of fuel and therefore generates large amounts 
of combustion products which are discharged into the air. The energy 
demand is so great that each U . S. citizen is directly responsible—via 
his automobile, etc., or indirectly responsible because of his demand for 
electrical power and other products—for generating about 2-5 pounds 
of pollutants each day. When this individual pollutant output is coupled 
with the high population densities of urban areas, the daily emission of 
exhaust products into any given air mass reaches staggering proportions. 
The 7 million citizens of Los Angeles County, for example, emit about 
3 million pounds of pollutants each day ( I ) . Although the ventilating 
capacity of the atmosphere is large, it cannot cope with such an overload, 
and thus in and around urban areas elevated ambient concentrations of 
combustion exhaust products persist. This results in an air pollution 
problem since many exhaust products have direct and indirect effects on 
human health and welfare. W e are being adversely affected by our own 
excretion products. 

Curiously, it is the minor combustion products which cause the 
greatest concern since C 0 2 and H 2 0 , which account for 80-95% of the 
products, are normal atmospheric constituents and are not presently 
considered to be adverse to health or welfare. However, some evidence 
suggests that the addition of C 0 2 to the earth's atmosphere from com­
bustion of fossil fuels may in the near future affect the earth's heat balance 
and drastically alter weather patterns (2). 

The C 0 2 problem is another subject, however, and attention is con­
fined here to the localized effects of minor exhaust components. From a 
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1. S C H U C K Chemical Basis of Air Pollution 3 

chemical standpoint there is a great deal of similarity among pollution 
problems in various U . S. cities since the universal use of combustion to 
fulfill energy requirements produces urban atmospheres containing the 
same exhaust components. Thus, each atmosphere contains, at a mini­
mum, elevated concentrations of CO, olefins and other hydrocarbons, 
SOx (mainly sulfur dioxide, S 0 2 ) , NO#, and particulate matter. The am­
bient concentrations w i l l be a function of many factors including source 
strength, source density, and local dispersion variables. From one area 
to the next gross variations w i l l exist in the relative concentrations of these 
components which tend to hide the similarities of the problem. Between 
cities the relative ambient concentration is primarily related to the specific 
type of fuel used for heating and power production. In eastern cities 
these requirements are generally fulfilled by the use of oi l and coal. Both 
fuels lead to the generation of more direct particulate matter and SO^ 
than does the use of natural gas. Natural gas, which is a more common 
fuel for heating and power production in the western United States, 
produces much less particulate matter and SO* than produced by use 
of o i l and coal. From a human sensory standpoint, the presence of large 
concentrations of SO*, and the direct particulate pollution in eastern 
cities tend to obscure the similarities to western city pollution. In all U . S. 
cities, however, there is one major combustion source of C O , hydrocar­
bons, and NO# pollution which leads to nearly similar proportions of 
these three contaminants. That source, the automobile, accounts for 99% 
of the C O pollution, 40-80% of the hydrocarbon pollution, and 40-80% 
of the NOa, pollution. In fact, if we confine our examination to the down­
town area of cities, the automobile contributions to hydrocarbon and NOœ 

pollution may exceed 90%. The contribution of automotive exhaust to 
SOa- and direct particulate emissions in urban areas is much more variable 
because of differences in fuel use and the degree of control. 

U p to this point the discussion has concentrated on direct emissions 
of pollutants without regard to their recognized atmospheric interactions. 
Consideration of such interactions adds several new factors to the pollu­
tion problem since such reactions tend to increase the toxicity of the 
atmospheric mixture of contaminants substantially. Before proceeding 
to these interactions, consider the components discussed. Three of these, 
at the concentrations existing in many U . S. urban atmospheres, are 
directly detrimental to health and welfare: C O , SO*, and particulate 
matter (3,4,5). The N O * as emitted exists mainly as nitric oxide ( N O ) , 
which inhibits the rate of vegetation growth and probably combines with 
human hemoglobin in a manner similar to C O . Nevertheless, no direct 
detrimental health effects have as yet been proved to be associated with 
ambient concentrations of N O . The major recognized problem is that 
certain atmospheric interactions rapidly convert N O to nitrogen dioxide 
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4 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

( N 0 2 ). A t present ambient levels in urban areas with more than 50,000 
population, N 0 2 has been shown to be producing adverse health effects 
(6) . 

Most of the hydrocarbons emitted in combustion exhausts are at 
ambient concentrations which are a factor of 500-1000 below those con­
sidered to have detrimental biological effects. There are, of course, ex­
ceptions to this rule. Benzo(a)pyrene is an exhaust product of coal 
combustion and is a known carcinogen. Ethylene, a major product of 
automotive combustion, is at high atmospheric concentrations in and near 
urban areas. This seriously alters the aging process in certain types of 
vegetation and results in large economic losses. The major problem 
associated with hydrocarbons is again related to atmospheric interactions 
which lead to generation of several new derivatives toxic to humans at 
observed ambient levels. 

The atmospheric interactions which lead to the generation ot these 
new toxic species and which promote the rapid oxidation of N O to N 0 2 

have a common base. That base is related to the absorption of sunlight 
energy by N 0 2 (β ) . Although most of the NO^. emitted is in the N O 
form, a small percentage of this contaminant exists after atmospheric 
dilution in the N 0 2 form. N 0 2 is an avid absorber of the ultraviolet 
sunlight energy which reaches the earth's surface. Such energy absorp­
tion is immediately followed by disruption of chemical bonds and the 
formation of two species, N O and oxygen (O) atoms. The Ο atoms 
instantly combine with air oxygen ( 0 2 ) to form ozone ( 0 3 ) which in 
turn instantly reacts with N O to re-form N 0 2 . This rapid cyclic reaction 
produces no overall change in the system and in the absence of competing 
reactions would not result in a net conversion of N O to N 0 2 or in the 
observance of an elevated 0 3 level. Certain hydrocarbons, however, can 
compete with oxygen for the Ο atoms and with the N O for the 0 3 . A l ­
though the rates of reaction with these hydrocarbons are a factor of 100 
less than that of Ο atoms with 0 2 and 0 3 with N O , the net result over 
an hour or two is an unbalancing of the N 0 2 photolytic cycle. The im­
mediate observable atmospheric results are the steady conversion of all 
N O to N 0 2 , the formation of hydrocarbon oxidation products such as 
aldehydes and ketones, the steady building of elevated ozone levels, and 
the formation of hydrocarbon derivatives such as the peroxyacyl nitrates 

(7) . In addition to these interactions of hydrocarbons with the N 0 2 

photolytic cycle, we also observe that some facet of this interaction pro­
motes the rapid conversion of gaseous S 0 2 to sulfur trioxide ( S 0 3 ) and 
thus by reaction with moisture to sulfuric acid ( H 2 S 0 4 ) aerosols. 

The effects of these interactions are indeed impressive. Consider a 
specific case. In Los Angeles before interaction the mixture is chiefly 
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1. S C H U C K Chemical Basis of Air Pollution 5 

composed of relatively nontoxic levels of N O and hydrocarbons plus 
potentially toxic levels of S 0 2 . In a matter of hours interaction with 
sunlight has produced concentrations of 0 3 , aldehydes, peroxyacyl ni ­
trates, and aerosols—all of which are detrimental to human health, cause 
eye irritation, and are damaging to vegetation and material products. Fur­
thermore, at least one of the components, i.e., S 0 2 , has undergone a change 
of state from a gas to l iquid, which frequently severely limits visibility 
to less than 1 mile. 

Previously it was indicated that direct particulate emission leading 
to visibility reduction and material soiling is a problem mainly in certain 
eastern cities. In contrast, direct particulate emissions in large western 
cities usually account for much less than 30% of the observed visibility 
reduction and soiling. Obviously the described atmospheric interactions 
involving SO* are responsible for the bulk of these particulate effects. 
Since these atmospheric interactions occur throughout the lower atmos­
phere, their contributions to particulate problems in all other U . S. cities 
must also be substantial even though at this time the direct particulates 
are most important. In other words, elimination of direct particulate 
pollution in cities now suffering from such effects may do little to improve 
visibility problems. 

The impact of atmospheric interactions can be realized by examining 
the air monitoring data in various cities. Records from Chicago, Wash­
ington, St. Louis, New York, Cincinnati, Denver, Philadelphia (8), and 
wherever air monitoring data are available, show the same evidence of 
atmospheric interaction as found in Los Angeles. Specifically the 0 3 and 
N 0 2 concentrations in all cities tested are well above the levels at which 
detrimental biological effects occur. 

It might be concluded, based on this brief review, that enough is 
known about contaminants and their interactions to provide a clear basis 
for control. This is true only to a limited extent. The clearest guidelines 
for control are associated with the direct effects of specifically emitted 
contaminants. Elimination of C O , SO^., and direct particulates should 
alleviate problems associated with these primary contaminants. The term 
eliminate does not include methods which merely change the nature of 
the problem. Tal l stacks reduce local SO* ground-level concentrations, 
but also permit layering of high concentrations which can come to ground 
level at points many miles distant and fumigate plants and animals. Fur­
thermore, the SOtf emitted aloft eventually ends up as H 2 S 0 4 , which 
changes the acidity of rainfall, resulting in other detrimental effects on 
our environment. Tal l stacks only change the nature of the problem. A t 
best they make the SO*, pollution more democratic and minimize localized 
health and odor complaints. 
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6 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

Another nonsolution is practiced at certain industrial locations which 
have an exhaust gas containing high concentrations of NOo. Since this 
compound is highly colored and toxic, it causes complaints from local 
citizens. The solution is to set up an auxiliary combustion tower and 
convert the N 0 2 to colorless N O which is less toxic and less odiferous. 
This solution might be termed the out-of-sight, out-of-mind approach. 
Again it solves nothing since atmospheric interactions guarantee that the 
N O w i l l eventually be oxidized to N 0 2 . 

Another debatable approach to pollution control involves the meth­
ods currently used to reduce hydrocarbons and CO in automotive ex­
hausts. The need to control C O is based on its direct health effects while 
the need to control the hydrocarbons is based on their interactions with 
the N 0 2 photolytic cycle which leads to elevated concentrations of N 0 2 , 
0 3 , peroxyacyl nitrates, and aerosols. The solution adopted was to in­
crease the efficiency of the combustion process, thereby reducing hydro­
carbon and C O emissions. Unfortunately, the method adopted also leads 
to dramatic increases in N O emissions. When this increase in N O was 
objected to, the answer came back that increased N O in the atmosphere 
is beneficial since it rapidly reacts with and destroys ozone, one of the 
very health-related substances requiring control. This is another example 
of failure to view the total air pollution system. Of course N O destroys 
0 3 , but one product of this reaction is N 0 2 which is also detrimental to 
health. Furthermore, this N 0 2 is the beginning point of sunlight absorp­
tion which leads to all the products of photochemical interactions. In a 
certain location excess N O w i l l tend to reduce 0 3 levels. However, down­
stream of these locations excess N 0 2 w i l l promote more photochemical 
reactions and perhaps even higher ozone levels. In part this nonsolution 
to automotive pollution may be a major cause of the substantial increases 
in ozone in many areas during the past few years. This automotive ex­
ample clearly illustrates the need for in-depth analysis when plans are 
made to change any part of the system of air pollution. Decisions based 
on such an analysis are all the more important because the tradeoffs 
involve human health and welfare. 

The examples above illustrate the difficulties and dangers of a myopic 
approach to air pollution control. What is required is a complete systems 
approach which takes into account all of the known direct and indirect 
interactions. Even this approach w i l l have to be modified as new knowl­
edge becomes available. It cannot be claimed, for example, that knowledge 
of all atmospheric interactions is complete nor that all known interactions 
have been assessed. Thus our attention has been focused largely on the 
most obvious and dramatic atmospheric interactions. Other less dramatic 
reactions also require further assessment. For example, aldehydes absorb 
sunlight energy and are capable of reactions leading to ozone formation 
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1. S C H U C K Chemical Basis of Air Pollution 7 

(9). These aldehyde reactions have been largely ignored since they are 
much slower and less effective than those now occurring. Yet, if these 
reactions are ignored, we may not be able to lower atmospheric 0 3 values 
appreciably. One real and immediate problem facing the control engi­
neer is the tendency for certain advanced automotive control systems to 
create aldehydes in the process of destroying hydrocarbons and C O . 
Should such systems be adopted without assessing the aldehyde problem 
properly, a new problem may be created in the process of solving an 
old one. 

What is the role of aromatic hydrocarbons in atmospheric interac­
tions? Here again these compounds weakly absorb sunlight energy. A l ­
though this absorption is generally not capable of bond disruption, these 
high energy state aromatics are capable of transferring this energy to 
oxygen. This transfer creates an excited oxygen molecule which can 
attack other hydrocarbons (10) in much the same way as Ο atoms and 
0 3 . Another facet of aromatic hydrocarbons requiring attention is their 
suspected ability to form aerosols in the absence of SOx ( 1 ). 

These few examples show the desperate need for further research 
and assessment in the chemistry and all aspects of air pollution. One 
might question whether we have knowledge of all urban sources of hy­
drocarbons that are important to atmospheric interactions. Does all 
rubber dust from automotive tires remain as dust? What is the contribu­
tion of asphalt roadways to atmospheric hydrocarbons? Is the contribution 
from such unassessed and other unknown anthropogenic sources suffi­
cient in itself to account for health-damaging levels of ozone? These 
and other questions require immediate attention if we are to realize the 
goal of effective pollution control. 

Since this volume is concerned with air pollution effects on agri­
culture, it is appropriate to consider the relevance of this discussion of 
the chemical nature of air pollutants to agriculture. Many of the direct 
emissions and their atmospheric reaction products are detrimental to 
vegetation. Some, like the automobile exhaust product ethylene, speed 
up the aging processes in plants. Because of the presence of this com­
pound in the air, it is most difficult to grow orchards in some urban 
areas unless they are grown in greenhouses and supplied with air from 
which ethylene has been removed. The effects of air contaminants on 
vegetation are indeed diverse. In contrast to the increased aging caused 
by ethylene, N O decreases plant growth in a nondestructive manner. 
That is, the plant w i l l immediately return to its normal growth rate if 
the N O is removed from the surrounding air. Other compounds in the 
air such as N 0 2 , S 0 2 , 0 3 , and the peroxyacyl nitrates also reduce plant 
growth and crop yield by mechanisms not yet completely delineated. 
Exposure to these latter air contaminants is generally destructive to plant 
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8 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

tissue, and thus recovery from exposure can only occur by replacement 
of the cells. In many instances where the atmospheric concentrations of 
such contaminants are in the tenths of a part-per-million range, the effects 
of exposure can cause complete loss of the crop. This is particularly 
true for Romaine lettuce, spinach, and certain tobacco species which 
are extremely sensitive to low concentrations of ozone and peroxyacyl 
nitrates. By far the most serious effect is the reduction in crop yield 
which, for certain crops, has been as high as 50%. 

What then is the overall effect on agriculture? One effect is to restrict 
the kinds of crops that can be grown near large population centers. 
Romaine lettuce and spinach must be grown some distance away thus 
increasing production costs because of transportation. Many other crops 
grown near population centers experience increased production costs 
because of the decrease in growth and yield. It is quite apparent that 
discarding the waste products of our energy production into the air has 
forced many changes in agricultural land use planning and has contributed 
significantly to increased costs of crop production. 
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Acute Responses of Plants to Aerial 
Pollutants 

O. C. T A Y L O R 

Horticulturist and Associate Director, Statewide Air Pollution Research Center, 
University of California, Riverside, Calif. 92502 

Acute symptoms of injury from various pollutants in different 
horticultural and agronomic groups are visible on the af­
fected plant. Symptom expressions produced include chloro­
sis, necrosis, abscission of plant parts, and effects on pigment 
systems. Major pollutants which produce these injuries in­
clude sulfur dioxide, peroxyacetyl nitrate (PAN), fluorides, 
chlorides, nitrogen dioxide, ozone, and particulate matter; 
minor pollutants are ethylene, chlorine, ammonia, and hy­
drogen chloride. Symptoms of acute injury are often used 
to identify pollutant source and to estimate agricultural 
damage. 

isible symptoms of acute injury have been the principal means of 
identifying the effect of air pollutants on plants for well over a cen­

tury. They have served as major factors in assessing the impact of man's 
activities on the total environment and have served as the basis for 
numerous estimates of economic damage to agricultural crops. Such esti­
mates are admittedly crude because the total effect of air pollutants on 
growth and development is not indicated by symptoms of acute injury. 
Nevertheless, such evaluations are essential since adequate controls his­
torically develop only after economic pollutant damage is well docu­
mented. 

Identification of specific toxic components of contaminated atmos­
pheres can often be established by careful examination of the total 
symptom syndrome in a plant community. Many of the symptoms pro­
duced by a particular toxicant are sufficiently characteristic that positive 
identification of the causal agent can be made, but frequently recognition 
of the pollutant and identification of its source is a complex task. A variety 
of symptom expressions may be found in a single plant community be-
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10 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

cause of differences in susceptibility among species and among individuals 
of a single species. Leaf tissue in various stages of development on a 
single plant typically varies widely in susceptibility. Relative humidity, 
light intensity, and other environmental conditions may affect sensitivity 
of leaf tissue thus causing considerable variation in the appearance 
of acute injury. However, an experienced observer with a knowledge of 
several disciplines of biological sciences can, after carefully considering 
the ful l symptom syndrome, usually provide a reliable evaluation of the 
pollution problem. Where fluorides and chlorides are involved, leaf anal­
yses can be useful in supporting conclusions drawn from observations. 

Leaves are the most active part of the plant in exchanging gases with 
the surrounding atmosphere, and they are the most vulnerable to acute 
injury. The leaves are covered with a waxy protective coating (cuticle); 
consequently, gaseous pollutants enter through open stomata in the same 
way carbon dioxide and oxygen are interchanged with the atmosphere. 
Toxic particulates are deposited on the surface of plant foliage and must 
either dissolve the cuticle or move through open stomata in a solution 
to produce acute injury. Occasionally fruits and blossoms are injured 
directly by air pollutants, but the prime target is the foliage. 

Gas exchange by leaf tissue occurs primarily by diffusion through 
stomata and to a limited degree through mechanical punctures or cracks 
in the cuticle. After penetrating the cuticle and epidermis, gaseous toxi­
cants encounter a water-saturated atmosphere in the intercellular spaces 
and an aqueous solution which bathes the cell walls of internal leaf 
tissue. Solubility of the gas plays an important role in determining 
whether it is readily absorbed by the cells ( I ) . Those gases which react 
with water to produce acids are absorbed readily and are strong phyto-
toxicants. Conversely, such gases as carbon monoxide and nitric oxide 
have low solubility in water and a low level of phytotoxicity. 

The most severe injury produced by air pollutants is usually expressed 
by the death of large areas of leaf tissue. The dead (necrotic) areas 
become dry and may turn various colors ranging from white or ivory to 
red or dark brown. The first evidence of injury from high concentrations 
of toxicant is usually a grey-green discoloration of the injured area. As 
the cell contents begin to leak into the intercellular spaces, the injured 
area may develop a dark green, oily, or water-soaked appearance and 
become flaccid. Green color is bleached by subsequent desiccation, and 
the flaccid tissue becomes dry and brittle. 

In the strictest sense, acute means that a disease has a sudden onset, 
a sharp rise in intensity, and a short course. To some researchers in the 
air pollutant field the term is reserved almost exclusively for necrotic 
symptom expressions produced by very high dosages. In this report the 
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2. T A Y L O R Acute Responses of Phnts 11 

necrotic symptoms are emphasized, but attention is also called to other 
symptoms considered to be acute. 

Necrotic areas may appear on an otherwise normal appearing leaf, 
or they may be accompanied by varying degrees of yellow discoloration 
(chlorosis). Chlorosis may form a transition zone between completely 
dead and the healthy areas, or it may cover any portion of the living 
tissue. Chlorosis often develops in tissues which have accumulated an 
excessive but nonlethal amount of a particular toxicant. Various patterns 
and degrees of chlorosis occur when chlorophyll is attacked by the toxic 
pollutants. Characteristics of the chlorotic pattern are influenced by the 
sensitivity of plants exposed, type of pollutant, dosage received, and en­
vironmental conditions under which the plant is grown. 

Leaves with symptoms of acute injury usually drop prematurely. 
Abscission layer development may be stimulated by a rapid reaction of 
leaves to a high concentration of toxicant, resulting in heavy defoliation 
without detectable necrosis or chlorosis. Exposure to very high concen­
trations of nitrogen dioxide, chlorine, or hydrogen chloride may cause 
extensive defoliation within a few hours. M u c h lower concentrations 
may cause gradual development of typical symptoms of senescence, fol­
lowed by premature dropping of affected leaves. 

Descriptions of acute injury produced by individual air pollutants 
are abundant in the literature (2, 3, 4, 5, 6, 7, 8, 9 ) , and several review 
articles provide excellent summaries of these descriptions (6, 10, 11, 12, 
13, 14). Color prints of symptom expressions considered to be typical 
for a particular toxicant have been included in several of the publications 
(5, 6, 9, 10, 11, 14). This paper is not an exhaustive review of the litera­
ture or a detailed description of all possible acute symptoms produced by 
the various pollutants. It is a synoptic report of acute pollutant injury 
on plants. 

Necrosis 

Sulfur Dioxide. S 0 2 injury on plants has received much attention, 
particularly during the past half century, and the toxic effects are well 
known. Symptoms of acute injury to specific crops have been described 
by investigators in several countries (2, 3, 4, 6, 7, 8, 15). Acute necrosis 
results from rapid absorption of S 0 2 . Once S 0 2 enters the mesophyll 
tissue, it reacts with water to produce the sulfite ion which has strong 
phytotoxic properties. When lethal concentrations accumulate in the 
most susceptible areas of the leaf, a dark green, water-soaked discolora­
tion develops. The affected area soon becomes flaccid, and upon drying 
becomes white to ivory on most plants. In some instances the dead tissue 
may turn red, brown, or almost black. 
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12 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

Acute S 0 2 injury on broad-leaved plants may develop marginal or 
intracostal necrotic areas. Tissue along either side of the major veins 
is usually not affected, making the veins stand out clearly on the ivory-
colored, necrotic background. Sulfur dioxide w i l l react with water after 
entering leaf tissue to form sulfite ions which are subsequently slowly 
oxidized to sulfate. Both sulfite and sulfate ions are toxic to plant cells, 
but the former is reported to be as much as 30 times more toxic than 
the latter (16). 

Sulfite concentration increases rapidly with a high rate of S 0 2 ab­
sorption (17). When this occurs, intercostal and/or marginal areas col­
lapse and dry out, leaving regions that are ivory-colored or, in some 
plants, irregularly shaped, dark brown necrotic areas. Organic sulfates 
migrate to the leaf margin and produce marginal necrosis which may 
extend between the major veins toward the midrib. Bleached or chlorotic 
tissue may develop between the necrotic lesion and healthy appearing 
tissue. 

Small grain crops such as barley, oats, rye, and wheat are relatively 
sensitive to S 0 2 injury. Injury on these grain crops and other parallel-
veined plants usually develops as necrotic streaks between the veins near 
the leaf tip and extends toward the base as the severity of injury increases. 
O n grasses and grains where the long, limber leaf blade curves downward, 
injury is usually most severe at the bend. 

Sulfur dioxide injury usually starts at the tip of pine needles and 
extends toward the base as successive exposures produce more severe 
injury. Young needles, produced during the current growing season, are 
more sensitive than older needles. H i g h concentrations of S 0 2 usually 
cause a water-soaked area which subsequently turns reddish-brown or 
orange-red. Injury may first appear as a dark band around the needle 
with the tip portion turning brown later. Successive exposure to injurious 
levels of S 0 2 may then produce dark-colored bands on the brown, necrotic 
part of the needle. 

Fluoride. Fluoride damage to plants has been observed and studied 
in Western Europe for well over a century, and during the past 50 years 
has received considerable attention in the United States (6, 10, 13, 17). 
Plant damage is attributed primarily to hydrogen fluoride ( H F ) con­
tamination, but silicon tetrafluoride and other gaseous forms released by 
industry are also toxic. H F is much more abundant in polluted areas 
than the other fluoride compounds. 

After penetrating the open stomata, H F is readily dissolved in the 
aqueous solution which bathes the internal leaf tissues. If high concen­
trations [greater than 3 or 4 parts per bill ion (ppb)] of the gas are present 
in the atmosphere, an acid-type burn w i l l develop on sensitive tissue. 
Intercostal areas of the leaf first become water-soaked as the cell contents 
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2. T A Y L O R Acute Responses of Plants 13 

leak through the damaged cell membrane into the intercellular spaces; 
then after drying for a time, they turn brown or light tan. Transition 
from healthy tissue to necrotic lesion is abrupt. After several days the 
necrotic tissue on injured apricot, grape, and other woody plant leaves 
may separate from the remainder of the leaf and drop away, leaving a 
ragged hole. 

Fluorides are readily translocated to the tip and margin of leaves 
in the transpiration stream. If atmospheric levels of H F are low enough, 
the intercostal injury w i l l not develop, and the fluoride concentration 
w i l l increase at the periphery of the leaf. Acute fluoride intoxication at the 
margin of dicotyledonous plants, according to Solberg et al. (18), is first 
characterized by a collapse of the spongy mesophyll and lower epidermis, 
followed by distortion and disruption of the chloroplasts of the palisade 
cells, and finally, distortion and collapse of the upper epidermis. The 
injured area soon turns brown during hot, dry weather, but this symptom 
may be delayed if the weather is cool and damp. 

O n iris, gladiolus, tulip, and similar plants susceptible to fluoride 
injury, a narrow, dark-colored band often separates the dead and living 
tissue, and a series of these bands w i l l develop as new tissue is killed 
by continued accumulations of fluorides. Similar bands may develop on 
leaves of susceptible woody species, but the necrotic tissues may also 
break away in a few days, leaving an irregular leaf margin. The leaf 
seldom separates from the tree because of the injury unless extremely 
high atmospheric concentrations of H F have occurred. 

Several species of pine and fir are considered to be among the most 
fluoride-susceptible plants. Needles of these coniferous trees are most 
sensitive to H F while they are elongating and growing rapidly in the 
spring. Necrosis starts at the tip and progresses toward the base as 
fluorides accumulate. The injured tissue becomes chlorotic and subse­
quently changes to reddish-brown or sometimes to a lighter shade of 
brown. One-year-or-more-old needles are seldom, if ever, injured by 
fluorides in the atmosphere. 

Acute injury on parallel-veined leaves of monocotyledonous plants 
typically develops at the tip of the leaf blade. Repeated exposures to 
lethal dosages of fluoride w i l l extend the necrotic lesion toward the base 
of the blade. Sometimes the lesions extend farther down the leaf margin 
than nearer the midvein, and often the lesion on one margin w i l l extend 
farther down than on the opposite side. L iv ing and dead tissue is usually 
separated by an abrupt line of dark-colored tissue. Successive fumiga­
tions often produce a series of these dark-colored bands. 

Nitrogen Dioxide. N 0 2 , a product of combustion and certain indus­
trial processes, may produce acute injury on plants. However, atmospheric 
concentrations seldom reach a level sufficient to produce acute injury 
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14 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

unless an accidental release of N 0 2 or of nitric oxide ( N O ) occurs. A n 
occasional incident has been reported near industrial plants where large 
quantities of nitrogen oxides are released as by-products 

Since nitrogen dioxide is soluble in water, it is readily absorbed when 
its enters the intercellular cavities of the leaf. W i t h high atmospheric 
concentrations, absorption is rapid, and susceptible areas on recently ma­
tured and rapidly expanding leaves are killed. As with most of the other 
toxicants, irregularly shaped areas between the veins first become water-
soaked, and after drying, bleach to a white or light tan with a consistency 
resembling tissue paper (Figure 1). Somewhat lower atmospheric con­
centrations may produce small, irregularly shaped, dark-pigmented lesions 
when susceptible plants are exposed for several hours. These symptoms 
often resemble ozone injury. 

Susceptibility of leaf tissue to N 0 2 injury is increased under condi­
tions of low light or in total darkness. Comparable injury may be pro­
duced by one-half that amount of N 0 2 in the atmosphere on a dark, 
cloudy day compared with a bright, sunny day. Apparently, a light-de­
pendent enzymatic reaction w i l l reduce nitrites produced from foliar-
absorbed N 0 2 to the ammonia form which is readily used as a plant 
nutrient. Under low light this reaction is suppressed, and toxic levels of 
nitrites are allowed to accumulate. 

Ozone. 0 3 is the principal oxidizing component in photochemically 
produced air pollutants. Ozone probably causes more injury to vegetation 
than any other pollutant in the United States (6). Phytotoxic levels 
frequently occur near industrial complexes and densely populated urban 
areas. Exposure for two or more hours to concentrations of 10 parts per 
hundred million (pphm) of air may cause acute injury to several of the 
most sensitive species of plants. 

Recently expanded leaf tissue is most susceptible to ozone injury. 
Very young, rapidly growing leaves and older, matured leaves are quite 
resistant. From a single exposure of a few hours, symptoms of acute 
injury usually develop at the tip of the youngest injured leaf and spread 
over progressively larger areas on each of the three or four successively 
older leaves. 

One of the earliest indications of ozone injury on several plant species 
is an upper surface discoloration with a waxy appearance. This symptom 
often disappears completely a few hours after exposure is terminated. 
H i g h dosages of ozone cause permanent necrotic lesions on susceptible 
leaf tissue. Permeability of cell membranes is apparently disrupted, and 
cell contents are allowed to leak into the intercellular spaces producing 
a water-soaked appearance. Upon drying, the tissue w i l l totally collapse 
and turn white or various shades of brown. Lesions which extend through 
the entire thickness of the leaf are commonly referred to as "bifacial 
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2. T A Y L O R Acute Responses of Plants 15 

Figure 1. Nicotiana glutinosa leaves 
with bifacial necrosis produced by 
2.3 ppm N02 in an eight-hour ex­
posure. Left: upper leaf surface; 

right: lower leaf surface. 

necrosis." The size of these lesions may vary from a few millimeters to 
several centimeters in diameter. The lesions may cross over major veins, 
particularly near the leaf margin, but the veins and some tissue along each 
side frequently survive, leaving a green strip extending through the 
necrotic areas. 

Ozone may pass through the spongy mesophyll of leaves on deciduous 
trees and shrubs without causing injury and attack islands of cells in 
the palisade parenchyma (Figure 2). Examination of cross sections 
through such lesions on citrus and grape leaves indicates that the chloro­
phyll is destroyed and is replaced with a red to reddish-brown pigmenta­
tion. The upper epidermis and often an upper layer of palisade tissue 
remains intact and apparently healthy for a considerable period. From 
the upper surface of the leaf the small lesions can be observed as irregu­
larly shaped, dark-colored dots or as discolored areas a few millimeters 
in diameter. These lesions cannot be seen from the lower leaf surface 
unless the leaf is held up to a strong light. The "stipple like" lesion may 
be red, purple, black, brown, or straw colored. 

Ozone may cause severe tip burn on current season needles of sensi­
tive pine species. Semimature needle tissue is most seriously affected. 
Pink lesions and bands may form on the ozone-injured needles, followed 
by a distally spreading, orange-red necrosis which may take one to two 
weeks to reach the needle tip. 

Interveinal streaks of white necrotic tissue develop between the veins 
of small grains, grasses, and corn (Figure 3) . The lesions may cross the 
smaller veins, and when the injury is very severe, it may even cross the 
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16 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

Figure 2. Upper surface necrosis on citrus 
leaf was produced by ozone in polluted am­
bient air. Fresh, non-stained section through 
an ozone-induced lesion on a citrus leaf. Dark 
region in palisade tissue collapsed several weeks 

after initial injury. 

larger veins. The tip of young rapidly growing leaves is most severely 
injured, and usually a progressively greater area on the next two or three 
older leaves is equally sensitive. Heaviest injury normally occurs where 
the leaf blade bends downward. 

Peroxyacetyl Nitrate. P A N , a highly toxic component of photochem­
ical air pollutants, is responsible for serious plant injury in and near major 
urban centers. Acute injury is seldom observed on woody shrubs and trees, 
but many of the succulent ornamentals, grasses, vegetables, and weeds 
may be severely injured in a two-hour exposure by as little as 10 to 20 ppb. 

Typically, P A N attacks spongy mesophyll tissue surrounding the 
substomatal chambers on the lower side of the leaf. When tissue imme­
diately beneath the lower epidermis is killed, the epidermis dries, pro­
ducing a glazed or bronzed appearance on the lower leaf surface. Usually 
there is no evidence of injury on the upper surface when the glazed or 
bronze symptom develops. Later, as the upper part of the leaf continues 
to grow, it cups downward, becomes rugose, and distorted. 

Very high dosages of P A N w i l l produce bifacial necrosis. A diffuse, 
transverse band across the leaf blade first appears water-soaked, then 
dries to produce a white to tan-colored necrotic band. Injury usually 
develops at the tip of week-old leaves at the base of the third or fourth 
older leaf and as a diffuse band across intermediate-aged leaves. The tip 
and base of the intermediate-aged leaf w i l l remain free of injury. 

P A N produces distinct bands on leaves of small grains, grasses, and 
corn (Figure 3). The band of white or occasionally dark brown necrotic 
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2. T A Y L O R Acute Responses of Plants 17 

tissue may be from a few millimeters to a few centimeters wide, depend­
ing on the size of plant and duration of the exposure. Large corn plants 
exposed for several hours may develop a wide band, while smaller plants 
and a shorter exposure w i l l produce a narrow band. It often takes as 
much as 48 to 72 hours for the necrotic lesion to fully develop following 
an exposure. The major veins may survive, and the tip portion of the 
leaf may remain green and apparently healthy for an extended period. 

Minor Pollutants. These often occur in polluted atmospheres of 
localized areas in sufficient quantity to produce injury on susceptible 
plants. Some of these materials are gaseous by-products of combustion— 
i.e., ethylene and hydrogen chloride—while others such as chlorine and 
ammonia are waste products of industrial operations or are released acci­
dentally to the atmosphere. 

Figure 3. White necrotic fleck at tip of center 
leaf of Poa annua produced by ozone. Transverse, 
necrotic band at midleaf was produced by peroxy-

acetyl nitrate (PAN). 

Injury by ethylene (ethene) typically develops slowly over a con­
siderable time (chronic injury) and is expressed as distortion of growth, 
epinasty, chlorosis, defoliation, and excessive drop of blossoms or fruits. 
Symptoms of acute injury on orchid blossoms (dry sepal) may be pro­
duced by six-hour exposure to 0.1 ppm when the flower bud is in the 
most susceptible stage. 

Accidental release of ammonia can cause very high concentrations 
to occur briefly in the atmosphere. In such instances leaves may show 
a cooked green appearance and may stay green or turn brown on drying 
(i). 

Various types of necrotic spotting and streaking have been reported 
when different types of plant material were exposed to high concentrations 
of ammonia. Several cereals and grasses have shown necrotic and chlo-
rotic interveinal streaking at considerable distance from an accidental 
spill. Red-to-purple pigmentation is often associated with the streaking 
on leaves of monocot plants. Upper surface glazing with or without 
scattered necrotic spotting has been reported. 

Chlorine and hydrogen chloride ( HC1 ) w i l l produce acute symptoms 
on a variety of plants. Typically, a heavy dose of chlorine or chloride 
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18 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

as an air pollutant w i l l produce white to tan colored, irregularly shaped 
necrotic spots between the veins of leaves (Figure 4) . In many ways 
the white necrotic lesions produced by chlorine and HC1 on herbaceous 
plants closely resemble acute injury produced by ozone. Occasionally, 
glazing of lower leaf surfaces produced by HC1 is similar to P A N injury. 
Chlorine and chloride injury on grapes, broad-leafed trees, and pine 
needles may sometimes be difficult to differentiate from acute injury 
produced by hydrogen fluoride. Analysis of leaf tissue is an effective 
means of determining which toxicant was responsible for the injury. 
Chloride analysis is less effective than fluoride analysis for identifying 
the air pollutant injury because most plants can accumulate excessive 
chlorides through the root system. Tissue analyses are ineffective for 
identifying effects of other pollutants because the toxicant is not accumu­
lated in sufficient quantity to be detected or because the background 
level normally in the tissue is sufficient to mark that absorbed from the air. 

Chlorosis 

Most chlorotic symptoms are produced by long-term or repeated 
short exposure to relatively low concentrations of the toxicants and are 
generally considered to be symptoms of chronic injury. There are ex­
ceptions, however, when chlorosis appears in conjunction with necrosis 
following exposure to high concentrations of toxic pollutants. Slight 
differences in susceptibility of leaf tissue w i l l determine whether a par­
ticular injured area w i l l become chlorotic or w i l l develop necrotic lesions. 
The chlorosis may develop independently or may appear as a border 
around necrotic lesions. Fluoride, for example, may produce chlorotic 
areas extending from the leaf margin between the major veins on citrus 
and sweet cherry leaves without evidence of necrosis. O n corn, fluoride 
injury symptoms may be represented by a yellow mottle concentrated 
toward the tip of leaves and along the leaf margin toward the tip. The 
yellow-to-straw colored areas tend to be confined between the larger 
veins and are mostly concentrated toward the outer side of the interveinal 
zone. Chlorine injury on such plants as barley, radish, elm, and spinach 
frequently produces general bleaching and yellowing with no distinct 
pattern. The veins may be bleached by chlorine almost as readily as the 
web between veins with no evidence of necrosis. 

Ozone may cause extensive chlorosis during an exposure of two to 
four hours to concentrations as high as 40 to 50 pphm. A general bleach­
ing of mature leaves on melons, squash, beans, and radishes frequently 
develops after exposure to a heavy dose of ozone. Chlorotic "flecking" 
or "streaking" of corn, small grain, and grass leaves may also develop 
after relatively brief exposure to high concentrations of ozone. Injury on 
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2. T A Y L O R Acute Responses of Plants 19 

Figure 4. Bifacial, intercostal necro­
sis on almond leaves produced with a 
four-hour exposure to 0.5 ppm chlorine 

sensitive pine needles characterized by chlorotic "mottle" may develop 
first at the tip and with repeated exposures spreads farther toward the 
base of the needle. 

Leaf Drop 

Extremely high dosages of N 0 2 or chlorine for a few minutes may 
stimulate rapid leaf drop with no identifiable chlorosis or necrosis. Under 
field conditions, accidental spillage of chlorine has been observed to cause 
almost complete defoliation of eucalyptus and elm trees within a few 
hours, even though the exposure lasted only a few minutes. In controlled 
experiments, N 0 2 caused excessive defoliation of citrus, peppers, and 
other deciduous plants when they were exposed briefly to very high 
concentrations (250 ppm). Ozone-induced leaf drop may result from 
brief exposure to high concentrations, but more often it results from long-
term or repeated exposures and probably should be considered a symptom 
of chronic injury. 

Symptoms of acute injury are frequently used to identify pollutant 
sources and to estimate dosage. These symptoms are considered charac­
teristic of the pollutant particularly when they occur on species known to 
be susceptible to the toxicant. A skilled observer must be able to differ­
entiate these symptoms from injury produced by plant diseases, nutrient 
imbalance, climatic stress, insect feeding, or soil-borne toxicants. The 
symptom syndrome may be further complicated by a variety of less char­
acteristic acute and chronic symptoms in the plant community. Systematic 
field observations provide one of the most valuable means of evaluating 
an actual or potential air pollution problem, but the observer should 
recognize the complexity of evaluating the various symptoms which may 
be encountered. 
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20 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 
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Cumulative Effects of Chronic Exposure of 
Plants to Low Levels of Air Pollutants 

W I L L I A M A. F E D E R 

Suburban Experiment Station, University of Massachusetts, 
240 Beaver St., Waltham, Mass. 02154 

The biological effects of repeated exposure to low levels of 
air pollutants can be studied using green plants. Plants 
exposed to 10 ppm ozone over a long time show reduced 
growth, leaf size, stem length, root weight, and flower pro­
duction, as well as a delay in the onset of floral initiation. 
These effects are expressed in terms of the depression of 
total plant growth or population growth, as distinguished 
from acute effects which generally cause injury to plants or 
plant parts but do not necessarily affect total growth or pro­
ductivity. Attempts to measure the impact of air pollution 
on agricultural productivity must consider both the acute 
and the cumulative dose response relationship. 

'"I"1 he precise difference between so-called acute and chronic effects of 
air pollutants upon plants is difficult to define but could be regarded 

as one of dose rate (exposure time and concentration) rather than one 
of symptom expression. The expression "hidden injury" has been used 
over the years. However, its value as a descriptive term has been care­
fully evaluated by McCune et al. ( I ) , who have not found the term 
useful. It may be more correct to talk about chronic exposure instead 
of chronic symptoms since the time at which the symptoms appear after 
fumigation does not necessarily affect their characteristics. 

Experimentally, investigators have tended to expose plants to rela­
tively high concentrations of pollutants for periods of less than 24 hours. 
These exposures generally cause varying amounts of plant injury at the 
subcellular, cellular, and tissue level, and the resultant visible symptoma­
tology is used to describe the quality and the severity of the injury. As 
described by Taylor (2), different plants react with different intensities 
to each pollutant and pollutant level. This allows us to ascribe different 
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2 2 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

threshold levels of sensitivity to different pollutants for each plant type 
tested. 

Under field conditions, plants are generally suspected of being pollu­
tion sensitive if some visible symptoms of injury can be correlated with 
the presence of a particular pollutant or group of pollutants in the air. 
A plant growing in its normal habitat is usually exposed to a fluctuating 
level of one or more pollutants. This level may exceed or at any time 
fall below the level demonstrated to cause injury to the particular plant 
species or type exposed to the same pollutant under laboratory conditions. 

The problems with which this paper deals are whether, to what 
extent, and how a plant is altered when it is exposed for protracted 
periods to levels of pollutants below the recognized threshold at which 
visible injury symptoms occur. The exposure may be steady or inter­
mittent but must continue for a long time at a low pollutant concentration. 

That plants are affected by chronic exposure to low levels of certain 
pollutants has been known for many years. A number of authors have 
recognized this phenomenon (2-14): Stoklasa (3), Haselhoff and Lindau 
(4), Holmes et al. ( 5 ) , H i l l and Thomas (6), Setterstrom et al. (7), 
Thomas and Hendricks ( 8 ) , Thomas and H i l l ( 9 ) , H u l l and Went (10), 
Koritz and Went (11), MacLean et al (12), Menser et al (13), Thomp­
son et al (14), and Taylor et al ( 2 ) . 

Fluorides 

When the cumulative load of fluoride in the plant reaches a threshold 
concentration, a number of characteristic symptoms may appear, cul­
minating with death of the plant. The levels of fluoride in a plant may 
be high relative to the background amounts in the ambient air. The 
concentration at which injury symptoms appear seems to depend largely 
upon the plant species and to a certain extent upon a series of complex 
interacting environmental conditions which in turn affect the physiological 
state of the plant. 

Fluoride levels can be determined in plant tissues by leaf, stem, or 
root analysis (15-17). Rates of accumulation can therefore be calculated 
by the relationship of plant tissue levels to ambient air levels in terms 
of exposure time (18-20). The accumulation of fluoride in plants is 
similar to the accumulation of heavy metals in biological systems. The 
chronic exposure of the plant to low levels of fluoride causes the plant 
to accumulate fluoride. This can be measured quantitatively, and the 
level can be related in a quantitative manner to the intensity of symptom 
expression. 

Under controlled conditions, a number of workers (19-22) have 
shown that the foliage of plants exposed to regulated amounts of hydrogen 
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3. F E D E R Chronic Exposure of Plants 2 3 

fluoride in a closed system accumulated fluorine in proportion to the 
duration times the concentration of fluorine in the atmosphere. Fluorine 
in the leaves of sweet cherry trees was correlated closely with ambient 
fluorine under field conditions by Compton et al. (15). Plant injury is 
likewise cumulative as can be demonstrated in such plants as corn and 
sorghum where a chlorosis without marginal necrosis of the leaf develops. 
The discoloration is at first marginal, starting at the leaf tip, but increases 
in width, length, and intensity as the time multiplied by the concentration 
exposure increases (15). 

Pasture grasses and small grains are symptom-free even at leaf con­
centrations of several hundred parts per million of fluoride. Thus, the 
absence of injury symptoms on a plant does not necessarily mean that this 
plant has not been exposed to a pollutant in the environment in which 
it is growing, and such a symptomless plant may actually contain high 
concentrations of a pollutant like F . The accumulated fluoride is not 
evenly distributed, but tends to accumulate in the leaf tips and margins 
(18, 23, 24). Tips of oat leaves may contain 10-100 times as much F as 
the basal portion (15). 

MacLean et al. (12) found that a dissimilarity in the rate of F ac­
cumulation in timothy grass between continuous low and intermittent 
H F exposures was not reflected in fluoride-induced foliar markings at the 
end of the exposure period. They found no visible differences in the extent 
and severity of foliar symptoms. 

Plants chronically exposed to low levels of fluoride can be shown to 
accumulate F in tissue with or without accompanying plant injury. 

Sulfur Oxides 

Stoklasa characterized hidden injury as that resulting from prolonged 
or recurrent low-level fumigation with sulfur dioxide, not manifested by 
immediately visible symptoms but by decreased growth, faster aging of 
foliage, accumulation of sulfates, and reduction in photosynthesis (3). 
The effects of recurrent or chronic exposure of plants to sulfur dioxide 
in the air are expressed as changes in rate of growth and total dry weight; 
i.e., yield. Thomas and Hendricks (8, 25) used the rate of photosynthesis 
under low-level sulfur dioxide fumigations as a measure of chronic injury 
and concluded that when there was no visible injury, there was no chronic 
injury. This work was verified by Katz (26). 

These data and those of others (1, 5, 6, 26, 27) indicate a change 
in growth rate and/or a reduction in leaf area after prolonged exposure 
to sulfur dioxide. These effects indicate possible alterations in the normal 
physiological functioning of the plant, and therefore probably have both 
a visible (ultrastructure) and biochemical basis. 
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24 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

Sulfur dioxide is not readily detectable in leaves as an inorganic 
residue. Thomas (25) found that plants whose leaves were exposed to 
sulfur dioxide accumulated sulfur in the form of sulfate and sulfite ions. 
The level of these inorganic ions in leaves may be related to leaf injury, 
but the evidence is not as clearcut as it is in leaves with accumulated 
fluoride. 

Work with 3 5 S 0 2 by Thomas et al. (28, 29) and Furrer (30) indi­
cated that leaves absorbed sulfur dioxide and that some of the label 
remained in the leaves in the. form of inorganic sulfur ions, but a major 
portion of the label was systematically distributed throughout the plant. 
Zuckerman and Feder (31) showed that the label was rapidly eliminated 
from the plant through its root system. Thus, since there seems to be 
little possibility of measuring sulfur residues in plants after fumigation 
with sulfur dioxide, the effects of recurrent, chronic exposure of plants 
to low levels of sulfur dioxide must be measured first in terms of plant 
growth and ability to flower, fruit, and set seed. Alterations in these 
readily measurable activities w i l l suggest changes in biochemical patterns 
and in ultrastructural characteristics which can then be investigated. 

Thomas (32) and Katz (26) state that damage to the crop does not 
occur until 5% or more of the area of the leaves shows visible markings. 
The visible markings are the same as if the plant had been fumigated 
for a short time with a much higher concentration of the pollutant. This 
is not the type of injury which distinguishes chronic from acute, but it is 
a dosage-response relationship which introduces the concept of time. 
It is not chronic injury, but rather chronic exposure to low levels which 
w i l l produce typical injury symptoms in most cases if the plant is subjected 
to the pollutant for a long enough period of time. 

Costonis et al (33) were unable to demonstrate a positive correlation 
between ambient sulfur dioxide levels and inorganic sulfur ion accumula­
tion in the needles of pines which are injured by relatively low levels of 
sulfur dioxide in the air. White pines growing in air polluted with more 
than 0.25 ppm of sulfur dioxide are often stunted, and a direct correlation 
can be obtained between plant growth and ambient S 0 2 levels (34). 
However, tissue analysis does not reveal a measurable rise in sulfur level 
as inorganic sulfate ions. It is posible that the excess sulfur is incorporated 
into cell protein, but the data conflict (28, 35). For these reasons, it is 
not possible to follow sulfur accumulation in plants chronically exposed 
to low levels of ambient S 0 2 without resorting to labeled S 0 2 . 

However, this does not preclude following the effects on plant growth 
of chronic exposure to low levels of sulfur dioxide. Injury is manifested 
in altered growth rates, reduction in plant size, and alteration in repro­
ductive capacity, all of which are visible only if the plants can be com­
pared with others of the same variety growing under nonpolluted condi-
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3. F E D E R Chronic Exposure of Plants 25 

tions. A proper evaluation of the chronic affects of sulfur oxides on plants 
awaits the successful combining of field data with data obtained under 
more rigorous experimental laboratory and greenhouse conditions. 

Photochemical Oxidants and Oxides of Nitrogen 

These pollutants are truly transitory. Ozone and peroxyacetyl nitrate 
have very short half-lives and leave no trace in the plant tissues. Oxides 
of nitrogen are longer lived but are also not traceable once they enter 
the plant, except in terms of their effects. They cause visible injury 
symptoms on the leaves of plants providing pollutant dosages are above 
the injury threshold for the plant variety. 

Injury can result from short-term exposure to high concentrations 
or from longer exposures to lower concentrations of the pollutant. Again 
the visible symptoms are the same, and there are expressions of growth 
and yield differences at the lower level longer exposures. 

Using individual citrus trees which were exposed to clean or smog-
polluted air, Thompson and Taylor (36) and Thompson et al. (37) were 
able to show a reduction in crop yield from trees growing in unfiltered 
air. They showed that the combined pollutants in smog caused reduced 
water use, reduced photosynthesis, increased leaf and fruit drop, and 
severe reduction in yield. A l l of these changes occurred without the 
appearance of any visible injury to the leaves or fruit. 

Work by Thompson et al. ( 14 ) showed that when Zinfandel grapes 
were subjected to naturally occurring smog for 14 weeks in the field, 
their yield decreased. The leaf area, fresh and dry weight of canes, and 
leaves and weight of individual berries were all reduced on those plants 
growing in unfiltered, smog-laden air. Chlorophyll in micrograms per 
square centimeter showed a reduction of almost 50% in the smog-exposed 
grape vines. The reduced chlorophyll content diminishes photosynthetic 
activity and can probably explain most of the other effects noted by the 
authors. In this experiment, visible injury symptoms did occur on the 
vines which were subjected to smog in unfiltered air. 

Another study conducted by Taylor et al. (2) revealed similar effects 
on Zutano avocado seedlings exposed to synthetic smog for 7 hours per 
day, 5 days a week for 8 weeks. The pollutant was a mixture of 1-hexene 
and ozone which was allowed to react in a glass reaction tube with the 
end product (synthetic smog) directed into the fumigation chambers. 
The average daily oxidant concentration was 0.17 ppm, and there was 
no free ozone in the system. It took 10 days at this dose rate for symptoms 
to appear on the leaves, and the symptoms became somewhat more severe 
with accumulated exposure time. There were marked effects on growth 
including a reduction of 56% in stem coloration, a 35% reduction in leaf 
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26 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

area, a 56% reduction in stem weight, a reduction in root volume, and a 
65% reduction in root weight. 

This work indicated that exposure periods considerably longer than 
14 hours were necessary at low pollutant concentrations to cause visible 
symptom expression. Thus, previous work by Todd (38) and Taylor et al. 
(2) using short-term exposures did not reveal the inherent sensitivity of 
this avocado cultivar to synthetic smog because the cumulative dosage 
of pollutant was not permitted to reach the injury threshold. Went and 
co-workers (10, 11) also report reduction in growth and yield when 
tomato, alfalfa, sugar beet, and endive plants grown in synthetic smog 
are compared with those grown in charcoal-filtered air. 

Many of the effects that occur as a result of these fumigations can 
probably be attributed to a destruction of chlorophyll. Chlorophyll loss 
attributed to fumigation with ozone or ozonated hexenes has been de­
scribed (37, 39, 40, 41 ) and can be used as a quantitative measure of in­
jury to cultured plants by certain pollutants. However, in the case of N 0 2 , 
growth suppression of tomato and bean occur after exposure to 0.5 ppm 
N 0 2 for 10-12 days with a concomitant greening of the leaves, indicating 
the possibility of nitrogen accumulation and no chlorophyll destruction 
by the pollutant. 

Craker (40) and Feder and Sullivan (41) have been able to build 
a dosage response curve for Lemna (Duckweed) which relates the ozone 
concentration, length of exposure, and percent chlorophyll destruction 
on a fresh weight basis by using a Spectronic 20. This technique makes 
it possible to quantify injury caused by ozone and to relate this injury 
to a particular dose rate for any plant. 

In extensive studies during the last few years, Feder et al. (42-46), 
Heagle (47), and Brewer (23) have been able to demonstrate that plant 
growth is suppressed when the plants are grown to maturity in air in 
which the ozone level is kept at 8-10 ppm. 

Using duckweed, carnations, corn, petunias, marigolds, chrysanthe­
mums, and turf grasses, these workers showed a reduction in growth rate, 
stem elongation, leaf area, general plant size, top and root weight, fruit 
and seed set, and floral productivity. Corn grown in pollutant levels not 
exceeding 10 ppm for 7 hours per day, 5 days per week, suffers a reduction 
of 30% in leaf area, 20% in stem length, 32% in ear weight, and 60% 
in the number of filled kernels per ear (48). 

Poinsettias grown to maturity in air mixed with 10 ppm of ozone 
have smaller colored bracts and take 2 weeks longer to mature (49). 
Carnations and geraniums reflect the same kind of patterns. Poinsettias, 
chrysanthemums, carnations, and duckweed show no visible injury symp­
toms even though they suffer depressed growth and productivity. Corn, 
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3. F E D E R Chronic Exposure of Plants 27 

Table I. Comparative Leaf Areas (cm2) of Corn and Geranium Leaves 
and Poinsettia Bracts 

Average Leaf Area, cm 

Plant 0.0 ppm of Ozone 12 ppm of Ozone 

Corn 3600 2684 
Geranium 201 180 
Poinsettia 32.1 6 19.6h 

a Exposed 5.5 hours per day for 60 days to 0.00 and 12 ppm of ozone. 
6 Bract area. 

geranium, Lemna, and petunias begin to show symptoms when the 
cumulative dose of ozone reaches the injury threshold, which differs for 
each kind of plant and can be considered a measure of that plant's 
sensitivity to a particular pollutant (Table I ) . 

Work with duckweed and poinsettias indicates that as long as these 
plants are growing in the presence of low ozone levels, growth rates, etc. 
are reduced. As soon as the plants are removed to clean, ozone-free air, 
growth resumes at a normal rate, and the plant rapidly reaches its normal 
size and habit. Thus duckweed exposed to 10 ppm of ozone for 14 days 
and then removed to fresh air exhibits a spurt in frond and flower pro­
duction which quickly brings the population up to the normal level ( 44 ) 
(Table II) . 

This same reversible response is also exhibited by growing pollen 
tubes taken from ozone-sensitive varieties of tobacco and petunias. If 
the ozone dose is low enough, i.e., high level but short exposure, tube 
elongation ceases momentarily and the tip of the tube narrows. After this 
growth resumes, and within minutes the normal growth rate is resumed 
and the tube recovers its normal diameter (45). 

If the ozone level is too low, nothing w i l l happen. If the level is too 
high, elongation w i l l cease and the tube w i l l die. These events occur 
within a narrow dose range ( 5-35 ppm for 5-15 min ) and can therefore 
be used to study the threshold levels of sensitivity for pollen of any 
variety. Other work has shown that relative sensitivity of pollen to ozone 
is positively correlated to the ozone sensitivity of the pollen parent (43). 
Sulzbach and Pack (46) have also demonstrated that pollen sensitivity 
to atmospheric pollutants may be a useful tool for screening plant ma­
terials to learn their relative tolerance to pollutants and to attempt to 
discover selection pressures that may be affecting plant pcpulations. 

Conclusions 

Evidence is accumulating which indicates that plants may exhibit 
depressed growth and yield with or without overt expression of injury 
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28 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

Table II. Delay in Floral Development of Several Plant Species Exposed 
Daily to 0.0 and 10 ppm of Ozone for the Complete 

Growing Period of Each Plant Species 

Time to Flowering, Days 

Plant No Ozone 10 ppm of Ozone 

Duckweed (Lemna) 11 15 
Petunia 25 32 
Carnation 120 150 
Corn 30 37 
Poinsettia 51 80 

symptoms. There is, undoubtedly, a relationship between the dosage-
response curves describing acute symptom expression and those which 
can be used to express suppression of growth and yield. The relative 
sensitivity of petunia cultivars to ozone is the same whether it is expressed 
as acute injury after short-term exposure to high dosages or growth sup­
pression after longer exposures to lower dosages. However, it is not 
possible to predict an effect on growth or yield based upon the extent 
of acute injury as measured only by visible symptoms. As yet, we do 
not have a good understanding of the relationship between cumulative 
ozone exposure and short term exposure. If periodic ozone peaks are 
responsible for most injury symptoms under field conditions, but cumu­
lative ozone concentrations resulting from longer periods of low ozone 
levels are responsible for the effects on yield, then it seems reasonable 
that both conditions must be taken into consideration in explaining plant 
damage and yield losses. This is not being done at present in developing 
criteria and standards, and the almost total reliance on acute injury data 
is perhaps misleading since standards may be set which permit enough 
pollutant to accumulate in the environment to cause yield reductions 
in agricultural crop plants. The need for predictive models and equations 
is evident, but there is also a need for a better understanding of how 
plants react when exposed for long periods to low levels of air pollutants. L
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4 

Biochemical Effects of Some Air 
Pollutants on Plants 

J. B. M U D D 

Department of Biochemistry and Statewide Air Pollution Research Center, 
University of California, Riverside, Calif. 92502 

Properties of the air pollutants sulfur dioxide, nitrogen 
oxides, peroxyacyl nitrates, and ozone have been considered 
from chemical, biochemical, and physiological points of 
view. Physiological observations cannot demonstrate the 
chemical mode of toxicity. Chemical and in vitro biochem­
ical studies may be irrelevant at the physiological level. 
Consideration of all three approaches indicates which 
hypotheses of toxicity are more plausible and suggests new 
areas of investigation. 

'-pihere is now ample documentation of the effects of air pollutants on 
vegetation ( J ) . Development of symptoms has been studied in the 

field and under experimental conditions, in the latter case both with 
single pollutants and with mixtures (-2). Conditions which predispose or 
protect plants from pollutant damage have been examined (3). 

However, in no case have such studies informed us of the chemical 
bases for the toxic reactions. Examinations of lesions in the field can 
lead to the identification of newly polluted areas and new pollutants. 
Experiments in the greenhouse and laboratory can determine the dose 
response in terms of pollutant concentration and duration of exposure. 
Physiological studies of intact plants can correlate metabolic changes 
with the development of toxic symptoms. If we are to understand fully 
the effects of air pollutants on plants, however, it is essential that we 
elucidate the biochemical mechanisms of their action. 

A n alternative approach is to study the reactions of pollutants in vitro 
and, having found the reactivity of pollutants with known biochemical 
compounds, attempt to assess the relevance of such reactions to physio­
logical conditions. Such an approach depends on (1) a knowledge of the 
chemical reactions of the pollutants and the biochemicals, (2) an exam-
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32 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

ination of the reactions of the pollutants with biochemical compounds 
in vitro, and (3) examination of the effects of pollutants on plants to see 
if the reactions examined in (2) can explain these effects. 

The approach taken here is to emphasize the types of reactions the 
pollutants can undergo, not only to afford understanding of observations 
made both in vivo and in vitro but also to indicate new possibilities for 
research. This method attempts to present the status of biochemical in­
vestigations of air pollutant toxicity and also suggests a framework for 
assessing future investigations. We shall, therefore, take four individual 
pollutants and discuss them from the points of view of chemical proper­
ties, in vivo effects and in vitro effects. 

Sulfur Dioxide 

Some of the reactions of sulfur dioxide are listed in Table I. In this 
and other tables the relative merits of whether air pollutants act either 

Table I. Reactions of Sulfur Dioxide 

Reactions in Solution 
(a) SOa + H 2 0 -> H 2 S 0 3 p # i = 1.76 pK2 = 7.20 
(b) H 2 S 0 3 -* H 2 S 0 4 p # i = 0.40 p X 2 = 1.92 

Toxic Reactions 
(a) R C O H + NaHSOs -> R ( O H ) C H - S 0 3 N a t t 

(b) R S S R + S 0 3
2 - -> R S - + R S S 0 3 -

(c) reactions with pyrimidines 

Detoxification by Metabolism 
(a) S 0 4

2 - - * S0 3
2 ~ -> X -> X -> - S - 6 

(b) S0 3
2 ~ -> so4

2- c 

0 Also reactions with quiones and αβ-unsaturated compounds. 
6 Enzymic sulfate and sulfite reductions; reductant requirement equivalent to 

4 N A D P H + 4H+. 
c Enzymic sulfite oxidation. 

Effect 

Methionine oxidation 

Bisulfite addition to 
pyrimidines 

Disulfide cleavage 
Sulfite oxidation 
Sulfite reduction 

Table II. 

System 

Horseradish 
peroxidase 

Nonenzymic 

Nonenzymic 

Enzyme from spinach 

Biochemical Effects 

SO 2 Concn 

2-5 m l bisulfite 

1M bisulfite 

0.2M sulfite 

1 m l sulfite 
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4. M U D D Biochemical Effects 33 

(a) directly with biological components in a gas-solid reaction, or (b) 
with biological components only after the pollutants are in aqueous solu­
tion are not considered. However, most of the available information 
relates to the second alternative. 

Some of the effects of sulfur dioxide are attributable to its acidifying 
effects, either as sulfurous acid or, after oxidation, as sulfuric acid. In 
at least one case the ability to convert sulfite to sulfate has been correlated 
with resistance to toxicity. 

Possible toxic reactions of sulfur dioxide are also indicated in Table I. 
The reaction of bisulfite with aldehydes has a classic position in biochem­
istry since Neuberg demonstrated in 1918 that the products of fermenta­
tion by yeast were altered by the addition of sodium sulfite, which caused 
the production of equal amounts of the bisulfite addition compound of 
acetaldehyde and of glycerol. This was concomitant with the blockage 
of conversion of acetaldehyde to ethanol. Addition compounds can also 
be formed with quinones and with ^^-unsaturated compounds. None 
of these reactions has been adequately assessed as a possible contributor 
to toxicity. 

Reactions of sulfite and bisulfite with biochemical compounds are 
shown in Table II. Sulfite has been used frequently as a reagent for 
cleaving disulfide bonds in proteins (6, 9) . Such a reaction may partici­
pate in the scheme of sulfur dioxide toxicity. 

Recent studies have demonstrated reactions of bisulfite with pyrimi­
dines. Addition compounds are formed at the 5,6-double bond of the 
pyrimidine (5). Mutagenic effects have been observed with phage λ (10) 
and with Escherichia colt (11). However, the concentrations of bisulfite 
used in these experiments were 1 M or higher, and one wonders if such 
effects would be observed at the much lower concentrations that could 
arise by exposure of vegetation to S0 2 -polluted air. 

Sulfite and sulfate both can be metabolized by plant tissue. Sulfite 
can be oxidized to sulfate, and this ability may be correlated with resist­
ance (7). O n the other hand, sulfate can be reduced all the way to sulfide 
(8). Sulfur dioxide is generally considered to generate a reducing type 
of air pollution, but in terms of the latter pathway of metabolism it should 

of Sulfur Dioxide in vitro 

Comment Reference 

4 Superoxide dimutase inhibited both sulfite and 
methionine oxidation 

Reversible in basic solution 5 

Products are free thiol and ^-sulfonate 6 
7 
8 Product sulfide 
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34 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

Table III. Biochemical Effects 

Effect 

Chlorophyll degradation Lichens 
Chlorophyll degradation Mosses 

System SO 2 Concn. 

1-10 ppm 

Inhibition of 
photosynthesis 

Lesions Alnus glutinosa 

Euglena gracilis 
5-50 hr 
5 ppm 
1 hr 
1 ppm 

3 5 S 0 2 metabolism (Tomato) 
Lycopersicon 
esculentum 

Mosses and lichens Toxicity 

be considered as an oxidant ( Table I ). Several authors consider the toxic 
effect of S 0 2 to be caused by lowering of the p H (Table III) , but it has 
also been pointed out that susceptibility of mosses and lichens to S 0 2 is 
greatest at low p H (17). This may be a function of the relative ability 
of anion and undissociated acid to penetrate the cells. 

In spite of its long history as a known air pollutant, sulfur dioxide 
has received little attention from plant physiologists and biochemists. 
Attempts to assess the physiological relevance of some of the reactions 
listed in Table I would be appropriate. 

Oxides of Nitrogen 

When oxides of nitrogen come in contact with water, both nitrous 
and nitric acids are formed (18) ( Table IV ). Toxic reactions may result 
from p H decrease. Other toxic reactions may be a consequence of de-
amination reactions with amino acids and nucleic acid bases. Another 
consideration is the reactions of oxides of nitrogen with double bonds 
(Table I V ) . The cis-trans isomerization of oleic acid exposed to nitrous 
acid has been reported (19). Furthermore, the reaction of nitrogen 
dioxide with unsaturated compounds has resulted in the formation of 
both transient and stable free radical products (20, 21) (Table V ) . A 
further possibility has been raised in that nitrite can react with secondary 
amines to form nitrosamines which have carcinogenic properties (22). 
Thus, the possible modes of toxicity for oxides of nitrogen are numerous 
and are not exhausted by this short list. 

The metabolism of nitrate and nitrite has received a great deal of 
attention by plant biochemists. Both anions are reduced to ammonia 
(24). The reductants required for the metabolism of nitrate and nitrite 
are nicotinamide-adenine dinucleotides ( N A D P H ) , and it may be ex­
pected that exposure of plants to oxides of nitrogen w i l l cause the diver-
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4. MUDD Biochemical Effects 35 

of Sulfur Dioxide in vivo 

Comment Reference 

Attributed to acid effect 12 
Greater toxicity at higher humidity. Abi l i ty to convert 13 

SO 2 to sulfate correlated with resistance 
Respiration stimulated 14 

A t low SO2, high photosynthetic rate and sulfur 15 
accumulation gives no damage 

Conversion to H 2 S and amino acids 16 

Susceptibility greatest at low p H (3.2). 17 
N o toxicity of H 2 S 0 3 at p H 6.6 

sion of the reductants from normal uses. In photosynthetic tissue the 
reductant is required for the photosynthetic fixation of carbon dioxide. 
Nitrogen oxides or nitrite w i l l lower the fixation of carbon dioxide (25, 
26) (Table V I ) . The carbon dioxide fixation returns to normal as soon 
as either the exposure to nitrogen oxides is stopped (26) or all the nitrite 
in solution is reduced (25). Nitrite is much more toxic than nitrate. A t 
nitrite concentrations which are just over the threshold of acetate me­
tabolism inhibition, the inhibitory effect can be reversed by illumination 
(27). This result is consistent with the proposal that reduction by 
N A D P H removes the nitrite. Also, inhibition of acetate conversion to 
l ipid, which requires N A D P H , is greater than inhibition of the synthesis 
of nonvolatile water soluble compounds, which does not (27). 

Physiological observations indicate that low concentrations of nitro­
gen oxides w i l l cause growth suppression without formation of lesions 

Table IV. Reactions of Oxides of Nitrogen 

Reactions in Solution 
(a) N O + N 0 2 + H 2 0 -> 2 H N 0 2 nitrous acid pK = 3.40 
(b) 3 N 0 2 + H 2 0 -> 2 H N 0 3 + N O 

Possible Toxic Reactions 
(a) R N H 2 + H N 0 2 -> R O H + N 2 + H 2 O t t 

(b) R C H = C H R + N 0 2 -> R C H — C H N 0 2 R 

Detoxification by metabolism 
N O 3 - -> N 0 2 -> X -> X -> N H , » 

a Deamination of amino acids and nucleic acid bases. 
6 Reductant requirement equivalent to 4 N A D P H + 4 H + . Normal utilization of 

N A D P H , e.g., C 0 2 + Ru-di-P + 2 A T P + 2 N A D P H + 2 H + -> 2 3-P-glyceraldehyde 
+ 2 A D P + 2P! + 2NADP+ 2H 2 0 . 
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36 AIR POLLUTION D A M A G E TO VEGETATION 

Table V. Biochemical Effects 

Monolayer of 
phospholipid 

Chloroform solutions 
of lipids 

System 

Solution saturated 
with N 0 2 

N02 Concn. 

3300 ppm 

(28). This indicates that below a certain threshold concentration, the 
plant can protect itself against acute damage, but this is at the expense 
of normal anabolic processes such as carbohydrate synthesis. 

Several interesting studies have been made of the reaction of nitrogen 
dioxide with monolayers of lipids at the air-water interface (23, 29, 30). 
The surface pressure of l ipid monolayers increased when they were ex­
posed to nitrogen dioxide introduced in the air above the layer or in the 
subphase (29). The increase in surface pressure was a function of the 
degree of unsaturation of the l ipid. Such a result is consistent with the 
formation of derivatives suggested by Estefan et al. (20). These results 
could have important biological implications since biological membranes 
contain a high proportion of unsaturated l ipid. So far there has been no 
work done to test directly the effect of oxides of nitrogen on biological 
membranes or to look for the expected derivatives of fatty acids. For 
cholesterol monolayers, exposure to nitrogen dioxide lowered the surface 
pressure, and this was ascribed to the formation of cholesteryl nitrate 
which migrated to the subphase (30). 

Peroxyacyl Nitrates 

Most information concerning the peroxyacyl nitrates refers to peroxy-
acetyl nitrate ( P A N ) , and these remarks are directed to this member of 
the family. In aqueous solution, peroxyacetyl nitrate degrades rapidly 

Table VI. Biochemical Effects 

Effect 

Inhibition of C 0 2 

fixation 

System Concentration 

Chlorella pyrenoidosa) 
initial p H 4.2 

0.25 mM nitrate in 
reaction mixture 

Inhibition of C O 2 
uptake 

Inhibition of acetate 
metabolism 

Medicato sativa, 

Chlorella pyrenoidosa; 
p H 6.5 

Avena sativa 
0-10 ppm 
0-2 hrs 
25 m M nitrite 

Growth suppression Nicotiana glutinosa, 0.5 ppm 
Phaseolus vulgaris, 10-22 days 
Lycopersicon esculentum 
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4. M U D D Biochemical Effects 37 

of Nitrogen Oxides in vitro 

Comment Reference 

A t constant area the surface pressure is increased. 23 
N o effect on saturated lipids 

R C H = C H R + N 0 2 -> R C H - C H N 0 2 R 20 

at all p H values but most rapidly at alkaline p H (31, 32). The products 
are acetate, nitrite, and molecular oxygen (Table V I I ) . These products 
are relatively nontoxic; the toxicity of P A N cannot be attributed to nitrite 
since the damage symptoms are so different. 

Possible toxic reactions of P A N include reaction with the sulfhydryl 
group of biological molecules (Table VI I I ) . The reaction with gluta­
thione appears to involve not only oxidation, mostly to the disulfide, but 
also acetylation (34). One cannot say that this is a general reaction of 
P A N with sulfhydryl compounds since there was no evidence for the 
formation of acetyl coenzyme A (acetyl C o A ) when coenzyme A 
( C o A S H ) was treated with P A N (36). The disulfide was formed along 
with a variety of other products which may be in higher oxidation states. 
Enzyme inactivation is consistent with the reaction of P A N with sulf­
hydryl groups, but in certain cases (egg albumin) P A N does not react 
with sulfhydryl groups which are accessible to p-hydroxymercuribenzoate 
(35). The modified residues of the proteins affected by P A N have not 
been isolated and characterized. Attempts to observe the formation of 
either disulfides or S-acetyl groups were negative (36). 

Reduced nicotinamides are readily oxidized by P A N (31). Since the 
products form cyanide complexes with characteristic U V spectra and also 
react in a predictable fashion with specific dehydrogenases, they have 
been characterized as the biologically active oxidized forms of the co­
enzymes (31). A different reaction of P A N is with ethylenic double 

of Nitrogen Oxides in vivo 
Comment Reference 

Inhibition greatest at acid p H (3.0); Ο2 evolution less 25 
affected than CO2 uptake. Both recovered when all 
nitrate was reduced 

Threshold for inhibition 0.6 ppm 26 

Overall inhibition reversed by light, but lipid synthesis 27 
still preferentially inhibited. N o effect by equivalent 
concentrations of nitrate 

Also increase in chlorophyll and leaf distortion 38 
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38 AIR POLLUTION D A M A G E TO VEGETATION 

bonds. Here, epoxides are formed (41), and such a reaction in biological 
systems may cause significant changes in membrane permeability. A 
further possible reaction of toxicity of P A N is with nucleic acid bases 
(37); however, in this case low p H conditions were necessary to observe 

Table VII. Reactions of Peroxyacetyl Nitrate 

In Solution 

C H 3 C 0 0 2 N 0 2 + 2 0 H - -> C H 3 C 0 2 - + 0 2 + N 0 2 ~ + H 2 0 

Toxic Reactions 
(a) C H 3 C 0 0 2 N 0 2 + 3 R S H -> C H 3 C O S R + R S S R + H 2 0 + H+ + 

N 0 2 ' ~ a 

(b) P A N + reduced nicotinamide —> oxidized nicotinamide 

Detoxification 
(a) C H 3 C O S R + H 2 0 -> R S H + C H 3 C 0 2 H enzyme: thio esterase 
(b) R S S R + N A D P H + H ~ -> 2 R S H + N A D P ~ 

enzyme : disulfide reductase 
(c) higher oxidation states —> ? 

a Plus higher oxidation states 

Table VIII. Biochemical Effects of 

Effect 

Oxidation of reduced 
pyridine nucleotides 

Reaction with isocitrate 
dehydrogenase, 
glucose 6-phosphate 
dehydrogenase, malate 
dehydrogenase 

Reaction with G S H 

Reaction with 
hemoglobin 

Reaction with C o A S H 

Oxidation of D N A , 
pyrimidines, and 
purines 

Inhibition of 
polysaccharide 
synthesis 

Oxidation of 
indoleacetic acid 

Inhibition of cellulose 
synthetase, phospho-
glucomutase, U D P G 
pyrophosphorylase 

System PAN Concn 

Pure compound in 100 ppm 
buffered solution 1-5 min 

Pure enzyme in 100 ppm 
buffered solution 1-5 min 

Pure compound in 100 ppm 
buffered solution 1-5 min 

Pure compound in 100 ppm 
buffered solution 1-5 min 

Pure compound in 100 ppm 
buffered solution 1-5 min 

Pure compound in 1000-2000 ppm 
buffered solution 0-90 min 

Particulate enzyme 430 ppm 
system from Avena 3 min 

Assayed by change 1.3-2.6 ppm 
in U V spectrum 6 h r 

Enzymes from 100-400 ppm 
Avena coleoptiles 2-6 min 
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4. MUDD Biochemical Effects 39 

reaction. Another reaction of P A N in vitro is with indoleacetic acid. Spec­
tral changes show that while indoleacetic acid is oxidized by P A N , 
tryptophan is resistant (39) (Table VI I I ) . Ozone readily oxidizes both 
of these compounds. 

The biochemical effects of P A N in vivo have been examined ( Table 
I X ) . P A N does lower the sulfhydryl content of bean leaves (45). The 
first damage visible by electron microscopy is in the stroma of the chloro-
plast (43). Enzymes of cellulose synthesis are inhibited, but one of these 
enzymes, phosphoglucomutase, was more susceptible in vivo than in vitro 
(42). This observation suggests that the metabolic activities of the cell 
may either protect an enzyme or make it more susceptible to the pollut­
ant. A n intriguing observation on the analogs of P A N is that their toxicity 
increases as the alkyl chain lengthens (44). This is also true of the prop­
erty of eye irritation. Two suggestions can be made to explain these 
differences: (1) the higher analogs are more readily absorbed and (2) 
the plant is less capable of detoxifying the thioesters formed from the 
higher analogs. Our preliminary tests of the absorption of peroxyacyl 
nitrates and substrate specificity of plant thioesterases indicate that 
neither of the above suggestions can explain the original observations. 

Peroxyacetyl Nitrate in vitro 

Comment Reference 

Oxidized to biologically active form 31 

Enzymes can be protected by substrates and cofactors S3 

Products : disulfide and ^-acetyl compound 34 

No reaction with ovalbumin or RNase 35 

Products: disulfide and higher oxidation states, but no 35 
iS-acetyl. Products analogous to those obtained with H2O2 

No reaction above p H 5 37 

Inactivation also by I A A and 38 
p-hydroxymercuribenzoate 

No effect on tryptophan 39 

U D P G pyrophosphorylase not affected in vivo 40 
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40 AIR POLLUTION DAMAGE TO VEGETATION 

Effect 
Inhibition of 

polysaccharide 
synthesis 

Inhibition of 
phosphoglucomutase 

Chloroplast damage 

Lesions on plants 

Decrease in S H content 

Decrease in S H 
content, decrease 
in chlorophyll 

Table IX. 

System 
Avena coleoptiles 

Avena coleoptiles 
treated with P A N 
and enzymes assayed 
in subcellular 
fractions 

Pinto beans 
(Phaseolus vulgaris) 

e.g., bean, petunia 

Phaseolus vulgaris 

Chla?nydomonas 
reinhardoi 

Biochemical Effects 
PAN Concn 

35-50 ppm 
4 h r 

35-50 ppm 
4 h r 
p H 4.8 

1 ppm 
30 min 
0.014 ppm 
4 h r 
1 ppm 
30 min 
125 ppm 
1-10 min. 

Effect 
Oxidation of 

amino acids 

Oxidation of 
nicotinamide 

Oxidation of 
unsaturated 
fatty acids 

Oxidation of lecithin 

System 
p H 4.5 (acetate) 
p H 7.2 (phosphate) 
p H 8.6 (borate) 
Phosphate buffer 
p H 7.0 
Suspensions in 

aqueous buffer 

Table X. Reactions of 
0 3 Concn 

1000 ppm 
1-10 min 

5-100 ppm 

Lecithin from egg yolk 1000 ppm 

Effect 
Inhibition of 0 2 

uptake 
Inactivation of 

lysozyme 
Inactivation of 

cataloase, peroxidase 

System 
Plant and animal 

mitochondria 
Enzyme from hen 

egg white 
Aqueous solution 

Table XI. Biochemical 

0 3 Concn 

0.5-10 ppm 

Inhibition of 
phosphoglucomutase 

Ribonuclease and 
avidin inactivation 

Inhibition of 
acetylcholine esterase 

From oat 
coleoptiles 

Aqueous solution 

Enzyme from bovine 
erythrocytes 

300 ppm 
4 min 
1000 ppm 
1-10 min 
0-1 ppm 
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4. MUDD Biochemical Effects 41 

of Peroxyacetyl Nitrate in vivo 
Comment Reference 

42 

First damage visible in E M is stroma granulation 

P P N and P B N ° more toxic than P A N 

Darkness lowers S H content of control leaves 

Chlorophyll a is more susceptible than 
chlorophyll b 

4$ 

44 

45 

46 

a P P N , peroxypropionyl nitrate; P B N , peroxybutyryl nitrate. 

Ozone in Aqueous Media 

Comment 
Order of susceptibility : cys, met, try his, tyr, phe 

Reference 
50 

Only the reduced form is susceptible. 
Oxidation product not biologically active 

Products include H 2 0 2 and malonaldehyde, 
no double bond conjugation 

Aqueous suspensions more resistant to oxidation 
than hexane solutions 

Effects of Ozone in vitro 

Comment 
Reversed by ascorbic acid and glutathione 

No inactivation when only tryptophan residues 
108 and 111 were oxidized 

Moles of Os/mole of enzyme for 50% inhibition: 
papain, 233; peroxidase, 36,400; urease, 30,300; 
catalase, 45,160. O 3 3-30 times more effective 
than H 2 0 2 

No inhibition of enzyme extracted after 
coleoptiles treated with 0 3 

RNase inactivation related to his oxidation. 
Avid in inactivation related to try oxidation 

Nonlinear dose response 

51,56, 57 

52-54 

55 

Reference 

59 

60 

61 

62 

50 

63 
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42 AIR POLLUTION D A M A G E TO VEGETATION 

Ozone 

Since the literature on ozone chemistry is enormous, readers are 
directed to earlier publications (47-49). Most of the chemical literature 
describes reactions of ozone in organic solvents, where ozonides are rela­
tively stable and controlled degradation under reducing or oxidizing 

Effect 
Visible symptoms 

Inhibition of starch 
hydrolysis 

Inhibition of N A D H 
level and 
phosphorylation 

Inhibition of photo­
synthesis, lowering of 
chlorophyll b content 

Stimulation of Ο 2 
uptake 

Decrease in glutamic 
acid, increase in 
α-aminobutyric acid 

Diminished S H 
content 

Inhibition of 
respiration 

Chloroplast damage 

Changes in fatty 
acid content 

Inhibition of 
photosynthesis 

Increase in disulfide 

Formation of 
malonaldehyde 

Accumulation of 
sterylglucoside and 
acyl sterylglucoside 

Disruption of 
polysomes 

Decrease of 
ribosomal S H 

Increase of free 
amino acids 

Inhibition of 
photosynthesis and 
transpiration 

System 
Tobacco leaves 

Leaves of cucumber, 
bean, Mimulus 

Euglena gracilis 

Euglena gracilis 

Euglena gracilis 

Leaves of tobacco, 
beet, corn, barley, 
and rye 

Bean, spinach, and 
tobacco 

Tobacco 

Pinto bean 

Tobacco 

Pinus ponderosa 

Phaseolus vulgaris 

Phaseolus vulgaris 

Tobacco 

Pinto bean 

Pinto bean 

Cotton 

13 different 
plant species 

Table XII. Biochemical 
0 3 Concn 

0.8-1.0 ppm 
5 h r 
0.05 ppm 

0.8 ppm 
1 hr 

0.2-1.0 ppm 

1.0 ppm 
1 hr 
1 ppm 
30 min 

1 ppm 
0-60 min 
0.6-1.0 ppm 
1 hr 

0.6-1.0 ppm 
30 min 
1 ppm 
0-1 hr 
0-0.45 ppm 

0.25 
3 h r 
0.25 ppm 
3 hr 

0.35 ppm 
20-35 min 
0.3 ppm 
20-50 min 
0.5-0.8 ppm 
1 hr 
0.4-0.9 ppm 
30-120 min 
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4. MUDD Biochemical Effects 43 

conditions can give high yields of the desired products. When ozone is 
considered as a toxicant in biological systems, we are forced to examine 
ozonizations in water and at approximately neutral p H . The reactions 
listed in Table X are confined to such conditions. 

Ozone reacts with several amino acids (50) (Table X ) . In some cases 
the products are simple, such as in the case of the conversion of methio-

Effects of Ozone in vivo 
Comment Reference 

Higher sugar content increased susceptibility 58 

64 

No effect in darkness 65 

N o effect on chlorophyll a. Inhibition of photosynthesis 66 
is log function of 0 3 concentration 

Η 

Changes take place before visual symptoms 67 

Ο3 damage could be simulated by S H reagents 68 

Initial inhibition of respiration eventually changes to 69 
stimulation. Mitochondria isolated from the latter 
tissue also showed increased 0 2 uptake 

Damage first observed in chloroplast stroma, 70 
similar to P A N damage 

Greater loss of saturated rather than unsaturated 71 
fatty acids 

Higher endogenous content of ascorbic acid 72 
did not protect 

Injury developed 18 hrs later 73 

Malonaldehyde detectable only after injury 74 
symptoms developed 

75 

Chloroplast polysomes more susceptible than cytoplasmic 76 

Chloroplast ribosomes more sensitive than cytoplasmic 77 

Maximum susceptibility when soluble sugars and free 78 
amino acids are at minimum 

After short ozone exposures photosynthesis 79 
recovers, and no damage becomes apparent 
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44 AIR POLLUTION DAMAGE TO VEGETATION 

nine to methionine sulfoxide; in other cases, such as with tryptophan, 
however, there are many different products. These results have important 
implications for potential inactivation of proteins. There have been sev­
eral reports of the reaction of ozone with reduced nicotinamides (51, 56, 
57), and there is some difference of opinion as to the oxidation product. 
Menzel reports that it is the biologically active form (56), but our results 
indicate that the nicotinamide ring is opened (51). 

Localization of double bonds in unknown compounds has frequently 
been determined by ozonolysis. Unsaturated fatty acids of biological 
membranes are susceptible to ozone attack, but there are some important 
differences from autoxidation reactions. These include the fact that 
malonaldehyde is produced from linoleate by ozonolysis (53) but not 
autoxidation and also that ozonolysis does not cause double bond con­
jugation as judged by absorption at 233 nm (52). Reactions with the 
polyunsaturated fatty acids produce several possibilities for toxic reac­
tions: direct disruption of membrane integrity and toxic reactions caused 
by fatty acid hydroperoxides, hydrogen peroxide, and malonaldehyde. 

Experiments in vitro are consistent with some of the chemical investi­
gations. Enzymes are readily inactivated by ozone, and the inactivation 
can be traced to the more susceptible amino acid residues (Table X I ) . 
Reactions with unsaturated fatty acids have been examined, and the 
production of malonaldehyde and hydrogen peroxide has been detected 
(52-54). The l ipid products have not been analyzed, and the toxicity of 
such products is yet to be determined. 

Several reports of the effects of ozone in vivo are presented in Table 
XII . It is impossible to decide whether the effects of ozone are primary 
reactions or the result of a series of reactions initiated by ozone. A l l 
results can be rationalized as enzyme inhibition of one sort or another. 
Effects on membrane structure are harder to observe, and in one case it 
was reported that the malonaldehyde which would be expected on fatty 
acid ozonolysis was only observed after symptoms were apparent (74). 
Results of electron microscope examination showed that the first ob­
servable damage was in the stroma of the chloroplasts (70). One can 
easily argue that earlier damage could not be detected by microscopic 
techniques. However, recent reports that the chloroplast polyribosomes 
are much more susceptible to degradation by ozone are important ob­
servations which are consistent with the microscopy experiments (76). 
Chloroplast polysomes are also more susceptible to sulfhydryl reagents 
than are cytoplasmic polysomes (77). This evidence indicates that ozone 
itself, or a toxic product from primary oxidation, can pass through the 
cytoplasm and have its effect in the chloroplast. 

There has been some interest in the effects of ozone on the amino 
acid metabolism of leaves. Tomlinson and Rich (67) reported an increase 
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4. MUDD Biochemical Effects 45 

in γ-aminobutyric acid before visible symptoms were found. Ting and 
Mukerji (78) observed that the period of maximum susceptibility of 
cotton occurs when the soluble amino acids are at a minimum. Perhaps 
amino acids or other soluble components act as antioxidants and protect 
more sensitive components such as lipids or proteins. As far as the lipids 
are concerned, one might have expected the greatest effect on unsaturated 
fatty acids. In experiments with tobacco, this was not the case since 
the greatest reduction was in palmitic acid (71). 

Conclusion 

Considering the amount of research published on the effects of the 
four plant pollutants considered here, it is discouraging and perhaps 
embarrassing that we cannot describe in detail the sequence of events 
leading to the characteristic symptoms. Perhaps we should simply cure 
the symptoms by using appropriate chemicals (80, 81) or use varieties 
of plants resistant to the pollutants (2, 82). One would like to believe 
that such considerations w i l l be made redundant by lowering pollution 
to nontoxic levels. 
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5 

Summary and Synthesis of Plant Toxicology 

D. C. M c C U N E 

Boyce Thompson Institute for Plant Research, Yonkers, Ν. Y. 10701 

Generally, the effects of air pollution on agriculture can be 
viewed as decreases in the value of a crop or increases in 
the cost of its production. One explains or predicts these 
effects by (a) experimentally determining what changes 
occur in the plant, its organs, or its cells with exposure to a 
pollutant under certain conditions; (b) collating this informa­
tion, with respect to biological organization, changes in the 
pollutant, and the effects of environmental factors to de­
scribe the response of the plant; and (c) interpreting these 
changes in the plant's development or interaction with its 
environment with respect to social and economic values of 
a crop. 

TJeviews of air pollution are similar to pictures in some respects. Pro-
A ^ jections or perspectives differ, distorting some portions while re­
vealing more accurately the relationships of others. Scales vary in order 
to present more detail but less scope for some areas of greater interest. 
Some types of features are depicted while others are ignored because 
the information must serve a particular need. Consequently, reviews 
may be almost as diverse as their subject. Moreover, our understanding 
of the effects of pollutants on plants is incomplete, and a picture of it 
cannot be drawn from some model as a whole. Instead, it must be as­
sembled out of the jigsaw pieces of diverse and fragmentary knowledge. 
To summarize and synthesize the toxicology of air pollutants in plants 
is to sort out the segments of information, join them by inference, and 
fill in the gaps with speculation. 

Form of Information 

For more than a century scientists have investigated the action of 
air pollutants on vegetation. Although the results of this research are 
diverse, they can usually be reduced to simple statements exemplified 
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5. M C C U N E Pfont Toxicology 49 

by, "when this plant was exposed to this pollutant under these experi­
mental conditions, the following effect was observed." Thus a primary 
unit of information contains four basic elements: receptor, pollutant, 
event, and environment. A definition of them and description of their 
properties, as they have appeared in the literature, are the starting 
points for this summary. 

Receptor. A definition of receptor has three parts. First, a receptor 
is an object that may receive a pollutant and upon which observations 
are made. Secondly, although the term is singular, a receptor is a popu­
lation of objects because experiments and inferences are usually based 
upon more than one individual. Thirdly, it is an entity at some point 
along the scale of biological organization. 

By this definition the leaf is a typical receptor and one that has 
been studied frequently, but there are many kinds of receptors because 
more than one level of biological organization has been investigated. 
For example, plants, communities, and ecosystems have been observed 
in the field; tissues, cells, and cellular organelles have been taken from 
experimentally fumigated plants or studied in situ; and enzymes, mito­
chondria, and chloroplasts have been prepared and exposed to pollutants 
in vitro. There are other ways to categorize receptors besides level of 
biological organization. Genetic background is one. A receptor can be 
identified by its species, variety, or genotype when it is a plant or one 
of its components. A receptor can also be categorized by its function, 
structure, or position. For example, an enzyme can be identified by its 
activity, a cell by its morphology, and a plant by its place in a community. 

Definitions and categories, however, usually are not air-tight, and 
sometimes it is difficult to decide what constitutes the receptor in a 
particular experiment. Is it the plant, leaf, or chloroplast if a group of 
plants is fumigated, leaves are harvested, and preparations of chloroplasts 
are tested for photosynthetic activity? If all leaves are taken, it could 
be the plant. If certain leaves are selected from each plant, it could be 
the leaf. If the chloroplasts are carefully prepared and fractionated, it 
could be the chloroplast of the mesophyll cell. The identity of a receptor 
is determined in many experiments not only by the methods that are 
used but also by the hypothesis that is tested. 

Pollutant. A pollutant can be defined" as a substance that is Brought 
near a receptor by the atmosphere. A particular pollutant is distinguished 
from others by its physical and chemical properties. For example, it may 
be a gas or it may be an aerosol with a certain distribution of particle 
sizes; oxides of sulfur may be present as S 0 2 , S 0 3 , or H 2 S 0 4 . The pol­
lutant can also be characterized with respect to concentration, the length 
of time that a certain concentration is present, or the frequency distribu­
tions of periods of known duration and concentration ( 1 ). The pollutant 
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50 AIR POLLUTION D A M A G E TO VEGETATION 

could also be a mixture of two or more substances, and combinations 
of pollutants have been used in experimental fumigations more frequently 
in recent years. 

Although it is easy to designate the pollutant in a controlled fumi­
gation, it is more difficult to describe it when observations are made in 
the field. One reason is that the pollutant may actually be a group of 
substances of unknown composition, or the doses to which the receptor 
is exposed may be variable or unknown. Even if the source and its 
emissions are known, atmospheric processes not only transport but also 
transform emissions into pollutants. The atmospheric sorting of par­
ticulate materials, sorption of gases on particles, and the photochemical 
formation of smog in the Los Angeles area (2) are examples of this trans­
formation. This is one reason why it is useful to distinguish between 
emissions at the source and pollutants near the receptor (the term 
"immission" has been used in Germany with reference to the receptor, 
but it is not used in the United States). Thus, when we come to field 
observations from experimental fumigations we may have to substitute 
"pollution from a particular source" for "pollutant," whether the latter 
is a single substance or a mixture. 

Event. A n event is a change in the character of the receptor. It is 
determined by an observational system according to some scale of meas­
urement and at a time after exposure to the pollutant occurs. By this 
definition, there are many kinds of events, and attempts to categorize 
them have been based upon the kinds of receptors and observational 
systems (3, 4). 

The activities of many enzymes are affected by fluorides (5) or by 
ozone ( 0 3 ) and peroxyacetyl nitrate ( P A N ) (6). Cells and their con­
stituents, such as mitochondria, chloroplasts, or cell membranes, are 
structurally or functionally abnormal after exposure to many pollutants 
(7,8,9). W i t h leaves, the most commonly reported event is the appear­
ance of lesions (10,11,12), but altered gaseous exchange (13) and levels 
of metabolites (14) have also been found. Many of the events associated 
with plants can be classified as a change in their size or shape or as an 
accumulation of a pollutant when it is fluoride (15) or a metal (16, 17). 

This definition of an event implies more than what may be illustrated 
by these examples; it is partially determined by the observational system, 
and it may comprise observations on more than one variate. For example, 
several characteristics of leaves which have been exposed to a pollutant 
may be determined by one means or another, and the non-fumigated and 
fumigated leaves may be represented by points in a space. The event, 
as it is defined, could be the distance between these two points, but 
because the receptor is defined as a population, variances and covariances 
as well as means should be considered and the points should be replaced 
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5. M C C U N E Plant Toxicology 51 

by ellipsoids. Consequently, an event is a significant difference in one or 
more of the statistics that characterize the sample and is represented by 
a difference in the position, size, shape, or orientation of ellipsoids in a 
space whose dimensions are no greater than the number of variâtes or 
observational systems used. 

Environment. The "environment" is a popular term and conse­
quently has many meanings. It was chosen here for convenience and 
to designate conditions in an experiment. It can also be defined as the 
aggregate of all the external conditions and influences affecting the 
receptor, whether one knows all of these conditions, is able to decide 
which are more important, or measures and controls only the most sig­
nificant of them. W i t h respect to the plant, these environmental factors 
can be placed in broad categories, such as climatic or edaphic, if they 
act on the plant in the atmosphere or soil. Within these categories they 
can be classified according to their biological, chemical, or physical 
nature. Although many environmental factors are known to affect the 
plant, fewer are known to alter the plant's response to pollutants. Among 
the latter are climatic factors (temperature, relative humidity, light in­
tensity and quality, photoperiod) and edaphic factors (availability of 
mineral nutrients, soil temperature and moisture tension). The presence 
of pathogenic organisms or insects, in the soil or air, are also environ­
mental factors whose significance in air pollution is becoming better 
known. When mixtures of pollutants are used in a factorial experiment, 
one could regard the presence of one or more pollutants as environmental 
factors that modify the effect of another pollutant. 

Just as there are different kinds of receptors, there are different kinds 
of environments. For example, the environment of an enzyme is an 
aqueous solution in which p H , ionic strength, temperature, and concen­
trations of cofactors or substrates are significant. At every level, the 
environment is variable because conditions can change rapidly with 
time, and it is complex because a number of factors are present, and one 
factor seldom varies independently from the others. 

Patterns of Explanation 

The model for experimental results, which has been developing, 
reduces and sorts various information into manageable portions, but it 
only hints at the way in which these pieces fit together. What must 
now be sought are patterns that can unite them into descriptions and 
explanations of the effects of air pollutants. There are many possible 
patterns, but those that suit the form of our information and embody 
the ideas of temporal and spatial order are probably the most useful. 
Thus, the characteristics of receptors, pollutants, events, and environ-
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52 AIR POLLUTION D A M A G E TO VEGETATION 

merits can be elaborated into patterns that could be called ( a ) hierarchy 
of biological organization, (b) course of the pollutant, (c) response of 
biological systems, and (d) environmental interactions. 

Biological Organization. The leaf functions as a part of a plant 
and, together with other organs, constitutes the plant. Plants in turn 
reside in a community, contribute to its structure, and participate in its 
life. Each leaf also comprises a number of tissues, and its structure 
and function derive from their structural and functional organization. 
Similarly, tissues consist of cells, and structures of the cell consist of 
macromolecules, such as protein, l ip id , or polysaccharide. From protein 
to community, biological organization establishes a hierarchical relation­
ship between different kinds of receptors. Accordingly, when an event 
is observed, its causes are explained as the changes that have been 
produced previously in the receptor's components, and its consequences 
are predicted in terms of the altered role that the receptor may play in 
some larger system. 

The patterns of chlorosis, pigmentation, or necrosis that appear on 
the leaf following exposure to a pollutant can be explained as the sum 
of changes in its individual cells—loss of chlorophyll, pigment formation, 
or death. A change in the foliar content of free amino acids or soluble 
sugars can be attributed to changes in the sizes of metabolite pools 
within the cells. If there is less functional photosynthetic tissue on the 
leaf because of necrosis or chlorosis or if there are reduced levels of 
metabolites, then lesser amounts of sugars may be formed and trans­
located to the rest of the plant and a smaller plant may result from this 
tighter photosynthetic budget. In these examples, the propagation of a 
change through a biological system is direct, and the changes observed 
in the plant or leaf are no greater than the aggregate of those occurring 
in its components. However, the more numerous hypotheses for the 
action of air pollutants involve a multiplicative instead of an additive 
mechanism. W i t h the leaf this mechanism may operate where a change 
occurs in the relatively few cells that determine the flow of materials 
between leaf and plant or between leaf and environment. One example 
is the occurrence of tyloses in cells of petiolar vascular bundles in plants 
exposed to fluoride (18). Another is the effects of ozone and sulfur 
dioxide on the guard cells of the stomata; a diminished uptake of C 0 2 

could accompany the closure of the stomata (19), and an increased loss 
of water could result from increased stomatal apertures (20). 

Other kinds of multiplicative mechanisms operate as a result of the 
structural and functional position of the receptor and event. Among 
the different macromolecules, attention has been focused on two kinds 
of receptors: protein and l ipid. The first as enzymes, and both as con­
stituents of membranes, mitochondria, chloroplasts, or other cellular 
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5. M C C U N E Plant Toxicology 53 

organelles, have been studied in vitro with respect to pollutants, such 
as fluoride, P A N , or 0 3 . Inhibitions of enzyme activity by fluoride are 
usually attributed to the formation of a complex that blocks an active 
site. For example, the inhibition of enolase activity is attributed to the 
formation of fluoromagnesium phosphate at the catalytic site (5). O n 
the other hand, the mechanism of action of an oxidant may involve 
possibilities such as a direct effect on the catalytic site, oxidation or 
acetylation of some cofactors, or disruption of the enzyme structure (6). 
In cellular organelles, structure and function are tightly bound, and both 
are changed by pollutants. There is no direct evidence as to what specific 
moiety is changed although the oxidation of amino acid residues of 
proteins and olefinic bonds of lipids have been suggested. 

Because the enzyme functions as a catalyst, its inhibition or inactiva­
tion may decrease the rate of a particular metabolic reaction. The re­
duction in the rate of this reaction may inhibit the pathway in which 
this reaction occurs and, in turn, result in the depletion of a product or 
the accumulation of precursors or intermediates. Changes in 0 2 or C 0 2 

exchange, pools of various metabolites, and the metabolism of glucose 
(both catabolism and incorporation into cell wal l polysaccharides) that 
have been observed also support this hypothesis. 

Similarly, a change in mitochondrion, chloroplast, or cell membrane 
disturbs respiration, photosynthesis, or accumulation of substances by 
the cell. Because of a lack of materials or energy to process them, the 
structural integrity of the cell suffers and fails. In histological studies 
cellular dysfunction usually appears as a loss of chlorophyll from the 
chloroplast and water in the intercellular spaces, and death of the cell 
appears as a general collapse and pigment formation although some 
intermediate stages may be seen (21). 

Changes in the plant itself can be explained in a similar manner 
because of the types of events and their position in the system—i.e., they 
affect the critical processes of transmission or transformation. Although 
many of these changes occur in the vegetative processes of the plant, 
the more significant ones would be those that affect its reproduction. 
Decreased assimilation by leaves or their premature senescence and 
abscission could impair formation of reproductive organs, fruit develop­
ment, or the growth of storage organs (22, 23). Of course, the direct 
effect of the pollutant would be on the reproductive tissues themselves 
in the form of altered pollen germination (23), aberrant embryo devel­
opment, or apparent mutagenesis (24). 

Course of Pollutants. Basically the description of the action of air 
pollutants in plants has taken the same form as the aphorism, "for want 
of a nail, . . . the rider was lost," except that in environmental problems, 
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54 AIR POLLUTION D A M A G E TO VEGETATION 

there is also concern about the fate of a missing nail. Thus a chain of 
events that interprets changes in a pollutant as well as in a receptor 
is a necessary part of the mode of action of air pollutants. 

A typical pollutant arrives at the plant after undergoing the atmos­
pheric processes that can be considered as its generation or as the first 
of a series of transformations. Generally, pollutants act within a leaf or 
other organ and not at a distance from it. A n exception to this may be 
the deposits of soot or dusts that form on the surface of a leaf or clog 
the stomata and thereby screen out light or impede gaseous exchange. 
However, the primary event in the course of a pollutant is its reaction 
in and with the aqueous medium that surrounds the cells after it pene­
trates the leaf through the epidermis or stomata. Within the aqueous 
phase, it may react with more than one chemical species, including 
water, because pollutants have a broad reactivity and many reactions 
can be postulated (6). The pollutant in a new form or one of the other 
products of a reaction may then affect the biological system. Also, the 
consumption of some compound by reaction with the pollutant rather 
than the production of a product may be a biologically significant event. 
The pollutant may then be transformed into salts or metabolites within 
the cells, distributed within the plant's tissues, and ultimately pass to the 
soil through exudation from roots, elution from leaves, or leaching from 
dead foliage and other plant debris. Although the pollutant can be de­
fined as a particular substance in some part of the environment, its effects 
must be interpreted with respect to its course—i.e., those changes it 
undergoes as it moves to the receptor, traverses the biological system, 
and meets its fate in some other portion of the environment. 

Sulfur dioxide ( S 0 2 ) is a typical pollutant with respect to the pre­
ceding scheme. Within the aqueous phase of the leaf, it forms a hydrated 
complex (clathrate) and then sulfite or bisulfite ions. These ions may 
act as pollutants for a macromolecular receptor, but other reactions 
may occur and be important. Superoxide, bisulfite, or other radicals as 
well as hydrogen peroxide may be generated with the oxidation of sulfite 
to sulfate in the presence of ligated or free metals (25), and these prod­
ucts may be toxic. Other examples are the formation of coordination 
compounds with metals [e.g., iron (III)] and the sulfonation of com­
pounds having aldehydic, olefinic, or disulfide groups. Some of the 
compounds ( N A D , thiamin, F A D , folate, and uracil) that react with 
bisulfite in vitro are cofactors of enzymes or constituents of them, but 
the importance of these reactions in vivo has not been demonstrated. 
After oxidation to sulfate, sulfur derived from S 0 2 may supply up to 
40% of the plant's requirement, and it can enter the sulfur pool, be con­
verted to sulfur-containing metabolites, and then be rapidly translocated 
throughout the plant (13). There is also evidence that sulfur from S 0 2 
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5. M C C U N E Phnt Toxicology 55 

is reduced to hydrogen sulfide in the light and released to the atmosphere 
by the plant (26). 

The course of the pollutant can be illustrated with other major pol­
lutants. The oxidation of N A D H or N A D P H by P A N and 0 3 could 
remove cofactors required in enzymatic activity. The oxidation of free 
amino acids could generate inhibitors of metabolic reactions. The com-
plexing of metals (such as Ca , M g , C u , Zn, or Fe) by fluoride could 
sequester metabolically significant cations. Perhaps the formation of a 
fluoroferrate or fluoroaluminate complex is metabolically significant. 

Although direct evidence is lacking, the nitrogen derived from oxides 
of nitrogen ( N O * ) may also enter the nitrogen pool and be incorporated 
and translocated within the plant. However, the accumulation and me­
tabolism in the tissue of pollutants, which have longer lifetimes than 
the oxidants, may be as important as their reactions in solution. For 
example, fluoride, sulfate, or chloride is accumulated in the foliar tissues, 
and the plant may then pass it on to the soil or other organisms. More­
over, with pollutants not normally thought of as entering the metabolism 
of the receptor, metabolic transformation may also be important. For 
example, the biosynthesis of fluoroorganic compounds has been known 
for several genera in the Southern Hemisphere, but the hypothesis that 
some common crop plants also can incorporate a significant amount of 
inorganic fluoride into monofluoroacetate (27) has not been completely 
resolved. 

Responses of Biological Systems. Although organization is one guide 
in the connection of receptors and events, the temporal development 
of biological systems is equally important because the character of the 
receptor changes with time. As a receptor originates from and partici­
pates in the life of some other entity, it goes through the progressive 
and periodic changes that constitute its life cycle. W i t h perennials, such 
as a tree, there are cyclic, seasonal changes superimposed on a life cycle 
of much longer duration. W i t h a leaf, the diurnal changes may be much 
less apparent than those occurring as it unfolds, matures, and then 
yellows and drops. W i t h an enzyme the major changes may be cyclical 
as it goes from one state to another during the reaction it catalyzes. The 
composite of these changes could be described as a line, which may be 
discontinuous, that connects the points in some space defined by observa­
tional systems. Perhaps a blurred line should be used because of varia­
tion seen in a population. Therefore, one can have a series of events if 
exposure to a pollutant or observations are continued over a period 
of time; one path w i l l be followed by the treated receptor while another is 
followed by the control. This series of events or divergence in paths 
could be called the response of a receptor to a pollutant. 
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56 AIR POLLUTION D A M A G E TO VEGETATION 

A number of terms can be used to describe the characteristics of a 
response; threshold is one. One can expose a plant to a pollutant and 
find that a certain response does not occur when the concentration of 
the pollutant is equal to or less than some value. Thresholds have been 
found experimentally for the major pollutants, mainly with respect to 
foliar lesions, and most explanations of thresholds involve mechanisms 
concerned with the probability that the pollutant w i l l reach a particular 
receptor, that an event w i l l be produced, or that an event w i l l be 
propagated through the system. 

A t the molecular level, the buffering capacity of the cellular solution 
may block the pollutant in its course. Pollutants that generate acids or 
bases may be neutralized by acid-base buffers. Excess calcium or other 
cations may complex fluoride, and redox systems may buffer S 0 2 , 0 3 , or 
P A N , or the free radicals they generate. On another level, enzyme struc­
ture determines whether the pollutant w i l l penetrate and react with an 
active site, and the functioning of an enzyme, apparently through effects 
on its structure, also modifies its susceptibility to the pollutant (6). 
Moreover, inhibition of a susceptible enzyme may not affect a pathway: 
the enzyme affected may not be rate-limiting in a particular pathway, 
and considerably greater inhibition must occur before it is. 

One can expect the same types of mechanisms, which can operate 
at other levels, to explain thresholds and their variability. The numbers 
and condition of the stomata w i l l determine how much of the pollutant 
w i l l reach the mesophyll cells of the leaf. Indeed, the "reflex-type re­
sistance" (4) of the plant is attributed to the closure of stomata in 
response to 0 3 , which thereby impedes further entrance of these pollut­
ants. Young or old tobacco leaves are very resistant to oxidants. When 
young, a leafs resistance may be attributed to the density of the cells, 
which limits penetration of gases into the mesophyll. In the mature and 
aging leaf, suberization of the cell walls blocks the penetration of the 
pollutants (28). The cells of the leaf and their susceptibility to oxidants 
illustrate another aspect of the threshold and response—they are deter­
mined by the stage of development of the receptor, and different mecha­
nisms operate at different times. 

Another characteristic of the response is attenuation. That is, the 
magnitude of the response may decrease with time. The threshold and 
attenuation of a response would appear to be related mechanistically 
because both could involve homeostatic processes in a receptor and re­
generative or compensatory mechanisms. Although the capacity of 
buffering systems may account for a threshold, their metabolic regenera­
tion, through the reduction of sulfhydryl groups or translocation of 
cations, may account for attenuation. The metabolic changes found are 
probably the result of a shift to an alternate pathway as well as the 
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5. M C C U N E Plant Toxicology 57 

inhibition of a particular one. For example, one explanation for the 
changes seen in glucose catabolism after tissue has been treated with 
fluoride is an inhibition of glycolysis and a shift to pentose phosphate 
metabolism. There are also possibilities of feedback mechanisms in which 
the depletion of a product releases end-product inhibition and precursor 
accumulation leads to enzyme induction. At the level of the cell, repair 
of the cell membrane after an initial disruption of its integrity by oxidants 
may account for apparent recovery. 

Even where acute changes drastically alter the plant, regeneration 
and compensation are evident. The reduction in photosynthetically func­
tional surface is compensated by the presence of unaffected leaves that 
are lower in the canopy and that now receive more light (4). O n the 
other hand, regeneration rather than compensation may occur after 
exposure to the pollutant has ceased by the release of axillary buds or 
continued growth of the shoots that replace the lost foliar tissue. 

While there is a threshold for one kind of response, another kind of 
response may occur at another level of organization, and this point has 
been discussed with respect to air pollution (29). Similarly, the attenua­
tion of one response may not be accompanied by the attenuation of 
another, and more evidence is needed for this point. It could also be 
argued that one may see only an apparent threshold because a response 
would have been seen if some later time had been chosen for observation. 
This is a valid point because in addition to a threshold there may be a 
latency in a response, and the time-course is an important aspect of a 
response. Latency could be attributed to the amount of time required 
for the propagation or expression of an event; time must pass before a 
change in flower or leaf is manifest as a change in fruit. However, for 
fluorides, perhaps for chlorides, sulfates, and metals, the latent period 
may reflect the length of time required for pollutants, which are absorbed 
over the entire organ, to be translocated and concentrated in the tissues 
that respond. There is also the possibility that the time lag in the propa­
gation of a change may account for the amplification of a response. For 
example, the initial lesions produced in a leaf may be followed by pre­
mature senescence and abscission, which remove the entire leaf. The 
loss of this tissue could then lead to decreased growth of other portions 
of the plant. The result, whether by lesions, abscission, or decreased 
growth, is a much reduced foliar mass than originally observed. Amplif i ­
cation may also occur where changes in one cell sensitize its neighbors 
to a pollutant; the analysis of dose-response curves (relating pattern of 
injury to dose of oxidant) might reveal a contagious distribution of 
lesions. 

Generally, there are two important aspects to a biological process— 
function and control. For the most part, the toxic effects of air pollutants 
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have been interpreted in terms of an inhibition of function rather than a 
loss of control. Experiments with fluoride salts or oxidants in vitro have 
dealt with effects on enzyme activity, but there are few experimental data 
as to the effects of these pollutants on the allosteric or regulatory sites of 
enzymes. To a lesser extent the same is true of responses at the cellular 
level. However, two fairly common responses are associated with leaves 
and suggest that this type of amplification mechanism may operate. One 
is the abscission of leaves, which is known to be under hormonal control. 
The other is the savoying effect, often seen in developing leaves that have 
been exposed to pollutants, where growth of laminar tissue is not in its 
normal relationship to that of vascular tissues. Perhaps a third would 
be the smaller leaves and more twiggy growth of plants exposed to H F 
(30). Experiments with isolated tissues show that some interaction 
occurs between pollutants and plant growth substances. The effects of 
pollutants on the formation, translocation, or action of auxins, gibberellins, 
cytokinins, abscissic acid, or ethylene, certainly deserve further inves­
tigation. 

Environmental Interactions. The characteristics of the receptor's 
response may be explained in terms of access of the pollutant to portions 
of a biological system and other mechanisms that involve positive and 
negative feedback in the propagation of an event. However, the opera­
tions of these mechanisms vary with a receptor's development, and the 
phenotype of the receptor and its development depend on environmental 
conditions as well as on its genetic complement. One of the best illus­
trations of the complex nature of the interaction of genes and environ­
ment in determining the response of a plant to air pollutants is found 
with oxidants and tobacco (31). Thus the environment before, during, 
and after a receptor's exposure to a pollutant must be considered a deter­
mining factor in shaping the biological system, the course of the pollutant, 
and the response. 

Changes in environmental conditions alter the plant's response to a 
pollutant in several ways ( 22, 32 ). One of the best examples of an envi­
ronmental factor operating at different levels and by different mechanisms 
is the effect of light on oxidant-induced effects. A light period of about 
four hours is required before, during, and after exposure to P A N for 
foliar lesions to occur. This effect may be partially caused by a closing 
of stomata in darkness, which reduces the access of P A N to the interior 
of the leaf. This mechanism would also explain why less fluoride is 
accumulated and the resistance of leaves to lesions induced by S 0 2 or C l 2 

is greater in darkness. It would also explain why foliar water stress, 
induced by soil water deficit or by low relative humidity (edaphic or 
climatic factors), reduces H F - or S0 2 - induced foliar lesions through 
stomatal closure. However, light may induce other mechanisms of action. 
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5. M C C U N E Plant Toxicology 59 

For example, the photosynthetic system may be the primary site of action, 
and photosynthesis or at least photochemical activity is necessary for 
sensitization or for the effects of P A N to be amplified. Similarly, the 
length of the dark period preceding exposure to light and 0 3 determines 
the occurrence and degree of the metabolic and foliar effects observed 
(9). For ozone, sugar metabolism may be important in making the 
affected site one that is rate limiting or more susceptible to attack. O n 
the other hand, light-induced reactions could inhibit the metabolic proc­
esses that repair PAN-induced injury (9, 33). 

Another kind of environmental interaction may result when in a 
homeostatic adjustment to the pollutant, the plant sacrifices part of its 
capacity to respond to environmental fluctuations. For example, the 
metabolic adjustment to fluorides may increase the susceptibility to 
nutrient stress. This hypothesis could explain why some symptoms of 
chronic fluoride toxicity resemble those produced by M n , Fe, or Zn 
deficiencies. If air pollution is one environmental factor that alters the 
susceptibility of the plant to other environmental stress, it would also 
be logical to expect an interaction between pollutants if the receptor is 
exposed to two or more of them. Such interactive effects have been found. 
Sub-threshold concentrations of S 0 2 and 0 3 or S 0 2 and N 0 2 produce 
foliar lesions when plants are exposed to both pollutants (34). A d d i ­
tionally, plants exposed to S 0 2 differ from non-fumigated plants in their 
resistance to subsequent fumigations (35). Thus the plant's suscepti­
bility or capacity to adapt to a pollutant is altered by concurrent expo­
sures to another or consecutive exposures to the same one. 

There is also the possibility that pollutants alter susceptibility of the 
plant to pathogens (36) or insect attack. Of the latter there is the de­
creased resistance of ponderosa pine to bark beetle attack caused by 
ambient oxidant exposure (37). The investigations of others with respect 
to the effects of fluoride on ponderosa pine indicated that although foliar 
injury was associated with increased resin exudation pressure, which 
could be interpreted as an increased capacity of the tree to overcome 
bark beetle attack, degree of insect infestation was not associated with 
amount of foliar injury (38). As more is known about pheromones, the 
botanical investigation of the secondary products of metabolism, such as 
terpenes and phenolics, may become more important in investigating the 
mode of action of pollutants in the entire plant. The switch to alternate 
pathways, while resulting in the same products, may reduce the inter­
mediates needed in biosynthesis and thereby affect the plant's resistance 
to disease or attractiveness to insects. 

A plant's relationship to its environment is often envisaged as that 
of the cow's in Stevenson's verse, "and blown by all the winds that 
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pass/And wet with all the showers." However, the plants role is not 
completely passive. It interacts with its environment and modifies it, 
and so does every receptor whether it is an enzyme, cell, or organism. 
It is through this interaction of receptor and environment that the latter 
is not only an ambient milieu but also a channel for information and part 
of the organization of a biological system. Possibly, one result of the 
response of plants to air pollutants is an altered environment. For ex­
ample, a consequence of an effect of pollutants on stomata could be a 
change in soil moisture tension. 

By nature of biological organization, the internal state of one receptor 
becomes the environment of another. Although some environmental 
conditions, such as temperature, are rapidly communicated from one level 
to another, others w i l l be modified in degree and type as they filter down 
through successive layers. Mineral nutrition of the plant may ultimately 
affect the aqueous environment of enzyme or cell and thereby alter its 
susceptibility to pollutants. For example, calcium stress induces suscep­
tibility of the plant to H F with respect to effects on fruit development, 
but whether these effects are the result of prevention or amelioration of 
a response is not known. At each level one can postulate that the environ­
ment acts by affecting the course of the pollutant, partially determining 
the character and development of the receptor, and modifying the re­
sponse of a receptor to a pollutant. These changes are reciprocal, how­
ever, and, in effect, one can speak of the receptor's response to the 
pollutant in broader terms. Its response is really a change in its inter­
action with its environment. 

The Agricultural Picture 

Because the effect of air pollution on agriculture is the unifying 
theme of this volume, the following question might be raised: "To what 
extent or in what way do these hypothetical models explain it?" The 
answer is that the same general models and hypothetical mechanisms 
that have been used to interpret experimental data can also be used for 
effects on agriculture if a new reference system is used. Two have been 
proposed—one for agriculture effects ( 39 ) and another expanded system 
for effects on forests and recreational areas (40)—to simplify and trans­
form biological effects to economic and social consequences. One can 
simplify receptors by excluding receptors that are not agriculturally 
significant, and one can also simplify effects of air pollution, but the two 
aspects of the development of the receptor and its response to the pollut­
ant are important: end-point and pathway. 

The response of the plant, or some other receptor, to the pollutant 
has been judged mainly with reference to its normal course of devel-
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opment, but in agriculture the end of the course of development may not 
be a natural one; the fate of the spinach leaf is not senescence and death 
but the dinner table in an appetizing condition. Accordingly, foliar 
lesions are more important with respect to the plant's saleability than its 
reproductive capacity. Thus, those direct effects that are exemplified by 
a decreased quantity or quality of a product reflect a pollutant-induced 
change in the end point. 

Because the end point is known beforehand, the pathway is prob­
ably as important as the destination, and a certain end point may be 
reached by more than one path. Ideally, one tries to set the plant's 
biological program (plant breeding) and manipulate its environment 
(cultivation) to achieve an end point of greatest probable yield by a 
pathway of least possible work. The indirect effects of pollutants on 
agriculture are therefore a reflection of the fact that the response to 
pollution represents a less efficient path or that additional work w i l l be 
required to reach the same destination. For example, one w i l l have to 
spray the spinach with an antioxidant or breed smog-resistant varieties. 

Agriculture appears to be a specialized case of a community or 
ecosystem with a simpler system and more clearly defined values for 
judgment, and research into the effects of air pollutants upon it has a 
two-fold significance. First, the results of this research can be used to 
improve environmental quality with respect to present pollutants. Sec­
ondly, the methodology developed by this research can be used to evalu­
ate, with greater efficiency, the environmental consequences of pollutants 
that may appear in the future. 

To summarize toxicology of air pollutants in plants is to try to draw 
a map of a part of the real world with economic and social features 
placed over the natural ones. However, our map resembles one from an 
earlier era; the well-known or self-evident is shown correctly, but the 
frontiers are distorted or displaced from their true position, and much 
unknown territory is left blank awaiting future, scientific exploration. 
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6 

Colonizing Genetic Populations as Units of 
Regulated Change 

JAMES H A R D I N G 

Department of Environmental Horticulture, University of California, 
Davis, Calif. 95616 

Variation at four genetic loci was found in 29 populations 
of Lupinus succulentus from throughout California. A 
mathematical model was developed, and estimators were 
derived for the parameters, gene frequency, heterozygote 
frequency, rate of cross-fertilization, and coefficient of in­
breeding. Estimates indicate that (1) variation is nearly 
always present for the S/s locus affecting seed pigmentation, 
(2) variation is generally but not always absent for the loci, 
B / b , P / p , and D/d, affecting flower pigmentation, (3) varia­
tion is not reduced in populations from recently colonized 
sites, (4) rates of cross-fertilization range from zero to nearly 
100% with a mean near 0.50, and (5) coefficients of inbreed­
ing vary from zero to 0.80 with a mean near 0.40. The 
results do not suggest that man's disturbance of the environ­
ment has had any deleterious effect on the genetic structure 
of Lupinus succulentus, but this species was chosen for 
study because it has been a successful colonizer. 

' " p h e genetic structure of a population at any point in time can be 
expressed as a function of directed and nondirected forces. The di ­

rected forces include natural selection, mutation, migration, and inbreed­
ing. Genetic drift, on the other hand, causes genetic populations to vary 
in a nondirected random manner. These processes all exert a measure 
of regulation on a genetic population. Genetic structure for the simple 
case of a single genetic locus with alleles A and a can be described by: 

D = frequency of homozygous AA, H = frequency of heterozygous A a, 
and R = frequency of homozygous aa. 

63 
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If mating is random, these genotypic frequencies are functions of p, the 
frequency of the allele A, and q, the frequency of the allele a, viz. 

D = p2 

H = 2pq (1) 

R = q2 

where q = R + H/2 and ρ + Q = 1- This assumes there is no selection, 
there is no mutation or migration, and the population is infinitely large, 
i.e., no genetic drift. 

Many species of plants reproduce, in part, by self-fertilization, and, 
therefore, Equation 1 apply only to individuals that result from cross-
fertilization. The inbreeding which results from self-fertilization can be 
defined by the parameter F, the decrease in the frequency of hétérozygotes 
(1) , and Equation 1 becomes 

D = p2 + pqF 

H = 2pq (1 - F) (2) 

R = q2 + pqF 

Such a population w i l l approach equilibrium where F = (1 — α)/(1 + «) 
(2) . The parameter a defines the binomial frequency for cross-fertiliza­
tion, and (1 — a) defines the frequency for self-fertilization. The popu­
lation can now be described in terms of its reproductive mode (3)—viz., 

D = p(\ + α — 2ag)/(l + a) 

Η = 4 ? W ( 1 + a) (3) 

R = q(l - at + 2αςτ)/(1 + a) 

If genes are migrating into this population and the frequency among 
immigrating genes, qm, is not the same as q, then the structure of the 
population w i l l be further altered. The populations can be partitioned 
into two fractions, the immigrants, m, and the natives, 1 — m. The change 
in gene frequency from one generation to the next, Aq, is given by 

Ac = (qm - q)m (4) 

This can be substituted into Equation 3 to obtain expressions for changes 
in genotypic frequencies. 

Genes are also subject to recurrent mutation. Gene A can mutate 
to gene α at a rate μ, and gene a can mutate to gene A at a rate v. The 
change in gene frequency caused by mutation rates is given by 
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6. H A R D I N G Colonizing Genetic Populations 65 

Δ# = μρ — vq (5) 

Since mutation rates are generally less than 10"5 per generation (4), this 
effect is quite small over short time intervals. 

In finite populations gene frequency w i l l change from generation to 
generation because each generation represents a sample of the previous 
generation. The change in gene frequency that results from random 
sampling is called genetic drift. The magnitude of Aq is inversely pro­
portional to population size, N. In any generation the dispersion in q is 
given by the variance in Aq, viz. 

*\{F = 0) = g - r (6) 

where 2N is the number of genes in the random mating diploid population 
(5). If the population is totally inbred, i.e., F = 1, then there are only Ν 
genes free to vary, and Equation 6 becomes 

*1\Q{F = D = f (7) 

Consequently, the more highly self-fertilizing the population, the larger 
are the dispersive effects of genetic drift. 

Expectations for the genotypic frequencies D, H, and R can be formu­
lated in terms of inbreeding ( F ) , migration rate (m) , mutation rates (μ 
and v), and drift (q, N). The extent to which empirical estimates of 
D, H, and R deviate from these expectations has been taken as a measure 
of natural selection (3). Consequently, the magnitude of natural selec­
tion is deduced from our inability to explain genetic frequencies on other 
grounds. The survival rate or fitness value, W, of a genotype has been 
defined as the ratio of observed to expected frequency, placing the 
average fitness of the population, W, at unity (6). These fitnesses are 
given by 

WAa = D/E(D) 

WAa = H/E(H) (8) 

Waa = R/E(R) 

Colonization 

It seems likely that the genetic structure of a population w i l l be 
altered by different selective pressures encountered as a population col­
onizes a new habitat. Therefore, the processes responsible for genetic 
structure need to be reviewed within the context of colonization. By any 
evolutionary time standard colonization is short term and mutation rates 
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are too low to have any appreciable effect on genetic structure. Similarly, 
gene migration is generally of lesser importance as a population colonizes 
a new habitat, often in a new area for the species. Remember that gene 
migration is not to be confused with dispersal. Thus gene migration and 
mutation are likely to be of negligible importance and hereafter are 
ignored. 

Genetic drift, on the other hand, takes on considerable importance 
in colonization. Founder populations can be small and include a limited 
amount of genetic variability. This founder effect is a special case of 
genetic drift and appears to be of major significance in birds (7). 

Colonization may also be associated with a change in the reproductive 
mode of a population. Baker (8) has suggested that dispersal over long 
distances w i l l usually involve a single or few seeds. This is not likely to 
result in the establishment of a colony unless the individuals are capable 
of self-fertilization. This has led to the common observation that self-
fertilization generally occurs around the periphery of a distribution. 
Baker's studies have been based on genus and species comparisons, but 
the tendency toward self-fertilization may be extended to the level of 
the genetic population. If so, the inbreeding coefficient F may be greatly 
increased in colonial populations. This would increase the genetic uni­
formity even beyond that suggested by Mayr's founder effect. 

The role of natural selection in colonization has been considered by 
Stebbins (9). He suggests that colonizing populations fluctuate greatly 
in numbers, often becoming extinct. Reproductive potential must be 
high to recolonize new habitats continually. Part of the reproductive 
capacity of a colony is its ability to produce uniformly adapted offspring 
rather than segregating offspring with different adaptive properties. Con­
sequently, selection, as well as the founder effect and the dispersal effect, 
is expected to increase genetic uniformity. If this hypothesis is true, 
then environmental disturbances that foster increased colonizations w i l l 
have a negative effect on the conservation of genetic variability. This 
hypothesis is tested with the following materials and methods. 

Experimental Material 

Lupinus succulentus Dougl. (Fabaceae) is an annual California 
native which has become ruderal in many areas (10). Roadside popula­
tions are more numerous now than natural populations. The latter tend 
to occur in habitats with a considerable degree of disturbance, suggesting 
that this species may have been preadapted for colonization. Since road 
building is continuing, colonizing episodes are constantly initiated. In 
some cases, founders can be traced to their parental natural population. 
Some populations may be available for long-term studies, but most are 
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6. H A R D I N G Colonizing Genetic Populations 67 

transient and available for only a few years. Nevertheless, such popu­
lations offer unique opportunities to study genetic populations during 
the early stages of colonization. 

The flowers of Lupinus succulentus are predominantly dark blue. 
Rarely, variants occur which are light blue, pink, or entirely white 
flowered. These are all conditioned by recessive alleles, viz., dd for light 
blue, pp for pink, and bb for white. A l l three dominant genes, D, P, and 
B, are required for the expression of the dark blue color. The presence 
or absence of a band of dark pigmentation across the seed coat, Figure 1, 
was found to segregate in most populations; the recessive ss is bandless. 

The greatest part of the geographic distribution of Lupinus suc­
culentus is along the Pacific Coast of California. This coastal group is 
represented by many populations from Tehema County, Calif., to San 
Diego County, Calif. Populations occur in the foothills of the North 

Figure 1. Seed coat genotypes, ss for bandless 
and S- for banded 

Coast, South Coast, Transverse, and Peninsular Ranges. Surveys of geno­
typic frequencies in natural and ruderal populations were made from 
samples taken from collection areas A through F (Figure 2) and G 
through Ρ (Figure 3). 

The surveys indicate that all populations sampled are phenotypically 
dominant for Β and P. Most populations are DD or Dd; notable excep­
tions are the Lower Putah Populations, which have varying frequencies 
of dd. Pollinator preference for the dark blue flower color may account 
for the relatively infrequent occurrence of polymorphisms for loci affect­
ing flower color. In contrast, the S A locus is polymorphic in nearly all 
populations sampled (Tables I, II, and III) , the exceptions being Mace-11, 
San Gregorio-1 (based on only 34 individuals, i.e., 68 s alleles) and Mis­
sion Bay-1. Populations, therefore, are generally homozygous BBPPDD 
and polymorphic for the alleles S and s. 
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68 AIR POLLUTION D A M A G E TO VEGETATION 

Figure 2. Collection areas in Northern California, desig­
nated by letters A-F 

Methods of Estimation 

To estimate the frequency of outcrossing, a, and the gene frequency, 
q, a sample of seeds was collected from S- and ss plants and grown sepa­
rately. The frequency of ss arising in progeny from S- w i l l be designated 
by the statistic x, and the frequency of Ss arising in progeny from ss w i l l 
be designated by the statistic y. Expectations are given by 

E{x) = (q - u) (1 - α + 2ag)/2(l - u) (9) 

and 

E(y) = «(p) (10) 

where u is the estimate of R, the frequency of récessives in the natural 
population (3). Equating observations χ and y to their respective ex­
pectations and eliminating a gives q as the appropriate root of the 
quadratic 
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6. H A R D I N G Colonizing Genetic Populations 69 

[1 - 2y]q* + [2(uy + xu - x) + y - u - l]q + (11) 

[2x(l - u ) + u(l - y)] = 0 

The solution q can be used to obtain the estimate of a, given by 

â = 0/(1 - Q) (12) 

This assumes that the outcrossing is random. 
The genotypic frequencies Ό, H, and R are given by 

R = u 

H = 2(q - u) (13) 

D = 1 + μ - 2q 

Expectations for Equation 13 were given by Equation 3. These observa­
tions and expectations can be substituted into Equation 8 to obtain 
estimates of the relative fitness coefficients. However, these estimates are 
based on the assumption of genotypic frequency equilibrium. Since this 

Figure 3. Collection areas in Southern California, desig­
nated by letters G-P 
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70 AIR POLLUTION DAMAGE TO VEGETATION 

assumption is most unlikely during such colonizing episodes, the estimates 
must be treated as the crudest of first approximations. 

Experimental Results 

At present 29 estimates of a, q, and F have been obtained from 
populations included in Tables I, II, and III. The outcrossing frequencies, 
a, and inbreeding coefficients, F, are summarized in Figure 4. The dis­
tributions suggest that, in spite of theoretical expectations, these popula­
tions are far from totally inbred, and the average rate of cross-fertilization 

Figure 4. Frequency histograms for 
combined estimates of a, the rate of 
cross-fertilization, and F, the coefficient 

of inbreeding 

is approximately 50%. Fitness values were also estimated for these popu­
lations and are summarized in Figure 5. The results presented in these 
figures do not deviate from results obtained from noncolonizing species 
(3, 11, 12). 

The populations under study all occupy habitats with varying de­
grees of disturbance. Attempts were made to locate populations in 
habitats with a minimum of disturbance. The populations with the least 
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Table I. Frequencies and Binomial Standard Errors for Plants with 
Dominant Seed Coat Band, S-, from Northern California in 1968 

Geographic Area Population Frequency S — 

A Red Bluff 1 
Tehema 1 
Corning 1 
Orland 1 

2 

0.47 ± 0.04 
0.79 ± 0.04 
0.13 =b 0.03 
0.77 =±= 0.04 
0.77 ± 0.06 

Β Upper Putah 1 
2 
3 
4 

0.26 =fc 0.04 
0.10 =b 0.03 
0.41 ± 0.04 
0.70 ± 0.02 

D E l Macero 1 
3 

Davis 1 

0.05 d= 0.03 
0.02 ± 0.02 
0.03 ± 0.02 

Ε Vacaville 1 
2 

0.33 ± 0.02 
0.03 ± 0.02 

F San Gregorio 1 0 

Figure 5. Approximate fitness values for 
the genotypes SS, Ss, and ss 
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72 AIR POLLUTION D A M A G E TO VEGETATION 

apparent disturbance were the Mace Populations, Vacaville-2, San Gre-
gorio, and Tar Canyon. The remaining populations colonized recently 
and are ruderals. A classification of populations as to relatively disturbed 
vs. relatively undisturbed is necessarily subjective, and for the undisturbed 
cases based on limited numbers of observations. The comparison, Figure 
6, suggests that the S/s locus is at least as variable in more disturbed 
roadside habitats as it is in the less disturbed habitats. Furthermore, 
the few flower color polymorphisms that were found occurred only in 
disturbed sites. 

Summary 

The interrelationships among natural selection, inbreeding, and ge­
netic drift are reviewed with emphasis on colonization. Genetic variation 
at four loci in Lupinus succulentus exists in samples taken from California. 
A mathematical model was developed, and estimators were derived for 
gene frequency, hétérozygote frequency, rate of cross-fertilization, and a 
coefficient of inbreeding. These parameters were estimated for 29 popu­
lations. The results indicate that (1) variation is nearly always present 
for the S A locus affecting seed pigmentation, but generally absent for 
the three loci affecting flower pigmentation; (2) variation is not reduced 
in populations from recently colonized sites; (3) self-fertilization ranges 
from nearly 0 to nearly 100%, with mean near 0.50; and, (4) inbreeding 
coefficients vary from 0 to 0.80, with mean near 0.40. 

The results do not suggest that man's disturbance of the environment 
has had any deleterious effect on the genetic structure of Lupinus soc-

Figure 6. Frequency of S- in populations considered 
natural and ruderal 
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Table II. Frequencies and Binomial Standard Errors for Plants with 
Dominant Seed Coat Band, from Geographic Area C 

in Northern California 
Population Year Frequency S— 

I ower Putah 1 1962 0.38 =fc 0.07 
1963 0.76 db 0.05 

Lower Putah 2 1962 0.46 db 0.09 
1963 0.36 =fc 0.06 
1966 0.42 ± 0.05 
1967 0.42 =fc 0.05 

Lower Putah 3 1966 0.14 ± 0.04 
1967 0.18 ± 0.04 

Lower Putah 4 1966 0.14 ± 0.03 
1967 0.14 ± 0.03 

Lower Putah 5 1966 0.10 db 0.03 
1967 0.14 ± 0.03 

Mace 11 1962 0 
30 1967 0.01 dz 0.01 

Table III. Frequencies and Binomial Standard Errors for Plants with 
Dominant Seed Coat Band, from Southern California in 1968 

phic Area Population Frequency S — 
G Tar Canyon 2 0.81 ± 0.04 

Eeef Ci ty 1 0.17 ± 0.06 
H San Luis Obispo 1 0.27 ± 0.04 

J Lompac 1 0.85 ± 0 . 0 7 
2 0.46 dr 0.04 

Solvang 1 0.71 ± 0.10 

Κ Santa Barbara 1 0.62 ± 0.06 
2 0.70 d= 0.07 

L Castaic 1 0.36 d= 0.06 
2 0.70 dz 0.04 

M Murrieta 1 0.52 =fc 0.10 

Ν Vista 1 0.32 =fc 0.04 

Ρ Misson Bay 1 0 

culentus populations. O n the contrary, this species has been an oppor­
tunistic colonizer of these new habitats. However, Lupinus succulentus 
was chosen for study because it has been a successful colonizer. These 
conclusions, if general at all, therefore, apply to successful colonizing 
species and not to those that cannot adapt to environmental disturbances 
and are now threatened with extinction. 
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Literature Cited 

1. Wright, S., "The Interpretation of Population Structure by F-Statistics with 
Special Regard to Systems of Mating," Evolution (1965) 19, 395. 

2. Fyfe, J. L . , Bailey, Ν. T. J., "Plant Breeding Studies in Leguminous Forage 
Crops. I. Natural Crossing in Winter Beans," J. Agr. Sci. (1951) 41, 371. 

3. Harding, J., "Genetics of Lupinus. II. The Selective Disadvantage of the 
Pink Flower Color Mutant in Lupinus nanus," Evolution (1970) 24, 120. 

4. "Genes and Mutations," Cold Spring Harbor Symposium on Quantitative 
Biology, No. 16, 1951. 

5. Kempthorne, O., "An Introduction to Genetic Statistics," Wiley, New York, 
1957. 

6. Tucker, C. L . , Harding, J., "Quantitative Studies on Mating Systems. 
II. Estimation of Fitness Parameters in a Population of Phaseolus lunatus," 
Heredity (1965) 20, 393. 

7. Mayr, E., "Animal Species and Evolution," Harvard University Press, Cam­
bridge, Mass., 1963. 

8. Baker, H . G. , "Self-Compatibility and Establishment after 'Long-Distance' 
Dispersal," Evolution (1955) 9, 347. 

9. Stebbins, G. L . , "Self-Fertilization and Population Variability in the Higher 
Plants," Amer. Nat. (1957) 91, 337. 

10. Stebbins, G. L . , "Colonizing Species of the Native California Flora," in 
"The Genetics of Colonizing Species," Academic Press, New York, 1965. 

11. Weil, J., Allard, R. W., "The Mating System and Genetic Variability in 
Natural Populations of Collinsia heterophylla" Evolution (1965) 18, 515. 

12. Vasek, F. C., Outcrossing in Natural Populations. III. The Deer Creek 
Population of Clarkia exilis," Evolution (1967) 21, 241. 

RECEIVED September 23, 1971. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

97
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

3-
01

22
.c

h0
06



7 

Selecting and Breeding Plants for Increased 
Resistance to Air Pollutants 

E D W A R D J. RYDER 

Agricultural Research Service, Western Region, U. S. Department of 
Agriculture, Salinas, Calif. 93901 

Few plant species have been investigated for variation in 
reaction to air pollution. Evidence for a genetic basis for 
resistance has been found in several species. Little is known 
of plant response to two or more pollutants and of the 
physical basis for resistance. Breeding new varieties resistant 
to air pollutants may be carried on despite the absence of 
some fundamental knowledge. Breeding procedures include 
selection of resistant plants out of an existing population 
and crossing of sensitive with resistant plants followed by 
selection of new types combining favorable characteristics 
of both parents. Present breeding programs are listed. 
Future needs and prospects are discussed. 

A i r pollutants cause plant damage which varies both in type and 
degree. A few crop, ornamental, and forest species have shown a 

variability in the degree of damage so that some varieties within these 
species may be classed as resistant and others as susceptible. This vari­
ability probably exists in many species in which it has not yet been 
demonstrated. Further, in a few species this variability is at least in part 
genetically based. Therefore, the opportunity exists to select those plants 
resistant to the toxicants and to breed new varieties which can be suc­
cessfully grown in a polluted atmosphere. Obviously, this solves only 
part of the air pollution problem. Resistant varieties w i l l alleviate some 
effect of air pollution on plants but w i l l not eliminate the pollutants 
themselves. 

However, this paper is designed to discuss the use of plant breeding 
techniques to modify the heredity of a plant species, enabling it to pro­
duce a crop or to survive in a hostile atmosphere. Hostile atmospheres, 
in the literal sense, are not new to the plant world. M a n himself first 
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76 AIR POLLUTION D A M A G E TO VEGETATION 

became conscious of them when he saw his crops dying for reasons un­
known to him. Later, he discovered that the air carried insects and 
disease organisms and that it was these which were destroying his crops. 
So he began to develop methods of breeding resistance to these pests. 
Now he finds he must cope with a new kind of hostility in the air, in 
addition to those with which he has become reasonably familiar. Fortu­
nately, it appears that breeding for air pollution resistance may be ac­
complished with essentially the same techniques as for the more traditional 
pests. 

Two questions may be asked at the outset. Which plant species are 
damaged by air pollution? Are there sources of genetic variation available 
in these species? 

Few plant species upon which man depends for his food, clothing, 
shelter, and aesthetic pleasure have been investigated. Researchers have 
dealt principally with the identification of air pollutants, the effects they 
have on plants, and some of the conditions under which these effects 
may vary. One of these conditions, to use the term broadly, is the genetic 
state of a species with respect to its reaction to air pollution. W e know 
that some species show resistance, but there is a considerably greater 
number about which we know little or nothing. 

Resistant Plant Species 

One must distinguish between resistant species and resistance within 
species. The use of the former as substitutes for susceptible species in 
parks, industrial areas, and other urban settings is more properly dis­
cussed in ecological engineering terms. We are primarily interested here 
in the identification and use of resistant variants within species and the 
use of several plant breeding techniques to obtain new and improved 
resistant varieties. These techniques include selection of resistant plants 
within varieties, selection of resistant varieties within species, and crosses 
between varieties with subsequent selection of improved progenies. 

In this context, then, variation in resistance to some pollutants has 
been described in several species (Table I ) . The list does not include 
species having resistance to the various pesticides but only species re­
sistant to those pollutants usually associated with automobile combustion 
and industrial processes. 

Another clarification regarding the designation of species as resistant 
or sensitive should be made. It can be reasonably assumed that many 
more species than those in which resistance has been noted w i l l in fact 
include varieties which are resistant. Most studies which have been made 
on the effects of air pollutants on plants have been based on a relatively 
few plants of a relatively few varieties. 
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7. R Y D E R Breeding Pollution Resistant Plants 77 

Evaluating the entire species as resistant or sensitive on this basis 
is apt to be misleading for the obvious reason of sampling error. In fact, 
in those studies in which several varieties have been tested, it has usually 
been found that variety differences exist. Therefore it may be assumed 

Table I. Crop, Ornamental, and Forest Species in Which Variation in 
Sensitivity to the Pollutants Named Has Been Observed 

Species Pollutant Reference 

Crop Species 
Alfalfa (Medicago sativa L.) Ozone 19 
Citrus (Citrus sp) Fluoride 20 
Cucumber (Cucumis sativus L.) Ozone 21 
Grain sorghum (Sorghum vulgare Pers.) Fluoride 22 
Green bean (Phaseolus vulgaris L.) Ozone, 23 Green bean (Phaseolus vulgaris L.) 

ambient air 
Lettuce (Lactuca sativa L.) Ozone 18 
Oats (Avena sativa L.) Ozone 24 
Onion (Allium cepa L.) Ozone 3 
Potato (Solanum tuberosum L.) Ozone 24 
Radish (Raphanus sativus L.) Ozone 25 
Red clover (Trifolium pratense L.) Ozone 26 
Spinach (Spinacia oleracea L.) Oxidant Π 
Sweet corn (Zea mays L.) Oxidant 27 
Tobacco (Nicotiana tabacum L.) Ozone 28 
Tomato (Ly coper sicon esculentum Mi l l . ) Ozone 25 
Turfgrass (Several species) Ozone, S 0 2 29 
White bean (Phaseolus vulgaris L.) Oxidant 6 

Ornamental Species 
Coleus (Coleus sp.) Ozone 21 
Gladiolus (Gladiolus sp.) Fluoride 30 
Petunia (Petunia hybrida Vilm.) Ozone, P A N , 7 Petunia (Petunia hybrida Vilm.) 

S0 2 , N 0 2 , 
irrad exhaust 

Forest Species 
Douglas fir (Pseudotsuga taxifolia Brit.) S 0 2 31 
Eastern white pine (Pinus sir obus L.) Ozone, S 0 2 32 
Larch (Larix sp.) S 0 2 33 
Lodgepole pine (Pinus contorta Dougl.) S 0 2 31 
Norway spruce (Picea abies L.) S0 2 , fluoride U 
Ponderosa pine (Pinus ponderosa Laws) Oxidant, fluoride 35 
Scotch pine (Pinus sylvestris L.) S0 2 , fluoride 34 

that variety screening among species named in various lists, for example, 
by Jacobson and H i l l ( I ) , w i l l disclose that variety differences do exist 
and that few species can be properly classified after testing one or two 
varieties. H i l l , Heggestad, and Linzon (2) do note that their list of 
species sensitive to ozone is based on "certain varieties or clones." 
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78 AIR POLLUTION D A M A G E TO VEGETATION 

In only one species has a gene for resistance been identified: a single 
dominant gene confers resistance to ozone-induced tipburn in the onion 
(3). Information about the other species listed in Table I is less specific. 
Fairly substantial evidence for a genetic basis for resistance to ozone 
weather fleck in tobacco has been found although specific genes have 
not been identified {4,5). O n the other hand, oxidant bronzing of white 
beans has been observed, but is described in the following way: " . . . within 
a relatively uniform crop, damage is often not uniform" (6). This is 
suggestive but not critical evidence for genetic resistance. Similar evalu­
ations in other crops indicate that although the presumption of a genetic 
basis for resistance to air pollution damage is a reasonable one, hard 
evidence is lacking. In most species in which air pollution injury has 
been observed, there is no reported evidence for resistance. 

Certain other types of evidence of plant response are also scarce. We 
know little about the response by the various crop species to mixtures 
of air pollutants or to two or more pollutants acting on the plants at 
different times. Feder et al. (7) report differences in sensitivity of petunia 
varieties to ozone, sulfur dioxide, P A N , nitrogen dioxide, and irradiated 
auto exhaust. There seemed, in addition, to be a correlated response to 
the different gases such that a variety relatively sensitive to one was 
relatively sensitive to one or more of the others. 

Zimmerman and Hitchcock (8) exposed several plant species to S 0 2 

and fluoride. They found that some species were equally sensitive to both, 
some equally resistant to both, and some resistant to one and sensitive 
to the other. There is little other evidence of this type. A n important 
question therefore is: in an area in which a crop may be exposed to 
several toxicants, how many genes w i l l be necessary to protect the crop 
against all of them? 

Little is known of the physical basis for resistance. In onions resistant 
to tipburn, the stomates close when exposed to ozone, thus preventing 
the entrance of the gas into the tissues. They reopen when the air is 
free of pollutant. The stomates of sensitive plants remain open, per­
mitting the gas to enter and injure the parenchyma cells, leading to 
burning and collapse of tissue (3). In another study, with pinto beans, 
Dugger et al. (9), intimate that resistance to ozone might be related 
to high soluble sugar content in the leaves. 

Fortunately, programs for developing resistant varieties may be car­
ried on despite a lack of genetic and physiological knowledge. There 
may be some loss of efficiency and some uncertainty as to direction, but 
progress in selecting improved types may be made. 

For example, if genetic variation exists in a crop plant population, 
it w i l l become apparent under the environmental stress of a siege of 
pollution. Some individuals w i l l survive the attack with no or minimum 
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7. R Y D E R Breeding Pollution Resistant Plants 79 

injury, and it is usually a simple matter to select these. Progeny from 
the selected individuals may then be grown and subjected to the pollutant 
again. If progeny from sensitive parents are also selected and subjected 
to the pollutant, and if the sensitive progeny are sensitive and the re­
sistant progeny are resistant, this is evidence of a real genetic difference. 
The next step is to increase the resistant plants at the expense of the 
sensitive ones and replace the original variable population with a new 
population all of whose members are resistant. This successfully com­
pletes the program. 

Often, however, it is necessary to resort to a more complex procedure. 
If none of the plants in the population of interest is resistant, the breeder 
must look outside that population for a source of resistance, either in 
another variety or in a wi ld relative. The resistant plants in the second 
population may be susceptible to a disease, may yield less than desired, 
have poor color or quality, or be sensitive to heat or cold. 

Then the plant breeder must make a cross between the variety with 
desirable production characteristics and the variety or line carrying the 
resistance. In subsequent generations, he must select toward a new va­
riety combining the desirable characteristics of the two parents. This 
program may take 10 years or longer. During its progress, he must sub­
ject his progeny to a screening test designed to select plants which are 
resistant to air pollution and reject the others. This might be done in 
a chamber into which he would meter an appropriate gas to expose the 
plants he wishes to test. He must also select each year for the various 
agronomic traits which have commercial value. These might include 
characters like high yield, attractive appearance, resistance to diseases or 
insects or various kinds of physiological breakdown, favorable processing 
characteristics, favorable fruit or seed characteristics, and so on. Each 
year, progeny must be planted in the field, notes taken on the various 
characters, selections made on the basis of these notes, and seed harvested 
from selected plants to be planted the following year. If the ambient 
atmosphere is a dependable source of pollutant, resistant plants can also 
be selected in the field. Complicating the process is the environment, 
which may enhance or negate a specific trait. The breeder may discover 
the following season that he has selected plants which are not as desir­
able genetically as they appeared. He may also be reasonably certain 
that he rejected some which were better than they appeared. Finally, 
after several years of selection, a breeding line may be developed which 
is resistant to the air pollutant and appears to have all the desired com­
mercial characteristics. 

The breeder then contemplates releasing the line as a new commer­
cial variety. It must be remembered that when a cross is made in which 
the resistant parent is a breeding line, a commercial variety from another 
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80 AIR POLLUTION D A M A G E TO VEGETATION 

area, a variety from another country, or a wi ld relative from anywhere, 
the breeder runs the risk of introducing deleterious genes into the breed­
ing population. If he is lucky, the effects of these genes w i l l be noted 
somewhere along the breeding process, and the plant carriers can be 
eliminated. Sometimes, however, the undesirable genes do not show 
themselves until after the variety is officially released. For example, the 
new variety may be highly susceptible to a disease which had not infected 
the older varieties or had not been a problem during the breeding pro­
gram, or the breeding program may have been conducted during a period 
of relatively warm, dry years, and the selections may be adapted to those 
climatic conditions. If the weather becomes relatively cool and damp 
after the variety is released, it may no longer be well adapted. 

A possibly unique problem in air pollution breeding research is that 
in selecting for resistance to visible symptoms, a breeder may select 
toward increased ability of the plant to absorb the pollutant without 
showing injury. In a food plant, if this level is toxic to man or animals, 
he has negated his original breeding purpose. This may occur in breed­
ing for resistance to fluoride, which does accumulate in plant tissues (10). 

O n the other hand, a possibly unique benefit in air pollution breeding 
research may derive from selection over the years for increased yield or 
fitness in an area where air pollution has long been a problem. The 
breeder may have unknowingly selected partly for resistance to chronic 
injury or growth retardation (11). This might occur in species where 
reproduction occurs in the same area as production of the crop for com­
mercial use, as well as in natural stands. It would not occur where the 
crop is grown in a polluted area and reproduced in another, nonpolluted 
area where no selective force would act. Where this type of selection 
did occur, a new breeding program specifically oriented toward air 
pollution resistance would therefore benefit. 

New Breeding Programs 

The resistance to ozone-induced tipburn in onions mentioned earlier 
is being incorporated into commercial onion varieties primarily for the 
Midwest at the University of Wisconsin (12). In a program at the U n i ­
versity of Tennessee, dark green vigorous trees have been selected in 
stands of eastern white pine in which most trees have died because of 
sensitivity to ozone, S 0 2 , and automobile exhaust constituents. Crosses 
have been made to determine the genetics of resistance, and a formal 
breeding orchard of resistant trees has been established (13). 

Resistance to S 0 2 and ozone in spinach, potatoes, and tomatoes ap­
pears to be genetic, and programs for incorporating resistance into new 
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7. RYDER Breeding Pollution Resistant Plants 81 

varieties are under way at the U S D A Plant Industry Station in Beltsville, 
M d . (14). 

At Pennsylvania State University, breeding for resistance to ozone 
and S 0 2 in scotch pine is underway. Resistance seems to be genetic. 
Selections for resistance were made initially in a fumigation nursery and 
w i l l be tested further in stands planted near pollutant sources. Crosses 
are being made for genetic studies as well as for selection for resistance 
and for favorable ornamental traits of crown form, branching habit, and 
needle color (15). 

Photochemical injury to ponderosa pine in the San Bernardino Na­
tional Forest of California is a serious problem there. Screening for 
resistance to ozone is being carried on in preparation for conducting a 
formal breeding program (16). 

Two programs for increased resistance to weather fleck in tobacco 
are in progress—one in Canada and one in the Connecticut Valley. The 
Canadian program involves the development of resistant flue-cured to­
bacco varieties ( 5 ) , and the U . S. program under G . S. Taylor of the 
Connecticut Agriculture Experiment Station is for cigar wrapper varieties. 

These examples comprise most of the projects in air pollution breed­
ing research in North America (known as of January 1972). Obviously, 
considerably more work needs to be done. 

Future Prospects 

No one knows how many crop varieties are affected adversely by air 
pollution beyond the few which have been studied. Thus, it is important 
that surveys continue to be made of the susceptibility of useful plant 
species, particularly those grown in areas of high air pollution incidence 
and in areas of potentially high incidence. These surveys should include 
all the major air toxicants known to cause injury to plants in each area. 
The genetic state of each crop must be assessed, and, in those crops which 
are uniformly susceptible, it w i l l be necessary to screen noncommercial 
materials for resistance, possibly including wi ld relatives. Appropriate 
breeding programs can then be started. 

Two important facets of this proposed program should be expanded. 
First, it is relatively easy to screen for visible injury or damage to plant 
tissues. In most cases, seedlings or small plants may be evaluated, and 
large numbers of plants can be handled in fumigant chambers. Increasing 
evidence, however, shows that chronic injury in the form of reduced 
yields may result from exposure to pollutant gases at chronic low doses. 
Other injuries such as weakened plant structures and increased disease 
susceptibility may also result. It is considerably more difficult to evaluate 
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82 AIR POLLUTION D A M A G E TO VEGETATION 

these responses. They usually must be measured and analyzed statis­
tically, requiring large numbers of plants in replicated field and green­
house trials. The plants often need to be grown to maturity. The require­
ments of time and expense and the uncertainty of the accuracy of the 
evaluation w i l l be greatly increased over those of an acute injury screening 
program. So too w i l l the length of time and expense of the breeding 
program. This is not a unique problem for plant breeders. Most programs 
involving characters which need to be measured rather than classified 
have these difficulties. 

Secondly, if we assume that air pollution problems w i l l get worse 
before they get better, we can also assume that some areas not now faced 
with a pollution problem w i l l soon have one. For example, one of the 
major vegetable growing areas in the United States, the Salinas Valley, 
Calif., may face this prospect. The Salinas Valley now is the last clean 
major air shed in the state of California (17). H o w long this w i l l be true 
is not known. A l l the prerequisites for an eventual air pollution problem 
are there: a climatic and geographic configuration which produces tem­
perature inversions during the growing season, a potential for industrial 
and population growth, and nearly 200,000 acres of crops, most of which 
are sensitive to air pollution damage. These include lettuce, celery, 
tomato, radish, bean, spinach, potato, wine grape, onion, carrot, and 
sugarbeet. 

The potential vulnerability of lettuce is of particular concern. Over 
50,000 acres of head lettuce are grown each year in the Salinas Valley. 
This represents nearly one-third of the nation's lettuce crop. Lettuce is 
one of the major vegetable crops grown in this country; only potatoes 
and tomatoes exceed it in acreage, production, and dollar value. As a 
species, it is considered sensitive to P A N , S 0 2 , and nitrogen oxides ( 1 ). 
However, Reinert et al. ( 18 ) have shown differential sensitivity to ozone 
among eight varieties, which indicates the potentiality of breeding for 
resistance. There is great need to identify varieties resistant to P A N , 
nitrogen oxides, and ozone on a greater scale than has already been done 
and to breed new resistant varieties if the important commercial varieties 
are not resistant. A n opportunity rare in plant breeding history exists to 
fill a need before it becomes critical. 

The genetic and breeding proposals described here are probably 
of a scope which is equivalent to the present totality of plant breeding 
programs in the United States. Again the basic responsibility for allevi­
ating the effects of air pollutants on plants lies elsewhere: at the sources. 
This responsibility must be fulfilled. Plant breeders already have plenty 
to do. There are many other problems which urgently need solving. It 
would be desirable to be able to work at these problems in an atmosphere 
benevolent to both plants and plant breeders. 
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8 

Chemistry and Community Composition 

M I C H A E L G. BARBOUR 

Botany Department, University of California, Davis, Calif. 95616 

The results of recent ecological research seem to have given 
new insight and credibility to Frederick Clements' 50-year­
-old postulate that community members are so interdepend­
ent and vital to each other that they form a living whole, a 
superorganism. This research indicates that those plant and 
animal species which comprise a given community are asso­
ciated—and others excluded—by factors other than the 
chance arrival of reproductive propagules or the strictly 
physical factors of the environment. The organisms are, 
additionally, collectively sieved through a network of chem­
ical interactions. However, all the evidence for chemical 
regulation of community composition cannot be accepted at 
face value. From selected references, sample evidence in­
dicative of chemical control at the producer, consumer, and 
decomposer levels is presented. Considerable ecological, 
rather than chemical, work is now needed to indicate the 
real significance to community composition and dynamics 
of many chemical interactions reported. 

^ V t h e r chapters in this book deal with the effects of man-made chemicals 
on individual plants, populations, and communities—man-made 

chemicals in the sense that they are byproducts of technology. To under­
stand how such chemicals may have a subtle or dramatic effect on a 
community, this paper reviews the effect of naturally occurring chemical 
effluents—those produced by the community itself. 

Most ecologists define a community as a group of plant and animal 
organisms which occur together in a given habitat. Within a relatively 
large geographic area, this same assemblage of species repeats itself 
wherever the same habitat recurs. Regardless of the complexity of a 
community, there are usually three basic components: producers, con­
sumers, and decomposers. Producers are green plants and photosynthetic 
bacteria at the base of the food chain. Consumers are parasites, her-
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86 AIR POLLUTION D A M A G E TO VEGETATION 

bivores, and predators. Decomposers include some bacteria, fungi, and 
animals which utilize dead organic matter for energy. 

Most definitions of a community add that the associated organisms 
are somehow interdependent and are not associated by chance ( 1 ). The 
concept of interdependence was taken to its extreme by the American 
ecologist Frederick Clements, who equated certain communities with 
organisms. Like an organism, he wrote in 1916 (2), such a community 
". . . arises, grows, matures, and dies. Furthermore, each . . . is able to 
reproduce itself, repeating with essential fidelity the stages of its develop­
ment . . . comparable in its chief features with the life-history of an 
individual plant." Many biologists disagree with this view, but my pur­
pose here is not to define a community; it is to investigate what holds it 
together, what molds its composition. 

Recent research has shown that chemicals may provide an important 
medium for interactions and interdependence of community members. 
It is ironic that this evidence should support, in some ways, Clements' 
view of the community, for he thought of interaction as being only of a 
physical nature. However, in some cases it seems that new information 
has been accumulated too rapidly to allow digestion; sweeping statements 
about the significance of chemical interactions to community composition 
and dynamics have been made without real cause-and-effect data. This 
paper summarizes sample evidence for chemical control and analyzes 
whether it has ecological significance. This review is done at all three 
community levels—producer, consumer, and decomposer. At the con­
sumer level, herbivore-predator interactions are not examined. This is 
not a thorough literature review; attempts at such a review already 
exist (3). 

The 'Producer—Decomposer Level 

To a large degree, decomposers in the soil and litter beneath a 
community are affected by the species of plants shedding the litter and 
penetrating the soil with roots. As Eyre (4) has pointed out, soils be­
neath northern conifer forests are acidic because conifer litter is acidic 
and its decomposition influences soil p H . Fungi, as a result, dominate 
the soil microflora while bacteria dominate more neutral soil beneath 
deciduous forests. There are also differences even within one conifer 
forest: pine needles are much more acidic than spruce, and the soil be­
neath most pine species has less decomposer activity and is almost devoid 
of earthworms, in comparison with soil beneath spruce species. 

The presence of certain fungi in the soil is of critical importance 
to many higher plants, because the fungi play a symbiotic role with their 
roots. Root tips of trees, shrubs, and herbs become infected with soil 
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8. B A R B O U R Community Composition 87 

fungi. The resulting swollen tips are called mycorrhizae. The relation­
ship is not parasitic, but an exchange of material does result: the fungus 
gains carbohydrates, and the root gains mineral nutrients. Absorption 
of water and nutrients is dramatically increased by the presence of the 
fungus (5). In a recent review, Scott (6) estimated that up to 80% of 
all flowering plants have mycorrhizae. Apparently, the same fungal mass 
can infect more than one plant, and the result is rapid translocation of ma­
terials in the soil. Woods and Brock (7) injected 4 5 C a and 3 2 P into a 
freshly cut stump of red maple and collected leaves from nearby trees 
in the forest during the following week. They found that both isotopes 
were transferred in the soil to 19 other taxonomically diverse trees and 
shrubs. The rate of transfer was too rapid to be caused by simple diffu­
sion alone. They concluded that mycorrhizal fungi may have been re­
sponsible, and that . . it would seem logical to regard the root mass 
of a forest . . . as a single functional unit. Inability of a species to enter 
into a mutual benefit society,' one in which minerals and other mobile 
materials are exchanged between roots, could have a negative survival 
value." 

Apart from p H , higher plants affect soil chemistry by passively con­
tributing a variety of inorganic and organic compounds to the soil. A p ­
parently, plants are very leaky systems. Carlisle et al. (8) analyzed the 
nutrient content in rain water falling directly to the ground and in rain 
water falling through the leaf canopy of sessile oak (Quercus petraea). 
Apart from nitrogen, throughfall contained a higher concentration of 
nutrients: phosphorus, for example, was more than doubled, potassium 
was increased nearly ninefold, sodium was increased by half. The nu­
trients had been passively leached from the leaves by rain water; they 
would ordinarily be carried down to the soil and accumulate there. Tukey 
(9) has shown that larger molecules can also be leached from leaves. 
He grew seedlings and cuttings of 150 species in nutrient culture with 
certain radioisotopes in it, then leached the plants by atomized mist or 
immersion in pure water for up to 24 hr. The leachate was channeled 
through an anion-cation exchange resin and analyzed. It contained 14 
elements, including such essential nutrients as iron, calcium, phosphorus, 
potassium, nitrogen, and magnesium; seven sugars; some pectic sub­
stances; 23 amino acids; and 15 organic acids, including virtually all the 
acids in the Krebs cycle of respiration. 

Leaves of many species also give off volatile oils which can be directly 
adsorbed by soil or be carried down in rain, von Rudloff (10), for ex­
ample, reported that the quality and quantity of oils in needles of white 
spruce (Picea gauca) were relatively constant over a large range of 
territory. We w i l l return to some of those 18 compounds or groups later: 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

97
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

3-
01

22
.c

h0
08



88 AIR POLLUTION D A M A G E TO VEGETATION 

α-pinene, myrcene, 1,8-cineole, and camphor. Went ( I I ) has commented 
on blue hazes associated with conifer forests and some other vegetation 
types. H e suggested that they are caused by a reaction between ozone and 
volatile terpenes (e.g., pinene), and that they might have a great effect 
on the heat balance of the earth, let alone on soil chemistry. 

In a number of papers, Rice has dealt with the effect of specific plant 
products on the activity of soil bacteria. Abandoned crop land in Okla­
homa reverts to prairie through a sequence of successional communities 
that may require 30 or more years (12). The first stage, lasting 2-3 
years, is composed of pioneer weeds such as amaranth (Amaranthus 
retroflexus), sunflower (Helianthus annum), ragweed (Ambrosia psilo-
stachya), and crabgrass (Digitaria sanguinalis). Some of these species 
are natives, others are introductions. This community is then displaced 
by one dominated by native annual grasses, such as Aristida oligantha, 
which maintains itself for as long as 15 years, then is itself displaced by 
third and fourth communities. Rice and his co-workers wondered if the 
course of succession could be directed by chemical interactions in par­
ticular interactions affecting nitrogen-fixing and nitrifying bacteria. 

Rice (13) made aqueous extracts of flowers, leaves, roots, and stems 
of 14 pioneer weed species, and tested them for inhibitory effect on 
strains of Azotobacter, Nitrobacter, and Rhizobium. A l l proved inhibitory 
to one or more of the bacterial strains. In 1965, Rice (14) identified the 
inhibitors in three of the weed species as chlorogenic acid and gallo-
tannin, both polyphenols. Chlorogenic acid is a strong inhibitor of several 
enzyme systems (phosphorylase, paroxidase, oxidase), and gallotannins 
are excellent protein précipitants. In a later paper (15), soils beneath 
two weed species were found to contain large quantities of gallic and 
tannic acids (over 600 ppm tannic acid). The authors reported that, in 
laboratory tests, less than 300 ppm tannic acid was effective in reducing 
symbiotic nitrogen fixation. 

Rice claimed that the weed species had less of a demand for nitrogen 
than later successional species and that the weed stage prolonged itself 
by inhibiting certain bacteria, thus reducing nitrogen availability in the 
soil. However, the story is not ecologically complete. Chlorogenic acid 
and gallotannis are widespread in the plant kingdom (16) and might be 
expected in prairie grasses as well as in pioneer weeds. Indeed, his data 
show that extracts of the prairie perennial grass Andropogon scaparius 
were just as toxic to the bacteria as many weed extracts. Further, if the 
inhibitors are stable in soil (and Rice presented some data to indicate 
this is so ), then why is the weed stage not prolonged beyond 2-3 years? 

The reverse of plants' inhibiting bacteria can also occur: byproducts 
of bacterial metabolism can inhibit higher plants. Phenolics are common 
products of decomposers; Wang et al. (17) were able to extract and 
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8. BARBOUR Community Composition 89 

Table I. Effect of Overstory Plants on Germination and Establishment 
of Jack Pine (Pinus banksiana)a 

Germi- Survival 
Labora- nation after 

Seeds Planted under: tory after Two 
Effect One Summers 

Summer 

Cherry (Prunus pumila) 14 6 
Wintergreen (Gaultheria procumbens) — 25 17 
Goldenrod (Solidago juncea) 30 14 

Average, inhibitory plants 23 12 

Lichens (Cladonia rangiferina) 50 18 
C allier gonella schreberi 88 25 
Trailing arbutus (Epigaea repens) 0 91 51 
Blueberry (Vaccinium angustifolium) 105 11 
Bracken (Pteridium aqmlinum) 144 67 

Average, plants of no effect 96 34 

Dogwood (Cornus canadensis) 143 12 
Red pine (Pinus resinosa) + 222 20 

Average, stimulatory plants 183 16 
° 400 seeds were planted beneath each species; in the laboratory, these species 

proved inhibitory ( —), stimulatory (+), or of no effect on jack pine germination. 
Data from Brown (24). 

identify a number of phenolics from soils of sugar can fields in Taiwan. 
When added in amounts of 0-100 ppm to culture media of seedlings of 
sugar cane, corn, wheat, and soybeans, shoot and root growth of most 
were impaired at a concentration above 50 ppm. However, from their 
data it appeared that natural soil water would not contain more than 
12 ppm of such phenolics, so the ecological significance of the laboratory 
interaction is doubtful. Patrick and Koch (18) reported that decom­
position residues from timothy, corn, rye, and tobacco affected respira­
tion, germination, and growth of tobacco seedlings. They did not, how­
ever, identify the toxins or estimate their abundance in soil. In a review, 
Brian (19) listed 38 antibiotics which affect germination and plant growth 
in low concentration ( 1-10 ppm ) ; many of these are thought to be formed 
and released in the normal soil system. Although of relatively high 
molecular weight, they can be taken up by roots and translocated through 
a higher plant. Among his list are a number of metabolic inhibitors of 
great specificity and potency. 

Plant compounds and products of decay also may affect saprophytic 
and parasitic fungi. Rennerfelt and Nacht (20) noted that heartwoods 
of pines have a fairly high fungicidal resistance, while those of some 
other conifers do not. They were able to extract, isolate, and identify 
eight heartwood compounds (from four species) which had fungicidal 
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90 AIR POLLUTION D A M A G E TO VEGETATION 

properties. A l l were terpenoids and flavinoids. The authors tested six 
of the compounds on 12 species of major decay fungi and reported major 
differences in susceptibility. Growth of all fungal species, for example, 
was reduced to zero by 10 ppm γ-thujaplicin (from Thuja plicata) while 
reaction to pinosylvin (from Pinus) was mixed: Merulius lacrymans 
growth was reduced to zero by less than 15 ppm, but growth of Phiostoma 
pint was hardly affected even by 200 ppm. Generally, almost all the 
fungi were inhibited or killed by normal heartwood concentrations of 
the compounds. However, the ecological significance of the interaction 
is not clear. Heartwood of larch, cedar, and Sequoia are resistant to 
decay, but fungicidal compounds have not been extracted from them. 
Of the four species which the authors did show contained fungicides, 
they did not comment on whether or not the laboratory-susceptible fungi 
occur in nature on those species; that is, is there a negative association in 
nature, as predicted by the laboratory experiments? If the fungicides 
are effective, why are they of such limited distribution? Are heartwood 
decomposers species-specific? 

The Producer—Producer Level 
A number of workers have reported evidence for chemical control 

of plant distribution, spatial associations between species, and the course 
of community succession. 

One of the most complete studies is that by Muller (21) on the spatial 
relationship between coastal sage ( Salvia leucophylla ) and annual grass­
land in the Santa Ynez valley of southern California. A number of chap­
arral species, including sage, dominate the foothills, while annual grasses 
and herbs dominate the valley floors. However, patches of sage shrubs 
may occur in the grassland. Beneath those shrubs, and for 1-2 meters 
beyond the shrub canopy limits, the ground is devoid of herbs and 
grasses. Even 6-10 meters from the canopy, annuals are stunted. Stunting 
is not caused by competition for water since shrub roots do not penetrate 
that far into the grassland, and stunting is observed even in the wettest 
parts of the year. Nor do soil factors seem responsible for the negative 
association: major chemical and physical soil factors do not change 
across the bare zone. Muller was able to show that Salvia shrubs emit 
a number of volatile oils from their leaves and that some of these (prin­
cipally cineole and camphor) are toxic to germination and growth of 
surrounding annuals. H e was able to detect these substances in the field 
and to demonstrate that they are adsorbed by the soil and can be retained 
there for months and that they are able to enter seeds and seedlings 
through their waxy cuticles. He was not, however, able to detect the 
same amounts of oils in natural soils that were necessary to produce 
inhibition in the laboratory. 
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8. BARBOUR Community Composition 91 

Muller was also unable to eliminate completely other factors as 
contributing to maintenance of the bare zones. Bartholomew (22) ex­
amined in more detail the influence of mammalian and bird herbivores 
which reside in the shrub clumps but forage in the grassland. Foraging 
activity, he reasoned, would increase closer to the shrubs and might be 
the main cause for maintenance of the bare zone. From seed prédation 
and exclosure experiments, Bartholomew was able to substantiate that 
hypothesis. Muller (23) agrees that herbivory has some influence on 
the bare zone but argues that it cannot explain the stunted zone. He 
adds that . . biochemical products are widely, if not universally, involved 
in biotic interactions . . .," but that the chemical products do not act alone 
in a vacuum: their activity is modified by other environmental factors 
such as drought, shading, and grazing. 

A short study by Brown (24) implicates the role of species-specific 
biochemical interactions in the association of forest species. He made 
aqueous extracts of leaves, fruit, and flowers of 56 species of a pine forest 
in Michigan dominated by jack pine (Pinus banksiana), and he tested 
their effect on germination of jack pine. Most had no statistically signifi­
cant effect, but extracts from nine species inhibited germination, and 
extracts from five others stimulated germination. Using the laboratory 
results as a predictive model, he planted 400 jack pine seeds under each 
of 10 species in the field ( Table I ). In the laboratory, extracts of three of 
those species inhibited germination, extracts of five had no effect, and 
extracts of two had a stimulatory effect. In nature, these substances would 
be leached by rain and deposited in the soil beneath the canopy. The 
effect of these species on germination in nature did parallel laboratory 
results: average germination was eight times as great under stimulatory 
species than under inhibitory species. However, survival, after two sum­
mers, did not show that relationship: survival was about equal beneath 
stimulatory and inhibitory species, and was greatest beneath species of 
supposedly no effect. Brown indicated that grazing intensity by small 
mammals probably had more importance to survival of jack pine than 
did soil chemistry. 

Webb et al. (25) reported on the successes and failures of planta­
tions of rainforest trees in Australia. Some species, such as those of the 
conifer Araucaria, grow in clumps or aggregations in the natural forest; 
these species have been successfully adapted to plantation cultivation. 
Other species, such as Grevillea robusta, which normally grow as scat­
tered individuals, do not do well in plantations. Grevillea grew rapidly, 
in cultivation, for 10-12 years, then declined in growth despite thinning. 
Regeneration of the species by seed in the plantation was ni l . The gov­
ernment officially labeled the plantations failures. In contrast, growth 
and regeneration of Araucaria in plantations were excellent. Although 
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92 AIR POLLUTION D A M A G E TO VEGETATION 

the authors did not isolate any toxins, they suggested that a root exudate 
was a factor, and that the chemical inhibition was an ecological factor 
of significance in maintaining dispersal of Grevillea individuals in the 
forest. Such dispersal may be advantageous in reducing damage from 
pathogens and herbivores (26); however they did not document any 
differences in the species of pathogens and herbivores that attack Grevillea 
on the one hand, Araucaria on the other. If they are the same for both 
trees or the intensity of attack is equal, the advantage of dispersion over 
aggregation is not obvious, and the significance of the biochemical inter­
action is even less obvious. 

Few researchers have concerned themselves with the role of chemicals 
in directing community succession. In the Piedmont area of North Caro­
lina, Keever (27) began her work on succession in the hope of finding 
a chemical basis. However, she concluded that succession there was 
mainly directed by growth form of the plants involved ( annual, biennial, 
perennial), time of germination, amount of shade cast, or efficiency of 
seed dispersal. She found little or no evidence for chemical control. 

Wilson and Rice (28) and Olmstead and Rice (29), however, have 
reported that plant byproducts may influence succession in Oklahoma. 
They found that aqueous extracts of one pioneer weed, Helianthus an­
num, were toxic to germination and growth of that species and of asso­
ciated weed species. Two of the toxins involved were chlorogenic and 
isochlorogenic acid. In laboratory bioassays, these compounds were toxic 
to 12-day-old seedlings of weeds such as Amaranthus retroflexus but not 
to plants of the next successional stage, such as Aristida oligantha ( Table 
II) . F ie ld soils in weed communities were eluted, and extracts were 
isolated by paper chromatography. The majority of the separates proved 
toxic to Amaranthus retroflexus germination, but their identity was not 
determined, so it was not possible to say that chlorogenic acid and iso­
chlorogenic acid were present in natural soil. However, since Amaranthus 
retroflexus is not native to Oklahoma, it has not evolved with the local 
flora and vegetation. H o w significant, then, are the chemical interactions 
revealed here to the composition and dynamics of more "natural" com­
munities? 

The Producer—Herbivore Level 

For a given herbivore, all species of plants are not equally palatable. 
Many species are rejected totally, some are eaten preferentially, and 
others are eaten only when preferential species are absent. Grazing 
selectivity is easy to observe in large herbivores, but it is less obvious— 
though just as common—in small herbivores such as insects. The attain­
ment of nonpalatability would confer major selective advantage to a 
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8. BARBOUR Community Composition 93 

plant species, and breeding programs directed to this end have major 
agricultural and economic implications. It is quite likely that palatability 
depends upon the quality and quantity of certain metabolic byproducts. 
For example, Gustafsson and Gadd (30) compared thrip damage on two 
varieties of a lupine species, one with a high alkaloid content, the other 
with low content, and reported that almost all thrips in a mixed-field 
planting were on the low alkaloid variety. 

In lengthy reviews, Brower and Brower (31) and Ehrl ich and Raven 
(32) summarized the food preferences of butterfly groups throughout 
the world. They concluded that many taxonomic groups feed exclusively 
on one to several families of flowering plants, and that: . . secondary 
plant substances play the leading role in determining patterns of utiliza-

Table II. Effect of Chlorogenic Acid on Seedling Weight of a Weed 
Species (Amaranthus) and an Annual Grass (Aristida) a 

Chlorogenic Acid, ppm 

0 0.029 0.289 2.89 28.9 289 
Amaranthus 84.5 72.5 72.7 71.9 70.2 36.1 

retroflexus 
Aristida 32.1 32.8 30.9 31.1 36.1 31.9 

oligantha 
° Seedlings were exposed for 12 days, then dry weight (mg) noted. Figures under­

lined differ from the control at the 5% significance level. Data from Olmstead and Rice 
(S9). 

tion. This seems true not only for butterflies but for all phytophagous 
groups and also for those parasitic on plants. In this context, the irregular 
distribution in plants of such chemical compounds of unknown physio­
logical function as alkaloids, quinones, essential oils (including terpe­
noids), glycosides (including cyanogenic substances and saponins), 
flavonoids, and even raphides (needlelike calcium oxalate crystals) is 
immediately explicable." 

It is doubtful that the data available justify quite such a sweeping 
statement. First, although the physiological functions of many com­
pounds they mention are indeed unknown, it may not be fair to take 
them out of the context of metabolic pathways. They may be interme­
diates in the synthesis of pigments, hormones, or other compounds of 
known function. Conflicting reports on their rate of turnover exist. Sec­
ond, the reviewers did not correlate plant chemistry specifically with 
feeding preference; they simply assumed that taxonomically (basically 
that means morphologically) related plants would be similar in their 
chemical composition. In a very simple, direct way, the work of Brower 
(below) indicates that this assumption cannot be made. Third, we still 
need more cause-and-effect evidence for the relationship between plant 
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chemistry and feeding preference. Much research understandably stops 
at the correlation level: feeding activity is associated with differences in 
plant chemistry. However, such correlations leave other factors, which 
might be more critical in determining feeding preferences, unexamined. 
One of the few ecologists who pursues the correlations to a cause-and-
effect level, and who has shown the importance of herbivory on com­
munity structure, is Janzen (26, 33, 34). 

Brower (35, 36) has also accumulated evidence of a cause-and-effect 
relationship which illustrates the selective advantage of restricted feeding 
in a food chain. Monarch butterflies, common in tropical and subtropical 
areas, induce vomiting in birds which prey on them. Avoidance of the 
butterfly is soon learned by the birds. Apparently, vomiting is caused by 
large amounts of cardiac glycosides in the butterfly. Brower has demon­
strated that these glycosides are not formed de novo by the butterfly but 
must be ingested by larvae from food plants. 

Like other groups of unpalatable butterflies, the monarchs feed ex­
clusively on a narrow taxonomic range of plants: the Asclepiadaceae 
(milkweed family) in this case. In Trinidad, Brower noted that the 
principal monarch larval food plant was Asclepias curassavica, a plant 
which contains a large amount and variety of cardiac glycosides. Larvae 
raised on this species in the laboratory contained 10 identifiable cardiac 
glycosides and, when fed to starved jays, caused vomiting. A minor food 
plant in Trinidad is another species of Asclepiadaceae, Gonolobus ros-
tratus. This plant contains no cardiac glycosides, and larvae raised on 
this plant proved palatable to the test birds. Thus, palatability was caused 
solely by larval food plants, but because all the monarch butterflies look 
alike, birds avoid them all. 

W h y did the larvae feed mainly on the plant with high levels of 
cardiac glycosides? A second experiment, conducted in Florida, may 
have provided the answer. As diagrammed in Table III, two species of 
Asclepias serve as food plants for monarchs in that area, one with glyco­
sides, one without. Feeding experiments were conducted, similar to those 
in Trinidad, and again palatability of the butterfly was solely the result of 
larval food plant. When Brower checked the egg-laying preference of the 
butterfly, he found that 93% of all eggs counted in nature had been laid 
on the glycoside-rich Asclepias species. What factor induced the females 
to oviposit on that species was not reported, but it is clear that the cycle 
of nonpalatability w i l l be maintained by selective egg-laying behavior. 

Feeny and Bostock (37) have found a relationship between timing 
of an insect life cycle and plant palatability. Larvae of the winter moth 
Operophtera brumata feed in spring on young leaves of the deciduous 
oak Quercus robur. The larvae are apparently intolerant of high tannin 
content in leaves, and the authors found that tannin content was minimal 
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8. B A R B O U R Community Composition 95 

Table III. Plant Poisons in a Food Chain" 

Trinidad Florida 

Asclepias 
curassavica 

(with cardiac 
glycosides) 

ï 
Monarch larvae 

(glycosides) 

ι 
Monarch 
butterfly 

(glycosides) 

ι 
Induces vomiting 

in birds 

Gonolobus 
rostratus 

ι 
Monarch larvae 

I 

Monarch 
butterfly 

4 
No vomiting 

A. humistrata 
(glycosides) 

i 
93% of all 

Monarch eggs 

ι 
Larvae 

(glycosides) 

i 
Butterfly 

(glycosides) 

ι 
Vomiting 

A. tuber osa 

ι 
7% of all eggs 

i 
Larvae 

I 
Butterfly 

I 
No vomiting 

a Data from Brower (35). 

in spring. In A p r i l , when leaves first appear, tannin content is 0.5% (dry 
weight basis); by July it is 2 % ; by the end of September it reaches 5 % . 
Feeny has speculated (38) that . . larvae of the winter moth w i l l not 
mature satisfactorily on oak leaves 2 weeks older than those on which 
the larvae normally feed. If they hatch too early, they starve before the 
leaves appear; if they hatch too late, they are defeated by the tannins . . ." 
In some species (a.g., Quercus lobata of California), the deciduous habit 
may be an adaptation for avoidance of year-long herbivory rather than 
for avoidance of cold or drought. 

Some herbivores increase the population size of their food plants, 
and pollinating insects are an example. Some pollinators are very selective 
in their flower choices, and perhaps the most complex interactions are 
between orchids and their pollinators. A few have flowers in the shape 
of female insects, and males attempt to copulate with them, resulting in 
pollination (39). Chemical scents play a major role, according to Dodson 
(40). He has shown that orchid flowers emit very specific scents pro­
duced by different ratios of terpenes and other aromatic hydrocarbons of 
low molecular weight (pinenes, cineoles, methyl salicylate). By placing 
these substances alone or in mixtures on blotter paper in nature and 
observing attraction of pollinators, he was able to conclude that com-
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96 AIR POLLUTION D A M A G E TO VEGETATION 

binations were discernable by the insects. For example, cineole and 
benzyl acetate mixed acted as a repellent for some species of pollinators, 
and modified the attraction potential of the total fragrance for others. 
Cineole or benzyl acetate alone had much less of a discriminating effect. 

The most sophisticated and specific chemical interaction between 
plants and herbivores may involve hormones. Feeding preferences in 
some cases may be related to hormonal control rather than simple pal­
atability. Ferns, for example, are generally less extensively eaten by 
insects than are flowering plants, and it may be no mere correlation that 
ferns evolved with the insects, considerably earlier than the flowering 
plants. Soo Hoo and Fraenkel (41) commented that larvae of the south­
ern army worm reject ferns in general, and these authors performed some 
preliminary feeding experiments with ground pieces or water extracts of 
Boston fern (Nephrolepis exaltata). Shortly after, Kaplanis et al. (42) 
extracted two major molting hormones from pinnae of bracken fern 
( Pteridium aquilinum ) : α-ecdysone and 20-hydroxyecdysone ( = β-ecdy-
sone). Ecdysones form a class of compounds similar in structure to 
cholesterol; they are ordinarily synthesized by the prothoracic gland of 
larvae, and they promote developmental reactions, such as pupation. 
However, Kaplanis cautioned: . . we do not have information on either 
the significance or function of these steroids in plants. Perhaps . . . these 
substances . . . interfere with the growth processes of insect predators." 
His statement can still stand today. 

As reviewed by Williams (43), ecdysone has been isolated from 
more than 10 species of conifers, 20 ferns, and 30 flowering plants (out 
of 1000 species surveyed). A total of 28 different plant ecdysones are 
known, the most ubiquitous being β-ecdysone. The ecological significance 
of β-ecdysone in plants is unclear. It is not toxic when orally ingested 
( as feeding larvae would obtain it from a food plant ), but there is some 
evidence that it could be a feeding deterrent in concentrations as low 
as 1 ppb. Perhaps it serves as a steroid base for other compounds once 
it is in an insect's metabolic system. 

Another developmental hormone is the juvenile hormone, which pre­
dominates early in larval life; later ecdysone predominates. It is a methyl 
ester of the epoxide of a fatty acid derivative, and there is some evidence 
that its structure differs in different groups of insects. By a series of 
coincidences, it was discovered that certain paper toweling prevented 
the European bug, Pyrrhocoris apterus, from developing into sexually 
mature adults. Instead, an extra one or two larval molts ensued, and all 
eventually died without being able to complete metamorphosis. The 
juvenility factor was traced to particular conifers used in American paper 
pulp, mainly Abies balsamea, Tsuga canadensis, Taxus brevifolia, and 
Larix lancina. The active principle was isolated and characterized. It 
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has a structure similar to that of the juvenile hormone, and has been 
named juvabione. It proved to be effective on only one family of insects, 
the Pyrrhocoridae. Williams (43), who has summarized the story above, 
asked: "Have the plants in question undertaken these exorbitant syn­
theses just for fun? I think not. Present indications are that certain plants 
and more particularly the ferns and evergreen trees have gone in for an 
incredibly sophisticated self-defense against insect prédation . . ." 

However, the pyrrhocorid story certainly fails to justify such a hy­
pothesis. Pyrrhocoris apterus is a native of Europe, and the only plants 
which produce the (very specific) juvabione are natives of North Amer­
ica. The two simply don't occur together. Further, the bug and all 
members of its family feed by sucking the juices of weak herbs; they 
are not known feeders of any tree species. What ecological significance 
is there in the pyrrhocorid story? 

Plant substances are said to enhance some insect hormones, to the 
advantage of the insect. Bedard et al. (44) have described how the 
western pine beetle (Dendroctonus brevicomis) uses its host pine trees 
(Pinus ponderosa and P. coulteri) to enhance the drawing power of its 
sex attractant, exobrevicomin. When ready to mate, both sexes emit the 
attractant. Bedard found the attractant's power ( in terms of numbers of 
insects attracted) was doubled when mixed with myrcene, a normal 
constituent of pine wood. Myrcene alone was not attractive. Myrcene, 
however, is not restricted to pine; we have seen earlier (10) that it is 
consistently found in spruce needles, and in general it is not characteristic 
of any single group of plants. Since the western pine beetle feeds only 
on pine, of what real ecological significance is Bedard's report of the 
enhancement of its hormone by myrcene? W h y isn't a more specific con­
stituent of pine wood involved? Perhaps one is, but research has not yet 
revealed it. Apart from Brower's work with the monarchs, we have not 
examined the rich area of herbivore-predator interactions. 

Conclusions 

Biochemical interactions between organisms do occur, and a more 
detailed review would document that conclusion abundantly, but how 
ecologically important are these interactions? What sometimes appears 
to be lacking in the recent literature is an appraisal of that question. The 
research is often incomplete. 

Before ecological significance can be assigned to an interaction, a 
series of steps should be followed—in the manner Koch's postulates are 
followed to prove a causal relationship between a microbe and a disease. 
The first step involves considerable observation—a correlation must be 
documented. For example, negative association between two species 
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of plants must be shown, or the selective feeding habits of a larva must 
be demonstrated. The correlation should be consistently apparent. A 
second step is experimentation. The correlation must be proved to be 
cause and effect. What factors maintain the correlation? If a chemical 
is involved, what is its identity and how does it affect the species in­
volved? M u c h of this work can be done in the laboratory, but laboratory 
conditions should attempt to imitate field conditions. A third step returns 
to the field situation. D o the factors discovered in the laboratory operate 
in nature? Can the compounds be detected, and in what concentration? 
Can they remain viable in the soil system for long periods? 

The pitfalls in carrying a suspected interaction through all three 
steps are numerous and well illustrated in the literature. Webb et al. (45), 
for example, checked into the negative association between a native 
Australian shrub and some introduced, annual weeds. They found that 
ground leaves of the shrub were indeed toxic to the introduced annuals, 
but that they were also toxic to native herbs, even to herbs which char­
acteristically grew beneath the shrub. They concluded that ". . . this 
toxicity is ecologically irrelevant," and let us hope that the days of using 
tomatoes as test organisms for the inhibitory quality of desert shrub 
extracts are over (46); bioassays must have some ecological relevance. 
Carrying experiments to the field is perhaps the most difficult step. Muller 
and del Moral (47) made a fine attempt, but realized that the amount 
of inhibitor present in nature was less than that used to induce inhibition 
in the laboratory, and Bartholomew (22) pointed out the importance of 
other factors, such as grazing. Bonner (48) had to abandon his study 
when he discovered that an inhibitor active in sterile sand was rapidly 
broken down in normal, bacteria-rich soil. 

In a recent paper, Whittaker (49) philosophically concluded that 
stability and diversity in communities can in large measure be caused by 
biochemical interactions. O n the one hand, the interactions permit di ­
versity by limiting competition between species. In effect, species are 
restricted to a smaller portion of the habitat, thus permitting more species 
to fit in. O n the other hand, the interactions enhance stability in com­
munity composition by making it difficult for invaders to penetrate. In 
an evolutionary, rather than ecological, sense, Whittaker believed that 
chemical interactions favor diversity, because of . . virtually unlimited 
potentialities for the addition of different species with different interac­
tions." However, in light of my brief review, I suggest that such broad 
conclusions be regarded as tenuous hypotheses for the moment, until the 
ecological significance of many of the reported biochemical interactions 
is proved. 
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9 

Oxidant-Induced Community 
Change in a Mixed Conifer Forest 

P A U L L . M I L L E R 1 

Pacific Southwest Forest and Range Experiment Station, Forest Service, 
U . S. Department of Agriculture, Berkeley, Calif. 

Trees of the ponderosa pine-sugar pine-fir forest type on the 
San Bernardino National Forest in southern California are 
exposed to heavy chronic photochemical oxidant air pollu­
tion. The relative numbers, age-composition, and spatial 
distribution of coniferous trees in this forest type were de­
termined. Total mortality of ponderosa pines was 8% dur­
ing a two-year period and 10% during four years in a sepa­
rate sample. Continuous records of oxidant exposure during 
a five-year period helped to relate dosage to observed dam­
age. Possible physical and biological changes in this forest 
type are suggested, and questions of importance to forest 
management are identified. 

"photochemical oxidant air pollution—chiefly ozone—was first identified 
A in 1962 as the agent responsible for the slow decline and death of 
ponderosa pine (Pinus ponderosa Laws.) trees in southern California (1 ). 
Work on identifying this source of damage can be traced to the mid-
1950's; it was described as "chlorotic decline" (2). 

Ponderosa pine is one of the five major species in the ponderosa 
pine-sugar pine-fir forest cover type (3) on the San Bernardino National 
Forest in southern California. The other species in this type are sugar 
pine (P. lambertiana Dougl . ) , white fir (Abies concolor L i n d l . & Gord. ) , 
incense cedar (Libocedrus decurrens Torr.) , and California black oak 
(Quercus Kelloggii Newb.) (3). This cover type—sometimes called "the 
mixed conifer type"—occupies wide areas of the western Sierra Nevada 
and the mountain ranges in southern California from 3000 to 6000 feet 

1 Located at Riverside, Calif. 92507. 
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102 AIR POLLUTION D A M A G E TO VEGETATION 

elevation (3). Above 6000 feet, Jeffrey pine (Pinus Jeffreyi Grev. & Balf.) 
replaces ponderosa pine. 

Several of the most numerous understory and herb layer plants on 
sunny, dry sites of the study area are: canyon live oak (Quercus chryso-
lepis L iebm.) , pink-bract manzanita (Arctostaphylos Pringlei Parry var. 
drupacea Parry) , deerbrush [Ceanoihus integerrimus var. puberlus 
(Green) Abrams], bracken fern [Pteris aquilinum ( L . ) Kuhn var. lanu-
ginosum (Bong.) ] , cheatgrass (Bromus tectorum L . ) , and California 
brome (Bromus carinatus Η. & Α.) . Plants typical of shady, moist sites 
are: mountain dogwood (Cornus nuttallii A u d . ) , wil low (Salix hsiandra 
Benth. var. Abramsii Bal l . ) , Sierra currant (Ribes nevadense Ke l l . ) , thim-
bleberry (Rubus parviflorus Nutt . ) , and lupine [Lupinus polyphyllus 
L i n d l . ssp. bernardinus (Abrams) M u n z . ] . 

Sugar pine, incense cedar, and black oak have suffered only slight 
damage from chronic oxidant exposure. White fir has suffered slight dam­
age, but occasional trees are severely damaged. As yet, there has been 
no mortality among these three species which can be attributed to oxidant 
damage. Jeffrey pine resembles ponderosa in sensitivity to air pollution 
damage. 

In 1969 an aerial photo survey by the U . S. Forest Service of the 
San Bernardino National Forest showed that 1.3 million ponderosa or 
Jeffrey pines (12 inches or larger, diameter at breast height) on more than 
100,000 acres were affected to some degree (4). 

A recent ground survey covering limited portions of California has 
identified slight oxidant damage to ponderosa pine, particularly in the 
Sierra Nevada foothills east of Fresno (5). The prospect of continued 
damage in southern California and new damage in other areas has gen­
erated concern about the total effect on all plant and animal species 
associated with the ponderosa pine-sugar pine-fir type. 

Most of the work to date has been directed at assessing the impact 
of ozone on the vegetative growth phases of ponderosa pine. There are 
no published studies that have included its conifer or hardwood associates 
or understory vegetation. 

This paper describes the present stand composition, degree of injury, 
and mortality in ponderosa pine in relation to the concentrations of 
oxidant air pollution in a heavily damaged area and points out some 
possible physical and biological factors associated with oxidant-induced 
changes in community composition. 

The Study Area 

The study area was a 575-acre block on undulating ridgetop and 
generally north-facing slopes in the northwest section of the San Ber-
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9. M I L L E R Oxidant-Induced Change in a Forest 103 

nardino National Forest. The undulating ridgetop represents the abrupt 
southern boundary of the coniferous forest, where there is a sharp transi­
tion into the woodland chaparral characterized by canyon live oak and 
big cone Douglas-fir (Pseudotsuga macrocarpa Mayn.) (6). 

The southern boundary overlooks the urban basin below and is sub­
jected first to the polluted air which is convected over the crest almost 
daily during spring, summer, and fall (7). The elevation at the southern 
one-third of the plot is gently rolling at 5600 ft elevation, but northward 
the terrain changes into gently sloping ridges and relatively steep ravines, 
culminated at the northern end by an intermittent stream at about 5400 
ft. Beyond the northern boundary of the plot, the coniferous forest con­
tinues for about 4 miles where it adjoins a steep chaparral zone over­
looking the Mojave Desert. 

The cactus granite formation is the dominant parent material in the 
study area. This formation which is largely a light-colored quartz mon-
zonite of the Mesozoic age (8) is found in occasional outcrops on the 
ridgetop and north-facing slopes above 5400 ft. The soil is typically deep 
and well developed most closely resembling the Shaver coarse sandy loam. 

From 1943 through 1971 the precipitation at the Lake Arrowhead 
Fire District station about 1 mile E N E of the study area averaged 40.04 
inches (January-December). The standard deviation of 18.05 was ex­
ceeded five times below and five times above the mean. The 1870-1970 
average estimated from isohyetals (San Bernardino County Flood Con­
trol Agency map) is between 35 and 40 inches. A dry trend continued 
without interruption from 1959 through 1964 with precipitation averaging 
11.21 inches below the 1943-1971 average. Since 1964 the annual pre­
cipitation was: 1965, 67.19; 1966, 38.01; 1967, 55.87; 1968, 20.06; 1969, 
98.54; 1970, 34.61; and 1971, 33.80. 

The present uses of the land include a few leased summer cabin sites, 
and an improved public campground in the southwest corner. Compared 
with the intense use of nearby lands under private ownership, this area 
is lightly used. 

During the 1860's, the study area was heavily logged for the first time, 
and possibly a second cutting occurred during the 1890's. The forest 
composition in that virgin stand is not known, but early photographs and 
other records suggest that ponderosa and sugar pine were the species 
harvested in greatest abundance. The amount of white fir in the unlogged 
stand is not definitely known, but this species was not considered of great 
timber value. The uses of incense cedar may also have been limited 
because of the common occurrence of decay in the larger sized stems (9). 

A major wildfire in August 1911 may have burned a small strip along 
the western boundary of the area. In 1956 the extreme southern boundary 
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104 A I R P O L L U T I O N D A M A G E T O V E G E T A T I O N 

of the area may have received damage from a fire burning up from the 
woodland chaparral. 

Survey Procedures. Eight survey strips were laid out running east-
west at nearly equal distant intervals (crossing drainages at right angles). 
Each strip was 66 ft wide, and the lengths varied from 0.3 to 1.4 miles. 
A n observer walked the center line and recorded the numbers within 33 
ft on the right and left of ponderosa pine, sugar pine, white fir, and 
incense cedar in four size classes: saplings, 3.01 ft tall to 3.99 inches dbh 
(diameter at breast height); poles, 4.00 to 11.99 inches dbh; standard, 
12.00 to 23.99 inches dbh; and veteran, 24.00 inches dbh or larger. The 
numbers of seedlings less than 3.00 ft tall were determined within the 
boundaries of a 6.6 sq ft frame that was placed on the center line every 
132 ft. A total of 278 milacre plots were studied. The total acres ob­
served in the eight survey strips were 53.4 or about 9% of the total 575 
acres. This sample size was considered adequate to provide a reliable 
estimate of species composition and size distribution. 

Each ponderosa pine 4.00 inches dbh or larger was examined and 
assigned a value to describe the degree of oxidant injury. This score 
system for pine was a slight modification of a method used previously 
with aerial photographic techniques to detect and evaluate oxidant 
injury (4) : 

Methods 

Characteristic Score 

Needle retention (number of years retained) 
upper crown 
lower crown 

0-6 
0-6 

Needle condition (one score value given to each annual 
whorl) 
upper crown 

green 
chlorotic mottle 
uniform yellow or necrosis 

4 
2 
0 

lower crown 
Green 
chlorotic mottle 
uniform yellow or necrosis 

4 
2 
0 

Needle length (upper and lower crown) 
average expected length 1 

0 less than expected length 

Branch mortality (lower crown) 
normal mortality 
pronounced mortality 

1 
0 
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9. M I L L E R Oxidant-Induced Change in a Forest 105 

Binoculars were used routinely to determine needle condition in the 
upper tree crown. Trees were categorized according to the total score 
value for each as: 0, dead; 1-8, very severe injury; 9-14, severe injury; 
15-21, moderate injury; 22-28, slight injury; 29-35, very slight injury; 
and 36-62, no visible symptoms. 

O n one survey strip, 160 ponderosa pines were tagged and assigned 
score values in A p r i l 1969. The same trees were re-evaluated in May 
1971 to determine the change in degree of oxidant injury and the number 
of deaths. 

Oxidant Air Pollution Monitoring. Oxidant air pollution was re­
corded continuously from A p r i l to November for five years with a Mast 
model 724-2 ozone meter and a strip chart recorder housed in a weather­
proof enclosure. The permanent station was at Rim Forest (5640 ft ele­
vation ) about two-fifths of a mile southwest of the study area. The ozone 
meters were calibrated every three to four weeks in the laboratory against 
buffered 2% K I . The calibration factor included a positive correction for 
the altitude difference of 4600 ft between the laboratory where calibration 
was done and the sample site. 

Results 
Species and Age Composition in Relation to Site. Combining all sites 

on the study area, the species composition in the understory (seedlings 
up through poles 11.99 inches dbh) is ponderosa pine, 22.2%; incense 
cedar, 48.6%; white fir, 22.8%; and sugar pine, 6.3%. In the overstory 
(trees larger than 12.00 inches dbh) it is ponderosa, 49.6%; incense 
cedar, 22.7%; white fir, 19.7%; and sugar pine, 8.0%. Table I shows 
the actual numbers in each size class. 

Black oak was not included in the survey initially, but a separate 
sample of oaks and conifers 4.00 inches dbh or larger was obtained in a 
100 X 550 ft plot on the ridgetop where it comprised 11.0% of the stand. 
In this sample, the conifer composition was: ponderosa pine, 60.4%; 
incense cedar, 20.6%; white fir, 5.8%; and sugar pine, 2.2%. 

Ponderosa pine was most abundant at the upper end of the study 
area on the rounded ridge crest overlooking the urban basin to the south. 
White fir (saplings and poles) became more numerous on the various 
microaspects of the generally north-facing slope. Incense cedar and sugar 
pine were more uniformly distributed over the area. 

This information partially suggests the kind of site where each species 
has the greatest competitive advantage over its companion conifers, Cal i ­
fornia black oak, and understory shrubs. The possible influences of 
logging and its associated seedbed modifications as well as old wildfires 
must be weighed in relation to site factors as determinants of the present 
stand composition. The detailed age and species composition data in 
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106 AIR POLLUTION D A M A G E TO VEGETATION 

Table I. Tree Species and Size Composition on a Study Site Affected by 
Oxidant Air Pollution" 

Ponderosa Incense White Sugar 
Tree Size Class Pine Cedar Fir Pine 

Number/ Acre 

Understory 
Seedlings (up to 1057 2381 1043 302 

3.00 ft tall) 
Saplings (more than 33 33 57 10 

3.01 ft tall , less 
than 3.99 inches dbh) 

Poles (4.00 to 11.99 21 12 38 3 
inches (dbh) 

Percent : 22.2 48.6 22.8 6.3 
Overstory 

Standard (12.00 to 18 9 8 3 
23.99 inches dbh) 

Veteran (24 inches dbh 12 5 4 2 
and larger) 

Percent : 49.6 22.7 19.7 8.0 
° Trees from 575-acre study area, San Bernadino National Forest, Calif. 

Table I cannot yet show the imprint of changes induced by oxidant air 
pollution because there is no earlier information to compare it with. This 
information does permit some speculations about future stand composition 
however. 

Condition of Living Ponderosa Pines in 1969. Detailed inspection 
of ponderosa pines in the three largest size classes was completed on 
each of eight sample strips of which three represented the ridge crest 
and five represented various site aspects of the north-facing slope. A 
total of 2857 trees were observed, of which 1219 were poles, 1004 stand­
ards, and 634 veterans. No significant differences in the amount of oxidant 
injury observed could be related to tree size. Stark et al. (10) also con­
cluded that the degree of oxidant injury was not related to tree height 
or diameter in this same vicinity. In the larger sample combining all tree 
sizes on eight sample strips, 16.1% had slight, 33.3% moderate, 31.2% 
severe, and 19.4% very severe injury. 

Further inspection of the tree condition on each sample strip clearly 
indicated a trend of increased injury on the three ridge crest strips. This 
finding emphasizes the importance of site in relation to the potential for 
injury by chronic oxidant exposure. Trees on the more exposed, wind­
swept, drier site appear to suffer greater injury than those on the more 
protected north-facing slopes. Under these circumstances, the damage 
might be characterized as a deterioration at the forest boundary. Drought 
was shown to affect the annual terminal growth of both damaged and 
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9. M I L L E R Oxidant-Induced Change in a Forest 107 

relatively undamaged ponderosa pines, but only the undamaged trees 
responded after years with increased precipitation. The damaged trees 
continued to decline in terminal growth and vigor (2). The role of soil 
moisture availability in influencing the severity of oxidant damage is not 
clearly understood. 

Increase of Damage to Ponderosa Pines from 1969 to 1971. Pon­
derosa pines larger than 4 inches dbh were selected at random on a 
sample line on the upper one-third of the study area or ridge crest where 
elevation ranged from 5520 to 5720 ft. This group of 160 trees was first 
observed in A p r i l 1969, when each tree was assigned a score value for 
severity of oxidant damage. The same trees were re-evaluated in May 
1971. The mean score value for the 160 trees dropped from 12.5 to 11.3, 
a deterioration which proved statistically significant at the 1% confidence 
level in the paired "T" test. Both means remain within the "severe injury" 
category. The greatest increase in injury was among those trees initially 
classed in the very slight or slight injury categories (Table II). The 

Table II. Changes in 160 Ponderosa Pine Trees during Exposure 
to Oxidant Air Pollution from 1969 to 1971° 

Tree Condition and 
Score Range 1969 1971 

No. % No. % 
0 0 13 8.1 

62 38.8 51 31.9 
46 28.7 53 33.1 
25 15.6 32 20.0 
27 16.9 11 6.9 

Dead (0) 
Very severe (1-8) 
Severe (9-14) 
Moderate (15-21) 
Slight (22-28) 

α Drop in average tree injurv score from 12.5 to 11.3 is statistically significant at the 
1% level. 

mortality during this period was 8% : 11 trees in the very severe category, 
and two trees in the severe injury category. A smaller sample of 40 
ponderosa pines also located on the ridge crest was observed from 1968 
to 1972. The mortality was 10% during this period, and there was a 
drop of 3.86 in damage score. 

Bark beetles were responsible for the death of the weakened trees 
in almost all cases. Six miles west of the study area, Cobb and Stark (11 ) 
observed 24% mortality over a three-year period when 34 of 150 trees 
died. Bark beetles were again considered to be responsible for tree 
mortality. 

Binocular inspection revealed evidence of a cone crop on just eight 
trees of the 160 tree sample during the two years as judged by remnants 
of cones on twigs, small cones that did not drop to the ground, or new 
female conelets. Becent observations along a gradient of decreasing oxi-
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108 AIR POLLUTION D A M A G E TO VEGETATION 

dant exposure in the San Bernardino mountains have shown significantly 
greater frequency of cone-bearing trees in the low exposure area (12). 

The rate at which trees deteriorate before bark beetle infestation 
varies widely. Particularly in the very severe and severe injury categories, 
some trees of the 160-tree sample showed slight improvement, and some 
remained in the same condition after two years. The oxidant air pollution 
levels remained about the same from 1968 to 1972. This condition em­
phasizes the importance of the other physical and biological factors of the 
environment in triggering tree mortality. 

Figure 1. Change in a ponderosa pine during 10 years of chronic exposure to 
photochemical oxidant air pollution on the San Bernardino National Forest, 

southern California 

In another observation of the rate of tree decline, 20 ponderosa pines 
were observed and photographed in 1961. In 1969 seven of the trees 
remained about the same even though some were in poor condition to 
start. Another seven trees had deteriorated considerably (Figure 1), and 
four more had died. The remaining two had been cut down. Observa­
tion of larger numbers of trees over a longer period and broader area w i l l 
be necessary to characterize fully the dynamics of tree decline and death. 
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9. M I L L E R Oxidant-Induced Change in a Forest 109 

Annual Exposure to Oxidant Concentrations. A i r monitoring was 
not done during winter because conditions then result in much less con­
finement of air pollutants by the marine temperature inversion in the 
adjacent basin below the forest, less oxidant synthesis during shorter days, 
and less frequent transport of polluted air to the forest. 

Total oxidant concentrations have remained fairly stable for five 
years. During May to September of each year, mean values for daily 
maxima (Figure 2) and the corresponding means for hours exceeding 
0.10 ppm daily were: 

Hours Exceeding 
Year Mean Values (ppm) 0.10 ppm Daily 
1968 0.20 10.6 
1969 0.18 9.5 
1970 0.22 8.8 
1971 0.22 7.9 
1972 0.22 9.7 

The averages of daily oxidant maxima for each month were the 
highest in May, June, July, and August in the mountains ( Figure 2 ). The 
number of hours daily when oxidant concentrations exceeded 0.10 ppm 
( the standard in California above which oxidant constitutes a community 
air pollution problem ) varied from 9.5 to 10.7 hours when five-year aver­
ages of May-August were compared. September averaged 6.1 hours 
above 0.10 ppm. 

The most severe single daily maximum of 0.58 ppm at R im Forest 
occurred in June 1970. This concentration exceeds all of the alert levels 
prescribed by nearby urban communities; for example, when oxidant 
concentrations exceed 0.27 ppm, school children are not permitted to 
exercise strenuously in the city of Riverside, Calif. 

Discussion 

Ponderosa pines 12.00 inches dbh or larger are significantly more 
numerous than any other species of this size in the study area. The pre­
dominance of ponderosa pine is most pronounced on the more exposed 
ridge crest site. The results of this study suggest that the average tree 
suffers severe damage and is deteriorating at an alarming rate. Tree mor­
tality ranged from 8% during 1969 to 1971 in one sample to 10% from 
1968 to 1972 in a second sample. Measurements of oxidants from 1968 to 
1972 suggest that air quality had not improved in those years. 

Perhaps the selective removal of ponderosa pine by air pollution 
would not be considered with alarm or regarded any differently from 
selective logging if there were assurance that the reproductive and vege-
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RI M FOREST, C A L I F O R N I A 
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Figure 2. Total oxidant concentrations at Rim Forest (5640 ft), southern 
California, were high during May, June, July, and August, in the five years 
measured. Values of total oxidant are averages of daily maxima for a month. 
The number of hours in which total oxidant exceeded 10 ppm was also 

recorded for the five years. 

tative growth of the remaining individuals could proceed normally. The 
continued exposure to oxidant air pollution raises many important ques­
tions about the reproductive and vegetative vigor of the conifer species, 
their ability to compete successfully with other associated vegetation, and 
to withstand diseases, insects, and extremes of the physical environment. 

The present scarcity of data only allows limited speculation about 
the community changes expected to be induced by oxidant air pollution 
in the coniferous forest. A n enormous amount of new information must 
be compiled for each important overstory and understory species in a 
life table format. This procedure identifies the relative importance 
of the various mortality factors which act upon each age or size class of 
each important species in the mixture from seedling to maturity. 

Oxidant air pollution is one of several competing mortality factors 
which acts in all age classes, and it has already been shown to interact 
synergistically with another mortality factor—the pine bark beetle—to 
hasten death. Other interactions must be identified and evaluated. A 
complex predictive computer model w i l l be required to handle such mas­
sive amounts of data and eventually quantify the important impacts of 
oxidant air pollution on this forest ecosystem. 

The following discussion attempts to lay some of the groundwork 
for constructing life tables and preparing a conceptual model by examin­
ing some of the most pertinent literature. 
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9. M I L L E R Oxidant-Induced Change in a Forest 111 

Survival and Competition in Early Growth Stages. The selective 
death of ponderosa pine in a conifer mixture with sugar pine, white fir, 
and incense cedar is an incident which directly affects other conifer spe­
cies in the community. The conifer species compete with each other and 
with broad-leaved tree and shrub species for available light, soil moisture, 
nutrients, and space throughout their life span. 

The future composition of the forest w i l l be determined to a large 
extent by the relative ability of conifers, hardwood trees, shrubs, grasses, 
and herbs to become established or to survive if already present in the 
new clearings formed where large ponderosa pines once stood. It is rea­
sonable to assume that oxidant air pollution w i l l continue to inflict con­
siderable damage, particularly on ponderosa pine, including possibly the 
suppression of vigor of the more oxidant-tolerant individuals. The sub­
stantial shift of ponderosa pines from the category of "slight injury" to 
"moderate injury" (Table II) suggests that there may be no positive 
resistance to ozone injury or homeostatic condition. This situation may 
make this species even less successful as a competitor with other vege­
tation. 

E S T A B L I S H M E N T OF SEEDLINGS. Some work has been done on the es­
tablishment and survival of out-planted seedlings in the southern Cal i ­
fornia mountains (13), but little is known about natural regeneration. 
Some limited generalizations can be made from studies of natural regen­
eration made in the Sierra Nevada. Recently disturbed mineral soil is the 
best seedling substrate for all of the conifers in this forest cover type (14). 
White fir (15) and sugar pine (16) also become established on a litter-
covered surface. White fir is not encouraged by the environmental con­
ditions in clearings (17). In the first stages of seedling development, 
incense cedar survives best under partial shade (14). 

Under environmental conditions in the Stanislaus National Forest, 
in central California, which may or may not be comparable with those 
in the southern California mountains, long-term observations of seedling 
regeneration indicated: ponderosa and sugar pines were favored by re­
moval of the overstory, understory, and ground competition; white fir 
was favored by a light overstory which prevented frost damage (18). In 
that study, incense cedar was selectively removed by cutworms (Noc-
tuidae), which made it difficult to assess the comparative effect of the 
physical environment on survival. 

If air pollution effects could be ignored, seedling and sapling pon­
derosa pines appear to be the most successful candidates for survival in 
the new clearings in the study area. Sugar pine may be the second most 
successful species in ability to be established. The clearings which are 
developing on the study site would be colder at night because of greater 
heat re-radiation to the open sky above, resulting in greater danger of 
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112 AIR POLLUTION D A M A G E TO VEGETATION 

freezing injury to the seedlings there. The order of increasing suscepti­
bility to freezing injury is incense cedar, sugar pine, and white fir (19). 

C O M P E T I T I O N . Brush can be a severe problem in the establishment 
of sugar pine seedlings (20) unless the site is prepared (21). Sugar pine 
is not as shade-tolerant as white fir or incense cedar and, if it falls behind 
white fir in particular in the race for dominance, it w i l l decline in growth 
(14). Although incense cedar can endure heavy shade in the seedling 
stage, it requires more light in later stages (22). 

White fir is a formidable competitor in mixed conifer stands because 
heavy litter, brush, and ground cover favor it more than pines (14). In 
northeastern California, a conversion of a 50:50 ponderosa pine-white fir 
pole stand to nearly 100% fir was described as a result of extensive mor­
tality of pine from bark beetle attack. 

The foregoing example and the results of this study in which most 
of the smog-damaged ponderosa are eventually infested with bark beetles 
and quickly killed show some similarity (11). 

The lack of pine seed production on remaining sugar and ponderosa 
pines in a cut-over area on the Stanislaus National Forest coupled with 
shade from competing vegetation allowed white fir and incense cedar to 
fill in the available spaces from 1923 to 1947, so that pines comprised 
only 5% of the reproduction by 1947 (20). 

A l l of this information suggests that the lower two-thirds of our study 
area may shift to a greater proportion of white fir where the species al­
ready comprises a significant proportion of the understory. Incense cedar 
is now present in greater numbers in the understory on the site compared 
with white fir (Table I ) . Incense cedar may remain secondary to white 
fir as these trees pass into overstory size classes because its height growth 
is usually slower than associated species of comparable age (15). Be­
cause sugar pine w i l l be faced with difficult competition and dwarf 
mistletoe infection, it may not increase in numbers. This shift in stand 
composition w i l l be governed by the rate of ponderosa pine mortality. 

O n the upper one-third of the study area, which is a more wind­
swept and severe site, there is already some indication that white fir does 
not grow well there. It is known that white fir is more subject to wind-
throw than ponderosa pine (14). Perhaps sugar pine and incense cedar 
w i l l make up a greater proportion of the future stand; however, if natural 
regeneration is relied upon, the present supply of sugar pine seed trees 
is limited to only three per acre. Both species may have difficulty be­
coming established on the more barren, dry sites. 

California black oak is moderately abundant throughout the study 
area (11% of the mixture in one sample including oak and four conifers). 
It should be considered a candidate for occupying the new clearings, 
especially on the exposed ridge crest. The existing acreages of black 
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9. M I L L E R Oxidant-Indùced Change in a Forest 113 

oak woodland were formed after the early logging of mature conifers 
from the area (6). Subsequent fires destroyed young conifers in areas 
similar to the study area, but oak sprouted successfully after fire and 
became more dominant in a mixture with a few surviving conifers. 

During the past century, the conifer forests of this mountain area 
have been logged and burned to the extent that they have been replaced 
by brush or woodland chaparral (6). The inability of the conifer forest 
to regenerate after these events may be an important indicator of what 
to expect on some sites after removal of the conifer forest dominated by 
ponderosa pine. 

The competitive ability of shrub species, such as pink-bracted man-
zanita or deerbrush, and other understory plants, such as grasses and 
bracken fern, must be considered especially on some of the more barren, 
dry sites. 

Harward and Treshow (24) have suggested that ozone could com­
pletely remove the most sensitive understory plants in the aspen zone 
in Utah; it is likely that sensitive species may have already been eliminated 
from the heavily damaged mixed conifer forest of our study site. 

Under conditions where sulfur dioxide was the major pollutant vege­
tation was stripped away in layers, starting with the larger overstory 
species, and the numbers of species present nearest the source diminished 
considerably from the original array (25). The most probable resem­
blance to the foregoing situation in our study area is that the dominant 
ponderosa pines are being selectively removed by chronic oxidant ex­
posure. 

Relative Effects on Established Conifers. The relative oxidant sensi­
tivity of white fir, incense cedar, and sugar pine under field conditions 
was not defined by observations of plots in this study. Controlled ex­
posure of container-grown individuals to ozone showed that all three 
species received injury after exposure to 0.45 ppm, 12 hours daily for 
about three weeks. Repeated fumigation experiments with 42 replica­
tions of each series in each test have shown the order of increasing 
sensitivity to be sugar pine, incense cedar, white fir, and ponderosa pine 
(12). It is always difficult to translate this information directly to larger 
trees under field conditions, but it strongly suggests significant sensitivity, 
particularly of white fir. 

Oxidant air pollution may be eliminating only the most sensitive 
ponderosa pines from the forest, but there is undoubtedly suppression 
of the photosynthetic activity (26) and subsequent growth of the remain­
ing trees. 

The shoot and needle length and number of needle whorls retained 
increased immediately on ponderosa saplings maintained in a carbon-
filtered air environment compared with those provided with oxidant-
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polluted air in the San Bernardino mountains. Other conifer species have 
not been compared in this way, but growth suppression is an almost 
certain consequence. Immediate recovery of damaged trees can be 
expected if air pollution were substantially reduced. 

Effects on Seed Production. Moderately and severely damaged pon­
derosa pines do not produce a cone crop when the more healthy indi­
viduals do. Although no quantitative data have been taken to substantiate 
this particular case, there is evidence that vigorous trees are much better 
seed producers than less vigorous individuals (27). Fowells and Schubert 
(27) observed during a 16-year period in California that the more vigor­
ous dominant ponderosa pines produced more than 99% of the cones, 
and trees in all other classes produced only 1%. In the same study, 
ponderosa pines in the pole stage up to those trees 50 inches dbh pro­
duced considerably more cones than sugar pine but then declined in cone 
production earlier than sugar pine. White fir produced more cones in 
its early years than did ponderosa or sugar pines, but they declined in 
seed production at an earlier age. Ponderosa pine produces cones most 
abundantly when in the 25-to-50 inch dbh range. The removal of trees 
in the upper end of this size range constitutes the greatest loss in potential 
seed production. 

The individual ponderosa pines and members of other species which 
are more tolerant to oxidant may produce cones, but perhaps fewer than 
in a clean air environment because chronic oxidant exposure decreases 
their vigor. Furthermore, it is questionable whether there w i l l be a 
sufficient number of sound seed even though cones are bountiful. Feder 
(28) has shown inhibition of pollen germ tube growth of tobacco caused 
by ozone exposure. 

The western gray squirrel (Sciurus griseus anthonyi Mearns), which 
has remained abundant in the area, actively cuts the developing cones 
and young twigs from the tree. Assuming that the remaining oxidant-
tolerant ponderosa pines can produce cone crops, these survivors may 
be exploited more intensely by the squirrels in their search for food. The 
resultant damage could reduce future cone crops (29) and thus diminish 
the importance of these survivors as parents of new generations of more 
oxidant-tolerant trees. 

Possible Predisposition to Injury. Stomatal behavior may be an im­
portant determinant of the amount of suppression of photosynthesis and 
resultant visible damage. Measurements of temperature, vapor pressure 
gradient, and total oxidant continuously during July and August in the 
conifer forest indicate that the maximum oxidant concentration occurs 
between 1600 and 1900 PST when both vapor pressure gradient and 
temperature are decreasing rapidly (7); in other words, the oxidant 
arrives with the cool, moist, marine air. 
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9. M I L L E R Oxidant-Induced Change in a Forest 115 

During the late afternoon when the vapor pressure gradient declines, 
ponderosa pine stomata may open wider, resulting in greater oxidant 
uptake and simultaneous depression of carbon dioxide fixation. Some 
knowledge of stomatal function would be useful to see if there is any 
relationship between intraspecific oxidant tolerance and ability to close 
stomates in the presence of elevated ozone concentrations. This mech­
anism is an inherited characteristic of an ozone-resistant onion variety 
which closes its stomates when exposed to ozone (30). It is not known 
if this mechanism is involved in conditioning interspecific tolerance or 
sensitivity of the important conifer species. 

Influence on Host-Parasite Relationships. Cobb and Stark (11 ) have 
directed considerable attention to the increased incidence of attack of 
oxidant-injured ponderosa pines by bark beetles in the San Bernardino 
mountains. They suggest that ponderosa pine w i l l nearly be eliminated 
from the mixed conifer forest if such attacks continue. Increased activity 
of other insect pests of ponderosa pine or associated conifers has not been 
observed. 

Infection by dwarf mistletoe and true mistletoe of conifer hosts is 
commonplace in the San Bernardino and Angeles National Forests. There 
is no experimental evidence to define the ozone sensitivity of the aerial 
shoots of the mistletoes relative to the foliage of their conifer hosts. Cur­
sory observations of dwarf mistletoe on pines suggest no injury to dwarf 
mistletoe shoots. The dwarf mistletoes derive their elaborated carbohy­
drates entirely from their host (31), and ozone probably depletes the 
stored carbohydrates of needle tissue (26) which may have been trans­
located to the parasite. The combined effect of these agents probably 
means greater stress on the host. On the other hand, true mistletoes 
manufacture their own carbohydrates (31) and may benefit the host 
if they are less sensitive to oxidant than the host tree. 

Decreasing vigor of the aerial portions of the affected ponderosa 
pines has been associated with deterioration of the feeder root system 
(2). Extensive deterioration of the feeder rootlets may limit the uptake 
of nutrients and water. Root inhabiting fungi or saprophytic fungi may 
become more aggressive in the weakened rootlets, causing extensive decay. 
The common root pathogen [ArmiUaria mellea ( Vahl . ex Fr. ) Krummer] 
may attack the root systems of weakened trees more readily. 

Changes in the Stand Environment. The gradual loss of ponderosa 
pine from the conifer mixture has resulted in an accumulation of standing 
snags which eventually blow down. This accumulation of fuel can be 
expected to sustain a hotter temperature during wildfires which would 
contribute to the loss of green trees by heat injury to the cambium. As 
the stand becomes more open, wind velocity within it may increase. The 
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result of this change could range from increased windthrow to increased 
rate of fire spread (32). 

One of the more subtle effects of the removal of the larger ponderosa 
pines is the elimination of moisture interception by fog drip (33). Fog 
drip on the windward side of ridges becomes increasingly important at 
the crests. For example, at M t . Wilson in the San Gabriel mountains, the 
fog drip under the leeward side of a ponderosa pine was 60.27 inches 
compared with 27.23 inches in the open—more than 100% increase (33). 
Fogs occur frequently from late winter through June in the study area. 
The real significance of this increase of moisture to companion vegetation 
or the watershed is not well defined. 

Preliminary Conclusions. The successional trends in ponderosa pine-
sugar pine-fir forest cover type under chronic exposure to oxidant air 
pollution w i l l vary greatly with the site. As ponderosa pine continues 
to decline in numbers—especially on the more exposed ridge crests—the 
conditions there w i l l probably favor natural regeneration of shrub species 
more than the other conifers diminishing the recreational opportunities 
here. The resulting appearance may be similar to other nearby areas 
converted to brush by logging and fire. White fir may have a competitive 
edge over the remaining conifers on the more favorable sites on north-
facing slopes. However, the present abundance of incense cedar in the 
understory suggests that stand management procedures try to enhance 
it in the immediate future, especially because it is more oxidant tolerant 
than white fir and may satisfy recreational needs. 

The former typical appearance of the "mixed conifer forest" domi­
nated by ponderosa pine w i l l change in ways that may not enhance the 
recreational uses, wildlife habitat, and watershed values of the area. Re­
peated sanitation salvage treatment of damaged stands w i l l eliminate 
the larger pines which might produce seed for natural regeneration and 
rapidly diminish the opportunity for any significant timber harvest in 
the future. Only a massive replanting program utilizing the more oxidant-
tolerant species or selections, improved planting techniques, fuel man­
agement, and/or fire protection can ensure the maintenance of a forest 
cover in the future. This limited study of the conifer species composition 
and the oxidant damage to ponderosa pine suggests that more intensive 
research is needed in deciding how to properly manage the "mixed conifer 
forest" subjected to chronic photochemical oxidant air pollution. 
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Air Pollution and the Future of Agricultural 
Production 

W A L T E R W. H E C K 

Southern Region, Agricultural Research Service, U . S. Department of 
Agriculture, North Carolina State University, Raleigh, N . C. 27607 

Ozone and sulfur dioxide are presently the most pervasive 
air pollutants affecting agricultural production. They have 
a major impact on the growth and productivity of certain 
sensitive cultivated and native species of plants. These 
pollutants are a national problem around urban centers but 
are important in rural areas, particularly throughout the 
eastern United States. The present information base is too 
diffuse to permit an accurate prediction as to the eventual 
impact on agricultural production. Management practices 
would permit us to live with present pollution levels, but a 
decrease in these levels would be beneficial to agricultural 
production. Doubling of present levels in the eastern part 
of the country could result in major yield reductions of im­
portant agronomic crops. Long term chronic studies of field 
problems are essential before an accurate assessment of the 
impact of air pollutants on agricultural production can be 
developed. 

A i r pollution as presently defined involves many chemicals that are 
released into the atmosphere through various human activities. The 

most widespread and pervasive pollutants affecting agricultural produc­
tion include ozone, sulfur dioxide, other oxidants, fluoride, and ethylene. 
These gaseous pollutants have been relatively well studied and are known 
to have a major impact on agriculture. Today many other materials are 
also considered to be air pollutants that were not considered such a few 
years ago. These include various trace elements released from manufac­
turing processes and present in exhaust gases, pesticides which are car­
ried long distances as gases or as fine aerosols, and various gaseous 
materials, such as ammonia and chlorine, released in accidental spills and 
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10. H E C K Future Agricultural Production 119 

in manufacturing processes. In most cases we know little about these 
"new" air pollutants with respect to their impact on agricultural produc­
tion. Thus, this paper is directed toward the pervasive gaseous air 
pollutants that are known to affect agricultural production. The general 
context of this paper also relates to those other "new" air pollutants if 
they are shown to be airborne over long distances and time and if they 
are detrimental to agricultural production. The paper does not discuss 
the effects of air pollutants on animals, animal communities, or wildlife, 
but it does include a broader coverage of effects on vegetation than is 
normally associated with agricultural interests. 

A serious national air pollution problem exists today, particularly 
near large urban centers. Many believe this is a localized urban problem, 
and, in some parts of the country this may be true. There is evidence, 
however, that a severe regional problem exists throughout the eastern 
half of the United States, especially along the coast from North Carolina 
to Maine. Californians are well aware of the problems in their state and 
realize that air pollution is rapidly becoming a statewide problem, no 
longer isolated in the major metropolitan areas. 

Researchers have mixed responses on the current extent of the air 
pollution problem in relation to its impact on vegetation. W e know that 
injury occurs in many sensitive native and domestic plant species through­
out the country. W e do not know how severe the long term pollution 
effects w i l l be on domestic species, on the frequency or distribution of 
native species, or on the complex interactions between native species and 
the effects of these interactions on plant communities. M u c h research is 
needed in this area before we can adequately speculate on the future 
of agricultural production. 

This volume has been structured to develop a total concept of the 
known effects of air pollutants on plants. Thus, the other chapters discuss 
the basic regulatory mechanisms for plant growth and function; the known 
effects of air pollutants on plant chemistry; visible effects of pollutants, 
including both chronic and acute; the effects on growth and productivity; 
the effects on genetic patterns and the potential breeding programs to 
develop resistant varieties; and finally, plant communities and the influ­
ence of air pollutants on ecosystems. This chapter uses information from 
these other papers to show the interrelations of studies that are being 
conducted. These interrelations must be understood and evaluated in 
terms of present knowledge before the direction of future research can 
be determined. Such evaluations are also prerequisite to an understand­
ing of air pollution and the future of agricultural production. 

A t the biochemical level of plant organization, in vitro studies have 
focused on the effect of air pollutants on isolated enzyme systems to 
determine the effects of such pollutants on specific enzymes and enzyme 
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120 AIR POLLUTION D A M A G E TO VEGETATION 

groupings; then enzyme systems from plant parts or whole plants have 
been studied after exposure of the plants to specific pollutants. Research 
has also focused on the next higher level of organization with both in 
vitro and in vivo studies on cell organelles and cell walls. Pollutants 
affect specific enzymes and enzyme systems that cause changes in bio­
chemical reactions affecting metabolic pathways within the whole organ­
ism. Changes in metabolic pathways may directly or indirectly affect 
membrane integrity, resulting in the disruption of cellular organelles. 
Other direct or indirect changes may interfere with the metabolic func­
tion of certain organelles. Such effects could eventually cause reduced 
growth and/or cell death. At certain concentrations the cytoplasmic mem­
branes are affected, resulting in an outward diffusion of water and solutes. 
When pollutant concentrations are high enough to produce acute injury, 
the effects on all membranes within plant cells, if not reversed or repaired, 
w i l l produce cell death. Long term chronic pollutant effects are the 
result of the slow breakdown of various cellular components or the 
retardation of various synthetic reactions which lead to the loss of chloro­
phyll . These changes produce chlorosis, necrosis, and senescence of leaves 
and other plant parts. Changes also take place that do not produce 
externally visible symptoms but nevertheless affect growth, yield, and/or 
quality of the plant. If the outward symptoms are severe enough, death 
can result. If these effects to individual sensitive plants within a popu­
lation are multiplied through the more resistant plants of a given cultivar 
or species, we may find cultivar or species death in cultivated agricul­
tural crops or selections and eventual species death in complex natural 
ecosystems. W i t h a reduction in vigor or demise of species and a con­
tinuing impact of air pollution, we start to see effects on plant communi­
ties and ecosystems. In the cultivated agricultural community, such as 
soybean or tobacco, these pollutant-induced effects could result in the 
loss of productivity, and eventually the crop would no longer be profitable 
to grow. In complex natural communities continued air pollution could 
have a marked effect on species frequency and could, with time, com­
pletely change community composition. Thus, research leads from effects 
on the fundamental systems within a single plant to effects on the most 
complex interrelationships of many plants within natural plant commu­
nities. Figure 1 is a flow diagram of the foregoing concepts. 

Economics 

The consequences of environmental pollution have not been inten­
sively assessed. Some economists place an economic value on any aspect 
of an effect that may be important to man. If this comprehensive con­
cept of economics is used, our ability to assess the true economic effects 
of pollutants on vegetation is just beginning. 
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The first survey to estimate the effects of photochemical air pollution 
on vegetation was developed in the mid-1950's ( i ) for some areas of 
California. This survey used estimates derived from visible injury and 
included several major crop types and a single category of weeds, as 
they responded to certain pollutants. Although the pollutant list was not 
inclusive, this survey was fairly comprehensive for the crops studied and 
the California counties included. This survey did not estimate a monetary 
loss for the area of California covered. However, economic loss predic­
tions have since been based on this early survey following superficial 
visual estimates of injury in several agricultural areas. These superficial 
predictions fixed an annual loss of approximately 8 million dollars on the 
West Coast and 18 million dollars on the East Coast by the early 1960's 
for all types of pollutants (2). These estimates were then made country­
wide, and yearly losses of between 200 and 500 million dollars have been 
suggested (3). 

In 1969 (4) the state of Pennsylvania initiated a short training course 
for their county agricultural agents prior to a general survey of the state 
for damages to vegetation from air pollution. A year-long survey based 
on visual effects brought an estimated 11.5 million dollar loss for the 
state (5). This survey technique has since been adopted by California, 
New Jersey, the New England states, and the Extension Service of the 
Department of Agriculture. 

A different type of economic study, initiated in 1969, used an em­
pirical formulation to develop economic estimates of vegetation damage 
(6). O n the thesis that hydrocarbon emissions are related to oxidant 
production, hydrocarbon emission data were collected from over 100 
metropolitan areas in the United States. Reductions in crop yields were 
empirically related to these emissions, and the monetary values were 
calculated. The reliability of this technique was based on known effects 
of oxidants on crop species and on the known relationship between hydro­
carbons and oxidants. There are disadvantages to the method used, and 
the results suffer from lack of field verification. However, the technique 
has obvious advantages such as ease of use and uniformity of results. It 
might be a prototype from which more accurate estimates can be devel­
oped. Results from two years of development are found in annual reports 
(6, 7) and show between 100-125 million dollars lost annually in the 
United States. 

No method is available for predicting the economic loss to vegetation 
in the United States from air pollutants. Surveys to date have not found 
a way to incorporate the impact of pollutants on the growth and yield 
of crops where visible injury is not found or, if present, is not recognized. 
If these factors were included with the additional pollutant impact on 
ornamentals and on natural ecosystems, it would be reasonable to expect 
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BIOCHEMICAL LEVEL 
Chronic Exposures 

Enzyme Effects Metabolic 
lin vivo) Pathways 

CELLULAR LEVEL 

Metabolic Pathways for _ 

Growth. Yield. 
Quaïîiv I 

Reductions 

Chemical Changes Enter Soil 
(Root Exudates; Leaf Decomposition) 

Figure 1. Effects of air pollutants on plant 

annual losses amounting to billions of dollars for vegetation alone. Par­
enthetically, these values, if used, would tacitly imply a major impact 
on presently unmeasured biological systems, as well. 

What should be our point of departure for future research on the 
effects of air pollutants on vegetation? Is one level of the life system 
of vegetation more important to study than another? If air pollutants, 
over time, have no identifiable impact on an individual member of a 
species, the transitory changes which might be measurable at the bio­
chemical level could be of no biological importance. If the pollutant 
has an effect on members of a species but this effect is random in nature 
and has no long term impact or no obvious impact on the plant com­
munity, it is probably not of major importance. However, if no observable 
impact can be found on plant communities at a certain level of pollutant 
occurrence within the atmosphere, then the pollutant is almost certainly 
of little importance. 

Therefore, if no impact can be found in a plant community in terms 
of species composition, frequency, presence, total biomass, or quality of 
product after long term exposures to specific pollutants or pollutant com­
plexes, the pollutant or pollutant complex is of no importance to the 
plant community at the ambient concentrations measured. Thus our final 
concern over air pollutants and their impact on vegetation should involve 
their effects on plant communities, whether simple or complex, domestic 
or natural. 
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10. H E C K Future Agricultural Production 123 

WHOLE PLANT LEVEL SPECIES LEVEL COMMUNITY LEVEL 
Chronic or Acute Exposures 

communities (chronic or acute exposures) 

Plant Communities 

If the plant community is the area of ultimate concern, then air 
pollution problems related to vegetation should be discussed in regard 
to plant communities. Three general types of plant communities are vis­
ualized: the single-crop agricultural community, the managed range and 
forest ecosystem, and the complex natural ecosystem. The single-crop 
agricultural community is discussed here from an historical perspective, 
and a general approach to a study of this type is outlined. The managed 
range and forest ecosystem and the complex natural ecosystem are dis­
cussed in relation to past approaches and general methods for future 
studies. 

Tobacco is an example of a single-crop agricultural community on 
which the effects of ozone have long been recognized. The effects were 
referred to early as weather fleck on tobacco, but it was not until 1959 
(8) that the causal agent was identified as ozone. In the late 1950's and 
early 1960's varieties of wrapper tobacco in the Connecticut valley and 
of flue-cured tobacco in Ontario, Canada, were severely injured by ozone, 
and continued production was threatened. Visible injury to the tobacco 
decreased both the quality and quantity of product. 

It is difficult to assess accurately the effects of pollutants on yield 
and productivity when visible symptoms are present. It is presently im-
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124 AIR POLLUTION D A M A G E TO VEGETATION 

possible to determine effects on yield when injury is not recognizable 
because of the ubiquitous nature of air pollutants. Determination of the 
effects of ozone, with or without visible injury, has been attempted at the 
cellular level, on a whole-plant basis, and in some instances from a field 
or community approach. Most reports consider only the acute effects of 
ozone, as one part of the pollutant complex, on individual plants. A few 
studies have examined the long term, low level impact of specific pollut­
ants or pollutant mixtures on the growth and yield of tobacco. These 
effects are difficult to prove under field conditions, but they have been 
shown by using special exposure-chamber designs for exposing the tobacco 
under greenhouse conditions. Research in the field suffers from the lack 
of unpolluted control sites that make it impossible to find comparable 
growing situations for both polluted and clean areas. At the present 
time field chamber research that does not permit easy comparison with 
field grown plants is the only feasible way to study the long term impact 
of air pollutants on field crops. It is possible that well described genetic 
material with known tolerance and susceptibility to specific pollutants 
or pollutant complexes could be compared in areas of high pollution or 
that protective sprays could be used for control plants. However, these 
are speculative and involve other problems. 

One approach to community problems would involve several steps. 
A problem that affects one or more crop species is first identified in the 
field. Once a problem is recognized, the area is surveyed to identify 
injured species and obtain a list of possible pollutants. Selected species 
are screened by exposing them first to the individual pollutants and then 
to pollutant combinations to identify injury symptoms seen under field 
conditions. When the pollutant(s) are identified, the sensitive species 
are exposed to the pollutants at measured ambient concentrations on a 
long term basis under greenhouse conditions to determine effects on 
growth, yield, and/or quality. If significant effects are shown, the plants 
are tested under field conditions at a centralized location where pollutant 
concentrations can be controlled by exposure over varied times to deter­
mine whether similar effects also occur in the field. These field studies 
should be followed by studies at the sites where the problems are most 
prevalent. Special open-top field chambers (9) should be taken onto 
the sites to remove specific pollutants so that plants can grow normally 
in the field. Parts of all the above steps have been carried out in research 
locations around the world. The field-type studies are expensive, and 
the weaknesses and strengths have not been adequately explored; such 
studies of aspects of ecosystems involving crop production, however, are 
possible, have been done, and are profitable in terms of defining the 
ultimate effect of air pollution on agricultural production. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

97
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

3-
01

22
.c

h0
10



10. HECK Future Agricultural Production 125 

The effects of pollutants on managed range or forest ecosystems and 
the more complex natural ecosystems have not been studied as extensively 
as the simpler crop systems. Thus it is not known whether studies similar 
to those conducted with crops w i l l yield information on the potential or 
actual impact of air pollutants on major ecosystems. This does not mean 
that the more complex systems have not been studied. Early studies 
concerned the single source sulfur dioxide emissions from smelters and 
the effects on surrounding vegetation. Perhaps the most extensive studies 
have been performed in relation to the smelters at Trail , British Columbia, 
Canada (10, 11), and in Sudbury, Ontario, Canada (12, 13). Most air 
pollution researchers in the United States are familiar with the little 
desert of Ducktown, Tenn., caused by sulfur dioxide emissions from a 
smelter (14). These and similar studies in Europe, North America, and 
Japan have focused attention on specific problem areas where the sources 
originated with no pollution-control devices. These local source prob­
lems are of less importance now because most sources have some form 
of control. Our present concern is more for the prevasive problems of 
the photochemical oxidants and sulfur dioxide from many sources or from 
high stacks with subsequent lower concentrations spread over wider 
areas. One such case is in the mountain recreational areas surrounding 
the Los Angeles basin where the oxidants are causing a serious problem 
to ponderosa and some of the other pines. The complexity of this prob­
lem is magnified because of the invasion of the ponderosa pines by bark 
beetles after the trees are weakened by air pollution. We still are not 
able to determine the total impact of the oxidant air pollutants on this 
ecosystem. 

The most difficult studies involve ecosystems in areas of the country 
where the impact of pollution is more insidious and harder to recognize. 
Meaningful studies on the eventual impact of present levels of air pollu­
tion on selected native ecosystems w i l l take at least 10 to 20 years. The 
studies are made more difficult because the pervasiveness of the pollution 
complex hinders the development of control areas where pollution is low 
or absent within a potential study area. A natural ecosystem study should 
encompass all aspects listed for a study of a single-crop community plus 
a major on-site field effort. Such a study was envisaged in west-central 
Pennsylvania where eight major study sites were selected within a 25 X 
45 mile rectangle near three major power plants (15). Monitoring in the 
area showed oxidant concentrations, at some of the sites that were close 
to those of major eastern cities. The presence of sulfur oxides and 
nitrogen oxides is known, and low fluoride concentrations are suspect. 
These eight study sites were chosen for similarities in edaphic features, 
slope, availability of water, and ease of access. Plans called for extensive 
pollutant and meteorological monitoring at these sites. The growth of 
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126 AIR POLLUTION D A M A G E TO VEGETATION 

crop and forest species were to be measured over an 8-10 year period 
and correlated with measured environmental parameters. These studies 
were to be done in conjunction with greenhouse experiments, controlled 
field exposures of selected native vegetation, and a continuing survey 
of native vegetation in the experimental area. The inclusion of special 
field chambers for pollutant removal and large pot studies to reduce the 
edaphic variables was also planned. Although this project was terminated, 
such studies are necessary if we are to understand the insidious effects 
of air pollutants at concentrations where presently recognizable effects 
cannot be determined. Results of such studies are required before we 
can accurately predict the effects of air pollution on agricultural pro­
duction. 

Surveys of urban areas or areas around single pollutant sources have 
long been an accepted method of studying the impact of air pollutants 
on plant species and on ecosystems. These studies are no longer sufficient. 
This is not to say that useful information cannot be obtained from surveys 
of urban areas; the severity of observable problems in urban communities 
can be identified and mapped. If these observable effects could then be 
correlated with long term effects where symptoms are not identifiable, 
the total extent of the pollution problem within an urban situation could 
be derived from the surveys. However, the surveys alone w i l l only 
identify the obvious and w i l l prove inadequate to an understanding of 
the total impact. 

Facts concerning pollutant impacts on ecosystems may be extra­
polated from some laboratory and field investigations using native or 
cultivated plant species and combinations of species. It is possible, for 
instance, to determine whether air pollution affects the ability of native 
species to survive and compete. In a common forage pasture situation, 
such as ladino clover and fescue, air pollution may limit the growth of 
one crop, say clover, both from the direct effect on clover and through 
effects ori fescue that in turn affect the growth of clover. Studies on 
such variables in specific phases and cohesive parts of ecosystems might 
yield information from which to extrapolate potential long term effects 
of pollutants on major ecosystems. 

Certain adverse environmental conditions reduce the injurious effects 
of air pollutants on plants. This knowledge permits us to understand 
why plants in some parts of the country are more seriously affected by 
a given pollution level than others. This fact becomes more obvious 
when one notes the destructive impact of sulfur dioxide from smelters 
in Ducktown, Tenn., and the slight effect of smelters with similar emis­
sions in the Southwest. Two factors interplay here—the type of vegeta­
tion and the arid environmental conditions. The Southwest has native 
plants which have adapted to arid conditions. These adaptive features 
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10. H E C K Future Agricultural Production 127 

apparently make many of these plants more tolerant to air pollutants. 
The arid conditions also induce tolerance even in sensitive plants. Thus 
visible injury around the southwestern smelters is associated primarily 
with irrigation practices and vegetation in and around stream beds. If 
these smelters were transported to the forest ecosystems of the East there 
would be many "Ducktowns." Although the humid East is under a photo­
chemical "pal l , " a similar situation could arise if the concentrations of 
photochemical oxidants occurring in Los Angeles were to occur in the 
East. In this case, we would forecast major losses to both crop and 
native species. 

Major studies of the effects of air pollutants on ecosystems are nec­
essary, but ecologists have difficulty in relating changes in ecosystems to 
normal variations in meteorological and soil conditions. A procedure for 
such a major study has been developed by scientists in California through 
a contract with the Environmental Protection Agency. The beginning 
of an understanding of present levels of air pollution on complex eco­
systems should come from this study. 

Community studies must be approached from an effects modeling 
standpoint if any long term understanding of air pollution effects on eco­
systems is to be attained. Although the concept of modeling is not new, 
it has not been used extensively to study air pollution effects on vegeta­
tion. O'Gara (16) developed a model to predict acute injury to plants 
from sulfur dioxide over short times. German workers (17) extended 
this with a model for both acute and long term fumigation studies for 
sulfur dioxide. W e have published an equation (18) which predicts 
acute effects of pollutants on plant species where both time and concen­
tration are independent variables. W e are attempting to develop models 
that incorporate several pollutants and/or pollutant combinations as well 
as several important environmental parameters. It should be possible to 
develop an experimental model for an ecosystem based on simple modeling 
concepts from laboratory and field experimental work. 

Future of Agricultural Production 

The future of agricultural production is discussed with relatively 
little data base to work from and in the light of possible future levels 
of air pollution. W e can visualize the situation in the eastern seaboard 
states for the photochemical oxidants and sulfur oxides. The following 
discussion assumes no major impact of other pollutants. However, they 
could be important. 

Agronomic and other cultivated species would not be acutely im­
paired if future oxidant and sulfur dioxide levels remain as they are 
today. There appears to be sufficient genetic resistance to foliar injury 
within cultivated species that cultivars which are resistant to existing 
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128 AIR POLLUTION D A M A G E TO VEGETATION 

pollution levels can be developed. This does not mean that chronic 
symptoms would not develop under given conditions, nor that growth 
and yield reductions would not occur. Our understanding of these long 
term chronic effects is not sufficiently advanced for sound extrapolation, 
but it is probable that growth and yield reductions would occur. Many 
existing cultivars would have to be replaced, which would reduce the 
number of cultivars available for use. Effects on native vegetation are 
not sufficiently well documented for strong conjecture. It is possible that 
certain sensitive species that do not contain sufficient genetic plasticity 
might become extinct in this area. In general, the more sensitive variants 
in native species would not survive, but the more resistant variants would 
probably adapt and compete favorably in the native ecosystem. 

If oxidant and sulfur dioxide levels decrease, agronomic and other 
cultivated species would show progressively less chronic injury and less 
reduction in both growth and productivity. In most, if not all , species 
an effects threshold probably exists below which the plant can detoxify 
the potentially harmful effects of an air pollutant with no detrimental 
effect to the plant. The same is true for native vegetation. The threshold 
for the most sensitive native variant of a species would be much lower 
than for cultivated plants which passed through a breeding program 
designed to increase tolerance to air pollutants. However, the genetic 
resistance qualities within the native plants should be as protective as 
those in cultivated species. The concentration which could be considered 
the threshold value for sensitive native plants is unknown, but it is prob­
ably somewhat und?r half of the present pollution level on the East Coast. 
Thus if present control plans cause a reduction in present oxidant and 
sulfur dioxide levels, agricultural programs should develop in a productive 
fashion. 

The potential effect of an increase in oxidant and/or sulfur dioxide 
concentration is difficult to forecast. A t some level the genetic resistance 
within a species is not sufficient to cope with a pollution insult. This 
level varies for both native and cultivated species. Once a given pollu­
tion level is reached, the effect may increase rapidly with only slight 
increases in pollution. A n educated guess suggests that a doubling of 
present pollution concentrations on the East Coast could, under otherwise 
favorable environmental conditions, produce from 25 to 100% loss of 
many agronomic and horticultural crops and severe injury to many native 
species. Several growing seasons at these higher pollution levels could 
result in the temporary or permanent loss of native species and major 
changes in many ecosystems. W e are not far from pollution levels which 
could cause precipitous effects on agricultural production in the more 
humid areas of the United States. However, an important variable must 
be considered in making any predictions based on increased pollution 
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10. H E C K Future Agricultural Production 129 

levels. This is that the capability of the living organism to respond and 
adapt to changes in its environment, within specific ranges of an adverse 
insult, has not been adequately determined. 
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Field chamber research 124 
Fir, white 102, 111 
Flavinoids 90 
Fluoride 22,78 

damage to plants 12 
inhibition of enzyme activity by 53 
metabolic adjustment to 59 
-susceptible plants 13 

Fluoroorganic compounds, 
biosynthesis of 55 

Fog drip 115 
Food chain, plant poisons in a . . 95 
Foraging activity 91 
Forest ecosystems 125 
Forest, oxidant-induced change in a 

mixed conifer 101 

Frequency 
gene 68 
hétérozygote 63, 72 
of outcrossing 68 

Fungi 90,115 
in the soil 86 

Future of agricultural 
production 118,127 

G 
Gallic acid 88 
Gallotannis 88 
Gas exchange by leaf tissue 9 
Gene frequency 68 
Genetic drift 63, 66 
Genetic populations as units of 

regulated change 63 
Genotypes, seed coat 67 
Geraniums 26 
Germination, effect of overstory 

plants on 88 
Glycosides, cardiac 94 
Grapes, Zinfandel 25 
Grazing intensity 25 

H 

Herbivore interactions, plant- . . . . 92 
Hétérozygote frequency 63, 72 
Hidden injury 22 
Hormone, juvenile 96 
Hormones 96 
Host-parasite relationships 115 
Hydrocarbon oxidation products . . 4 
Hydrocarbons 3 

aromatic 7 

I 
Inbreeding, rate of cross-fertilization 

coefficient of 72 
Incense cedar 102,111 
Inhibition of enzyme activity by 

fluoride 53 
Inhibitors, metabolic 89 
Injury 

chronic 81 
evidence of 9 
to plants, model to predict acute 127 
predisposition to 114 

Insect life cycle and plant 
palatability 94 

Insects, pollinating 95 
Irradiated auto exhaust 78 

J 

Jack pine 91 
Juvabione 97 
Juvenile hormone 96 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

97
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
97

3-
01

22
.ix

00
1



INDEX 135 

κ 
Ketones 4 

L 

Leaf drop 19 
Leaf tissue, gas exchange by 9 
Leaves, abscission of 58 
Leaves, amino acid metabolism of 58 
Lettuce 82 
Light on oxidant-induced effects, 

effect of 58 
Lipids 52 

reaction of nitrogen dioxide with 36 
Los Angeles 125 
Lupinus succulentus Dougl. 

( Fabaceae ) 66 

M 

Membranes, unsaturated fatty acids 
of biological 59 

Metabolic 
adjustment to fluorides 59 
inhibitors 89 
pathways 120 

Metabolism of leaves, amino acid 44 
Metabolism of nitrate and nitrite . . 34 
Milkweed 94 
Minor pollutants IT 
Mistletoe 115 
Model to predict acute injury to 

plants 127 
Monarch butterflies 94 
Mutation 64 
Mycorrhizae 87 
Mycene 97 

Ν 
Natural selection in colonization . . 66 
Necrosis 11,52 
New breeding programs 80 
Nicotinamides, reaction of ozone 

with reduced 44 
Nitrate and nitrite, metabolism of 34 
Nitrates, peroxyacetyl 56 
Nitrogen dioxide 4,78 

injury to plants 13 
with lipids, reaction of 36 

Nitrogen oxides 2, 55 
biochemical effects of 36 
reactions of 35 

Nitrogen, photochemical oxidants 
and oxides of 25 

Nitrosamines 34 

Ο 

Oak, black 102,112 
Oil 3 
Oils adsorbed by soil, volatile . . . 87 

Onions resistant to tipburn 78 
Orchid flowers 95 
Organelles, cellular 53 
Outcrossing, frequency of 68 
Oxidant 

air pollution monitoring 10 
concentrations, exposure of . . . . 108 
-induced change in a mixed 

conifer forest 101 
-induced effects, effect of light on 58 

Oxidants and oxides of nitrogen, 
photochemical 25 

Oxidation of free amino acids . . . 55 
Oxidation products, hydrocarbon . . 4 
Oxides of nitrogen 2, 55 

biochemical effects 36 
photochemical oxidants and . . . . 25 
reactions of 35 

Oxides of sulfur 2,49 
Ozone 4, 25, 39, 42, 50, 55,78,123 

biochemical effects of 78 
damage to plants 14 
enzyme inhibition by 44 
with reduced nicotinamides, 

reactions of . . 44 
and SO2 in scotch pine, resistance 81 

Ρ 

Parasite relationships, host- 115 
Particulate matter 3 
Pathogens, susceptibility of the 

plant 59 
Pennsylvania 125 
Peroxyacetyl nitrate 

(PAN) 5,25,36,50,55,78 
damage to plants 16 

Phenolics from soils 89 
Pheromones 59 
Photochemical oxidants 125 

and oxides of nitrogen 25 
Pigmentation 52 
Pine 

beetle, western 97 
eastern white 80 
jack 91 
ponderosa 81, 106 
resistance to ozone and SO2 in 

scotch 81 
sugar 102,111 
white 24 

Plantation, successes and failures of 91 
Plant 

breeding 79 
communities 119,123 
distribution, chemical control of 90 
herbivore interactions 92 
palatability, insect life cycle and 94 
to pathogens, susceptibility of the 59 
poisons in a food chain 95 
species, resistant 76 
toxicology 48 
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136 AIR POLLUTION D A M A G E TO VEGETATION 

Plants 
adaptive features of 126 
to aerial pollutants, acute 

responses of 9 
aging in 7 
biochemical effects of some air 

pollutants on 31 
with dominant seed coat band, S-, 71 
evidence of injury to 10 
fluoride damage to 12 
fluoride-susceptible 13 
on germination, effect of 

overstory 88 
to low levels of air pollutants, 

cumulative effects of chronic 
exposure of 21 

model to predict acute injury to 127 
nitrogen dioxide injury to 13 
ozone damage to 14 
P A N damage to 16 
for resistance to air pollutants, 

selecting and breeding . . . . 75 
sulfur dioxide, injury on 11 
understory 113 

Poinsettias 26 
Poisons in a food chain, plant . . . 95 
Pollinating insects 95 
Pollutants 49 

acute responses of plants to aerial 9 
cumulative effects of chronic ex­

posure of plants to low levels 
of air 21 

on enzymes, effects of 119 
minor 17 
on plants, biochemical effects of 

air 31 
selecting and breeding plants for 

resistance to air 75 
in vitro, reactions of 31 

Pollution 
on conifer trees, oxidant air . . . 106 
and the future of agricultural 

production, air 118 
monitoring, oxidant air 105 
problem, chemical basis of the air 1 
on vegetation, effects of air . . . . 121 

Ponderosa pine 81, 101 
damage 106 

Potatoes 80 
Populations as units of regulated 

change, genetic 63 
Predisposition to injury 114 
Prairie grasses 88 
Protein 52 
Pyrimidines, reactions of bisulfite 

with 33 
Pyrrhocoris apterus 96 

R 
Rate of cross-fertilization 72 
Reaction 

of bisulfite with aldehydes . . . . 33 
of nitrogen dioxide with lipids . . 36 

Reactions 
aldehyde 6 
of bisulfite with pyrimidines . . . 33 
of oxides of nitrogen 35 
of ozone in aqueous media . . . . 41 
of ozone with reduced 

nicotinamides 41 
of peroxyacetyl nitrate (PAN) 38 
of pollutants in vitro 31 
of sulfur dioxide 32 

Receptor 49 
change in the character of . . . . 50 

Resistance 
to air pollutants, selecting and 

breeding plants for 75 
gene for 78 
to ozone and SO2 in scotch pine 81 
to weather fleck in tobacco . . . . 81 

Resistant plant species 76 
Response, characteristics of a . . . . 56 
Role of chemicals in community 

succession 92 

S 
Salinas Valley 82 
San Bernardino mountains 113 
San Bernardino National Forest . . . 102 
Santa Ynez valley 83 
Savoying effect 58 
Seed coat band, S-, plants with 

dominant 68 
Seed coat genotypes 67 
Selecting and breeding plants for 

resistance to air pollutants . . 75 
Self-fertilization 64 
Smog, synthetic 25 
Species, resistant plant 76 
Spinach 80 
Spruce, white 87 
SOL> in scotch pine, resistance to 

ozone and 81 
Soil 

bacteria, activity of 88 
chemistry 87 
decomposers in the 86 
fungi in 86 
volatile oils adsorbed by 88 
phenolics from 89 

Soybean 120 
Stomatal behavior 114 
Studies, economic 121 
Succession 88, 92 
Sudbury, Ontario 125 
Sugar pine 102, 111 
Sulfite 33 
Sulfur dioxide 54,78,113,125 

biochemical effects of 34 
injury on plants 11 
reactions of 32 

Sulfur oxides 2,22,49 
Survey procedures 104 
Synthetic smog 25 
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τ 

Terpenoids 90 
Thrip damage 93 
Tipburn, onions resistant to 78 
Tobacco . .120, 123 

resistance to weather fleck in . . 81 
Tomatoes 80 
Trail, British Columbia 125 
Transformation 53 
Transmission 53 
Trees affected by oxidant air 

pollution, conifer 106 
Toxicology, plant 48 

U 

Understory plants 113 
Unsaturated fatty acids of biological 

membranes 44 

V 

Vegetation 119 
effects of air pollution on 121 

Volatile oils adsorbed by soil . . . . 87 

W 

Weather fleck in tobacco, resistance 
to 81 

Western pine beetle 97 
White fir 102,111 
White pines 24 
White spruce 87 

Y 
Yield, crop 8 

Ζ 

Zinfandel grapes 25 
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