
CHAPTER 10

Terrestrial Plants and Plant Communities

M. TRESHOW

Department oj"Biology, University of Utah, Salt Lake City,
Utah 84112,U.S.A.

10.1 INTRODUCTION. . 223
10.2 TOXICANT UPTAKE. . 224
10.3 RESPONSES OF COMMUNITIES TO PERTURBATION. . 225

(i) Physiological responses. . 225
(ii) Responses of organisms 226
(iii) Responses of plant communities. 227
(iv) Agricultural systems 231

10.4 DIAGNOSING COMMUNITY DYSFUNCTION . 233
(i) Diagnosing changes. 233
(ii) Predicting changes. 235

10.5 CONCLUSIONS. 235
10.6 REFERENCES. 236

10.1. INTRODUCTION

A terrestrial plant community is best described by its composition and
dynamics. It is most important to know for each plant speciesits numbers, the area
covered by it, its rate of reproduction, and its longevity. It is also important to
know how soon adult plants are replaced by their young or other species and the
frequency with which one species occurs relative to others in the community. All
these characteristics used to describe the normal composition and dynamics of the
community (sometimes called the baseline condition) are influenced by the
qualities of the environment - humidity, temperature, sunlight, soil composition,
and the presence or absence of toxicants.

Normally, a plant community is relatively stable and displays an equilibrium
condition that changes only slowly. It also tends to be resilient in the sense that
short-term perturbations to the system do not persist. But prolonged periods of
stress, e.g. due to extremes of climate, may reduce the growth of sensitivespecies;
the more tolerant species then become predominant.

When a toxic agent is introduced into a plant community (often in the air), some
species will be affected more adversely than others. These sensitivespeciesmay be
no longer able to compete successfullyfor their place in the system, and disappear.
High levels of toxic agent or prolonged exposure may destroy large numbers of
~pecie~with con~equent disruption to the plant community. Ultimately the system
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224 Principles of Ecotoxicology

may survive or recover but the number of species and the amount of ground cover
will be greatly reduced.

The response of plants to pollutants is especially important since many of them
are more sensitive than are other organisms. Thus they can be the most sensitive
indicator, or bioindicator, for the presence of toxic pollutants.

10.2. TOXICANT UPTAKE

Plants may absorb toxicants either directly from the atmosphere, through the
leaves,or from the soil or water through the roots.

The usual pathway is through the leaves, as with gaseous chemicals including
principally the sulphur and nitrogen oxides, photochemical pollutants, fluoride,
chlorine, and ammonia. Other chemicals,present in the atmosphere in particulate
forms, may be impacted onto the leaf surface but rarely enter the leaf unless
dissolved. Such toxicants include heavy metals such as lead, zinc, cadmium, copper,
and nickel.

Lead is known to accumulate on plants growing alongside highways in
proportion to the traffic density. The lead content of roadside atmospheres may be
2 to 20 times that of non-roadside atmospheres (Smith, 1976) and the
concentration declines with distance from the roads. Sedimentation from the
atmosphere contaminates both soil and vegetation. Lead in the top 5 cm of soil
may be 30 times that in non-roadsidesoil. Although concentrations of lead in or on
plants may reach high levels,there are no reports of injurious effects on vegetation,
nor is lead taken up by plants from the soil.

Particulate materials fallingon plant surfaces also include dusts emitted from the
kilns of cement plants, soot, and miscellaneousmatter from various types of metal
processing (Lerman and Darley, 1975). Fall-out of cement kiln dusts may range
from 1.5 to 3.8 g per m2 per day near cement plants equipped with multiple
(cyclone emission) control devices. The dusts form a crust in the presence of
moisture thus pluggingstomata and adverselyaffecting photosynthesis and growth.
Leaf drop is often accelerated. The amount of dust causing such effects has not
been establishedbut is somewhat over 1.0 g/m2/day.

Toxicants present in the soil mayor may not move into the plant depending on
their solubility in the soil and their absorption by the roots. Photochemical
pollutants do not accumulate in the soil, but sulphur and nitrogen oxides are
accumulated in both plants and soil. Since nitrogen and sulphur are essential to
normal plant growth, they are rarely present in excess, although they may be
harmful indirectly.

Sulphur analysis of leaf tissues has been used as an index of exposure to
pollution to help diagnose suspected injury, but the sulphur content of leaves is
extremely variable and unreliable as a measure of contamination. The normal foliar
content is generally in the range of 0.1 to 0.2 per cent of the dry weight, but may
range as high as 0.4 per cent in the complete absence of any pollution. Sulphur is
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extremely mobile in the plant. The sulphur content depends on the tissue analysed,
physiology of the species being studied, its metabolic activity, the content and
availabilityof sulphur in the soil, the age of the tissues, and even the time of day.

Fluoride, a normal component of the soil, is taken up by the roots of most plants
in only small amounts even when the soil content exceeds several thousand parts
per million (Treshow, 1970). There are, however, a few exceptions, as with
members of the camelia family, which accumulate high concentrations of fluoride
even when the soil content is quite low. Fluoride content of foliage provides a
rough index of exposure to atmospheric fluorides, but is related to toxicity only in
a general way.

Toxicants such as arsenic accumulate in the plant when soluble forms are present
in high quantities (Ratsch, 1974). The exact amount of accumulation depends upon
the solubility of the arsenic compounds and the binding properties of the soil.
Under certain conditions, sufficient arsenic may be absorbed to injure or kill
sensitive plants, thus altering the community structure, or arsenic may enter the
leavesand thus be hazardous to any organismsfeedingon them.

The solubility of toxicants in the soil is greatly affected by the soil acidity. Thus
greater amounts of metals such as zinc and aluminium become soluble and
absorbable in acid soils.Should the acidity increase sufficiently, these elements may
reach toxic concentrations in the soil solution.

This has raised the question of whether sulphur, deposited in precipitation as
sulphuric acid, and later forming an acid reaction, could change the soil acidity to
the extent that certain elements such as aluminium, manganese, or zinc become
toxic. See Section 14.4 for a discussionof 'acid rain'.

10.3. RESPONSESOF COMMUNITIESTO PERTURBATION

(i) PhysiologicalResponses

The extent of community disturbance depends largely on the sensitivity of
individual plants and their physiological processes. The first impact of a toxic
chemical usually can be expected at the molecular or physiological level of
organization. In other words, it is often a process such as respiration or
photosynthesis that is first affected, or still more specifically,it is some enzymatic
reaction in that process that is most sensitiveto a giventoxicant.

The way in which pollutants affect physiologicalmechanismsin plants has been
reviewed extensively (Treshow, 1970; McCune and Weinstein, 1971; Brinckmann,
et al., 1971; Mudd and Kozlowski, 1975). The most sensitive enzyme system
naturally varies with the pollutant or toxicant. With S02, the mechanism of
toxicity may be in interfering with sulphate formation and conversion to such
essential compounds as cysteine and methionine in peptides and proteins. In most
cases, sulphur is required in a reduced state, and this may be impaired by an excess
ofS02 (Mudd and Kozlowski, 1975).
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Photochemicalpollutants,specificallyozone,affect metabolismin manyways
(Heath, 1975). Briefly, one of the more significant, basic effects may be the
oxidation of sulphydryl groups which, among other things, impairs protein
synthesis and inhibits CO2 fixation. The unsaturated fatty acid residues of the
membrane lipids, on the other hand, are considered by some to be the primary site
of ozone injury. Membrane disruption would cause ionic imbalance leading to a
multitude of adverse effects including a reported decline in ATP content and
increased water loss. The lipid changes reported might, however, arise from
sulphydryl oxidation.

Fluoride appears to interfere with a number of different enzyme systems, and
many different metabolic processes can be affected (McCune and WeinsteL1, 1971).
Glucose catabolism is especially affected indicating that pathways of respiration,
monosaccharide interconversion, or polysaccharide synthesis are the most likely
sites of fluoride activity.

Such enzyme inhibition, at first sublethal, next affects the total plant and in
turn, the interaction of that organism with others in the community.

(ii) Responsesof Organisms

In order to evaluate the impact of a toxicant, it is desirable to be able to detect
the earliest response of a system to it, at whatever level of organization it might
appear. Classically, the presence of foliar injury visible to the naked eye has been
used as the most sensitive criterion. Distinctive types of injury caused by major
pollutants have been described extensively and will not be enumerated (Jacobson
and Hill, 1970).

Symptoms have been sought principally in the more sensitive species, the
bioindicators. For S02, plants such as alfalfa or barley are examined; for fluoride,
apricot trees, gladioli, St Johns Wort, and sometimes conifer trees are studied; for
ozone, tobacco, grape vines, and pines provide good indicators.

Visual observations for the presence of symptoms are made over the area in
question, and the severity of injury is recorded. If no symptoms are found, it is
presumed that toxic doses of a pollutant have not been reached. The doses of S02
causing injury to such forest species as Pinus strobus L. are in the range of 0.1 to
1.0 mg/m3 for a few hours exposure. For exposures of months, injury is reported in
the range of 0.05-0.1 mg/m3 (0.02-0.04 ppm) (Knabe, 1971). Minimum toxic
doses of fluoride that might injure the most sensitive species are of the order of
2-5 /.lgF/m3 for 24 hours (personal obs.).

The toxic dose of any given pollutant varies tremendously. Not only must the
variation in genetic tolerance among speciesand varietiesbe considered, but somust
the stage of growth, and the age and kind of tissue. The most sensitive stage of
growth varies somewhat with the pollutant, but generally, recently matured tissues
are most sensitive. At this time the stomata are mature so that the toxicant can
enter the leaf, but the individual cells have not yet developed a protective layer of
wax.
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The time of exposure to a toxicant is particularly important. If the plant is
exposed when it is still young and growth is suppressed, more resistant individuals
are most likely to invade the area and the sensitiveindividualswill be crowded out.
If the plant is nearing its reproductive stage, exposure to a toxicant may impair its
capacity to set blossoms. If the blossoms are just emerging,blossom and fruit drop
may be excessive so that production is impaired. If the exposure occurs after the
fruit has set, fruit size may be reduced, but the amount of seed produced is not
likely to be affected. The plant is approaching senescence,and damageis minimal.

Chemicalsmay also enter the ground-water or be washed into the soil and affect
sensitive root systems. One example of this is where salt, primarily sodium chloride,
is applied to reduce icing of highways. A typical New England highway receives
about 6 tonsfkm each winter. Sugar maple trees are both common along these
roads and sensitive to salt (Westing, 1969). The frequency and severity of the
decline of maples, especially during dry periods,has been observedwithin 10 to 13
metres of the roads.

Whileat first it might seemunlikely that the plant community would be affected
in the absence of some observableeffect on the individualplants, such a possibility
should not be disregarded. It is at least conceivable that the earliest visiblesign of
some changemight be to the community itself.

(iii) Responses of Plant Communities

By the time sensitive plant species are injured, more insidious changes may
already have been wrought in the plant community. As mentioned earlier, basic
processes such as photosynthesis may have been suppressed thereby impairing
growth of more sensitive plants. This could alter their ability to compete in the
ecosystem so that their density and abundance might be reduced before the
appearance of any symptoms of injury in the leaves.

Few studies have been concerned with changes in the plant community that
occurred in the absence of leaf necrosis. Often plant injury has also involved the
mortality of large numbers of plants. The few studies that have examined the
community, demonstrated the way in which a toxicant may indirectly affect the
community structure.

The most obvious of these is probably the influence on growth. Growth
differences often can be determined in perennial plant species by measuring the
width of growth increments, or annual rings, in the main stem. In one such study
(Treshow et al., 1967) increment borings were made in trunks of Douglas fir trees
(Pseudotsuga menzieseii Franc.) growing at increasing distances from a phosphate
reduction plant emitting fluorides. Annual growths before, during, and after
operation of the plant were measured. Trees on which no injury symptoms had
appeared, as well as those with foliar injury were studied. It was found that growth
of trees having no visible injury was reduced by 26 per cent. Growth of trees
showing needle necrosis was reduced by 40 per cent. Normal growth of trees not
killed was resumed after the emissionsceased.
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There are many examples of recoveryfollowingthe cessationof pollutionbut
only a few will be cited. The recovery is especially striking in areas surrounding
smelters following the installation of control equipment. In one instance, in a study
of plant communities near a smelter in the western United States, Eastmond (1971)
found that the communities were recovering from previous damage following
installation of S02 control equipment. Revegetation was most rapid beyond 3 to
5 kIn from the smelter where active erosion had decreased. Forbs (herbaceous
pasture plants other than grass) began to appear at about 2.5 to 3 kIn from the
smelter; shrub and deciduous tree speciesat 4 to 5 km; and conifers at about 7 km.
Overall, the number of species increased from only 1 to 5 species per 0.005 ha
stand within 3 km of the smelter to 20 to 30 per stand at 8 km. Altitude and soil
pH also influenced the number of species present. In another case where S02 was
the principal pollutant near a power plant, normal growth of white pine trees was
resumed the year following installation of a 250 m stack that reduced ground-level
concentrations (personal observation).

A more indirect mechanism of impact on a plant community is where the
activity of some organisms other than the higher plant is affected, and this in turn
affects the welfare of the terrestrial plant community. Such may be the casewhere
a toxicant influences the pathogenicity of a fungus or virus and thereby alters the
disease interactions. It may also be the case where a toxicant influences the
population density of an insect pest species or its parasites thereby raising or
lowering the numbers of insects in the system and the damage that might result
therefrom.

This interaction recently has been reviewed in detail by Treshow (1975) and
Heagle (1973). Most characteristically, toxicants such as ozone or S02 presumably
weaken the trees in a plant community and render them more sensitiveto the insect
and diseasepathogens in the area. A toxicant may also injure a plant speciescausing
lesions readily invaded by normally weak pathogens such as Botrytis or Lopho-
dermium. Attacks on weakened trees by insects, such as pine bark beetles
(Dendroctanus sp.) on Ponderosa pine (Stark et at., 1968) have been reported to
increase in the presence of pollutants.

Obvious changes in community structure have been recognized near local
pollution sources, notably smelters, for centuries (Treshow, 1968; Miller and
Millican, 1973). In more recent years, the changeshave been quantified to illustrate
the shift from sensitive to tolerant species (Gordon and Gorham, 1963; Eastmond,
1971).

Gordon and Gorham (1963) found a striking decline in the number of species
within about 16 km of a sinter plant emitting S02' Beyond this distance the
number of macrophyte species at each 40 square metre site averaged 43 while at
lesser distances it declined steadily to as few as 2 to 4 speciesper site within 5 km
of the source. The S02 doses to which these sites were exposed were not reported.

The influence of photochemical toxicants in alteringplant community structure
has also been established (Miller and Millican, 1973; Taylor, 1973). The most
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important, dominant members of the pine community in the San Bernadino
Mountains rimming the Los Angeles Basinof Californiaalso happen to be the most
sensitive to oxidants. Thus when Jeffrey (Pinusjeffreyi A. Murr.) and Ponderosa
pine (P. ponderosa Laws) trees were killed, major changes in the community took
place similar to those reported in the conifer communities altered by smelter
smoke.

Only the most sensitive individuals in the pine population died soon after
exposure, but after 20 years, an estimated 1,298,000 trees had been affected.
Severe damage in 1969 extended over 19,000 ha. The concentrations of ozone and
other photochemical pollutants were not known when the condition was first
observed in the 1950s, but ozone concentrations in the affected area regularly
exceeded 10 pphm (parts per hundred million) for 10 hours daily in the forest with
an average daily maximum of 20 PPhm and momentary peaks reaching 52 pphm.
The highest values occurred during the growing season from May to July,
maximizing the effects.

Quantitative studies have not been made of changes that may have occurred in
the plant community involvingspeciesother than pines. It is known that only lower
concentrations of a pollutant reach the understory, but they still may be sufficient
to affect the more sensitive herbaceous plants. Little is yet known of their
tolerance.

In one of the few studies of native understory species, Treshow and Stewart
(1973) showed that an exposure to 15 pphm of ozone for 2 hours injured leavesof
7 of the 70 speciesstudied. These wereHedysarum borealeNutt., Bromus tectorum
L., Populus tremuloides Michx.,Aster engelmannii A. Gray, Gentianaamarella L.,
Geranium richardsoniiRisch and Trautv, and Senecio serraHook. Seventeenother
specieswere injured at concentrations of between 15 and 25 pphm.

Since others have shown that growth and reproductive effects occurred even
before visible injury symptoms appear, it is likely that sublethal effects occur with
exposures to still lower concentrations. Levelsof the abovemagnitude are common
in many urban areas, so it is possible that oxidants are already influencing
community structure in such areas.

Anderson (1967) found that fluorides could also influence plant community
structure even when plant leaves were not visibly injured. Plant community
population shifts are obvious where the dominant species have been killed and the
understory exposed to a changinglight intensity. But even where there had been no
apparent injury to any species, Anderson (1967) found shifts in populations.
Oregon grape (Mahonia repens Don.) a species highly sensitive to fluorides,
decreased in areas near a phosphate reduction plant, as did chickweed (Stellaria
jamesiana Tor.) and members of the genus Viola. Pine grass (Calamagrostis
rubescens Bukl.) and waterleaf (Hydrophyllum capitatum Doug!.) on the other
hand, increased in areas of higher fluoride exposures.

Some of the most striking changes in community structure concern lichens.
While the demise of lichens may not be as conspicuous as the death of trees in local
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areas around some smelters, the effect extends over larger areas and is often
associated with general community pollution (LeBlanc and DeSloover, 1970).
Sulphur dioxide is the principal toxicant responsible, and the impact was observed
long before the concentrations in the areas were known. It is only in recent years
that air quality data have provided some knowledgeof the doses associatedwith the
breakdown of specific lichen communities.

Some of the best-documented descriptions of the effects on lichen communities
have been in the area around a smelter in Ontario, Canada. Rao and LeBlanc(1967)
related the number of lichen species to the concentrations of soil sulphate. At the
normal, background sulphate concentrations of 0.4 mEq per 100 g, there were over
30 epiphytic species at any site. When sulphate concentrations exceeded about
0.4 mEq per 100 g, the number of speciesdeclined to 0 at 1.4 mEq per 100 g.

Considering atmospheric concentrations, LeBlancand Rao (1973) transplanted
lichens at different distances from a smelter in the area of Sudbury, Ontario,
Canada. The study suggested that exposures to 0.006 to 0.03 ppm for periods
longer than 6 months could injure lichens. The number of times maximum
concentrations exceeded a much higher value were not considered,however. Similar
work reported by LeBlanc and Rao (1975) suggested that annual exposures to
0.006 to 0.03 ppm can be harmful to lichens, but the peak concentrations are
dismissed as being of less consequence. Such field observations are, however,
contradicted by laboratory studies showing that doses exceeding 4.0 ppm of S02
are necessary to produce injury (Showman, 1972).

In another study, Anderson (1976) exposed lichen communities on Lodgepole
pine to doses of 0.5, 2, or 5 ppm of S02 for 2 and 6 hours. When community
structure was recorded before, and 3 years after, the exposure, it was found that
the populations of foliose lichens had decreased significantly on the fumigated
limbs. The amount of bare bark had increased significantly as had the cover of
crustose lichens.

The mechanisms by which lichens are injured by toxicants are not well defined.
It is known that S02 impairs the photosynthetic mechanisms at higher con-
centrations, but this does not explain the extreme sensitivity of this group of
organisms. One postulate is that increased acidity of the substrate may be
unsuitable for the lichen (Anderson, 1976).

The disruption of the lichen community could have secondary effects on the
forest if the blue-green algaecomponent of the lichen symbiont were important to
the nitrogen fixation and nitrogen budget of the forest ecosystem.

Patterns of change in terrestrial plant communities have been well illustrated
following exposure to ionizing radiation (Woodwell, 1970). The effects of chronic
irradiation of a late successional oak-pine forest have been closely studied at
BrookhavenNational Laboratory in New York. Following 6 months' exposure from
a 137Cs source, fivedistinct zones of vegetation changeswere evident. Each became
more pronounced over 7 more years of irradiation.

There were striking differences in the effects on the different layers of
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vegetation, but this may well have been a response of the greater exposures of larger
plants rather than their greater sensitivity. Similar responses, where the taller
species are the most affected, are seen near other pollutant sources where the
overstory species provide a pollution filter for the understory species. Fumigation
of understory species by themselves often reveals that some are more sensitive than
the trees that provide the canopy.

In the central area where exposure rates exceeded 200 R/day, no higher plants
survived. It is interesting to note that some lichens and mosses survived total
exposures of over 1,000 R while these same plant types are the most sensitive to
other pollutants, notably S02.

A second zone of sedge (Ozrex pennsylvanica)" survived over 150 R/day around
the central area.

A shrub zone surrounding this consisted largely of two species of Vaccinium and
one of Gaylossacio. Exposure rates here exceeded 40 R/day.

A fourth zone of oak survived where exposure rates were over 16 R/day.
Finally, the normal oak-pine forest zone received less than 2 R/day. Here there

was no obvious change in number or kinds of species.

(iv) Agricultural Systems

The plant communities in most danger from toxicants are those modified by
man. These include artificial systemssimplified to consist of as few as one speciesin
which food, horticultural or forest crops are raised. When the crop species or
variety is sensitive to a toxicant, the entire crop may be destroyed, or if exposed to
lower doses, yields may be reduced in proportion to the dose.

There are many instances of losses especially in the years before the extreme
sensitivity of certain varieties was known. In the Los Angeles, California area,
production of such ornamental cut-flower crops as orchids was severelyimpaired as
early as the 1940s, severalyears before the cause was known. Later it was learned
that photochemical pollution was responsible for the losses. The dose of toxicants
that caused the early damage can only be postulated. As with all toxicants, the dose
first causing injury cannot be establishedwith precision because of the tremendous
influence of such environmental variablesas nutrition, moisture, temperature, light,
and inherent and predispositional sensitivityof the plant.

PAN (Peroxyacyl nitrates) cause silvering, glazing, or bronzing symptoms on
plants exposed to toxic doses. More significantly, PAN also adverselyaffects plant
growth, development and production (Taylor, 1968; Thompson and Kats, 1975;
Marx, 1975).

Perhaps even more than with other pollutants, the toxicity of PAN is strongly
influenced by a number of environmental variables,includinghumidity, age of leaf
tissues, duration of exposure, light intensity, photoperiod, and air temperature.
Under controlled fumigation conditions, such sensitiveplants as Romaine lettuce,
pinto beans, and Clintlandoats were injured with 0.5 pphm when plants were
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exposed for 7 hours in midday. In the field, injury has been observed following6 to
8 hours exposure to PANconcentrations not exceeding I pphm of PAN.

When ozone was found to be the principal toxicant of photochemical pollution,
it was gradually established that ozone had caused significantproduction losses in a
number of crops. Thompson and Taylor (1969) studied the effect of ambient
oxidants on commercial production of lemon and navel orange trees. Leaf drop
from trees grown in the ambient atmospheres of the Los Angelesbasin averaged66
per cent, compared with 22 per cent drop from trees grown in filtered air. Yieldsof
trees in ambient atmospheres were up to 50 per cent less than in the control group.

During this study the oxidant concentration exceeded 10 pphm for 5 to 30
hours per month in November, December, January, and February. From March to
October, the hours of over 10 pphm ranged from 40 to 280. Maximum
concentrations exceeded 30 pphm with peaks reaching 50 PPhm' The air quality
standard is 8 pphm for I hour.

In addition to citrus fruits, yields of grapes and other important crops have been
greatly reduced. Studies were conducted in Yonkers, New York in which 60 to 70
per cent of the ambient photochemical oxidants were excluded (MacLean and
Schneider, 1976). Comparison of these treatments revealed that yields of tomatoes
and beans in untreated air were reduced 33 and 24 per cent, respectively. The
average daily oxidant (principally ozone) concentrations during the 43-day
exposures of bean plants were 1.2 and 4.1 PPhm in the filtered and unfiltered
chambers, respectively. For the 99-day exposures of tomato plants, the valueswere
1.5 and 3.5 pphm. Hourly oxidant peaks reached 20 pphm. In other areas, certain
varieties of potatoes and onions have been found to be extremely sensitive to
ozone, and yields have been substantially reduced even when concentrations rarely
exceeded IS pphm.

Sulphur dioxide has long been known to cause crop injury including yield
reductions of sensitive species raised near major sources of the toxicant (Thomas,
1961; Guderian and van Haut, 1970). The extent of these losseshas been calculated
and monetary compensation awarded to farmerswhose crops were affected. Losses
were estimated according to the amount of necrosis and chlorosis(yellowing) of the
total leaf area.

The impact of various SOz doses on plants has generally been found to be a
function of the amount of leaf injury produced; that is, reduction of a crop yield is
proportional to the percentage of leaf area destroyed (O'Gara, 1922). The yield lost
couldbe calculatedfromthe equation:y =100- bx, wherey is the yield expressed
as the percentage of full yield in the absence of the pollutant, x is the percentage of
leaf area destroyed estimated on the leavespresent at the time of fumigation and b
is the slope of the line obtained by plotting yield against leaf destruction. This
equation was determined for each species at different stages of growth. The values
varied with the sensitivity of the species. The sensitivity was based on a 'threshold
dose' determined from fumigation studies and incorporated into a generalized
equation developed by O'Gara (1922).
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The generalized equation used to describe the damage from S02 was
(C- CR)t=K; where C= the concentration of S02; CR =the threshold con-
centration below which no injury developed; t =the time in hours required to
initiate damage; and K =the effective exposure (see Chapter 5). The equation has
been modified a number of times since O'Gara developed it in 1922, but there are
so many variables affecting the toxic exposure that it seems unwarranted to
attempt refining the equation further.

Agricultural systems are especially vulnerable to the wide array of pesticide
formulations applied to maximize growth of the crop species. Residues of various
chemicals applied to control weed or insect pests often accumulate in agricultural
soils more rapidly than they are degraded. Since insecticides are designed to kill
insects they should not, ideally, be toxic to plants, but herbicides are as likely to
kill desirable species as the intended target. The impact may not be limited directly
to the plant community or agricultural crop but may act indirectly through effects
on such soil microorganisms as nitrogen-fixing bacteria. Growth and production of
higher plants are then impaired. The pesticides have the further potential of being
dispersed over neighbouring natural terrestrial communities. In one instance,
herbicides applied to control non-forage plants drifted beyond, and killed nearby
forest communities (Treshow, 1970). The pesticides also may leach or wash into
aquatic systems causingfurther damage.

The impact of chemical manufacturing wastes (phenols, acids, metals, etc.)
applied to soil can also be considerable, ranging from selection toward tolerant
species to complete destruction of vegetation and soil sterility.

10.4. DIAGNOSINGCOMMUNITYDYSFUNCTION

(i) DiagnosingChanges

How can we assess or measure the degree of dysfunction in a plant community
or even detect it in the early stages? In areas close to major sources of toxicants,
whether cities or industries, damage has often been obvious, as where thousands of
hectares of woodland have been killed. Even where the trees have not been killed,
the 'burning' or necrosis of leavescausedby a toxicant may be evident.

However, the impact may not always be so obvious. Perhaps growth of only a
few species in the community has been affected causing subtle and inconspicuous
alterations of community structure.

It is under such conditions, especially, that newer techniques of community
analysis must be considered, and it therefore becomes more critical than ever to
understand the normal, or 'baseline' community dynamics.

By the time that obviously visible symptoms or changes in either individual
plants, or the community, take place, damagemay have already been incurred. The
normal variation that occurs in a community from year to year may be great. Old
plants die, new ones are 'born', and other plants may establish themselves in the
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system as the existing populations modify the environment. The frequency with
which each species occurs, its density, the portion of the total system which it
covers, and its productivity vary from one year to the next in response to the
ever-changingenvironment. In other words, the community structure varies each
year around an averagecondition and even this averagemay change gradually over
the years. With such natural variation, how can we detect changes that might be
imposed by some abnormal component of the environment, some toxicant?

Community responses are'best determined by establishingthe normal condition
prior to the installation of a pollutant source. One of the most common techniques
by which this is done is to select a dozen or more study sites for each vegetation
type at increasingdistances, and in different directions, from the source. Such sites,
or plots, should comprise about 0.04 hectares each, depending on the community
type. Within each plot, a number of subplots, often 10 to 25 depending on the
variability and diversity of the species, are sampled. Sampling consists of
determining the frequency with which each plant species occurs, that is, the
percentage of its occurrence, and the percentage of cover it contributes, i.e. the area
it occupies in the community. The density, the averagenumber of individuals per
unit area, is also determined. The productivity can also be found by samplingand
weighingthe biomass of vegetation in other representative plots.

A more refined method of studying community structure is that of cluster
analysis. Data collected by the above or similar methods are analysed to learn the
degree to which the different speciespresent are associatedwith each other.

These methods are laborious, and yet in order to know the normal annual
fluctuations, the study must be conducted" and even repeated severaltimes, over a
period of years. The procedure may be somewhat simplifiedby evaluatingonly the
frequency and cover data, but these must still be determined over a period of years
to detect any abnormal changes.

Another method, still in its infancy, is detection of changesusing high-altitude,
infrared photography. Such methods can reveal the general character and health of
the dominant vegetation in an area, but can tell little about the associated
understory vegetation if masked beneath a forest canopy. To interpret the results of
infrared aerial photography it must be supplemented by on-ground observations.

Estimation of community productivity and biomass also requires substantial
work and replication. Plant material from the speciesbeing studied over a given area
must be collected and weighed and the process must be repeated sufficiently to
establish the normal range of variation.

The ability of a terrestrial plant community to tolerate a toxicant depends
largely on the inherent resistance of the individualmembers of a population as well
as of the species as a whole. The stability of a community exposed to a stress, such
as the presence of toxicants with which it has not evolved, depends also on the
capacity of the community to detoxify, or neutralize the toxicants imposed.

There are a few examples of detoxification, although certain pollutants such as
S02 enter the normal biogeochemical cycle and are soon assimilated along the
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standard pathways. For instance, sulphur dioxide entering a plant in small
quantities soon enters the metabolic processes and the sulphur is incorporated into
the cellular proteins.

When more sulphur enters the cellular system than can be converted, the tissues
are often killed, but, at least one species, Muhlenbergia asperifolia (Ness and May)
Parodi, is capable of transporting the excess sulphur to, and out of, the roots and
leaves (Campbell, 1972). The sulphur then enters the normal soil pathways in
slightly elevated amounts.

(ii) PredictingChanges

Methods for predicting the impact of toxicants on a plant community over a
period of a decade or more are still almost non-existent. There are, however,
possible approaches to making such predictions. Basically, two attributes of the
normal population must be known: mortality and replacement (growth and
reproduction) rates of each existing plant species. These can only be learned
through detailed studies of community dynamics as discussed earlier. The dose of
the toxicant or combination of toxicants required to influence individual plant
species and the normal community structure, must also be known.

Theoretically, this information could be combined and an equation formulated
to describe the community structure. This model could be used to determine the
ultimate structure of the system over a period of years of exposure to various doses
of toxicant.

A second approach could involve subjectingwhole plant communities to known
doses of toxicants and studying the subsequent community structure. This is being
done by Lewis et al. in Montana (1976) where the baseline dynamics of a grassland
community have been established. Known, different concentrations of 802 are
released over one-half hectare plots in this community and the community
structure is being studied following these fumigations. It is hoped that this
information can be used to predict more long-term effects as well as the effects on
similarplant communities near power plants under construction.

A third approach would be similar but involve only a few species in a
'microcosm' system. Guderian (1966) tested the response of such a system
consisting of clover and forage crops to sulphur dioxide. The more sensitiveclover
was visibly injured and gradually disappeared to be replaced by the more tolerant
grasses.

10.5. CONCLUSIONS

For the most part, research on the ecotoxicology of terrestrial plant com-
munities has been directed toward the molecular and organismal levels of
organization. It is clear that any toxic influence on one subsystem, or level, of
organization will influence all others. Weknow the doses of many toxicants that are
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injurious to certain individual plants. We understand someof the physiological
mechanisms whereby some major pollutants often cause this injury. However,
specifically,we should learn more regarding:

(1) how the total community responds to pollutants, especially when no visible
injury occurs to the plant foliage;

(2) the baseline, or normal, community dynamics. We must establish the
baseline dynamics of major plant community types. Only then can we
understand and predict the long-term responses of communities to doses of
a given toxicant.
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