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Preface

This document is Volume III of a three-volume revision of Air Quality
Criteria for Particulate Matter and Air Quality Criteria for Sulfur Oxides,

first published in 1969 and 1970, respectively. By law, air quality criteria
documents are the basis for establishment of the National Ambient Air Quality
Standards (NAAQS). The Air Quality Criteria document of which this volume is
a part has been prepared in response to specific requirements of Section 108
of the Clean Air Act, as amended in 1977. The Clean Air Act requires that the
Administrator periodically review, and as appropriate, update and reissue
criteria for NAAQS.

As the legally prescribed basis for deciding on National Ambient Air
Quality Standards, the present document, Air Quality Criteria for Particulate
Matter and Sulfur Oxides, focuses on characterization of health and welfare

effects associated with exposure to particu]ate'matter and sulfur oxides and
pollutant concentrations which cause such effects. The major health and
welfare effects of particulate matter and sulfur oxides are discussed in
Chapters 8 through 14 in this volume (Volume III) of the document. To assist
the reader in putting the effects into perspective with the real-world en-
vironment, Chapters 2 through 7 in another volume (Volume II) of the document
have been prepared and discuss: physical and chemical properties; air moni-
toring and analytical measurement techniques; sources and emissions; trans-
port, transformation, and fate; and observed ambient concentrations of the
pollutants.,

Volume I introduces the criteria document, explains the rationale behind
combining the evaluation of criteria for particulate matter and sulfur oxides
in a single document and briefly summarizes the content of the entire criteria
document. However, for a fuller understanding of the health and welfare
effects of particulate matter and sulfur oxides, both Volumes II and III of
the document should be consulted.

The Agency is pleased to acknowledge the efforts of all persons and
groups who have contributed to the preparation of this document. In the last
analysis, however, the Environmental Protection Agency accepts full respon-
sibility for its content.
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8. EFFECTS ON VEGETATION

8.1 GENERAL INTRODUCTION AND APPROACH v

The objective of this chapter is to review available data relating atmospheric concentra-
tions of 502 and particulate matter (PM) to effects on terrestrial vegetation. Many reviews
of the general effects of 502 (Daines, 1968; Guderian, 1977; Jacobson and Hill, 1970; Linzon,
1978; Mudd, 1975; National Academy of Sciences, 1978; Treshow, 1970; U.S. Environmental Pro-
tection Agency, 1973, 1978a; Van Haut and Stratmann, 1970) and, to a lesser extent, of parti-
culate matter (Guderian, 1980) exist in the literature. Additidna1 reports of 302 effects on
plants have also been prepared for use in diagnostic situations (Davis, 1972a,b; Lacasse and
Moroz, 1969; U.S. Environmental Protection Agency, 1976).

This chapter addresses factors that influence our ability to determine relationships
between pollutant concentration and plant responses. Principal focus is placed on specifying
concentrations of 502 and particles associated with vegetation responses ranging fromvthe bio-
chemical level to that of plant populations. In this process, information of historical
interest has been kept to a minimum and emphasis has been placed on more recent studies that
have employed modern monitoring, experimental, and statistical techniques. Studies in which
SO2 or particulate matter were determined to be the major cause of measured effects have been
emphasized. ]

As a backdrop against which to consider pollutant effects on plants, it is important to
recognize that the many factors that play a major role in determining whether a given quantity
of pollutant will produce a predictable level of effect vary tremendously in nature. These
factors include the type of exposure (acute or chronic), influences of stress from other
biotic (insects, disease) or abiotic (edaphic or climatic) factors, the type of response mea-
sured, and the species or population under study. These factors and associated terminology
have been addrgssed in Sections 8.2 and 8.4 for SO2 and Sections 8.6 and 8.7 for particulate
matter.

While a broad variety of responses measured following exposure of vegetation to SO2 or
particulate matter are discussed, it should be noted that not all responses are detrimental,
and that not all short-term detrimental responses u1timateTy result in effects detrimental to
plant growth and development. These concepts are developed more fully in Sections 8.2.7 and
8.3 below.

The end-point of this presentation of concepts, components, and modifiers of pollutant
dose and plant response can be found in attempts to define exposure-response'relationships for
502 and PM effects on vegetation. This is done in Sections 8.3 and 8.8 for SO2 and particu-
late matter, respectively.

The concluding section on ecosystem responses (Section 8.10) derives information from a
much more Timited number of studies. Here reliance on the broadly based concepts of ecosystem
analyses forms the basis for strong inference rather than proof of effects on a more subtle
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scale. In this area definitive data to evaluate the degree or extent of ecosystem changes
over broad regions do not presently exist.

The following definitions have generally been acceptable to plant scientists working on
air pollutant-induced effects on plants (American Phytopathological Society, 1974) and are
relevant to information, discussed below jn this chapter:

1. Injury - a change in“the appearance and/or’function of a plant that is deleterious
to the plant.

2. Acute Injury (effects) - injury, usually involving necrosis, which develops within
several hours to a few days after short-time exposure to a po]]utant and is
expressed as fleck, scorch, bifacial necrosis, etc. ‘

3. Chronic Injury (effects) - injury which develops only after Tong-term or repeated
exposure to an air pollutant and is expressed as chlorosis, bronzing, premature
senescence, reduced growth, etc.; can include necrosis. :

4, Damage - a measure of decrease in economic or aesthetic value resulting from plant
injury by pollutants.

8.2 REACTION OF PLANTS TO SULFUR DIOXIDE EXPOSURES
8.2.1 Introduction

The response of plants to SO2 exposure is a complex process that involves not only the
pollutant concentration and duration of exposure but also the genetic composition of the plant
and the environmental factors under which exposure occurs. 1In simplistic overview, this pro-
cess involves entrance of SO2 into the plant through leaf openings calied stomata, and contact
within the leaf with wet cellular membranes and subsequent Tiquid phase reactions resulting in
the formation of suifite and sulfate compounds. The formation of these compounds can initiate
changes within the plant metabolic systems that will produce physiological dysfunctions. If
sufficient physiological modifications occur, plant homeostasis or equilibrium is disturbed
and visible symptoms of injury may or may not be manifested. Plant repair mechanisms can
result in a return to homeostasis and recovery; however, should exposure occur again prior to
complete recovery, further injury may occur and plant recovery is less probable. »

Several plant responses to exposure to SO2 and related sulfur compounds are possible:
(1) fertilizer effects appearing as increased growth and yield; (2) no detectable responses;
(3) dinjury manifested as growth and yield reductions without visible symptom expressions on
the foliage or with only very mild foliar symptoms that are difficult to attribute to air pol-
Tution without comparing them to a control set of plants grown in po]]ution?free conditions;
(4) injury exhibited as chronic or acute symptoms on foliage with or without associated reduc-
tions in growth and yield; and (5) death of plants and plant communities.

In some 1instances, the addition of low SO2 concentrations to a plant's environment may
induce a fertilizer-like response, but relatively few studies of this phenomenon on agronomic
crops have been completed to date; none have shown beneficial effects on natural ecosystems.
In view of ‘the scanty data on the subject, only limited consideration of potential beneficial
effects of SO2 exposure can be undertaken at this time.
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Plant injury or death may result from continued exposure to high or low pollutant doses.
If such is the case, other mitigating factors may also be involved (e.g., abiotic agents or
biotic disease-inducing agents such as insects). Depending upon the plant species, exact con-
ditions of the seasonal stage of crop growth, pollutant dose, and environmental conditions,
many forms of injury may take place and their relative impact may vary. Symptoms of acute and
chronic injury may occur on a given plant simultaneously. Here, injury does not necessarily
imply damage (i.e., economic loss). Also, the timing of pollutant exposure in relation to the
physiological stage of crop development often determines the relationship of foliar injury to
subsequent yield losses. ‘

Before discussing the different types of effects of SO2 on vegetation, certain background
information is provided concerning deposition of 502 on plant surfaces, entrance into the
plant, and distribution and reaction within the plant after SO2 entry into plant tissues.
8.2.2 Wet and Dry Deposition of Sulfur Compounds on lLeaf Surfaces

Deposition processes 1imit the 1ifetime of sulfur compounds in the atmosphere, control
the distance traveled before deposition, and 1imit the atmospheric pollutant concentrations
(Gartland, 1978). A fuller discussion of pollutant transport, transformation and dry deposition
is given in Chapter 6.

" There have been several studies of the deposition of particulate material to natural sur-
faces (Chamberlain, 1975; Little and Wiffen, 1977; Sehmel and Hodgson, 1974). Very large
particles are chiefly deposited by sedimentation. Particles in the range of 1 to 100 um are
also borne towards the surface by turbulence where sedimentation is supplemental to impaction
on rough surfaces. Sgbmicrometér-sized particles (e.g., sulfuric acfd aerosols) and gases,
inciuding 502, diffuse by Brownian motion through the thin laminar layers of air close to the
plant surface. This may be followed by active uptake by plants. The mean SO2 deposition
velocities are surprisingly similar for a wide range of plant leaf surfaces (Garland, 1978).
(Wet deposition is discussed in Chapter 7.) '

Dry deposition results in the removal of significant amounts of the larger particles from
the atmosphere within 2 or 3 days following emission, but several weeks are required to remove
the submicrometer fraction. '

8.2.3 Routes and Methods of Entry Into the Plant
Stomata of leaves have been demonstrated to be the major avenues of 502 entrance into

plants. Although this is a widely accepted conclusion that has been presented in numerous re-
views (Guderian, 1977; Katz, 1949; Thomas and Hendricks, 1956; U.S. EPA, 1973), there is still
controversy as to the importance of stomatal movement relative to plant biochemistry in
determining plant sensitivity. Many factors that govern the mechanism of stomatal opening and
closing have been determined to be independent of SO2 concentrations to which a plant is
exposed. Physical factors such as 1ight, leaf surface moisture, relative humidity, and soil
moisture availability influence stomatal opening and closing and play a major role in plant
sensitivity by limiting passive entry of SOz'into the leaf (Domes, 1971; Meidner and Mansfieild,
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1968; Setterstrom and Zimmerman, 1939; Spedding, 1969; McLaughlin and Taylor, :1981).

These factors must therefore be considered when determining plant sensitivity or tolerance to

entry of 502. oo
Internal resistances to flux of gases into plant leaves may also be substantial and may

exceed those imposed by stomata under some conditions. Barton et al. (1980) found.that photo-
synthetic depression in kidney beans (Phaseolus vulgaris) during SO2 exposure was explained
primarily by increases in mesophyll resistance. Stomatal resistances changed only slightly
and were a minor component of total leaf resistance to CO2 at both high (71 percent) and Tow
(33 percent) relative humidity. Winner and Mooney (1980) also found that differences in both
stomatal and nonstomatal components of leaf resistance to 502 uptake were associated with dif-

ferences in resistance of deciduous and evergreen shrubs to 502.

The rate of absorption of SO2 by plants varies not only among species, but also is
influenced by previous exposures to 502. Rates of 502 absorption and of translocation of
absorbed sulfur were determined in sugar. maple (Acer saccharum Marsh.), big toothed aspen

(Populus grandidentata Michx), white ash (Fraxinus americana L.) and yellow birch seedlings

(Betula alleghaniensis Britton Betula lutea Michx. f.). Bigtooth aspen, a species sensitive

to 502’ had the highest absorption rate with no prefumigation and sugar maple, a tolerant
species, had the lowest. The rate of sulfur absorption was reduced in all species except
white ash, a species of intermediate sensitivity, after prefumigation with SO2 at 1970 pg/m3
(0.75 ppm) for 20 to 36 hrs. (Jensen and Kozlowski, 1975). The relationship between species
sensitivity and absorption rate thus changed with the prefumigation treatment. The sulfur
content of foliage in all species increased with 502 fumigation. Eight days after fumigation
with 35502, varying amounts of the Tabelled sulfur were translocated throughout the plants,
including roots (Jensen and Kozlowski, 1975). Subsequent effects were not indicated.

Sulfur dioxide has been shown both to increase and decrease stomatal resistance and thus
affect potential photosynthetic performance (Hallgren, 1978). Sulfur dioxide induced the clo-
sure of stomata in the Pelargonium hybrid, "Pelargonium x hortorum", especia]Ty when they had
been fully opened, and necrosis was not averted (Bonte et al., 1975). Kodata and Inoue (1972)
demonstrated that SO2 entered leaves of Pinus resinosa (red pine) through stomata and accumu-
lated in the cells around stomata for some time before diffusing inward through the leaf;

i.e., internal diffusion was slower than diffusion into the leaves.

Once SO2 has entered a leaf, it may induce stomata to remain open for longer periods of
time or to open wider than before fumigation. However, exposure of plants to SO2 (1360 pg/ms,
0.5 ppm) at relative humidities above 40 percent caused an increase in stomatal opening
(Majernik and Mansfield, 1970; Mansfield and Majernik, 1970). A 3-minute fumigation with 6550
ug/m3 (2.5 ppm) SO2 increased carbon dioxide uptake and stomatal opening in white mustard
Brassica hirta Moench (Sinapsis alba B + B) plants. However, with the same concentration,
suppressed carbon dioxide uptake and stomatal closure have also been noted (Buron and Cornic,
1973).




8.2.4 C(Cellular and Biochemical Changes

Based on the available literature, it is difficult to assess the relationship of SOz-in-
duced biochemical and/or physiological changes at the cellular level to subsequent effects on
phofdsynthetic activity or resultant growth and yield. Numerous studies have utilized
detached Teaves and/or isolated chloroplasts in culture solutions for evaluation of biochemi-
cal or physiological effects, but their use for field estimations under ambient conditions re-
mains Tlimited. ‘

Recent studies have also shown a variety of SOZ-induced biochemical effects: enzyme in-
hibition (Pahlich, 1971, 1973; Ziegler, 1972); interference with respiration (Haisman, 1974);
interference with energy transduction (Ballentyne, 1973); interference with 1ipid biosynthesis
(MaThotra and Kahn, 1978); alterations in amino acid content and quality (Godzik and Linskens,
1974); .and chlorophyll loss (Rao and LeBlanc, 1965). Pahlich (1975) has rationalized some of
this diverse list of effects in terms of sulfite and sulfate accumu]at1on by exposed plant
tissues.

Vogl et al. (1965) attempted to integrate biochemical responses with the type and magni-
tude of resultant plant effects (Table 8-1). 1In Table 8-1 degrees of injury are classified
from A to E, i.e., from no visible injury to "catastrophic" in Vogls' terminology. Develop-
ment of models is necessary to relate changes in physiology (biochemical responses) of parti-
cular plant species to altered growth and productivity, both qualitatively and quantitatively.
That is, the relationship between biochemical changes or responses and visible injury at vari-
ous SO2 exposure levels remains to be better defined.

Horsman and Wellburn (1976) have prepared an extensive listing of reported metabolic or
enzymatic effects of 502 on plants or plant tissues. In only one of eleven studies reviewed
was an increase in photosynthesis ( 4602 fixation) noted as a positive or beneficial effect in
response to exposure to 502 or its derivatives; the remaining effects observed were negative
or detrimental.

With 502, which upon absorption is hydro]1zed to SO and then to 504 and subsequently in-
corporated into S-containing amino acids and prote1ns the rate of entry is part1cu1ar]y
important for determining toxicity. Plants have an inherent, and apparently species-dependent,
capacity to absorb, detoxify, and metabolically incorporate.SO2 and may absorb Tow concentra-
tions of SO2 over Tlong time periods without damage. Thomas et al. (1943), for example,
exposed alfalfa to SOZ continuously at 520 pg/m3 (0.20 ppm) for 8 weeks without adverse
effects. Toxicity to SO may occur during short episodes when the 502 to SO conversion rate
is exceeded and the extreme1y toxic sulfite (503) form accumulates (Z1eg1er 1975). During
longer exposures at_]ower 502 concentrations, SO may accumulate as the capacity for metabolic
incorporation of SOZ is exceeded, and chronic symptoms may appear. It is therefore reasonable
to expect that either no effects or beneficial effects may be associated with low-Tevel SO
exposures; but detrimental (even fatal) toxic effects may occur at increasingly higher SO ex-
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posure levels once the capacity for conversion of SO? fo SOZ and the transformation of SOZ in
the Teaf are exceeded..

8.2.5 Beneficial “Fertilizer" Effects

Under certain conditions, atmospheric SO2 can have beneficial effects on agronomic vege-
tation (Noggle and Jones, 1979). Sulfur is one of the elements required for plant growth and
Coleman (1966) reported that crop deficiencies of sulfur have been occurring with increasing
frequency throughout the world. The sulfur required to maintain high crop production ranges
from 10 to 40 kg/ha per year. Figure 8-1 presents a map of sulfur-deficient soils of the
United States (The Sulphur Institute, 1979).

Cowling et al. (1973) found beneficial effects of 502, such ‘as increases in y1e]d and
sulfur content, in perennial ryegrass that was grown with an inadequate -supply of sulfur to
the roots. Faller (1970) conducted a series of experiments to determine effects of varying
atmospheric concentrations of 502 on sunfiower, corn, and tobacco. In these studies, plants
were grown in nutrient media containing adequate supplies of all essential elements except
sulfur, which was Tow. Plants grown in the atmosphere without SOévdeve1oped sulfur-deficiency
symptoms within a few days. In other treatments, total plant yield increased to some extent
when 1increasing concentrations of SOé were added to. the atmosphere during plant growth. For
tobacco, the total dry weight increased by up to 40 percent. Yields of leaves and stems alone
increased by 80 percent wh11e dry weights of tobacco increased even at the highest SO2 concen-
tration used (1490 pg/m 0.57 ppm); sunflower and corn had their highest biomass at SO2 con-
centrations of 1050 pg/m (0.40 ppm) and 520 pg/m3 (0.20 ppm), respectiveély. Beyond these
concentrations, visible 1injury was observed. Additioﬁa] studies. by Faller (1970) with 355
suggest that up to 90 percent of plant sulfur requirements may originate from the atmosphere
under the specific experimental conditions. ' :

No monitoring or handling procedures for SO delivery were presented in a study by Thomas
et al. (1943); however its results indicated that SO coﬁ]d serve as a source of nutrient S
when alfalfa, grown in sulfur-deficient solutions, was fumigated w1th approximately 260 pg/m
(0.10 ppm) SO2 for 6 to 7 hr/day, 6 days/week for the growing season, but had little effect
when the growth medium contained sufficient sulfur.

Noggle and Jones (1979) reported the results of a 2-year study comparing the contribu-
tions of soil and atmospheric. sulfur to the su]fur requirements of cotton and fescue when the

plants were potted in soil and 355

S was added as the S nutrient. Cotton was more efficient
than fescue in accumulating sulfur from the atmosphere. The amount of sulfur accumulated from
the atmosphere was apparently influenced by the amount of sulfur supply in the soil re]ativé‘
to the sulfur requirements of the plant. A crop grown in a sulfur-deficient soil will accu-
mulate more sulfur from the atmosphere than the same crop grown in a soil that has an adequate
supp]yvof sulfur. Noggle and Jones (1979) also showed that cotton grown in specifically de-
signed growth containers in the vicinity of certain coal-fired power plants accumulated signi-

ficant amounts of atmospheric sulfur (as 502) and produced significantly more biomass than
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those growh at a Tocation farther from the industrial source of sulfur. Thus, under appropri-
ate conditions, such as with sulfur-deficient soils, the atmosphere can be an important source
of sulfur for plant requirements. It should be noted, however, that 502 monitoring data were
not presented in the report.

Similar stimulatory responses of Oryzopsis hymenoides (a desert grass) were noted follow-
ing continuous exposure to SO2 concentrations of 80 pg/m3 (0.03 ppm) and 160 pg/m3 (0.06 ppm)

for 6 weeks (Ferenbaugh, 1978). The noted jncreases in productivity expressed as mg dry wt/
plant were not statistically different from the control plants, but the trends were stable for
these doses. Exposure to 340 ug/m3 (0.13 ppm) and 669 pg/m3 (0.25 ppm) SO2 under identical
conditions however, resulted in foliar symptoms and decreased productivity. |

Studies that have demonstrated beneficial effects, as well as those demonstrating detri-
mental effects, must be evaluated in terms of their single influence on one crop. There is
Tittle doubt that direct application of sulfur as a nutrient to certain crops grown under bor-
derline or sulfur-deficient conditions may result in increased productivity for that crop.
Plants normally take up sulfur in the form of sulfate via the roots; however, they can also
utilize SO2 taken up through the leaf stomata. Faller (1971) has shown that tobacco plants
can utilize 502 as a sulfur source in deficient soils. Studies of this type (Faller, 1970)
have led some individuals to conclude that 502 emitted from industrial sources is actually
beneficial as an aerial fertilizer for plants growing in sulfur deficient soils (Terman, 1978;
Noggle and Jones, 1979). The situation is not as simple as portrayed. A small amount of
atmospheric SO2 can be nutritionally beneficial to plants in the short term. However, 1in the
long term, Tlarge, uncontrolled, and frequent applications of sulfur compounds such as SO‘2 can
be detrimental. Not all plant species have the same nutritional requirements. In addition,
the rate at which plant species assimilate sulfur is influenced by such variables as the
physiological status of the plants, age and time during the growing season when the applica-
tion occurs, availability of soil nutrients, and Tight intensity. When more sulfur is avail-
able than can be assimilated by plants, it is accumulated in the leaf tissue (Ulrich et al.,
1967; Legge et al., 1976; Cowling and Koziol, 1978; Thompson and Katz, 1978). Sulfur accumula-
tion in the leaf can reach toxic levels and adversely affect plant growth (Katz, 1949; Linzon
et al., 1979). Growth rates of leaf tissues, available hutrient supplies, and environmental
factors affectihg stomatal opening and closing should all be considered as influencing the -
rate of sulfur accumulation in plant tissues (Bell and Ciouéh, 1973).

The effects of nutrient forms of nitrogen being delivered to the plant é]ong with 502 in
plumes under field conditions have not been investigated. However, Cowling and Lockyer (1978)
demonstrated that ryegrass (the: S 23 cultivar), when grown under sulfur (S) deficiency and at
Tow nitrogen (N), did not respond to 50 pg/m3 (0.02 ppm) SO2 for 85 days, whereas plants grown
at high N under the same exposure conditions responded with a 227 peréent yield increase and
S-deficiency symptoms were alleviated. Data presented previously by Cowling and Jones (1971)
showed that at high levels of N and inadequate levels of S, nitrate—nifrogen accumulated in
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ryegrass, thus indicating that protein synthesis was inhibited. Long-term natural ecosystem
studies showing the beneficial effects of SO2 deposition are not available, whereas those
showing detrimental effects are available (lLegge et al., 1981; Legge, 1980; Winner et al., =
1978; Winner and Bewley, 1978a). Since agronomic and natural ecosystems are often physically
proximal to one another, further research on the potential influence of sulfur compounds to
each singly and collectively is greatly warranted. i

The Sulphur Institute (1971) published a review of crop response to sulfur; the reader is
referred to that review for more information on beneficial effects of sulfur on plants.
8.2.6 Acute Foliar Injury

This type of injury occurs following rapid absorption of a toxic dose of SO2 and results

at first in marginal and intervenal areas having a dark green, watersoaked appearance. After
desiccation and bleaching of tissues, affected areas become 1ight ivory to white in most broad-
leaf plants. Some species show darker colors (brown or red), but an exact 1ine of demarcation
characteristically exists between symptomatic and asymptomatic portions of leaf tissues. Bi-
facial necrosis is common. In monocotyledons (corn, grasses), foliar injury occurs at the
tips and in lengthwise strips along parallel veins (U.S. EPA, 1976).

In conifers, acute injury on foliage usually appears as a bright orange red tip necrosis
on current-year needles, often with a sharp line of demarcation between the injured tips and
the normally green bases. Occasionally, injury may occur as bands at the tip, middle, or base
of the needles (Linzon, 1972). Recently incurred injury is light colored; but later, bright
orange or red colors are typical for the banded areas and tips. As needle tips die, they be-
come brittle and break, or whole needles drop from the tree. Pine needles are most sensitive
to SO2 during the period of rapid needle elongation, but injury méy also occur on mature
needles (Davis, 1972a).

8.2.7 Chronic Foliar Injury

Visible plant injury not involving collapse and necrosis of tissues is termed chronic in-
jury. This type of visible injury is usually the result of variable fumigations consisting of
either short-term, high-concentration or long-term, low-concentration exposures to 502. It
has also been called “sulfate injury" since a slow accumulation of sulfate results from such
exposures (Daines, 1968). Within substomatal cavities, S0, reacts quickly with interceliular
water to form sulfite and bisulfite. These substances are slowly.oxidized to sulfate which is
approximately one-thirtieth as toxic as sulfite and bisulfite (Thomas, 1951). If the capacity
of plant tissues to convert sulfite and bisulfite to sulfate is not exceeded or sulfate elimi-
nation processes are not overwhelmed, visible expression of symptoms will not occur. However,
as sulfite and bisuifite ions are formed and as sulfate accumulates to phytotoxic Tevels, then
chronic symptoms first appear as various forms of chlorotic (yellowing) patterns. As suifite
and bisulfite ions continue to accumulate, destruction of individual chloroplast membranes or
reduction of chlorophyll production ensues, resulting in reddening or bleaching of cells with-
out necrosis (Thomas, 1951). Following such accumulations, a fine gradation occurs between
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chronic and acute symptom expressions. Sulfate levels in plants ambiently exposed to SO2 have
been shown to be several times greater than those in control plants (L1nzon, 1958).

In broadieaf plants chronic injury is often expressed in tissues Tocated between veins,
with.various forms of chlorosis predominating. Chlorotic spots or mottle-may persist follow-
ing exposure or may subside and disappear after pollutant removal,or other changes in environ-
mental conditions (Jacobson and Hi1l, 1970). Chronic effects of SO in conifers are generally
first expressed on older needles (Linzon, 1966). Chlorosis of t1ssues starting at the tips
progresses down the needle towards the base, i.e., symptoms progress from the oldest to
youngest tissues. Advanced symptoms may 'follow, involving reddening of affected tissues
(Linzon, 1978).

8.2.8 Foliar Versus Whole Plant Responses

The presence of acute or chronic foliar injury is not necessarily associated with growth
or yield effects. Furthermore, when present, the degree of foliar injury may not always be a
reliable indicator of subsequent growth or yield effects. VYield effects in the absence of
foliar injury, for example, have been reported for soybeans in field fumigation experiments
(Sprugel et al., 1980; Heagle et al. 1974) and in chamber exposures (Reinert and Weber, 1980).
Sprugel et al. (1980), utilizing the Zonal Air Pollution System (ZAPS), reported significant
yie]d reductions in Wells soybeans exposed to mean SO2 levels of 240, 260, 500, 660 or 940
pg/m (0.09, 0.10, 0.19, 0.25, or 0.36 ppm) for an average of 4.2 hr/day intermittantly for 18.
days during July and August 1978, but visible leaf injury was seen only at the highest SO
levels. The "ZAPS" permits significant variation in pollutant concentrat1ons For examp]e,
in 1977, in experiments reporting a mean SO concentrat1on of 790 pg/m (0.30 ppm), the actual
concentration ranged from 0.00 to 3140 pg/m (0.00 to 1.20 ppm) SO (Miller et al., 1980).
The "ZAPS" type of exposure system, however, tends to simulate amb1ent conditions near a point
source. Under the "ZAPS" systenm, SO2 or other pollutants are delivered through a system of
one-inch pipes suspended about 75 cm above the soil surface in field plots of 0.5 hectares.
Pollutant samplers are located in the plots to measure the amount of poliutant delivered to
the vegetation. Though flow rates through the system are constant, the canopy-level concen-
trations vary depending upon the meteorological conditions, principally wind speed and tempera-
ture, so that concentrations are often higher near the pipes.

In a greenhouse chamber study of 03 + SO2 interaction, Reinert and Weber (1980), exposed
Dare soybeans for 4 hr/day, 3 times per week, for 11 weeks. They reported significant growth
reductions in the absence of visible injury at 660 ug/m3 (0.25 ppm) 502 when the treatment
sums. of squares were partitioned. On the other hand Heagle et al. (1974) also exposed Dare
soybeans but found that plants exposed to 260 ug/m (0.10 ppm) SO 6 hr/day for 133 days in
closed field chambers exhibited no significant yield reduct1ons even in the presence of
foliar injury. '
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Additional examples of ambiguities are found in some of the literature dealing with gras-
ses. In a preliminary study, S 23 ryegrass exhibited significantly reduced growth when ex-
posed to 310 pg/m3 (0.12 ppm) SO2 for 8 weeks or 174 pg/m3 (0.067 ppm) 502 for 26. weeks.(Bell
and Clough, 1973); however, the only foliar injury noted was a slight chlorosis . and an en-
hanced rate of leaf senescence. Ashenden.(1978) noted similar significant growth reductions
for cocksfoot grass when exposed”to 290‘pg/m3 (0.11 pp‘m)"S'O2 for 4 weeks; reductions ranged
from 32 to 52 percent for various yield parameters while foliar necrosis was only 5 percent.
On the other hand, exposure of S 23 ryegrass to 50 or 370 pg/m3 (0.02 or 0.14 ppm) SO2 in two
successive growth periods of 29 and 22 days was reported to result in foliar injury at the
high concentration, but no yield effects at either concentration (Cowling and Rozio], 1978).
Neither net photosynthesis nor dark respiration was significantly affected.

Different plant species differ in tolerance to SO2 injury. Leaf injury and radial growth
were evaluated on Douglas fir and ponderosa pine growing in nursery plots exposed to various
doses of SO2 in controlled fumigations to determine their tolerance to_SO2 exposure (Katz and
McCallum, 1952). Slightly injured ponderosa pine (10 percent foliar symptoms) exhibited .no
significant deviations in growth while slightly injured Douglas fir (10 percent foliar symp-
toms) showed definite growth retardation in comparison to control plants. The growth retarda-
tions were evident for 3 years after SO2 exposure, followed by substantial recovery.

Sulfur dioxide concentrations have also been negatively correlated with annual ring width
in Norway spruce (Keller, 1980). Exposures to 130, 260 and 520 pg/m3 (0.05, 0.10,, and
0.20 ppm) 502 were continuous for 10 weeks in the spring. Some injury was noted at 260 pg/m3
(0.10 ppm) and 520 ug/m3 (0.20 ppm), but a distinct decline of wood production was also found
in cases where no visible injury occurred. When dormant seedlings of beech were exposed to
the same SO2 concentrations of 130, 260 and 520 pg/m3 (0.05, 0.10, and 0.20 ppm) for about 16
weeks, there was an increase in the number of terminal buds that failed to "break" in the
spring for the 260 (0.10 ppm) and 520 pg/m3 (0.20 ppm) treatments (Keller, 1978).

The Tliterature is ambiguous concerning 502-1nduced growth and yield effects and correla-
tions with visible foliar injury. No studies considered all of the potential variables that
could affect plant response. This is a virtual impossibility for a single study and is espe-
cially true for field studies (which are most relevant for present purposes) where many en-
vironmental variables cannot be controlied. Also, many of the studies that have demonstrated
adverse effects of SO2 at Tow concentrations have utilized sensitive cultivars of plant
species (which may or may not be representative of plant populations as a whole) and main-
tained exposure conditions conducive to maximum plant sensitivity. However, from the data
available, we can conclude that growth and yield effects are not necessarily related to foliar
injury. Depending upon the plant affected, the environmental conditions, and the pollutant
exposure conditions, one may observe yield effects without injury, injury without yield
effects, or positive associations between injury and yield effects.
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8.2.9 C(Classification of Plant Sensitivity to Sulfur Dioxide

Limitations of space do not permit a listing here of all plants known to be sensitive to
various doses of 502. Furthermore, in a listing of sensitive plants, the evidence collected
should also inhdicate environmental, genetic, and cultural considerations that may in fact de-
termine such sensitivities. In addition, general descriptions are difficult because plant re-
sponses to air pollutants vaﬁy at the genus, species, variety, and cultivar levels. Some
listfngs of plants according to relative sensitivities have been brepared, however, using as a
basis the expression of visible symptoms by any given plant. Injury expressed as losses in
growth or yield, however, has generally not been considered in preparing such Tists.

Jacobson and Hi11 (1970) published a list of plants sensitive to major phytotoxic air
pollutants, and Linzon (1972) has classified 36 tree species as being either tolerant, inter-
mediate, or sensitive to 502. These sensitivity lists do not identify the pollutant doses re-
quired to induce visible injury on indicator species. However, Jones et al. (1974) have pub-
Tished such details based upon observations over a 20-year period of 120 species growing in
the vicinity of coal-fired power plants in the southeastern United States (Table 8-2).

Other compilations have also been presented, including that of Davis and Wilhour (1976)
which provides information on an international basis, and the report of Hill et al. (1974) for
vegétation native to the southwestern deserts of the United States.

Extensive efforts have been made to identify and develop certain sensitive plant species
as potential bioindicators of ambient air 502 effects. Perhaps the most extensively examined
plants for this use are eastern white pine (Pinus strobus) and numerous species of lichens.

The literature on white pine has been reviewed by Gerhold (1977), and the most recent review
discussing lichens as bioindicators was prepared by LeBlanc and Rao (1975). Other reports
mention the use of various ornamentals (Daessler et al., 1972; Heggestad et al., 1973; Pelz,
1962); bluegrass cultivars (Murray et al., 1975); scotch pine (Demeritt et al., 1971); hybrid
poplar (Dochinger and Jensen, 1975); and trembling aspen (Karnosky, 1977).

Bioindicators for determining SO2 effects must be used with caution, however, because
other factors such as drought, nutrient imba]ances, and other pollutants may induce injury

symptoms that mimic those of S0 Therefore, several bicindicators should be used if any

given geographic area is to be éia]uated for possible 502 effects. In addition, individual
species and more complicated plant bioindicator systems are not as effective in detecting 502
at Tow concentrations as are sophisticated instruments.
8.3 EXPOSURE-RESPONSE RELATIONSHIPS - SULFUR DIOXIDE

The primary focus of exposure-response studies should be to delineate relationships
between measurable indices of exposure and meaningful parameters of plant response. This
section will examine such relationships both from the perspective of defining empirically
demonstrated exposure-response (or exposure-effect) relationships based on our present know-
ledge and from the perspective of what generalizations might be reasonably made concerning

Tikely effects of SO2 on plants under ambient conditions.
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The dose of S0, to which vegetation may berexpOSed is Conventiona]%y .designated as the product
of the concentration of SO2 in the plant's environment t1mes ‘the: duration ‘of exposure. The
term exposure dose refers to the amount of po11utant at the- externa] plant surface Response
may be characterized by a measurable change in any p]ant function. such-as. b1ochem1ca] pathways,
gas exchange rates, photosynthet1c rates, physiological reactions, degree: of v1s1b1y recogniz-
able leaf injury, or subsequent growth and yield.. P]ant responses may . be benef1c1a1 or detri-
mental (see Section 8.2.5). They may also 1nv01ve the expression of. growth and yield effects
without foliar symptoms (see Section.8.2.8) or may Tead to overt. symptoms that seldom become
more serious than those associated with acute 1n3ury (see Section 8.2.6) or chron1c injury
~ (Section 8.2. 7) ‘ ' _ o }

In 1nterpreting;exposure-response studies wherein a measured plant ‘response is correlated
with the Tength of exposure, it is important to realize that the relationship between exposure
and the amount of pollutant entering the plant hay be “influenced significantly by environ-
mental factors which control rates of pollutant flux into piant leaves and by plant factors
that determine the metabolic fate of the pollutant within leaf tissues as ‘noted earlier (see
Figure 8-2). e . o .

The role of short-term fluctuations in SOZ‘may be particularly important where impacts of
point sources are of concern (MclLaughlin et al., 1976). Here concentrat1ons may fluctuate
widely during exposure, and damage to vegetat1on may be most c]ose]y associated with short-
term averages (1 hr) or even brief peak concentrat1ons (The term "peak" is not precise, but
depends on instrumentation and the opinion of the sc1ent1st However, a. peak is usually of
only a few minutes duration.) Consistent with this, laboratory exper1ments by Zahn (1961
1970) have demonstrated the greater relative tox1c1ty of short-term exposures at high concen-
trations of SO2 than longer-term exposures.with the same total treatment. Also, more recent]y
McLaughlin et al. (1979) studied the effects of- vary1ng the- peak to mean- SO2 concentration
ratio on kidney beans in short-term (3 hr) treatments with 502 They found that increasing
the peak to mean ratio from 1.0 (steady state treatments at 0.50 ppm for 3 hours) to 2.0 (3 hr:
treatments with peak = 2620 pg/m or 1.0 ppm) did not alter post fumigation photosynthet1c
depress1on Further increasing the ratio to 6. 0 (1 hour exposure with peak = 5240 pg/m or
2.0 ppm), however, tripled the postfum1gat10n photosynthet1c depress1on Total dose delivered
in the three exposures was 1.5, 1.8, and 1. 1 ppm hr, respect1ve1y Clearly the quantity of
SO2 to which the plants are exposed may have a very different. effectlye potent1a] as the para-
meters of. the exposure are changed ’

Another important aspect of exposure is the frequency and,duration of periods of low SO2
stress. Zahn (1970) emphasized that periods of low SO2 qoncentration may be critical to the
recovery potential of plant systéms following exposure to elevated levels of SO2 Thus, con-
tinuous exposure systems probably overestimate the tox1c1t/ -of the de]1vered dose in many
cases because physiological recovery is not permitted. Such recovery wou]d,be expected under
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Figure 8-2. Conceptual model of the factors involved in air pollution effects (dose-response) on vegetation.

Source: Heck and Brandt, 1977.
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most exposure régimes in the field where fluctuating synoptic or local meteorological condi-
tions strongly influence exposure patterns.

Equally critical in defining the biologically significant features of exposure regimes is
a description of the significant parameters of plant response. Sections 8.2.1 through 8.2.9
have emphasized many types of responses that may be elicited by exposure'to SOZ; In inter-
preting or predicting plant response to SOZ’ it is important to keep in perspective the fact
that plant growth and development represent an integration of cellular and biochemical
processes, just as community behavior is an integration of the performance of component
species. The ‘internal allocation of resources (carbon, water, and nutrients) to growth is an
integrative and, in many cases, resilient process that plays a major role in determining how
both individual plants and plant communities respond to environmental stress {(McLaughtin and
Shriner, 1980; see also Section 8.10). The fact that a response is measured following expo-
sure to a given concentration of SO2 may be of interest in'understanding the mechanism of
action and in identifying the biologically significant features of exposure; however, it does
not necessarily mean that an effect will be measured at a subsequent higher level of plant
(organization. Responses at higher Tlevels of plant organization, however, must be viewed
within the perspective of the increasingly complex biotic and abiotic factors that control
plant response (see Section 8.5) and must influence our attempts to move the focus of our
studies from processes to.plants and from plants to communities. These factors similarly
Timit our capacity to extend experimental. protocols beyond the confines of our carefully
controlled laboratory stud1es to more natural, and more variable, field s1tuat1ons

Several attempts have been made to characterize dose-response relationships in a mathema-
tical sense using monitored concentrations, duration times, and injury thresholds as modified
by physical and piotic factors expressed as coﬁstants (0'Gara, 1922; Thomas and Hi]]l 1935;
Zahn, 1963a b) However, their consistency and usefulness are limited by numerous physi-
cal and biotic factors that must be considered in evaluating dose-response data. Changes in
exposure conditions, differences in exposure methodology and efficiency of monitoring equip-
ment, and consistency of measurements within a study and between studies on the same plant
directly influence results. ‘

Data regarding SO2 effects on plant growth and yield in most cases provide the most rele-
vant basis for studying dose-response relationships. As a whole-plant measurement, plant pro-
ductivity is an integrative parameter that considers the net effect of multiple factors over
time. Productivity data are present]v available for a wide range of species under a broad
range of experimental conditions. However, results are neither necessar11y closely comparab]e"
across sometimes very divergent experimental conditions, nor are all necessarily useful for
criteria development purposes. Consequently, rather than review all such studies here in
detail, summaries of their data have been tabulated separately in Appendix 8A for: controlled
field exposures (Table 8A-1); laboratory studies with agronomic and horticultural crops (Table
8A-2) and tree species (Table 8A-3); and a variety of studies with native piants (Table 8A-4).
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Only the most important or salient points for present purposes will be discussed here, and
studies of SO2 exposure effects on plants under field conditions will be emphasized.
Relatively few crops of economic importance have been studied under field conditions.
Results obtained for 302 exposure_effects on yields for certain commercially important species
are summarized in Table 8-3 (statistical significances are noted in the table). -0f the
results listed, those for soybeans, wheat and bariey are economically the most important. For
soybeans, single 4.33 hr exposures to 3670, 4450, or 5240 pg/m3 (1.4, 1.7, or 2.0 ppm) S0,
induced 4.5, 11, and 15 percent yield decreases, respectively. Also, 5.2 to 15 percent yield
losses in soybean cv Wells were observed with intermittent exposures to 240 to 940 pg/m3 (0.09
to 0.36 ppm) SO2 for an average fumigation period of 4.2 hours on 18 different days scattered
from July 19 through August 27 of the soybean growing season (Sprugel et al., 1980). A
greater yield loss (20.5 to 45 percent) resulted when soybeans were exposed for 4.7 hours to
SO2 at 790, or 2070 pg/m3 (0.30 or 0.79 ppm) on 24 different days scattered through the soy-
bean growing season using the ZAPS exposure approach in an attempt to approximate ambient con-
ditions. The latter of the intermittently repeated exposures, therefore, appeared to have a
detrimental yield effect as great or greater than single exposures of 5240 pg/m3 (2.0 ppm) for
4 1/3 hours. :
In contrast to effects reported by Spruge] et al. (1980) at 240 and 260 pg/m3 (0.09 and
0.10 ppm) 502, Heagle et al. (1974) exposed the soybean cv. Dare in closed-top chambers in the
field for 6 hours per day at 260 ug/m (0.1 ppm) SO for 133 days and noted little effect
other than defoliation. The contrasting results may be due to cultivar (Wells vs. Dare) dif-
ferences. Or, as Sprugel et al. (1980) suggest, the difference in results.could be due to
differences in the exposure systems. The closed field chamber of Heagle et al. may have modi-
fied the macroenvironment of the plants being exposed, whereas with the open-air ZAPS system,
occasional high peak exposures may result. One such peak of 2100 pg/rn3 (0.8 ppm) SO2 for one
2-minute sample was measured in 1977. Thus, the reductions in yield seen in the Sprugel et
al. (1980) studies could have been due to the peaks rather than the general mean. Peaks of
this type, however, are not unusual but rather are typicé] of air pollution episodes, parti-
cularly near point sources. Another possible factor is that in the ambient air there is a
possibility of synergistic interactions. Such interactions with ozone may have increased the
effects of SO2 in the Sprugel et al. (1980) study. In 1977, ozone concentrations in the field
were monitored during the first part of the season and averaged between 130 and 160 pg/m3
(0.05 and 0.06 ppm) during the fumigations and, on at least two occasions, the concentrations
exceeded 260 pg/m3 (0.1 ppm) for one hour or more. Sprugel et al. (1980), however, point out
that the study of Heagle et al. (1974) produced no evidence for greater-than-additive effects
of 502/03 on soybeans. Again, the conditions in the field under which the soybeans were ex-
posed using the ZAPS system probably more nearly simulate those under which field-grown crops
would normally be exposed, and the ZAPS results rather clearly indicate that repeated 4.7 hr
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exposures to >790 pg/m3 (>0.30 ppm) SO2 during the growing season markedly reduced (by >20 per-
cent) soybean yields under the conditions prevailing during the study.

As for other commercially important crop species, neither spring wheat or Durum wheat
exhibited significant yield loss effects when exposed to intermittent concentrations of SO2
from 660 (0.25 ppm) up to 3140 pg/m (1.2 ppm), 3 times or 7 times over the growing season.
When concentrations of 80 (0.03 ppm) toc 390 pg/m (0.15 ppm) for 72 hours per week were used
for the growing season these intermittent exposures resulted in no- significant yield loss
effects. Barley responded in the same manner as Durum wheat, showing no significant response
at any of the SO2 concentrations or exposure times. S1m11ar statements can be made regarding
the results of repeated 3 hr 660 (0.25 ppm) to 3140 pg/m (1.20 ppm) SO exposures .of alfalfa
noted in Table 8-3 (Wilhour et al., 1978).

Table 8A-2 (Appendix 8A) presents a summary of stud1es that investigated effects of SO
on agronomic and horticultural crops grown and fumigated within artificial expo;ure -chamber or
growth-chamber systems rather than grown in typical field soils. It is difficult to determine
the significance of the results of such studies in relation to similar fumigations under field
conditions. Additionally, with the exception of a relatively few studies, the doses used for
exposure treatments would be considered in excess of those expected under ambient field condi-
tions. ' '

A few major investigations of the effects of SO2 on vegetational species growing under
natural conditions have been reported (Linzon, 1971, 1980; Dreisinger, 1965; Dreisinger and
McGovern, 1970; Materna et al., 1969; Vins and Mrkva, 1973; Legge, 1980; Legge et al., 1981).
Table 8-4 illustrates the degree of injury to eastern white pines (Pinus strobus) observed
over a 10-year period (1953-1963) in the sulfur-fume-effects area of smelters near'Sudbury,
Ontario, Canada (Linzon, 1980). Linzon (1971, 1978) has indicated that a pollution (502) .
gradient existed within the des1gnated study area, and effects correlated we]] with this gradi-
ent. Chronic effects on forest growth were prominent where SO2 air concentrations annually
averaged 45 or 115 pg/m {0.017 or 0.045 ppm) SOZ’ and such effects were not reported in areas
receiving 21 pg/m (0.008 ppm) SO annually. Although mon1tor1ng of SO2 was conducted in
these studies, neither concentrat1ons of other air po]]utants nor their potential effects were
evaluated by the authors.l It is also not clear to what extent high, short-term, peak SO2 expo-
sures may have contributed to the effects reported to be associated with these annual average
SO2 concentrations. :

Ambient air exposures to sulfur dioxide that caused injury to a variety of both sensitive
and non-sensitive species of vegetation are shown in Table 8-5. The data Tisted in the table
were derived from the work of Dreisinger and McGovern (1970) and has been previously reviewed
and cited in EPA's Revised Chabter 5 for Air Quality Criteria for Sulfur Oxides (U.S. EPA,
1973) and the National Academy of Sciences report on sulfur oxides (NAS, 1978). In addition,
air quality data from the work have been analyzed and discussed by Linzon (1971). As pre-
sented and concluded by Dreisinger and McGovern in their work and cited in the NAS report,
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TABLE 8-5. AMBIENT EXPOSURES TO SULFURaDIOXIDE THAT CAUSED
~ INJURY,TO VEGETATION o :

Exposure where 1n3ured : & : R
SO Concentration, pg/m*® (ppm) for averag1ng per1ods of .~ Plant -

1h o 2h 4h . 8h

1070 (0.41) 1000 (0.38) - 860 (O 33) 790 (0.30) - Willow

1070 (0.41) 1000 (0.38)" 890 (0.34) . 680 (0.26) - Larch

‘1100 (0.42) ' 1020 (0.39) . 680. (0.26) . -340 (0.13) " Quaking aspen

1180 (0.45) 890 (0.34) 660 (0.25) 550 (0.21)  Bracken fern

1180 (0.45) 920 (0.35) 660 (0.25) . 550 (0.21) White pine

1210 (0.46) 1000 (0.38) 730 (0.28) 550 (0.21) = White birch

1210 (0.46) 1180 (0.45) 1130 (0.43) 550 (0.21) Bean '

1210 (0.46) 1130 (0.43) 1130 (0.43) 550 (0.21) Alder

1360 (0.52) 1150 (0.44) 760 (0.29) 520 (0.20) Jack pine

1470 (0.56) 1020 (0.39) 680 (0.26) 390 (0.15) Buckwheat .

1650 (0.63) 1150 (0.44) 630 (0.24) 310 (0.12) Barley

1650 (0.63) 1550 (0.59) 890 (0.34) 450 (0.17) Qats, peas, rhubarb

1680 (0.64) 1470 (0.56) 1130 (0.43) 1000 (0.38) Lettuce, ‘tomato,
S : S R potato

1730 (0.66) 1130 (0.43) 970 (0.37) =~ 520 (0.20) Large-toothed aspen

1730 (0.66) 1180 (0.45) 1150 (0.44) = 860 (0.33) Austrian pine

1730 (0.66) - 1410 (0.54) 1050 (0.40) 550 (0.21) Timothy

1830 (0.70) 1210 (0.46) 710 (0.27) ‘370 (0.14) - Red clover

1830 (0.74) 1650 (0.63) 1390 (0.53) © 1020 (0.39) . Raspberry

1990 (0.76) 1410 (0.54) 760 (0.29) - 370 (0.14) Radish

2040 (0.78) 1810 (0.69) 1150 (0.44) 790 .(0.30) . Red pine ,

2150 (0.82) 1700 (0.65) - 1180 (0.45) . 680 (0.26) ° Balsam poplar

2150 (0.82) 1700 (0.65) 1620 (0.62) - 1210 (0.46) Sugar maple

2280 (0.87) 1940 (0.74) 1440 (0.55) * 760 (0.29) Celery | '

2280 (0.87) 2070 (0.79) 1830 (6.70) 1310 (0.50) =~ White spruce ,

2310 (0.88) 1680 (0.64) 1100 (0.42) 710 (0.27) ‘Swiss chard

2330 (0.89) 2150 (0.82) 1600 (0.61) 1070 (0.41) - Red oak

2460 (0.94) 2330 (0.89) 1830 (0.70) 1180 (0.45) Cabbage ‘

2830 (1.08) 2070 (0.79) 1310 (0.50) - 660 (0.25) Carrot, cucumber

2990 (1.14) 1970 (0.75) 1180 (O. 45) 600 (0.23) © Witch haze]

3430 (1.31) 2020 (0.77) 1180 (0.45) 600 (0.23) Beet, turnip -

3510 (1.34) 2380 (0.91) 131Q‘(0.50) 890 (0.34) Spinach :

3perived from Dreisinger and McGovern, and reprInted from NAS'Sulfur Oxides
Document 1978, p. 6- 29 . ‘
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"one could be reasonably certain of avo1d1ng fo]1ar 1nJury to vegetation 1n the study area if
concentrations did not exceed 1830 1050 680 or 470 pg/m (0.70,. 0, 40 :0.26, or 0.18 ppm) as
1-, 2-, 4-, or 8-h means, respect1ve1y " S - ; :

These conc]us1ons appear to be based on the f0110w1ng d1scuss1on in the Dre1s1nger -and
McGovern (1970) paper:

"What levels of su]phur d1ox1de are cons1dered potent1a11y 1n3ur1ous to. vegetat1on9
It was shown in previous reports (Dreisinger, 1965, 1967) that most of the injury to
vegetation that occurred near recorder stations in. the Sudbury :area happened  when
concentrations .and durations of su]phur dioxide reached or exceeded the-following
levels during the day time.

0.95 ppm for 1 hour ) A
or 0.55 ppm’ for 2 hours ) v T
or 0.35 ppm for 4 hours ) : Intensity factor of 100
or 0.25 ppm for 8 hours ) . L s

"It is not true that injury a]ways occurs when these levels are reached or exceeded.
Whether or not damage actually happens depends, to a large extent, on the environ-
mental conditions prevailing at the time of tHe fumigation. There have been occa-
sions in the Sudbury area when levels ' two, three, and even four times those Tisted
above were recorded and no injury occurred Those fumigations simply happened at
times when vegetat1on was’ res1stant " ' -

®

"Converse]y, on occasions, some very sens1t1ve spec1es were 1nJured with 1eve1s
approximately 25% less than the above. 1In each case the injury occurred during June
or July, which, for the Sudbury area, are the months when the most rapid growth of
vegetation takes place. Hot, humid weather prevailed in most cases,. producing condi-
tions extremely favourable for a high photosynthet1c rate and in. turn 1ncreased
susceptibility to sulphur dioxide.® - A :

"The occasions, however when this happened were quite rare, on]y nine t1mes in a
ten-year period, and the injury that did result was not extensive so that for all
intents and purposes, it is only when all SO levels reach the 100-intensity mark or
more that the potential for wide- spread 1nJugy is present. "
The genera] conc1u510ns of Dre1s1nger and McGovern (1970) have essentlally been rein=-
forced by Jones et al (1974) and McLaugh11n (1981) _ : v
McLaughlin (1981), a]though recogn1z1ng that, espec1a11y in ar1d reg1ons of the u. S , many
species of vegetat1on would not be v1s1b1y 1n3ured even in some cases by SOZ concentrat1ons of
11 ppm for 2 hours as suggested by Hill et al (1974), focused on a ‘subset of vegetat1ona1
species in the more hot and humid Southeast which he be11eved o represent.a spectrum of plant
response rang1ng from sen51t1ve to tolerant (McLaugh11n and Lee, 1974). Mclaughlin concluded
that 20% of the selected spec1es would show v1s1b1e 1nJury at peak (5 m1nutes) 1-, .and 3-hour
concentrations of 3140, 1700, and 920 pg/m .(1.20, 0.65, and 0.35 ppm), respect1ve]y
Jones et al. (1974) also reported as prev1ously presented in Table 8-2, a wide . range of
SO2 concentrations which, at peak (max1mum of 5, m1nutes) 1-hour, and 3- hour durations, in-
jured d1fferent species of plants that were c]ass1f1ed as sens1t1ve, 1ntermed1ate or, res1stant
to SO exposures. However, because of the many randomly occurring environmental factors affect-
1ng 1nJury, e.g., p]ant resistance, temperature, mo1sture etc., Jones (1981) recommended that
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" an analysis of" probab111ty of injury occurrence shou]d be app11ed pr1or to any genera]1zat1ons
regard1ng the spec1f1c ‘concentration of SO2 caus1ng p]ant 1nJury

The work of Hill et al. (1974) also reinforces the w1de1y accepted statement by Dre1s1n-
ger and McGovern (1970) that hot humid weather produces conditions extreme]y favorab]e for
1ncreased plant susceptibility to sulfur d10x1de ‘ )

" The studies of Vins and Mrkva (1973) and. Materna et al. (1969), a]though‘reporting fotliar
- and growth increment 1osses in forest trees as be1ng due to 502, were conducted in areas of
fluoride contamihation or ‘used only sporadic mon1tor1ng schedu]es, respect1ve1y Pollution
gradients. were evident and SO2 exposure was probab1y involved, but conc1u51ve proof of losses
attributed to 502 was not presented as was done for the Sudbury area.

Table 8A-3 (Appendix ‘8A) summarizes the results of tree stud1es that have utilized arti-
ficial exposure chamber systems under laboratory conditions. Two of the 1aboratory studies
listed used levels close to -ambient. concentratwons ‘Houston ' (1974), for examp]e, reported
51gn1f1cant effects on. pine seed11ngs at. 1eve1s as low as 390 pg/m (0 15 ppm) SO for 6 hr;
however, the use of selected clones known to be sens1t1ve to SO2 hinders extrapo]at1on of
these findings to ambient conditions. Most of the remainder of the. studies presented in Table
8A-3 have used doses above expected occasional exposures under field conditions.

The effects of expos1ng seed11ng tree species to SO 1eve]s within or"approaching the
 ambient range are summarized  in Tab]e 8-6. Concentrat1ons -of greater than 660 pg/m (0.25
ppm) SO for 2 hours were requiréd to'induce slight 1n3ury to severa1 pine species (Berry,
1971), but overall trends for increasing foliar injury do not follow 1ncreas1ng dose for coni-
fers p__ se. Sm]th and Davis (1978) exposed several con1fers .(pine, spruce, “fir and Douglas
f1r) to 2620 pg/m (1.0 ppm) SO for 4 hours or 5240 pg/m (2.0 ppm) SO “for 2 hours and only
the pines developed necrotxc t1ps at the h1gher concentrat1on However;'studies done with
tree seedlings under artificial conditions are difficult to extrapolate to expected-yie]d-loss
effects under field conditions Of the studies’ rev1ewed and accepted w1thout caveats, none
demonstrated significant he1ght or annua1 increment growth effects

In an evaluation of SO effects on photosynthes1s, Ke]]er (1977) used f1e]d chambers to
eXpose potted wh1te fir, Norway spruce and Scotch p1ne to three concentrat1ons of SO (130
260 and 520 pg/m ; 0.05, 0.10, and 0.20 ppm) and a contr01 “of 0.0 pg/m for 10 weeks each
during the spring, summer, ‘and fall, respect1ve1y Several types of photosynthetlc response
rates were obtained; however, trends of decreasung rate occurred as concentratlons 1ncreased
especially when administered dur1ng the 10- week spr1ng ‘period. Effects were 1ess dur1ng the
summer and fall periods and spruce responded pos1t1ve1y to SO2 concentrat1ons of 130 ug/m
(0.05 ppm) dur1ng the initial part’ of the fa]] period. Keller (1977) a]so reported that even
with the most severe depress1on of photosynthes1s there were no v1s1b]e fo11ar symptoms in
evidence. . Keller (1980) utilized a 51m11ar fum1gat1on system and s1m11ar SO2 concentrat1ons to
" study ‘effects on the annual r1ng width in two clones of Norway spruce He reported s1gn1f1-
cantly depressed CO uptake with higher levels (260 and 520 pg/m 0.10 and 0.20 ppm SOZ’ 10
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weeks), but a trend was only noted for the 0.05 ppm SO2 treatment; visible symptoms and trends |
of reduced cambial growth occurred only at the higher concentration.

Based on the limited data available concerning the nonwoody compohents of hat1ve ecosys-
tems, there appear to be no adverse yield effects below 160 pg/m {0.06 ppm) SO for 6 weeks
(Table 8A-4, Appendix 8A). Most of the acceptable literature deals with long- term exposures |
(several weeks) and results in SO2 levels well above ambient atmosphere concentrations. There
is some indication of beneficial yield effects below 160 pg/m3 (0.06 ppm) SO on one species |
(i.e., Indian ricegrass). As stated in Section 8.2. 8, low doses of SO2 may 1ncrease the pro-
ductivity of certain crops. Concentrations of 80 to 160 pg/m (0.03 to 0.06 ppm) continuously |
for 6 weeks of exposure increased the productivity of desert grass by 8 percent over the con-
trol plants which were grown in indigenousAsoi]s (Ferenbaugh, 1978). Other studies have also
demonstrated beneficial effects, but experimental conditions included. a sulfur-deficient grow-
ing medium.

More definitive dose-response studies, both with and without the addition of other pollut-
ants (see Section 8.4), are needed before the b1o1og1ca11y significant features of typical re-
gional exposure regimes can be positively de11neated. The National Crop Loss Assessment Net-
work (NCLAN), which has only recently begun its studies, is a step in this direction.

8.4 EFFECTS OF MIXTURES OF SULFUR DIOXIDE AND OTHER POLLUTANTS

Ambient atmospheres usually contain more than one pollutant. Atmospheric monitoring of
long-distance transport of photochemical oxidants and oxidant precursors (Husar et al., 1978;
U.S. EPA, 1971), and the presence of acidic precipitation over large areas of the eastern
United States (Cogbill, 1976) have documented the fact that emissions from specific sources
are mixed with ambient concentrations of one or more pollutants. Extrapolation from results
of single-pollutant effects on vegetation under ambient field conditions must be approached
with caution because reactions to pollutant combinations under controlled conditions, the in-
teraction of constantly changing environmental factors, and fluctuating pollutant exposures
must also be evaluated before a conclusive statement of the importance of such interactions
can be made. Reinert (1975) and Reinert et al. (1975) have prepared the most recent reviews
of this area of investigation. Some examples of the available literature follow.

8.4.1 Sulfur Dioxide and Ozone ,

Table 8A-5 (Appendix 8A) summarizes studies on the effects of sulfur dioxide in combina-
tion with ozone.

A more-than-additive effect on vegetation was first reported for ozone and SO (Menser
and Heggestad, 1966). Tobacco was severely injured by 80 pg/m (0.03 ppm) ozone and 630 pg/m
(0.24 ppm) SO2 when the pollutants were combined for either 2 or 4 hours, whereas when used
alone neither pollutant produced foliar symptoms.

Since that first report, the effects of mixtures of ozone and SO have been studied using
a variety of plant species. Radish and alfalfa p]ants showed more- than-add1t1ve foliar injury
after a 4-hr exposure to a mixture of 200 pg/m (0.10 ppm) 0, + 260 pg/m (0.10 ppm) SO2
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(T1ngey et al. 1973a), but 1ess than-additive growth reduction (top and root weights) from an
8 hr/day, 5 day/wk 5- week exposure of rad1sh (alfalfa tota1 exposure time unknown) to a mix-
ture of 100 pg/m3 (0.05 ppm) 05 + 130 pg/m (0.05 ppm) SO (Tingey et al. 1971a Tingey and
‘Re1nert, 1975). Greater-than-add1t1ve fo11ar dinjury effects have also been reported for broc-
: coli and tobacco, while additive or less-than-additive effects have been: noted for
cabbage, tomato, Tima bean, bromegrass sp1nach onion, and soybean (Tingey et al. 1973a)
Soybean has exhibited 1ns1gn1f1cant less-than-additive foliar injury effects (T1ngey et al.
“1973a) while exh1b1t1ng sign1f1cant1y greater than-add1t1ve growth effects (Tingey et a]

, 1973b)

Most researchers exam1n1ng the effects of po]]utant mixtures have utilized standard means
comparisons to express the responses These tests usually do not adequately evaluate the
_ interaction: the failure of one pollutant to be consistent at different concentrat1ons of
the second po11utant Reinert and Nelson (1980) used sums of squares part1t1on1ng by factor-
jal analysis to examine the effects of 1310 pg/m (0.5 ppm) SO and 490 ug/m (0.25 ppm) 0
(4-hr exposures, 4 times, 6 days apart) on Begonla A s1gn1f1cant1y Tess-than- add1t1ve effect
was. found for flower weight in 1 of 5 cultivars. The same technique was ut111zed by Reinert
and Weber (1980) to evaluate the effects of 490 pg/m (0. 25 ppm) 0 and 660 ug/m (0.25 ppm)

2 (exposed 4 h/day, 3 days/wk, for 11 wks) on soybean (Dare); an additive effect of-. the
pollutant mixture was demonstrated.

Field-grown soybeans (cv Dare) exposed to 200 pg/m (0 10 ppm) 0 alone or 200 pg/m3
(0.10 ppm) 0 + 260 pg/m (0.10 ppm) S0, for 6 hr/day for 133 days in f1e1d chambers exhibited
injury and defo11at1on Due to the m1xture, injury and y1e1d were increased (9 percent) and
decreased (19 percent), respectively, when compared to the ozone-alone treatment, but the
differences were not significant (Heag]e et al. 1974) Two cultivars of bean exposed to
sulfur dioxide and ozone showed 1nteract1ve effects between these two gases, but the magnitude
~and direction of the effects depended on the cultivar and on the poliutant concentrat1ons
(Jacobson and Colavito, 1976) o , :

Many. studies have been conducted on the effects of m1xtures of su]fur dioxide and ozone
on eastern white pine (P1nus strobus L.) (Costonis, 1973; Dochinger and Heck, 1969; Houston,
1974; Houston and Stairs, 1973). Genetic control of su1fur dioxide and ozone to]erance in
this spec1es has been demonstrated for low concentrations of SO (66 ug/m ; O. 025 ppm) and 0

(100 pg/m : 0.05 ppm) for only 6 hr with consistent injury to the exposed sensitive c]ones
(Houston and Stairs, 1973). Houston (1974) later used mixtures of sulfur dioxide and ozone at
- concentrations 51mu1at1ng ‘actual field conditions and reported that even the 1owest concentra-
tions of 0O, (100 pg/m ; 0.05 ppm) and SO, (130. ug/m ; 0.05 ppm) for 6 hr in mixture caused
more ser1ous damage than that resulting from e1ther pollutant alone at similar concentrat1ons
.A less- than additive effect on foliar 1n3ury was noted when Scotch pine trees were exposed to
660 pg/m (0.25 ppm) SO, and/or 270 pg/m (0.14 ppm) or 570 pg/m (0 29 ppm) 0,5, 6 hr/day for

varying time periods (Ne11son et al., 1977).
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Fumigation of aspen clones to 100 pg/m (0.05 ppm) 0 and/or 520 pg/m (0 20 ppm) SO for
3 hr resulted in a number of p]ants in the mix exh1b1t1ng more-than-additive foliar 1n3ury
(Karnosky, 1976). 4 '

Oshima (1978), using enclosed, round chambers in which the air was constantly stirred,
conducted a field experiment to assess the effect of SO2 on the yie]d of red kidney beans,
Phaseolus vulgaris, grown in pots. The beans were éxpdsed to 260 pg/m (0.10 ppm) of s0, for
6 hr/day for a total of 335 hours and at the same time were exposed to a gradient of ozone
doses. The ozone concentrations were those that resulted when ambient air at Riverside, |
California, was passed directly into the chamber or when 25, 50, 75 and 100 percent of the
ambient air was passed through a charcoal filter. The temperature, 1i§pt, and humidity §
approximated that of ambient air. Plants were in the chambers for a total of 78 days. An in- :
teraction between ozone and SO2 was documented in the 50 percent carbon filtered treatment |
(i.e., 50 percent ambient air) (51 ppm-hrs) and produced a significant reduction in yield (37 |
percent) and plant biomass. The data also suggested the possibility of an interaction in the
25 percent ambient (75 percent fi]tered'treatment) (28.22 ppm-hrs) in that yie]d:was reduced
17 percent, but this reduction was not significant (p =0.20). Exposure of beans to SO2 alone
at 260 pg/m (0.10 ppm) did not produce detectable plant or yield responses nor was an inter-
active effect observed when ozone doses exceeded 51 ppm-hrs; however, ‘ozone alone at the same |
concentrations did significantly (> 65%) reduce y1e1d ‘
8.4.2 Sulfur Dioxide and Nitrogen Dioxide ,

The occurrence of SO2 and nitrogen dioxide (N02) together in the atmosphere has been |
associated w1th power plant plumes as well as mobile sources. However, ambient concentrat1ons v
of NO2 seldom reach the injury thresho]d and the literature for NO2 suggests that any injury |
associated with NO results from interactions with other pollutants (Jacobson and Hi1l, 1970).

No injury occurred to oats, beans, soybeans, radish), tomato, or tobacco following expo-
sure for 4 hr with up to 3760 pg/m (2 ppm) NO2 or 1310 pg/m (0.50 ppm) 502. However,
following exposures at 0.10 ppm of each gas for 4 hr, injury was noted on all species; at

0.05 ppm of each gas, slight injury was noted on all species except tomato (Tingey et al.,
1971a). A greater-than-additiVe'shppression of the apparent photosynthetic rate of alfalfa
was obvious when treated with to 660 pg/m (0.25 ppm) of so, and/or 470 pg/m NO, for 2 hr
(White et al., 1974). At 0. 15 ppm of each gas singly, there were no measurable effects but a
7-percent suppression of apparent photosynthet1c rates was noted in the mixture (White et al.
1973).

Field exposure of seven different spec1es of plants 1nd1genous to the cold desert areas
of the southwestern United States to 1310-28820 pg/m (0.50-11.0 ppm) SO2 s1ng1y, or
1310-28820 pg/m3 (0.50-11.0 ppm) SO and 190-9400 pg/m (0.10-5.00 ppm) NO combined in 2-hr
fumigations resulted in no ev1dence of more- than-additive foliar injury (H111 et al., 1974).

More-than-add1t1ve foliar 1n3ury was noted on radish leaves exposed for 1 hr to 1310
Pg/m (0.50 ppm) SO2 and/or 940 pg/m (0.50 ppm) NO,. No interactive effects were found for
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other. p]ants tested (oats, Swiss chard, and pea) (Bennett et al.,'1975). More-than- additive
effects have been assoc1ated with the enzyme activity in pea p]ants exposed to 520 pg/m
(0.20 ppm) SO2 and 190 pg/m (0.10 ppm)vNO2 for 6 days; peroxidase activity was increased and’
ribulose-1,5 diphosphate carboxylase activity was decreased (Horsman and Wellburn, 1975).
Some selected SOé + NO2 combination studies are shown in Table 8A-6 (Appendix 8A). S

8.4.3 Sulfur Dioxide and Hydrogen Fluoride . : T

Suppression of Tlinear growth and leaf area in the absence of foliar injury of ‘Koethen
- orange plants exposed to 502 (2100 pg/m3; 0.80 ppm) and/or hydrogen-f]uorjde (2.3-13.0 ppb)
for 23 days was no greater than additive. Satsuma'mandarin plants exposed to the same condi-
tions for 15.days exhibited only additive foliar injury and n0'gfowth'éuppreésién at all
(Matsushima and Brewer, 1972). Greater-than-additive foliar injury was exhibited«by barley
and sweet- corn from to 160-210 pg/m3 (6.06-0.08 ppm) SOZ and/or 0.60-0.90 ppb -hydrogen
fluoride for 27 days. Using higher concentrations of 502 for only 7 days resulted in-simply
additive foliar injury. Pinto beans were not injured in any of the treatments (Mandl et al.,
1975). ' ' -
8.4.4 Sulfur Dioxide, N1troggn Dioxide and Ozone
Fujiwara et al. (1973) combined 502’ N02, and 03 at concentrations ranging from 0 to
0.2 ppm in an artificially controlled environment and exposed peas and ‘spinach for 5 hr.
Ozone was the most injurious, SO2 was next, and NO2 elicited only minor injury. More-than-
»additive foliar injury followed treatment with ,502 + 03, but only additive effects were
observed with SO + NO2 or NO2 + 03 The addition of N02'to the 03'+ SO2 had 1ittle effect on
foliar injury. Re1nert and Gray (1981) examined the effects of 0.2 or 0.4 ppm each of 03,
2, and N02 (3= or 6-hr fumigations) on the growth of radish. The main effect of edch pol-

lutant and the potential interactive effects of each mixture were examined through parti-
tioning. Sulfur dioxide depressed the root/shoot ratio at both 520 and 1050 pg/m (0.2 and
0.4 ppm); however, when N02 and 502 were both present there was 'a greater-than-additive
depression of the root/shoot ratio at 1050 pg/m (0.4 ppm)
8.4.5 Summary °

As can be seen from the preceding ana1ysis of research dealing with pollutant mixtures,
plant species vary in their response and the type’ of response (additive, less-than-additive,
greater-than-additive) may depend on-the parameter measured. Understanding of how pollutant
combinations influence plant growth and development, and how environmental factors can modify
those responses is still fragmentary.‘ Insufficient information exists to determine the influ-
ence of pollutant sequencing during combination exposures, meteorological influences, the
effect of various cultural bractices, and many other .variables in relation . to vegetational
effects induced by SOZ‘combined.with other poliutants. » ' ‘

There is a need to determine the best technique for evaluating the effects of poliutant
mixtures. ‘Only recently has the partitioning technique been utilized to elucidate the effects
of individual pollutants in pollutant mixtures. Th1s technique allows for separation of the
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main effects of each pollutant and also provides a statistical test of the significance of
potential interactions between pollutants. ‘ '

Analysis of the data indicates that interactions can occur between pollutants and,
because the occurrence of pollutant mixtures is' typical of the ambient atmosphere, knowledge
of interactive effects is very important. However, the nature of the effects of pollutant
mixtures is extremely complex. Most research studies have necessarily taken a rather
simplistic approach to this complex problem. It is, therefore, difficult to relate these
relatively few results to "real world" situations.
8.5 EFFECTS OF NON-POLLUTANT ENVIRONMENTAL FACTORS ON SULFUR DIOXIDE PLANT EFFECTS

The physical environment plays an extremely important role in determining response to 502.
Most of the information accumulated at present deals with the factors leading to or inhibiting
the ingress of SO2 into stomata and the immediate plant response as determined by the meta-
bolism of the plant at the time of exposure. The metabolic state of the plant is likewise
affected by the physical environment. As discussed in the following sections, the response of
any given plant species may also be‘quite different from any other given species grown under
identical physical conditions.
8.5.1 Temperature

Temperature plays an important part not only in determining the metabolic rate of the
plant, but also in determining (with moisture, fertility, and Tight) species diversity and
richness of a given ecosystem (NAS, 1978). The primary path of 502 entry into the leaf is
through stomata. Temperature exerts an effect on the guard cells that control the stomatal
opening and closing and thus the entry of 502. Temperature regimes that increase the physio-
logical activity of the plant may also increase the plant response to SO (Heck and Dunning,
1978). 1t is general]y believed that plant sensitivity increases with temperature over a wide
range, from about 4° to" 35°C (Guderian, 1977; Rist and Davis, 1979). Several studies suggest
that the greater resistance of conifers to SO in the winter is attributable to lower rates of
phys1o]og1ca1 activity (NAS, 1978).. However according to Guderian and Stratmann (1968), in
areas with SO2 emissions, winter wheat and winter rye are more severely injured than the sum-
mer varieties. Guderian (1966) 1nterpreted this to be due to gas exchange taking place
through stomata at temperatures as low as -2°¢.
8.5.2 Relative Humidity

Relative humidity exerts an important control over plant sensitivity to SO2 by affecting

stomatal opening and closing (Bonte et al., 1975; Majernik and Mansfield, 1970; Mansfield and
Majernik, 1970; Buron and Cornic, 1973) and by affecting the internal leaf resistance to SO2
flux (McLaughlin and Taylor, 1981). Although plant sensitivity increases with relative
humidity, Setterstrom and Zimmerman (1939) found rather large changes (> 20 percent) were re-
quired to cause a change in plant sensitivity once RH levels become > 40 percent. Mclaughlin
and Taylor (1981), in laboratory studies, found 2-to 3- fo]d increases in SO uptake by kidney

beans over a range of SO concentrat1ons (420-1680 pg/m 0.16-0.64 ppm) as re]ative humidity

8-32




was increased from 35 percent to 78 percent durang exposure t1mes of < 3 hours. Accord1ng to
Zimmerman and Crocker (1934), although relative hum]d]ty is 1mportant 1n govern1ng sens1t1v1ty
and consequently, the sensitive plant population, it is not as 1mportant as the tissue turgidity
which may be influenced by soil moisture as well as re]at1ve hum1d1ty Based on the
water relations in certain trees and their sens1t1vity at relative humidities of over 75
percent 50 to 75 percent, and below 50 percent Halbwachs (1976) has rated p1ants as sensi-
tive, intermediate, and tolerant, respectively.

8.5.3 Light ) ‘

Light controls stomatal opening and thus pTant sens1t1v1ty ' P]ants are more to]erant
when fumigated in darkness w1th 502 or when held in the dark for severa] hours before exposure
(Zimmerman and Crocker, 1934). This re]at10nsh1p is comp]ex s1nce 1n3ury 1s greater 1f the
night exposure follows a daylight exposure (NAS, 1978) '

Setterstrom and Zimmerman (1939) observed that buckwheat grown at a 11ght 1ntens1ty of 35
percent or less of full sunlight was more sensitive to SO2 than when grown under fu11 sun11ght.
Other investigators have found that injury was more severe when tomato stems and fo]iage were
fumigated on clear days than on cloudy days (NAS, 1978).

Plants seem to be more sensitive from m1dmorn1ng to midafternoon, despite the high 1ight
1ntens1ty that might cont1nue after midafternoon (Rennie and Ha1stead 1977; Thomas and Hen-
dricks, 1956). At the same time, plants may be more sensitive in the morn1ng dur1ng good wea-
ther, but may become more sensitive if temperature and 11ght increase 1n 1ate afternoon in bad
weather (Van Haut and Stratmann, 1970).

8.5.4 Edaphic Factors

Soil factors influence directly and 1nd1rect1y the responses of p]ants to 502 Soil fer-
tility, moisture, and soil physics directly influence plant sen51t1v1ty to 502 (NAS' 1978)
Adequate soil moisture and the resultant stomatal open1ng have been shown to increase the de-
gree of plant sensitivity, whereas wilting cond1t1ons confer to1erance (Setterstrom ‘and Zim-

merman, 1939; Zahn, 1963a; Zimmerman and Crocker, 1934) As 1ong as plants are grown with an
inadequate supply of water, they are less sensitive to SO than are p1ants grown with an ade-
quate supply, even though the moisture content of the 5011 “is the same at the time of fumi
gation (Setterstrom and Zimmerman, 1939). Withholding water from some crops dur1ng per1ods of
. high pollution risk has been suggested as a technique to reduce 1n3ury (Brandt and Heck, 1968).

Soil fertility has a significant influence on plant response to 502 Some p]ents become
more tolerant to 502 upon fertilization (Enderliein and Kastner, 1976,‘Zahn, 1963b). " However,
with eastern white pine, increased nitrogen, phosphorus, and potassium concentratibns in the
greenhouse raised tolerance (decreased needle necrosis) in sens1t1ve c]ones but did not pre-
vent chlorotic banding in the field (Cotrufo and Berry, 1970) N1trogen and sulfur deficien-
cies were correlated with increased tolerance tq SO in tobacco and tomato (Leone and Brennan,
1972). Conversely, nutrient deficiencies,increased SO2 sensitivity in alfalfa (Setterstrom
and Zimmerman, 1939). Fertilization of several dicotyledons with a complete fertilizer has
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been effective in decreasing their sensitivity to 502’ but similar treatment of monocotyledons
like oats and barley has been ineffective (Van Haut and Stratmann, 1970; Zahn, 1963b).
8.5.5 Sulfur Dioxide and Biotic Plant Pathogen Interactions

Plant disease is caused by the interaction of a plant and a pathogen acting under suit-
able environmental conditions. The influence of SOZ’direct1y or indiréctly on the interrela-
tionships of a given plant and its possible biotic pathogens has been difficult to investigate.

Additionally, whenever the variables of the physical environment are considered within such
experimental sequences, the subject becomes even more difficult to examine. Heagle (1973) and
Laurence (1978) have provided the most recent reviews of the interaction between air pollut~
ants and plant parasites.

‘ In seven of nine plant diseases reported in SOz-related studies as reviewed by Laurence
(1978), there was either no effect or a reduction in disease development demonstrated.
Disease increased only in needle cast of pine (Chiba and Tanaka, 1968), and increased virus
titer of southern bean mosaic virus has been reported by Laurence et al. (1981).

In a recent study by Laurence (1979) maize and wheat were exposed to 0.10 or 0.15
ppm SO2 for either 2 or 10 days and innoculated at various times with Helminthosporium maydis
or Puccinia graminis. The ability of these fungi to infect either corn or wheat, respective-
1y, was inhibited by SO2 exposures; greater inhibition occurred if plants were fumigated prior
to inoculation attempts.

Studies done under ambient conditions without monitoring of other pollutants have sug-
gested a decrease in disease incidence in areas of higher 502 pollution with the possible ex-
ception of those pathogens that are better able to invade weakened plants. If SO2 exposure
has resulted in an overall weakened condition, other agents, such as root-invading fungi, may

be able to gain entrance into an otherwise resistant host. Such is the suspected reason for
increased incidence and severity of attack by the root pathogen Armillaria mellea in trees
weakened by SO2 (Donaubauer, 1968; Jancarik, 1961; Kudela and Novakova, 1962). ‘

The effects of SO2 on infection by organisms other than fungi have also been studied.
Abies concolor (white fir) and A. veitchii were severely attacked by plant lice in an environ-
ment of high 502, but Pinus strobus (white pine) was attacked less and P. Griffithii
(Himalayan pine) and P. sylvestris (Scotch pine) were not attacked (Stewart et al., 1973).

The direct influence of SO2 on plant pathogenic fungi has been demonstrated and a review
published by Saunders (1973); no direct effects of SO2 on plant pathogenic bacteria have been
reported.

8.6 PLANT EXPOSURE TO PARTICULATE MATTER
8.6.1 Deposition Rates

Deposition of particles is strongly dependent on particle size. Most sulfates and ni-
trates are found in the size range of 0.1 to 1.0 pm, and very little information is available
on the deposition rate for these particles (see Chapter 6). Shinn (1978) divided particulate
deposition into three categories based on particle size: v ‘
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. CATEGORY 1. - Particles more than 10 um in diameter; includes dust
, - and spores. ' Lo . .

CATEGORY 2. Particles between 1 um and 10 pm in d1ameter where
... the collection efficiency is h1gh1y dependent on the
" particle diameter.

CATEGORY 3. Submicrometer part1c1es between 0.1 and 1.0 pm in
' diameter, which have a nearly constant co]]ect1on
eff1c1ency ,

Current experimental data suggest that collection efficiencies in Category 3 are less
‘than one-tenth of those in Category 2 (Shinn, 1978). According to Clough (1975), in the range
of wind speeds norma11y encountered, the larger part1c1es in the atmosphere are much more
eff1c1ent1y collected than the smaller fraction.

Little (1977) eva1uated the effects of leaf surface texture on the deposition of mono-
'vd1sperse po?ystyrene aerosols on the leaf surfaces. Rough and hairy 1eaf discs collected
5.0 um particles up to seven times more efficiently than did smooth 1eaves. Very large dif-

" ferences in particle deposition velocities were observed between the laminas, petioles, and
~ stems 'of each species. The velocity of deposition of partic1es'to p]ant surfaces varies
"accord1ng to both wind speed and part1c1e size. '

Further information on atmospher1c transport, transformation and deposition of particulate
matter may be found in Chapter 6 of this document.

' 8.6.2 Routes and Methods of Entry Into Plants

8.6.2.1 Direct Entry Through Foliage--Foliage is continuously subjected to natural and man-

made coarse particles that are insoluble or sparingly soluble in water. Coarse partic1eé-in
geneka1 are too large to enter leaves through stomata. Based upon a review by Meidner ‘and
Mansfield (1968) that presented stomatal data for 27 species of plants (e.g., pine, ‘oak,
corn, soybean, and tobacco) the overall average pore (opening) width was 6 micrometers and
accounted for 0.15 to 2.0 percent of the total average stomatal area.‘ Inicertain’caées,
such as with cement kiln dusts (Lerman and Darley, 1975) and other types of ‘aggregate par-
ticles (Smith, 1973), a limited amount of stomatal clogging can occur. This is apparently
" dependent on the statistical probability of the particulate matter falling on the stomata,
the size of the particle, and the stomatal aperture. In many plants, the stomatal opening
is on the lower surface. Cement kiln dust forms a crust on. leaves, twigs, and flowers.
" According to Czaja (1961), crusts of this type form because some portion of the settling
dust consists of calcium aluminosilicates typical of the clinker from which cement is made.
Hydration of the dust on the leaf surface results in the formation’ of a gelatinous calcium
aluminosilicate hydrate, which later crystallizes and solidifies to a hard crust. .

When coarse particles are water soluble or have some water-soluble components, plant
'uptake of ions from the leaf surface does occur. Because of ‘analytical difficulties, the
exact magnitude of the uptake is difficult to measure. Since it is not poésib1e to predict
the efficiency of any washing procedure used to remove particles from the leaf surface, it
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is difficult to delineate and separate the concentration of a given element on the leaf sur-
face from its concentration inside the tissue. In addition, ']eaching of elements fromA
within the tissue is known to occur during the washing (Little, 1973). . o

Smith (1973) evaluated metal contamination of urban woody plants by using a variety of
washing procedures. Indirect evidence from all these studies suggests that a variab]e
concentration of metals originating from coarse particles can accumulate in piant foliar tissue
through direct uptake. ' ' '

At this time, one of the significant problems in deriving conclusions concerning the
magnitude of direct foliar deposition and uptake of atmospheric particulates is the lack of
coordinated data on size and frequency distribution of the particles and their chemistry,
rates of deposition, and dose in conjunction with changes in tissue concentrations over time
relative to background conditions.
8.6.2.2 Indirect Entry Through Roots--Many of the inorganic constituents of particulate air

pollutants occur naturally in the soil; others of equal or,greater importance do not. Deposi-
tion of these pollutants may increase the soil concentrations of the chemical species in ques-
tion. Some of the chronic effects caused by particulate air pollutants may result from
changes in soil physics and chemistry and from increased plant uptake of either the added
elements associated with the particles themselves or some other soil-borne elements made more
available by the influence of the deposited particles (Guderian, 1980). ‘

It should be recognized that only a portion of the total elemental content of the soil is
available at a given time for plant absorption (Brady, 1974). As uptake of elements proceeds,
there may be a redistribution of nutrients or toxicants in the soil.

The availability of nutrients or other chemical elements from the soil is strongly
influenced by type, chemical composition, and acidity of the soils. Plant nutrients, when
present in optimal amounts, are usually available at a neutral pH; however, when the soil
becomes acidic, toxic elements such as aluminum become available. '

8.7 REACTION OF PLANTS TO PARTICLE EXPOSURE ‘
8.7.1 Symptomatology of Particle-Induced Injury

Particle-induced injury to plants has most often been associated with sustained accumula-
tion of particles such as dust or fly ash. Few investigations have dealt with direct or
indirect chemical interactions at the plant surface or subsequent effects. . The toxicity of
accumulated heavy metals in soils has been established for several plant species.

The various forms of particles and their associated impacts on plants have been reviewed
(Darley, 1966; Lerman and Darley, 1975; U.S. Department of Health, Education, and Welfare,
1969; U.S. EPA, 1977). Krupa et al. (1976) and Linzon (1973) have also prepared extensive
reviews of heavy metal deposition and impact. Tolerance of plants for heavy metals and fine
particles and their bijoenvironmental impacts have also been reviewed (U.S. EPA, 1975).

Dusts--Dust directly affects plants by coating exposed plant parts, including leaves,
stems, flowers, and fruits (Jennings, 1934; Katz, 1967; Linzon, 1973). Depending on the
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chemical nature of'the,partic1es and environmental conditions, deposits may accumulate as dry
" dusts, as encrustations in the presence of free moisture, or as greasy films or tars.r,Encrus4
tations of dust particles on leaves result in reduced gas exchange, inéreased temperature, re-
duced'photoSyntheéis, and eventual yellowing andvtissue desiccation (Daess]ér et al., 1972;
Parish, 1910). ' ‘ '

Terminal growth reduction and chlorosis of 2-year needles of hemlocks coated with heavy
limestone dust deposits have been reported. Manning (1971) also reported that fungal propa-
- gules increased, but bacterial numbers decreased on such needles. Brandt and Rhoades (1972)
_ reported long-term changes in plant community structure and species composition, and later
indicated that radial growth rates were reduced in the tree species involved (Brandt and
Rhoades, 1973). On the exposed site they demonstrated a reduction in radial growth of red
maple (18 percent; chestnut oak (29 pércent), and red oak (23 percent) but a 76-percent 1in-
crease in radial growth of tulip poplars as compared with representatives of these species
growing on a similar but nonexposed site. Reduction in growth of the dominant species (oak,
maple) probably gave a competitive advantage to tulip poplar and a greater than expected in-
crease may have occurred. o - A

The primary result of the deposition of ]imestbne dusts has been the raising of pH levels
of the environment, particularly tree bark. The substrate pH changes were fo]]owedfby Tichen
community changes in which replacement of acid-tolerant lichen communities by more alkaline-

. tolerant species occurred. (Gilbert, 1976). A recovery of lichen diversity resulted in areas

where SO2 pollution was of importance prior to limestone dust emission. No exact pollutant
dose of either 1limestone dusts or SO2 was reported. Winter SO2 lTevels were estimated to~
average 65 ug/m3.> -

Cement kiln dusts collected from precipitators have been applied to vegetation. Visible
effects were demonstrated on beans following application of particles > 10 ym at rates
0.05 mg/cmz/day to 0.38’mg/cm2/day for 2-3 days. The lower dose induced a slight reduction in
carbon dioxide exchange, and the two higher doses reduced carbon dioxide uptake by 16-32 per-
cent (Darley, 1966). ' |

The accumulation of dust caused increased reflection of solar radiation at wavelengths of
400 to 760 nm and has been demonstrated to reduce photosynthesis (Ricks and Williams, 1974).
Conversely, increased absorption of solar radiation by dusted Jeaves at wavelengths 750-1350 nm
has been demonstrated to lead to heat stresses within the leaf tissues (Spinka, 1971). '

Growth and yield effects induced by the accumulation of dust have recently been reviewed
(U.S. EPA, 1977). Conflicting reports of yield increases and decreases from such accumulation
appear to be caused by variations in doses applied, substrate nutrient balances and pH, and
other specific physiological interferences with processes such as pollination of fruit trees
(Anderson, 1914). ' v '

Dusts, therefore, have only been considered of importance to vegetation growing near
emission sources. - Accumulation of dusts has been demonstrated to reduce photosynthesis and

radia]-increment'growth of some forest tree species but has increased them in other species.
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The phytotoxicity of heavy metals, arsenic, and boron has been demonstrated after
accumulations in soils and subsequent uptake by various pTan_ts‘. Table 8-7 presents a
summation of toxic effects of individual elements (Krupa et al., 1976). Published reports of
direct effects on plants from specific sources are discussed in .the following paragraphs.

Arsenic--Only one study was available to show foliar uptake of airborne arsenic
(Linzon, 1977). Phytotoxicological studies in the vicinity of gold smelters in Ontario,
Canada revealed the occurrence of several injuries to vegetation (primari]y fireweed,
Epilobium angustifolium) as induced by airborne arsenic E;ompouhds in a sulfurous plume.
Chemical tissue analysis of affected leaves revealed arsenic at 200 ppm as compared to
1 ppm arsenic in leaves collected 50 miles from the source area. Linzon (1977) suggested

10 points of evidence leading to the conciusion of the airborne nature of the toxicant
including elevated concentrations on sides of plants c¢loser to the source and correlation
of arsenic emissions with corresponding changes in tissue concentrations on an annual basis.

Arsenic sprays have been applied to the foliage of many plants to Hasten fruit matura-
tion by causing premature defoliation and chemical changes in the fruit. For example, lead
arsenate sprayed on grapefruit trees caused a "fruit gumming" reminiscent of boron defi-
ciency (Liebig, 1966). Boertitz et al. (1976) reported that arsenic deposited at 22 mg/kg on
soil reduced the yield of wheat, rye, winter rape, and red clover by 25, 8, 0, and 6 per-
cent, respectively. '

Cadmwm--Most biologically active cadmium enters plants thr‘ough root uptake (Jordan,
1975). Sma’l] oxide particles (0.01 to 0.03 um) may enter Tleaves through stomata, but it
is thought that the oxides remain largely inert. Cadmium accumulated by apple .leaves may
be transiocated and incorporated into fruits as they develop (Yopp et al., 1974).

Copper--Wu and Bradshaw (1972) demonstrated a selection of individual plants of the grass

Agrostis stolonifera growing near metal smelters, thus indicating an indirect effect of
within-species simplification within a population through selection. v

Lead--Davis and Barnes (1973) reported reduced growth of loblolly pine and red maple
seedlings in pots of two forest soils treated with 2 x 10°% to 2 x 10 molar lead chloride.
Lead toxicity symptoms may dinclude fewer and smaller leaves, reduced plant size, leaf
yellowing, and necrosis of elder, sugar beet, squash, andv bush. bean (Schoenbeck, 1973).
Plants growing in soil already high in these metals tended to be more sensitive to the
addition of metals by air poliution. . _

Nickel--Plants can absorb and translocate airborne nickel ‘salts (NAS, “1975). Once
inside the plant, nickel affects photosynthesis and other processes such as stomatal
function (Bazzaz and Govindjee, 1974). 1In cases of incipien£ nickel toxicity to vegeta-
tion, no definite symptoms have been observed other than growth repression. 1In cases of
moderate or acute nickel toxicity, chlorosis-resembling symptoms of iron deficiency are
common (Anderson et al., 1973). '
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8.7.2 C(Classification of Plant Sensitivit --Part1c1es

Coarse particles have not been shown to elicit responses in p1ants in such a manner as to
allow plants to be placed into sensitivity classes similar tovthose deve1pped:for gaseous po]*
lutants.  Accumulations of particulate matter, such as roadside dusts, cement, quarry
particle emissions, or other forms qf deposits, such as fly ash, vare‘ldeposited]'on»-all
surfaces and induce responses discussed under the symptem portioh of this chapter.  How-
ever, heavy metals do elicit different respoﬁses in plants, aqd therefore it is possi-
ble to develop lists of particularly sensitive plants. . o

Heavy metals are constituents of many coarse particles emitted from various sources. :To
our knowledge, there has not been an organized effort to establish the tox1c1ty of specific
chemical constituents of partic]eé in relation to sensitivity groups of vegetat1on under
field conditions. Table 8-7 1lists plants that may be sensitive to heavy metals fo110w1ng
deposition and various symptoms as expressed fo110w1ng their respectlve accumulations.

8.8 EXPOSURE-RESPONSE RELATIONSHIPS-~PARTICLES L o

Review of the published 1literature suggests that it is not 'possible at present to
define, even crudely, exposure-response relationships for the effects of particu]ate air
pollutants on plants. Many reports deal only with gross visible effects or tissuevaccumula4
tion of one or more constituents of the atmospher1c particulate matter present. The emphasis
of research has been on settleable coarse particles. Since these are conglomerates of_sevéraI
pollutants, their chemical compositions are frequently i]]-defined, aithough their .sources
have often been identified. Little ‘information could be found on the effects of ‘fine
particles on vegetation. ‘ .

Where cause-and—effect relationships have been suggested, general]y no 1nf0rmat1on is
presented on the actual concentration, particle size, and ~ frequency d1str1but1ons
Deposition rates and plant effects vary significahtly with particle size. Few studies are
available where two independent scientists have evaluated the effects of particles bnrvege*
tation with c]ose]y comparable phys1ca1 and chemical properties under reproduc1b1e condi-
tions.

Much of the Tliterature refers to particles from point and line sources and their
accumulation in or on soils and vegetation. Tissue accumulation gf a giveﬁ element must
be considered as a plant response. Soil scientists have contributed most of the informa-
tion on plant toxicity symptoms that has been -obtained "under 1aboretory conditions.
Since many of the plant effects observed are due to the accumulation of elements up to toxic
concentrations, tissue concentrations prior to actual exposure will affect the amount and ele-
mental composition of particles that p]aﬁts can tolerate. Exposure-response relationships are
determined by the concentrations of various elements in the s0il where the plant is growing.
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Effects of surface accumulation of cement kiln dust on bean leaves have been investigated
by Darley (1966). Doses of 0.6-3.8 g/m per day were applied for 2 or 3 days, and foliar in-
jury and reductions in carbon dioxide ‘exchange were observed. Reductions in carbon dioxide
exchange of up to 33 percent were noted in the absence of visible foliar injury. Bean leaves
dusted with cement kiln dust at the rate of 4.7 g/m per day for 2 days and then exposed to
dew developed leaf rolling and intervenal necrosis (Lerman and Darley, 1975). Leaves not
exposed to dew following the dust treatment remained asymptomatic.

Reduced yields and injury to leaves and flowers of several plant species were observed
when the plants were exposed once a week for 4 weeks to a dust containing cadmium, lead, cop-
:per, and manganese (Krause and Kaiser, 1977). Yield reductions of up to 36 percent were
noted.

Plants accumujate different elements at differing rates. Tissue concentrations of some
elements are known to be significantly higher -in the vicinity of a source for those elements
in comparison with background or baseline concentrations. This elevated tissue concentration
may be due to direct foliar uptake or uptake from the pollutant accumulations in the soil. In
many cases, elevated tissue concentrations of a given metal or metalloid are not para11é1ed by
visible injury.

Demonstration of injury symptoms on vegetation under field .conditions as a result of
accumulation of metals or metalloids is rare. The demonstrated cases are for strip mine
wastes. Predicted effects from atmospheric depesition include plant community changes, chron-
ic long-term physiological changes, and indirect effects through a modification of the re-
sponse to other types of stress. Thus, the state of our knowledge concerning the effects of
particles on vegetation is inadequate at this time and does not allow the development of accu-
rate dose-response curves.

8.9 INTERACTIVE EFFECTS ON PLANTS WITH, THE ENVIRONMENT--PARTICULATE MATTER

Few studies have examined the influence of dusts or heavy-metal-containing particles on
the interactions between organisms capable of causing .disease and the predisposition of the
host plant to the disease process. :

Infection due to Cercospora spp. increased on sugar beet leaves exposed to cement dust
containing 36 percent calcium oxide and 15 percent silica (Schoenbeck, 1960). Increased
occurrence of fungus-induced leaf spots on wild grape and sassafras has been observed near a
source of heavy emissions of limestone dust (Manning, 1971). After examining 40 leaves in each
of five locations exposed and not exposed to the dust accumulations, he found that disease
development was two to three and six to seven times greater, respectively, for the two leaf spot
fungi in the exposed areas. ‘ ‘

Natural exposure to combustion nuclei from automoblle exhaust, wh1ch supplied increased
levels of Aitken nuclei and atmospheric lead, reduced germination of uredospores of Puccinia
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striiformis (stripe rust of wheat); in situ development of disease was prolonged about 4 days.
Similar studies at an unexposed site did not reveal reduced spore germination (Sharp, 1967,
1972).

8.10 EFFECTS OF SULFUR DIOXIDE AND PARTICULATE MATTER ON NATURAL ECOSYSTEMS -

The previous sections of this chapter have discussed the effects of sulfur dioxide and
particulate matter on individual plants. This section discusses the effects of these sub-
stances on natural ecosystems since, because of their complexity, these systems respond to
environmental perturbations differently from individuals or monocultures of organisms.

Ecosystems. are baéica11y energy-processing systems, the components of which have evolved
together over a long period of time. They are composed of 1living organisms together with
their physical environment (see Chapter 7, Table 7-1). The boundaries of the system are
determined by the environmental conditions that determine the kinds of life forms that can
exist in a particular habitat or region. The plant and animal populations within the system
are the objects through which the system functions. Ecosystems respohd to environmental
changes or perturbations only through the response of the organisms of which they are composed
(Smith, 1980). v

Relationships among the various ecosystem components are structured, not haphazard. The
1iving (biotic) and the nonliving (abiotic) units are linked together by functional interde-
pendence. Processes necessary for the existence of all life, the flow of energy and the cy-
cling of nutrients, are based on the functional relationships that exist among the organisms
within the system (Odum, 1971; Smith, 1980; Billings, 1978). Because of these relationships,
unique attributes emerge when ecosystems are studied that are not observable when individua]s,
populations or communities are studied. For a more detailed account of ecosystems, see Chapter
7, Section 7.1.2. '

The discussion that follows emphasizes the response of terrestrial ecosystems to sulfur
dioxide and particulate matter. Natural ecosystems are seldom, if ever, exposed to a single
air pollutant. Therefore, the responses observed under ambient conditions cannot conclusively
be attributed to a single substance such as sulfur dioxide or particulate matter alone.

8.10.1 Sulfur Dioxide In Terrestrial Ecosystems

Sulfur is an element that is essential for the normal growth and development of plants
and animals. It is a basic constituent of protein and is required in large amounts by some
plants. Under normal circumstances sulfur in rainwater and in soil organic matter is suffi-
cient to meet plant requirements. Excessive sulfur in the form of sulfur dioxide, however, can
be toxic to plants. The phytotoxic forms of sulfur, routes of entry into plants, and the
symptomatology of 502 injury to plants have been discussed in the preceding sections. ‘

Within any ecosystem, nutrient sources are to be found in the atmosphere, in living and
dead organisms, and in available and unavailable salts in the soil and rocks. The nutrients
are cycled from the living to the nonliving components and back again. Air pollution, how-
ever, can disrupt nutrient cycling by altering the amounts in the various compartments and the
rate of flow among them (Smith, 1980).
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There are two types of biogeochemical cycles, the sedimentary and the gaseous. The sul-
fur cycle includes both. Sulfur enters the atmosphere from the combustion of fossil fuels,
from volcanic eruptions, from the surface of oceans and in gases released by decomposition pro-
cesses (see Chapter 4). Anaerobic decomposition of organic matter releases hydrogen sulfide
(HZS) into the atmosphere where it is quickly oxidized into sulfur dioxide. Sulfur dioxide is
soluble in water and may be carried back to earth in rainwater as dilute sulfuric acid (HZSO4)
(Smith, 1980). Regardless of the source, sulfur in soluble form is taken up by vegetation and
is incorporated through a series of metabolic processes, including photosynthesis, into
sulfur-containing amino acids. Sulfur is transferred from the producers to the consumers in
food and through excretion and death back to the soil and to the sediments in the bottoms of
ponds, lakes, and seas where bacterial action releases it as hydrogen sulfide or as sulfate.
Sulfur in the long-term sedimentary phase is tied up in organic and inorganic deposits in the
soil, and sulfur is added to ecosystems through geological weathering and meteorological pro-
cesses, with the latter being the predominant source. Weathering and decomposition permit
sulfur to enter into solution and to be carried -into aquat1c and terrestrial ecosystems. 1In
jts gaseous state, sulfur is circulated on a global scale (Figure 8-3).

Based on empirical watershed studies (Likens et al., 1977; Shriner and Henderson, 1978)
and modeling (Coughenour, 1978), the soil is a major reservoir for atmospherically derived
sulfur within ecosystems. The majority of soil sulfur is unavailable to vegetation and is
organically bound in the humus (May and Downes, 1968). Microbial activity oxidizes organi-
cally bound sulfur to sulfates. Sulfates may be taken up by plants or leached from the soil.
The rate of sulfur released from the organic to the inorganic compartment is the major factor
controlling the movement of sulfur between the soil and vegetation (May et al., 1972; Moss,
1976). A distinction between natural and agroecosystems is that soils in agroecosystems
through continued cropping are depleted of their supply of organic sulfur, and it is not
renewable; therefore, sulfur must be added as fertilizer. Sulfur dioxide brought down in
precipitation is also added to the soil. The amount of sulfur added to soils through pre-
cipitation will depend on the industrial activity of the surrounding area (Kamprath, 1972).

The influence of anthropogenic sources of sulfur on the sulfur cycle is most pertinent
when addressed on a regional basis (Granat et al., 1976) as Shinn and Lynn (1979) have done
for the northeastern United States. Comparing global versus regional sulfur cycling,
atmospheric sulfur additions are not equally distributed over the global land areas, and the
northeastern United States experiences anthropogenic atmospheric additions of sulfur that are
28.4 times that expected if additions were distributed uniformly over the globe. The most
notable contrast between the global and regional sulfur cycle is the importance of atmospheric
sulfur sources. Globally, natural processes far exceed anthropogenic contributions, whereas
in the northeastern United States human activities generate 12.5 times the amount of sulfur
released by nature. A total of 27 x 106 tons of SO4 enters the northeastern regional atmos-
phere annually and 13 x 106
the remaining sulfur is exported to other areas of the globe.
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Based on the above information, man is clearly a major source of atmospheric sulfur with-
in the United States and, in the Northeast alone, anthropogenic sources exceed all others by a
factor of 12.5. Within this region, SO2 Tevels annually average 16 ug/m3 (0.006 ppm) (Shinn
and Lynn, 1979), which is several times that recorded in pristine areas. The immediate fate
of approximately 60 percent of this atmospheric sulfur is deposition on terrestrial and
aquatic ecosystems; however, the subsequent fate of sulfur,within the ecosystem is not fully
known. Experimental evidence from forested watersheds coupled with results from simulation
models indicates that sulfur in ecosystems is highly mobile. Although sulfur levels in the
soil and vegetation compartments in aggrading and mature forest ecosystems impacted by SO2
increase with time, the majority of sulfur deposited annually is exported out of the system in
stream flow. ,

The conclusion that SO2 emitted into the atmosphere thrdugh anthropogehic activity is
ultimately transferred to terrestrial and aquatic ecosystems is well documented (Meszaro et
al., 1978). Unfortunately, the fate of sulfur in the ecosystem after deposition is not fully
resolved. The issue is critical because ecosystems subjected to excess nutrients or toxic
materials do not commonly distribute them uniformly throughout the system but, rather, prefer-
entially sequester them in specific pools or compartments. In addition, sulfur dioxide as a gas
can cause injury to the vegetative components of an ecosystem so that energy flow and the
cycling of other nutrients as well as sulfur may be disrupted.

8.10.2 Ecosystem Response to Sulfur Dioxide ‘

Pollutants often reduce community diversity when an ecosystem becomes simplified through
the removal of pollutant-sensitive plant species. Woodwell (1970) has described the effects
of pollution on the structure and physiology of ecosystems. The studies that follow discuss -
the ecological changes in a forested ecosystem resulting from sulfur gas emissions.

The Kaybob I and II gas plants (Fox Creek, Alberta, Canada), which emit SO2 during the
removal of hydrogen sulfide from natural gas, are located within the transition Montane-Boreal

forest that is dominated by a mixed assemblage of deciduous and coniferous trees; however,
white spruce (Picea glauca) is predominant in successional stands on well-drained soils.
(Winner and Bewley, 1978a,b; Winner et al., 1978). Because these white spruce forests have
less species variation than other sites, they were selected for analysis along a transect
showing decreasing SO2 stress. The Kaybob facility began operation in 1968, and the field
study was conducted during the summers of 1975 and 1976. From 1973 to 1975, it is estimated
that the Kaybob facility emitted approximately 71,000 kg per day of SO2 (Winner and Bewley,
1978b). A

Relative species diversity showed no gradient pattern of response to SOZ; however, the
percent of coverage by all understory plants, including vascular plant species and mosses,
showed a marked increase with distance from the source (Winner and Bewley, 1978b). White
spruce seedlings close to the refinery were reduced in number. Changes in moss. communities
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were conspicuous and included decreasing values for moss canopy coverage, moss carpet depth,
dry weight, "and capsule number and for the frequency of physiologically active versus inactive
moss plants. Close to the source, there were no mosses at all (Winner and Bewley, 1978a).
These results indicate that species diversity, particularly in the mosses, has changed as a
consequence of sulfur gas emissions. The changes in diversity observed during the summers of
1975 to 1976 probably were initiated soon after the facility began operation in 1968 and the
effects will be observed as long as the facility is operational. Atmospheric SO2 concentra-
tions were not reported, but it is evident that operational upsets, particularly during the
early years of plant operation, resulted in high emission rates from the low elevation flare
sources causing high 502 concentrations near the ground in this area.

In a subsequent study, Winner et al. (1978) used sulfur isotope ratios to determine the

fate of sulfur emissions from the natural gas plants. The 634

S value of SO2 emitted from gas
refineries is higher than that for nonindustrial sources in the study area. Through the-use
of this tracer, it was determined that mosses absorb only airborne sulfur, whereas the sulfur
in conifer needles is derived from both air and soil. Krouse (1977) in his study of the Ram
River area of Alberta made a similar determination. Winner et al. (1978) conclude that
because mosses act as a sink and accumulate large quantities of su]fur, .they are more
vulnerable than vascular plants to effluents such as 502. Further, they state that mosses
participate in the process of soil formation, prevent erosion, and play a role in succession.
Removal of the moss carpet would ultimately be expected to influence the growth of .the
vascular plants in the ecosystem because when mosses are not present, soils accumulate SO2
rapidly. ‘

In another, more detailed study of the effects of Tow-level sulfur dioxide emissions‘on a
forested ecosystem, it was observed that the main ecological process that-was directly and in-
directly affected by the sulfur gas emissions was nutrient cycling (Legge et al., 1981, Legge
1980). The study concluded that the chronic exposure to sulfur gas emissions over time re-
sulted in an alteration of the mineral nutrient balances of the various ecosystem components
and modified the biological relationships among the comporients. - Further, the four-year study,
begun in 1972 concluded that despite measurable deterioration of the forest ecosystem in the
West Whitecourt study area, it did not appear that the sulfur gas emissions caused irrever-
sible ecological degradation, particularly in view of the significant reductions in sulfur gas
emissions that have resulted since the inception of the Vest Whitec6Urt Gas Plant situated in
west central Alberta, Canada (Legge et a1;, 1981; Legge, 1980).

The region studied by Legge et al. (1981) was being subjected to the effluents from.the
West Whitecourt "sour gas" processing plant.  "Sour gas".is natural gas {(methane) -that con-
tains hydrogen sulfide (H2 $). For commercial use, the hydrogen sulfide is removed from the
methane as elemental sulfur by a chemical process. Any HZS not cogverted to elemental sulfur
js incinerated in excess air and methane in a high temperature (580 C) furnace and oxidized to
502, which is then vented to the atmosphere from a tall (122 m) incinerator stack. Smaller
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flare stacks are used to vent the effluents from the burning of small waste quantities of sul-
fur recovery gas plant process and compressor gases. The incjnerator stack is the main source
of 502 emissions, except when operational upsets occur within the gas plant. At these times,
the flare stacks may for short periods of time contribute more das emissions to the atmosphere
daily than the incinerator stack. Since the gas plant began functioning in 1961-62, the 302
output has dropped from 600 to 36 metric tons per day in 1976 because of improved operating
procedure.

The vegetation of the Whitecourt study area is within the predominantly forested subre-
gion of the Boreal Forest of Canada and is characterized as a transition forest area between
the Boreal and Subalpine Forest Regions. The tree populations in the area are hybrid repre-
sentatives of lodgepole pine x jack pine (Pinus contorta Loud. X P. banksiana Lamb.) and of
the alpine fir x balsam fir [Abies lasiocarpa (Hook.) Hutt. x A. balsamea (L.) Mill.]

To determine the effect of low-level sulfur dioxide emissions on the forested ecosystem,
an integrated ecological approach was used to study and explain the changes in ecosystem
structure and function. The four-year study, begun in 1972, divided the ecosystem into four
major components (air, vegetation, soil, and water) and developed a conceptual model to
j1lustrate the dynamic relationship between the sulfur dioxide "source" and the generalized
ecosystem "sink" (Legge et al., 1981; Legge, 1980). _

Five experimental sites were located, sequentially, downwind in the main path of the sul-
fur dioxide emissions. The two intensive experimental sites were Tocated 1.0 and 1.5 km east
of West Whitecourt Gas Plant. Analysis of the ambient air monitoring data from the two inten-
sive sites during the 1975 and 1976 growing seasons revealed that the air quality standard for
sulfur dioxide of 0.2 ppm per half hour per 24 hours as set by the Alberta Department of the
Environment was exceeded on only three occasions at the two sites in over 2500 hrs of monitor-
ing. Much higher concentrations existed at this sampling site from 1961—74, however, and
effects on soil pH, nutrient balance and tree growth would have also been 1nf1uenced‘by these
higher concentrations. In addition, it was observed that the stable sulfur isotopic composi-
tion (325/345) of the sulfur dioxide emissions from West Whitecourt Gas Plant was different
from the natural background sulfur and so provided a tracer that indicated that the gas plant
was the major source of the sulfur gas detected in the forest ecosystem (Leggé et al., 1981,
Legge 1980).

The gas exchange properties of field acclimated Todgepole x jack pine trees were measdred
to determine the short- and long-term effects of chronic exposure to sulfur dioxide. Photo-
synthetic rates and leaf resistance of the trees had been modified. The extent of ecolo-gical
modification was dependent on the distance from the suifur source. The rates of photosynthesis

were lower and leaf resistance rates were higher nearer the source of sulfur dioxide. The
reduced rate of photosynthesis was only partially attributable to increased leaf resistance;
therefore, ecological factors such as the mineral nutrient status of foliage and soil pH were
studied since these parameters were known to modify plant response (Legge et al., 1981).
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Analysis of the foliage of the lodgepole x jack pine trees indicated that the sulfate-
sulfur concentration decreased with increasing distance from the sulfur dioxide emission source.
The decrease in foliar sulfate concentration was also more pronounced with increased foliar
age. In addition, detailed analysis of foliar mineral nutrient concentrations revealed that
the mineral nutrient status of the trees had been altered. The concentration of P, K, Fe, Mg,
N, and Zn in the foliage tended to increase with distance from the West Whitecdurt Gas Plant
while the concentration of Ca and Al tended to decrease. Much more than any of the other
minerals sampled, the Mn concentration in the foliage tended to decrease as the distance from
the sulfur source increased. Reduction in foliar potassium and phosphorus may be associated
with reduction in the rate of photosynthesis since foliar potassium has been linked with
stomatal activity and phosphorus with phosphorylation. The alteration of mineral nutrients in
the foliage of the Tlodgepole x jack pine trees is, therefore, an important eco]ogical factor
contributing to the modification of plant response by sulfur dioxide emissions (Legge et al.,
1981 and Legge 1980). )

Soil pH is known to affect the availability of mineral nutrients to plants; therefore,
s0i1 pH profiles were measured. Soil pH and soil carbonate values increased with depth in 100
cm profiles and with distance away from the West Whitecourt Gas Plant. Total sulfur in the soil

_Tikewise decreased with depth and distance from the emission source, suggesting that sulfur is
tied up in the organic matter and released very slowly. No relationship was found between soil

pH and & 345 values in the soil; however, the soil § 34

S value was found to be an excellent
indicator of the presence and penetration into the soil profile of sulfur originating from
sulfur dioxide emissions, while soil pH indicated sulfur loading. ‘ o

A direct relationship was found between lowered soil pH and the elevated levels of foliar
Mn in lodgepole x jack pine trees. This relationship suggests that the foliar Mn concentration
could be used as an indicator of mineral nutrient modification of the forest ecosystem by sulfur
dioxide emissions. v

Biochemical changes in the trees were also noted. The most significant was a transient
metabolic effect involving adenosine triphosphate (ATP). ATP was found to decrease'signifi-
cantly in the foliage of the trees when they were exposed to low concentrations of SO2 for a
short duration. Foliar ATP concentrations returned to the'pre-SO2 fumigation levels when the
fumigation ceased. Trees grown in the laboratory in the absence of sulfur dioxide emissions
chowed no fluctuation in foliar ATP concentrations and the ATP concentration was three times
the content of field-grown trees. The lower concentration of ATP in the foliage of field-
grown trees when compared to laboratory-grown trees suggests a partial explanation for the
lowered photosynthetic capacities of the Todgepoie x jack pine trees growing in the Whitecourt
area. The short-term reversible change in foliar ATP concentration observed in the fo]iagé of
the hybrid piné trees chronically exposed to sulfur gas emissions in the field is suggested as
a biochemical response to S0, toxicity.
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It was assumed that the observed ecological modifications of the forest ecosystem, such
as reduced needle biomass (premature needle drop), reduced biochemical energy, reduced photo-
synthetic rates, reduced soil pH, disruption of mineral nutrient, cycling, and foliar sulfur
loading, when combined with a shortened growing season, should be measurable as a reduction in
forest production. There was a definite reduction in annual basal area increments in the
lodgepole x jack pine trees since 1962 .that was attributed to sulfur dioxide emissions from the
West Whitecourt Gas Plant indicating that ecological modifications were initiated Tong before
the study began in 1972. The maximum reduction in basal area increments occurred nearest the
plant and the reduction fell to zero at 9.6 km The area affected by sulfur dioxide during the
past 14 years is estimated at 454 km2 (175 mi ) or 45,373 ha (112,130 acres). ‘The significant
reduction in sulfur dioxide emissions since 1970 suggests areas being impacted by the sulfur

dioxide will decrease in the future, thus permitting the recovery of the portion of the

ecosystem no longer exposed to sulfur dioxide stress.

In the near future, the grasslands of the upper plains will be subject to SOé emissions
from new coal-burning power facilities that are being constructed in areas rich in coal
reserves (Durran et al., 1979; Preston and Lewis, 1978). . To address this problem, plots of
Montana grasslands were exposed to SO2 during growing seasons of success1ve years. The
monthly med1an exposure levels were approximately 0, 52 pg/m (0.02), 106 pg/m (0.04), and
185 pg/m (0.07 ppm) SO2 and were delivered byva zonal air pollution system or ZAPS (Lee
et al., 1978). Field observations over four years verified that these concentrations were not
sufficient to elicit any leaf lesions characteristic of acute SO injury (Heitschmidt et al.
1978). Ambient pollutant concentrations were typically greater at night, and the concentrat1on
decreased rapidly from the interface of turbulent air and grass canopy downward to the soil
(Preston, 1979).

The most preva1ent producer species within the grassland is a perennial, Agropyron
smithii. In populations sampled over the growing season in‘each of the exposure regimes, SO2
induced a variety of changes in biochemical indices of plant performance. Monthly samples of
tillers and leaves showed a positive correlation of foliar sulfur with time of exposure and
canopy-level SO concentrations (Lauenroth and Heasley 1980). This relationship was most
conspicuous with the two higher exposure regimens, and total foliar sulfur in the highest
exposure plot was three times greater than that in vegetation sampled from control locations
(Lauenroth and Heasley, 1980). As the sulfur content of leaf tissue increased, the ratio'of
nitrogen to sulfur decreased (Lauenroth and Heasley, 1980).

These biochemical changes in the major producer species were mirrored by other modifica-
tions in plant performance. 1In A. smithii populations exposed to 52 pg/m (0.02 ppm) SO over
the growing season, the functional leaf 1life (the period of active photosynthesis) was in-
creased by several weeks, wh11e the same index of plant performance was shortened by two weeks
at 106 (0.04 ppm) and 185 pg/m (0.07 ppm) S0, (Lauenroth and Heasley, 1980). Parallel




increases and decreases in chlorophyll content at the low and h1gh SO levels, respect1ve1y,
were also recorded however, the measurements of net primary product1on from harvested samp]es
over a period of 5 years revealed no significant treatment response. " Finally, the single
significant crop change noted was a decrease in the carbon stored in the rhizomes of western

wheatgrass (Lauenroth and Heasley, 1980).

Dominant producers were not the only f]ora‘exhibiting sensitivity to SOZ.v In simulated
pollutant exposure using a bisulfite solution, Sheridan (1979) showed that nitrogenase activ-
ity in a major component of the lichen flora (Dollema tenex) was reduced. ‘Although the appli-
cability of the data must be validated through field studies, the potential for such an effect
must be recognized, particularly in the light of the importance of soil lichens in regulating
nitrogen fixation in the grassiands (Sheridan, 1979). -

Further evidence of 502 associated effects on grasslands is recorded in both consumer and
decomposer populations. The density of grasshoppers, a major consumer of A. smithii foliage,
decreased 25 percent in two successive seasons with increasiﬁg 502 stress'(Lauenroth and
Heasley, 1980). Decomposition rates were apparently also altered with less Titter disappear-
ance in SOz-exposed plots. The mechanism involves a d1rect pollutant effect on decomposer
activity rather than an indirect effect, such as an- 1ncreased sulfur concentration in the
litter (Lauenroth and Heasley, 1980). v

Larger'censumers'a1so exhibited responses reflecting the presence of SO2 in the atmos-
phere; however, the responses were not dose-dependent (Chilgren, 1978). Peromyscus
maniculatus, prairie deer mouse, is a common and active vertebrate in grassland communities.
Over one exposure season, the frequency of P. maniculatus in control plots increased, imply-
ing an SOZ-induced behavioral response (habitat preference) whereby individua]s seek habi-
tats free of the poliutant.

In summary, at levels above 52 pg/m3 (0.02 ppm), SO2 induced changes in the performance
of producers, consumer, and decomposers. Many of the responses are indivfduaT]y small, but
collectively, over time, they are gradually modifying the structure and function of the grass-
lands. The significance of these changes to the 7long-term persistence of the ecosystem
remains controversial (Preston, 1979). This is particularly true since plots were not
replicated in the Montana studies; on the other hand, the fact that the results are based on
data accumulated over several years tends to add to its credibility.

The results of these studies, particularly the West Whitecourt and Montana grasslands
studies, document the usefulness of addressing ecosystem-level responses to SO from a multi-
d1sc1p11nary approach incorporating investigations of physiology, autecoliogy, syneco]ogy, geo~
chemistry, meteorology, and modeling. The results confirm that producers are sensitive to

direct 502 effects as evidenced by 502 associated changes in cell biochemistry, physiology,
growth, development, survival, fecundity, and community composition. Such responses. are not
unexpected. An equally important point of agreement among the different research efforts is




the potential for ecological modification resu1t1ng from either direct SO2 effects on nonpro-
ducer species or direct changes in habitat parameters, which in turn affect an organism's per-
formance. Changes in biogeochemistry, particularly in the soil compartment, are notably re-
sponsive to chronic SO2 exposure. ‘ ‘

The 1influence of prolonged SO2 exposures on plant communities is not well documented;
however, a theoretical basis is emerging from which to evaluate effects. This conceptual ef-
fort is exemplified by the development of a generalized forest growth model (Botkin et al.,
1972) that was designed to assess the consequences of the long-term interactions of air pollu-
tion stress and forest community dynamics (Botkin, 1976; Shugart and West, 1977). This model
has been applied to determine the response of a mixed-species deciduous forest in the south-
eastern United States to the differential levels of growth reduction (0, 10, and 20 percent)
occurring following simulated air pollution stress (West et al., 1980). Over several decades,
simulated pollution stress altered the biomass importance of the major tree species within the
forest; some species populations increased, while others decreased in importance. These re-
sults suggest that competitive interactions among species may significantly modify both the
level and direction of change in growth rate of individual species in response to air pollu-
tion stress. Stand age was also shown to influence strongly the role of competition in modi-
fying responses of individual species within the forest community. Since community composi-
tion is determined in part by species interactions (e.g., competition, symbiosis), the eco-
logical importance of resistant species, the prominence of which in the community is deter-
mined by interaction with sensitive species, can be expected to be enhanced under stresses
such as air pollution that do not affect all species equally (West et al., 1980). An under-
standing of the governing role of species interactions is essential for predicting how eco-
systems will respond when exposed to low concentrations of pollution (Botkin, 1976). This is
also the justification for not freely extrapolating the results from intensely managed forest
and agroecosystems to predict how a mixed species community (e.g., natural forests or grass-
lands) will respond to a comparable perturbation (Miller and McBride, 1975; Kickert and
Miller, 1979). '

The results from community-level studies in areas experiencing chronic levels of SO2 lend
credibility to the modeling effort. Using communities composed of only 2 or 3 different
species, Guderian (1967) analyzed community-level responses to SOZv and their underlying
causes. Changes in community composition were a function of pollutant dose; the higher the
dose, the more rapidly the community changed. Altered community composition was attributed
both to direct 502 effects on populations of sensitive species and to indirect changes in
species interactions. Community biomass exhibited 1ittle quantitative change, but striking
differences in species composition. Similar conclusions have been reached in studies of
natural plant communities experiencing prolonged SO2 exposure (Guderian and Stratmann, 1968;
Rosenberg et al., 1979). Rosenberg et al. (1979) assessed the species composition in 27
stands of a natural regrowth of a Northern hardwood forest dominated by oaks (Quercus spp.),
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wh1te pine (P. strobus), and hemlock (Tsug_‘canadensis) The stands, which varied in their
| distance from a 25-year-old coal-consuming power plant, exhibited no obvious a Qr1or composi-
tional differences. Atmospheric pollutant levels were not reported although foliar symptoms
typical of SQ2 toxicity were recorded on several occasions. -In both upwind and downwind

directions, the: number of vascular plants (canopy, understory, and ground) per unit area

(species richness) increased with distance from the source; however the d1fferences were

greater downwind. A similar distance-dependent response was also recorded for species

diversity using the Shannor- Weiner index. For both species richness and species diversity, the
rates of increase were more gradual downwind from the power plant. In spite of these 502—

induced changes in community composition, an index of above-ground biomass (basal area of over-
- story species) exhibited no variation among stands. Among the vascular p]ants shrub and

ground vegetation was more sensitive (diversity and richness) than the overstory to SO2 stress.

This susceptibility of the Tower strata was attributed to the intense competition among 1nd1-

viduals at an ear]y phase in the1r 1ife history when they are more sens1t1ve, and to micro-

" habitat factors that tend to increase SO levels close to the ground.

Some of the most notable examples of SO2 affecting plant commun1t1es are the responses of
cryptogam1c flora (lichens and mosses), and several reviews are available (DeS]oover ‘and
LeBlanc, 1968; Hawksworth, 1971). A map of epiphytic 1ichen communities for England and Wales
has been devised that associates progressive shifts in species compos1t1on with SO2 levels
(Hawksworth and Rose, 1970). In general, the h1gher ambient 502 levels were consiétent]y
associated with fewer species and an increasing relative frequency of crustose versus foliose
or fruticose forms. The fidelity with which commun1ty composition changes in accordance with
' SO has led to the suggestion that analyses of lichen communities be used as a bioassay to
est1mate ambient SO, levels. o

Similar mapp1ng efforts are reported for severa] regions of North Amer1ca “In a‘rura]
area of Ohio surround1ng a coal-consuming power, station (emitting 930 metrlc tons SO2 per
day), the distribution of two corticose Tlichens, Parme11a_ caperata and P. ruderta, was
markedly affected by high SO concentrations (Showman, 1975). In regions experiencing an
annual SO2 average exceeding 50 ug/m (0.020 ppm), both spec1es were absent. The distr1bution
of. more resistant 1lichens was not noticeably affected until SO2 levels exceeded 65 pg/m
(0.025 ppm) (annual average). Somewhat Tower levels were progected by LeBlanc and Rao (1973,
1975) to affect the ability of sensitive lichen species to survive ‘and reproduce Acute and
chronic symptoms of SO toxicity in ep1phyt1c Tichens occurred when long range (May-October)
average concentrations exceeded 80 pg/m (0.03 ppm) and were between 16 80 pg/m3 (0. 006 0 03
ppm), respectively.

The susceptibility of cryptogamic f]ora to elevated 1eve1s of SO2 may 1nf1uence the mnove-
ment of materials within the ecosystem. In the northwestern coniferous forests, lichens fix
2-11 kg/ha of nitrogen annua]1y, which represents 5-20 percent of the total nitrogen
requirement for the dominant producer, Douglas fir (Denison, 1973). ' o
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Because the functioning of all ecosystems is due to a network of biotic and abiotic inter-
actions, it may be hypothesized that the effects: of SO2 on producers must have repercussions
at other trophic levels. Demonstration of such responses, however, is difficult experimental-
1y, and an accurate assessment of the specific importance of SO2 in eliciting these responses
is complicated by the often complex relationships among producers, consumers, and decomposers.

Consumers and decomposers may respond to SO2 via a direct, adverse effect of the pollu-
tant. The presence of elevated atmospheric levels of SO2 is particularly relevant to soil
organisms (Babich and Stotzky, 1974). This focus on soil-borne organisms takes on relevance
since the rhizosphere is not only biologically active but also the major site for sulfur accu-
ﬁu]ation within the ecosystem (Legge et al., 1976). 1In a forested area experiencing atmos-
pheric SO2 levels averaging 126 pg/m3 (0.048 ppm), the spécies composition of soil microflora
shifted toward a greater number and frequency of species capable of utilizing the soil sulfur
additions (Wainwright, 1879). Specifically, the levels of thiobacilli and sulfur-oxidizing
fungi were positively correlated with Tevels of SO2 stress and soil depth.

The edaphic and climatic environments strongly influence the community of plants, animals
and microorganisms that develop at a given site. 1In natural ecosystems in sulfur-deficient
soils, communities have evolved within the constraints imposed by a limited supply of sulfur.
Although atmospherically derived sulfur may not be sufficient to cause.injury, the prolonged
input of sulfur may relax the constraints of a limited sulfur supply, thereby inducing shifts
in species composition.

8.10.3 Response of Natural Ecosystems to Particulate Matter

Particulate matter originating from both natural and anthropogenic emission sources is a
common component of the atmosphere. As discussed in Section 8.7, the heterogeneous physical
and chemical nature of particulate matter presents problems in addressing the significance of
elevated atmospheric particulate levels for natural ecosystems and agroecosystems.

Wet and dry deposition are the two processes by which particles are transferred from the
atmosphere to terrestrijal ecosystems. The fate of particles deposited on foliar surfaces
depends on the solubility of the constituents (chemicals and elements), the occurrence of pre-
cipitation, and the sorptive capacity of the leaf (Little, 1973). Furthermore, many elements
commonly associated with particies are essential for plant metabolism (e.g., zinc and phos-
phorus), and, as a consequence, absorption may be a means by which the plant can supplement its
nutrient supply (Kloke, 1974). Leaf surfaces may be only a transitory site for particulate
matter and its associated constituents. If not retained by the leaf, material is ultimately
transferred to the forest floor through washoff in rain events. The net effect of these pro-
cesses is to funnel leaf surface deposits to the litter-soil complex. This conclusion is
verified for many atmospherically derived heavy metals deposited in natural ecosystems (e.g.,
Coughtrey et al., 1979; Thompson et al., 1979).
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Given the regional character of particulate emissions; particularly along the East Coast
(U.S. EPA, 1978b), the fate of particulate matter in terrestriai,ecosystems experiencing low
levels -of particulate pollution needs to be assessed. In a deciduous forest in the Southeast,
wet and dry deposition of aerosols, gases, precipitation and large particles were major sources
of trace element input to the forest floor, including 99 percent for lead, 44 percent for zinc,
42 percent for cadmium, 39 percent for sulfate and 14 percent for manganese (Lindberg et al.,
1979). These seemingly large percentages are typical for rural or remote areas even though
three major coal-consuming power facilities (total coal consumption of 8 x 106 metric tons per
year) were within 20 km of the forest studied.

Irrespective of the source of particles deposited in the forest, the atmosphere contri-
buted a major portion of the trace element inputs (Lindberg et al., 1979). Water solubility
was critical, since insoluble constituents associated with the particulate matter were not
readily mobilized within the forest. Any event promoting solubilization (e.g., aerosol forma-
tion, rainfall scavenging, moisture formation on leaves) enhanced an element's mobility.

The leaf surface is not the only accumulation site for particles and their associated
constituents within the ecosystem. Through precipitation scavenging of particles -in air,
washoff of surface deposits, or litterfall, particles are transferred to the soil where they
are tightly bound to decaying organic matter. The upper soil horizon, including the decaying
organic. material, is a region of intense biological activity as a result of the physical
degradation of litter, remineralization of the bound materials and root uptake of the plant-
available nutrients. Consequently, particulate emissions that interfere with microbial
activity can have delayed effects on primary production (Tyler, 1972) and. soil consumer
species. . ‘

In summary, even though the impact of particulate matter on terrestrial ecosystems is.
‘most apparent near large emission sources, ecosystems within the same geographic region may

be the site of deposition. Foliar surfaces are the most common site for initial dry and wet

deposition; however, most material is eventually transferred to the soil. -Particulate matter

alone constitutes an ecological- problem only where deposition rates are high. However,

concern for terrestrial ecosystems must also address elements and chemicals that méy be asso-

ciated with the particulate matter. Solubility of these particulate constituents is a

critical factor since insolubility Timits mobility within the ecosystem. One common behavior

of particles is their tendency to accumulate selectively within a given component of the land-

scape. Soils are long-term sites for the retention of many constituents found in particles.

While this accumulation in the soil-1itter layer has had demonstrable adverse consequences for

‘ecological processes such as decomposition, mineralization, nutrient cycling and primary pro-

duction around some point sources, the much Tower levels chronically deposited over large
regions have not yet produced documented adverse impacts on natural ecosystems.
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8.11 SUMMARY v

Sulfur dioxide and particulate sulfate are the main forms of sulfur in the atmosphere. Of
the two, sulfur dioxide is potentially more injurious, particulariy when it is in combination
with other airborne pollutants. Plants may be exposed to these pollutants in several different
ways. Dry and wet deposition of gases and particles may bring sulfur compounds into contact
with plant surfaces and/or the soil substrate. The effects of such external exposures on
plants are more difficult to assess than those associated with the entry of SO2 through the
stomata. Plant response to pollutant uptake may be influenced by such dynamic physical
factors as 1light, leaf surface moisture, relative humidity and soil moisture. Such factors
influence internal physiological conditions in plants as well as stomatal opening and closing
and, therefore, play a major role in determining the sensitivities of the plant species or
cultivars.

Sulfur dioxide must enter a plant through leaf openings called stomata to cause injury.
Sulfur dioxide, after entering plant cells through the stomata, is converted to sulfite and
bisulfite, which may then be oxidized to sulfate. Sulfate is about one-thirtieth as toxic as
sulfite and bisulfite. As long as the absorption rate of 502 in plants does not. exceed the
rate of conversion to sulfate, the only effects of exposure may be changes in opening or
closing of stomata or insignificant changes in the biochemical or physiological systems. Such
effects may abate if SO2 concentrations are reduced. Both negative and positive influences on
crop productivity have been noted following exposures to low concentrations.

Symptoms of 502~induced injury in higher plants may be quite variable since response is
governed by pollutant dose (concentration x duration of exposure), conditions of the exposure
(e.g., day vs night, peak vs long-term), physiological status of the plant, phenological stage
of plant growth, environmental influences on the pollutant-plant interaction, and the environ-
mental influences on the metabolic status of the plant itself.

There are several possible plant responses to SO2 and related sulfur compounds: (1) fer-
tilizer effects appearing as increased growth and yields; (2) no detectable response; (3)
injury manifested as growth and yield reductions, without visible symptom expressions on
foliage or with very mild foliar symptoms that would be difficult to perceive as being induced
by air pollution without the presence of a control set of plants grown in pollution-free con-
ditions; (4) injury exhibited as chronic or acute symptoms on foliage with or without asso-
ciated reduction in growth and yield; and (5) death of plants and plant communities.

A number of species of plants are sensitive to Tow concentrations of 502. Some of these
plants may serve as bioindicators in the vicinity of major sources of 502. Even these sensi-
tive species may be asymptomatic, however, depending on the environmental conditions before,
during, and after SO2 exposure. Various species of lichens appear to be among the most sehsi-
tive plants.
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As the exposure to 502 increases, plants may develop more predictable and more obvious
visible symptoms. Foliar symptoms progress from chlorosis, or other types of pigmentation
changes, to necrotic areas. The extent of necrosis increases with exposure. Studies of the
effects of SO2 on growth and yield have demgnstrated a reduction in the dry weight of foliage,
shoots, roots, and seeds, as well as a reduction in the number of seeds. At still higher expo-
sures there are further reductions in growth and yield. Extensive mortality has been noted in
‘forests continuously exposed to SO2 for many years. v '

The amount of sulfur accumulated from the atmosphere by leaf tissues is 1nf1uenced by the
amount of sulfur in the soil relative to the sulfur requirement of the plant. After Tow-level
exposure to 502, plants grown in sulfur-deficient soils have exhibited increased productivity.
Plant growth and development represents an integration of cellular and biochemical processes.
The response of a given species or variety of plants to a specific air pollutant cannot be
predicted on the basis of the known response of related plants to the same po11utant Neither
can the response be predicted by a given response of a plant to similar exposures to different
pollutants.

Each plant is a different individual genetically, and therefore its genetic susceptibi-
1ity and the influence of the environment at the time of exposure must be considered for each
plant and each pollutant. The data presented in this chapter exemplify the fact that each
plant is a separate entity, and, because of the variation in response shown by the different
plant species and different cultivars of the same spécies, making generalizations is difficult.
With this in mind, this chapter concludes that in arid regions, some species of vegetation
would probably not show visible signs of SOZ injury even at concentrations as high as 11 ppm
for 2 hours. On the other hand, in many nonarid regions where environmental conditions such
as high temperature, high humidity, and abundant sunlight enhance plant responsiveness to 502
exposure, many specigs of sensitive and intermediately responsive vegetation would likely,
from time to time, show visible injury when expdsed to peak (5 minutes), 1-hour and 3-hour
S0, concentrat1ons in the range of 2600-5200 pg/m (1-2 ppm), 1300-5200 pg/m (0.5-2 ppm), and
790-21900 ug/m (0.3-0.8 ppm) respectively.

In general, the studies cited in this chapter indicate that regardless of the type of
_exposure and the plant species or variety, there is a cr1t1ca1 SO2 concentration and a criti-
cal time period after which plant injury will occur. This plant response appears to be asso-
ciated with the capab111ty of a plant to transform within the leaf tox1c SO2 and SO3 1nto the
much less toxic SO and uitimately to transfer or break down SO

At present, data concerning the interactions of 502 with other pollutants indicate that,
on a regional scale, 502 occurs at least intermittently at concentrations high enough to pro-
duce significant interactions with other pollutants, principally 03. A major weakness in the
approach to pollutant interactions, however, is the lack of in-depth analysis of existing
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regional air quality data sets for the three principal pollutants (SO 03, and N02) These
data should determine how frequently and at what concentrations the po]Tutants occur together
both spatially and temporally within regions of major concern. The relative significance of
simultaneous versus sequential occurrence of these pollutants to effects on vegetation is also
not well documented and is critical in evaluating the Tikelihood and extent of potential pol-
Tutant interactions under field conditions.

A few studies have reported that combinations of particulate matter and 502, or particu-
late matter and other pollutants, increase foliar uptake of 502, increase foliar injury of
vegetation by heavy metals, and reduce growth and yield. Because of the complex nature of
particulate pollutants, conventional methods for assessing pollutant injury to vegetation,
suth as dose-response relationships, are poorly developed. Studies have generally reported
vegetational responses relative to a given source and the physical size or chemical composi-
tion of the particles. For the most part, studies have not focused on effects associated with
specific ambient concentrations. Coarse particles such as dust directly deposited on the leaf
surfaces can result in reduced gas exchange, increased leaf surface temperature, reduced
photosynthesis, chlorosis, reduced growth, ‘and leaf necrosis. Heavy metals deposited either
on leaf surfaces or on the soil and subsequently taken up by the plant can result in the accu-
mulation of toxic concentrations of the metals within the plant tissue.

Natural ecosystems are integral to the maintenance of the biosphere, and disturbances of
stable ecosystems may have long-range effects which are difficult to predict. Within the
United States, anthropogenic contributions to atmospheric sulfur exceed natural sources. ‘In
the Northeast these contributions exceed natural sources by a factor of 12.5, and approxi-
mately 60 percent of the anthropogenic emissions into the atmosphere are deposited (wet and dry
deposition) on terrestrial and aquatic ecosystems. The subsequent fate and distribution of
sulfur in these systems is not well understood. Wet deposition of sulfur compounds is
discussed in Chapter 7.

Data relating ecosystem responses to specific doses of 802 and other pollutants are dif-
ficult to obtain and interpret because of the generally Tlonger periods of time over which
these responses occur and because of the many biotic and abiotic factors that modify them.

Vegetation within terrestrial ecosystems 1is sensitive to SO2 toxicity, as evidenced by
changes in physiology, growth, development, survival, reproductive potential and community
composition. Indirect effects may occur as a result of habitat modification through in-
fluences on litter decomposition and nutrient cycling or through altered community structure.
At the community level chronic exposure to 502, particularly in combination with other pol-
Tutants such as 03, may cause shifts in community composition as evidenced by elimination of
individuals or populations sensitive to the pollutant. Differential effects on individual
species within a community can occur through direct effects on sensitive species and through
alteration of the relative competitive potential of species within the plant community.
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Particulate emissions have their greatest impact on terrestrial ecosystems near large
emission sources. Particulate matter in itself constitutes a problem only in those few areas
where deposition rates are very high. Ecological modification may occur if the particles con-
- tain toxic elements, even though deposition rates are moderate. Solubility of particle
constituents is critical, since water-inéo]ub]e elements are not mobile within the ecosystem.
Most of the material deposited by wet and dry deposition on foliar surfaces in vegetated areas
is transferred to the soil where accumulation occurs in the litter layer.
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