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1 INTRODUCTION 
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Collection of the data necessary to ade~uately address the issue of air 

pollutant/vegetation interactions is not a straightforward task. A 

formidable challe·nge is acquisition of data unbiased by the experimental.· 

des~gn, uncomplicated by the wide degree of va~iability associated with 

natural systems, and uncontaminated by the sampling apparatus. Those who 

advocate strfctly controlled experiments in which· variables are manipulated 

are faced with noncomparability with the 11 real world. 11 On the other hand, 

those who ~dvocate field studies of pollutant/ecosyst~m interactions are 

often accused of being unable to clearly interpret their data in light of 

the known variability of several uncontrolied, interrelated parameters. The 
. . . 

ulti.mate so1ution will likely involve an integration of these two approaches . 

. Another difficult problem is one of scale. The most apparent effects. 

of air pollutants on terrestrial biota, including man, occur on a localized 

scale in urban and industrial areas where pollutant concentrations are high 

due to local activity. Hm'lever, ecosystem-level effects result from 

po 11 utant exposures i ntegra~ed. over both time and space. Such effects are 

often due to chronic exposure to larg~r portions of the atmo~phere where 

pollutant concentrations are much smaller because of dilution and removal 

mechanisms. The situation is further complicated by effects related to 

exposure to pollutant mixtures and to transient pulses of high pollutant 

concentrations. The distinction between local and regional pollutant 

concentrations is critical in the design of sampling programs. Because of 

the considerable decrease in atmospheric concentrations of gases and 

particles from local to regional and global· scales, the necessary sample 

~. collection and analytical methodologies are quite different in many cases. 
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r'lethods useful in monitoring local pollution levels may be inappropriate for 

the monitoring of regional 11 background" levels. The problem is further 

compounded by the fact that most constituents of anthropogenic emissions 

also occur naturally in the atmosphere. This suggests the need for 

increased sensitivity, precision, accuracy~ and time resolution in future· 

monitoring techniques. 

The objective of this discussion is to consider these and other 

problems involved in the acquisitiqn, interpretation, and application of 

data collected in studies of air pollutant interactions with.the terrestri.al 

environment. Emphasis will be placed on a critical evaluation of current 

· defic.iencies and future research needs by addressing the following 

questions: (1) which poll~tants are either sufficie.ntly toxic, pervasive, or 

persistent to w~rrant the expense of monitoring and effects research; 

(2) what are the interactions of multiple pollutants during depositio~ and· 

how do these influence toxicity; (3) how do we collect, report, and 

interpret deposition and air quality data to ensure its maximum utility in 

assessment of potential regional environmental effects; (4) what processes 

. do we study' and how ·are t~eymeasured to most effici.ently describe the' . 

relationship between air quality dose and ultimate impacts on terrestrial 

ecosystems; and (5) how do Vie integrate site...:specific studies into regional 

estim~es of present and potential environmental degradation (or benefit)? 

2 CHARACTERIZING AND t'lONITORING ATr~OSPHERIC CONSTITUENTS 

2.1 What Pollutants Are of Interest? 

Monitoring implies field measurements which can sense changes in 

en vi ronmenta 1 qua 1 i ty so that correctfve measures may be taken before 
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serious deterioration results. Physical measurements of certain atmospheric 

parameters (temperature, wind speed and direction). can be made vtith speed 

and simplicity, such that interpretations of changes in physical parameters 

can be made nearly simultaneously with the m~asurements. So~e chemical 

measurements, such as pH and trace gas concentrations (so2, NO, o3, CO), 

can also be continuously monitored using reliable field instrumentation~ 

Hm-Jever, for other critical chemical parameters (toxic metals· and organic 

compounds in either gaseous form, particle-associated, or dissolved in 

meteoric waters), substantial time delays beh~een sampling in the field and 

measurement in the laboratory are required. 

The decision of which constituents to monitor on local and regional 

scales is not a~ straightforward as it may seem. There is, ofcourse,the 

general physica} categorization of gas phase vs particle-associated, and 

beyond that, organic vs inorganic. Since in many cases scientists have 

.specialized in either particle or gaseous pollutant interactions, this seems 

a logical division. 

2. 1.1. Particles 

The sources of many of the long-lived particles i~ the atmosphere are 
. . . 

various combustion processes, both natural and associ a ted with man • s 

activities. It follows th.at those elements which exhibit, or \'/hose 

compounds ~xhibit, high volatilities might be expected to occur in 

re 1 at i ve ly high atmospheric concentrations. In addition, vo l at i1 e elements 

are generally discharged from combustion sources as either gases or 

associated with submicron ·particles, both_ phases being relatively poorly 

contained by conventional emission control technology and exhibiting 
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relatively long atmospheric residence times (Van Hook and Shultz, 1977; 

Keyser et al., 1978). Gas-,Phase reactions \'lith p·articles result in 

preferential concentration of volatile elements on ~article surfaces 

(Natusch et al., 1974; Natusch and Wallace, 1974; ~eyser et al., 1978) whith 

may increase their effective bioavailability through solubilization 

reactions (Eisenbud and Kneip, 19l5; Lindberg et al., 1979a). 

A list of the elements having the above characteristics and suspected 

or known to cause adverse environment~l effects indic~tes that there is some 

justification for the monitoring of approximately 25~ of the elements in the 

periodic table. Although it is difficult to develop ~igid priorities from 

such a cursory examination, it is helpful to select a more tractable list of 

priority constituents of atmospheric particulate matter. We have selected 

those elements which h~ve been repeatedly identified·elsewhere in lists of 

toxic elements/compounds, elements readily mobilized by man's activities, 

and elements highly enriched in both urban and regional aerosols (Schroeder, 

1971; Duce et al., 1975; Zoller et al., 1974; Andren and Lindbefg, 1977; 

~eindryckx, 1976; Laws6n and Winchester, 1g78; Gordbn, 1975; Van Hook and 

~hultz, 1977; Morgan, 1975; Vaughan eta)., 1975; Li~, 1979) •. This list 

includes the follm<Jing: Hg,·Cd, Pb, Sb, Se, S (as acid sulfates), and C (as 

hydrocarbons). Because of the existence of Hg primafily·as a vapor in 

combustion and other industrial processes ahd in the ambient air (Lindberg 

and Turner, 1977; Lindberg, 1980), it will be considered in the discussion 

of gaseous pollutants. 

Carbon is included in this list t6 represent the general class of 

airborne microcontaminants which are becoming increasingly important because 

of their ubiquity and toxicity (including carcinogenic and mutagenic 



5 

activity)(Chrisp et al ., 1977; Fisher et al., 1979). Of these compounds 

simple, polyaromatic, substituted, arid halogenated hydrocarbons may be- of. 

most concern (Weisburger, 1979; Bjorseth et al., 1979; Griest and Guerin, 

1979). Because of the limited knowledge conc~rning their behavior, 

co~siderable reiearch is required in·the areas of sampling and analytical· 
. . . . . . . 

methodology, atmospheric transport and transformation, and the effects of 

organic micropollutants on the terrestrial environment. 

2.1.2. Gases 

The gaseous pail utants which currently occur at phytotoxic levels over 

broad areas of industrialized countries are so2, 03,· and N0 2. The 

U.S. Environmental Protection Agency (EPA) annually p·ublishes a National Air 

Qua 1 i ty and Emissions Trend Report (most recently for 1977) to report 

temporal and spatial variability in levels of these pollutants. Concern 

over their occurrence and distribudon is· based primarily an· their potential 

interactions (see Reinert et al., 1975) at the relatively low levels. 

(~ 0.10 ppm) at \'lhich they occur on a regional basis. Problems of a local 

scale may also occur around industrial point sources of .HF, SiF4 , Cl2, 

HCl, NH 4, and H2S; however, none of these pollutants currently warrant 

the expense of a national monitoring network. 

Future trends in industrial development, transportation patterns, and 

fossil fuel combustion may alter our air quality monitoring needs. 

Secondary pollutants such as peroxyacetyl nitrates (PAN and other homologs) 

may become more significant. Complex organic and sulfur-containing 

compounds may become important as effluents from the developing coal 
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conversion industry (Gehrs et al., 1980). Their signifitance will depend 

heavily on technological choices (sulfur recovery and off-gas flaring) 

currently being considered. 

Increased reliance on coal may make monitoring of volatile trace 

inorganic:; an important consideration in eva 1 uati ng potential 1 ong-term 

impacts on terrestrial ecosystems~ Mer~u~y is a pote~~iaily phy~ot~xic 

pollutant which is emitted primarily in gaseous form during the combustion 

of coal, remains as a vapor in ambient air, and can be directly absorbed by 

some crop plants (Lindberg et al.., 1979b; Lindberg, 1980). The potential 

for interactions between subacute levels of mercury and other regional...:scale 

gaseous pollutants is not known. 

2.2 Wh~t Levels of Coricentfaticin Are of Interest 
at the Source and at the Receptor? 

The variability of trace element concentrations in ambient air and in 

precipitation collected above and below the forest canopy has recently been 

reported to be over sever a 1 orders of magnitude (McMullen and Faoro, 1977; 

·Lindberg et al., 1979a).- . rt· is apparent from these reports that some 

knowledge of expected concentration rariges i~ neces~ary to ensure a~curate 

selection of both sampling and analytical techniques prior to the initiation 

of monitoring. Only then can one be assured of optimium precision and 

accuracy in reported data \1/ithout complicating future data analyses with the 

reporting of "less than" or "below detection" values or data resulting from 

detector overload or nonlinear response problems. 

Although there exists considerable data on time-averaged concentrations 

in various media, there is a need for determination of short-term 
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concentrations at the exposure microsite its~lf. In the context of this 

symposium this includes the concentration in the air at the leaf boundary 

layer, the concentration of dry deposited material on th~ foliar surface, 

and the concentration of material in solution on the foliar surface as a 

result of 1t-~et deposition and subsequent interaction 1/lith previously dry 

deposited material. These data are strongly related to vegetation effects 

and should prove essential for predictive pur~oses~ An additional need is 

for analysis of fine-scale temporal variations in concentration both at the 

source and at the receptor. Studies of temporal variability have proved 

very useful in the identification of pollutant sources and mechanisms of 

surface transfer and in ·the prediction of vegetation effects (Raynor, 1976; 

Lawson and Winchester, 1978; Mclaughlin et al., 1979). 

2.3 SQ.mpling and Analytical Methodology_ 

It is widely recognized by those familiar with highly sensitive, 

multielement analytical techniques employed in air pollution studies that 

problems associated vlith sample collection are often the "limiting step 11 in 

achieving the levels of precision and accuracy necessary for unbiased data 

analysis. The general probleni of representative sample collection (as 

influenced by contamination from collection surfaces or reagents, 

i rreversi b 1 e 1 os s of some component of the pollutant to the samp 1 e 

container, and post-depositional ~eactions between several pollutants) often 

·controls detection limits, rather than sensitivity of the analytical 

instrumentation (Altshuller, 1972, Lindber.g et _al., 1977). 

It is not the intent of this revie'IJ to describe in detail the wide 

range of sampling and analytital techniques used in this field (see 
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the discussion by Newnan and Gordon~ this symposium). Rather, "'1e will 

review the problems associated with the collection, analysis, and 

interpretation of particulate pollutants in the atmosphere. The problems 

associated wit_h sampling and analysis of gases are primarily those of 

~chievin~ micro-scale response times o~ the as~o~iated analytical 

i nstrumentatiori and unequi voca 1 separation o.f gas and particulate species of 

the same element (e.g., S, N). The former problem is largely limited to the 

field of micrometeorology where subsecond respbnse times are often ne~essary 

for eddy correlation calculations of pollutant flux~s (Hicks and Wesely, 

. 1980). In general, the available technologies afford sufficient response 

times (seconds to minutes) for the needs of the plant physi61ogist 

interested i.n major gaseous pollutant effects (03, S02, N02). Work is. 

needed, however, on development of subminute response samplers/detectors for 

.trace ... level_ gases (e .. g.,. cs 2, Hg 0
). The problem of separation .of g.as and 

particulate forms applies equally to particulate characterization and will 

be discussed belaw. 

In our opinion the problems associated with particle collection are 

mo.re complex and the solutions more urgently nee(Jed. While aerosol 

concentration monitoring is accepted as a necessity in human health effects 

studies, its relationship to terrestrial effects studies may not be as 

apparent (National Research Council, 1979). At a recent EPA-sponsored 

workshop on dry deposition methodologies (Hicks et al., in preparat-ion), 

several experts in the field advocated the use of monitoring data on 

suspended-particle concentrations to calculate dry deposition fluxes. This 

suggestion reflected the recognition of the inadequacies of dry deposition 

11 Collectors 11 (discussed further in Section 4.1.2). 
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Particle. sampling procedures are subject to errors related to 

gravitational, inertial, diffusional, thermal; and electrital forc~s and 

chemical interactions. In addition,. the problem of spatial heterogeneity of 

the dispersed ae·rosol may, in itself, overwhelm the others. ~lhile these 

problems directly confront th~ researcher actively in~blv~d in ~ample 

collection, we are all subject to the problem of improper interpretation and 

application of data collected without careful attention to ~otential 

sampling and c.nalytical errors. This discussion is aimed primarily toward 

those individuals, \'lho may not.be experts in the··fieid of parti·cle physics, 

with a need to 1nterpret existin'g aerosol data: in the context of air 

pollutant depos1tion and effects studies or· to acquire their own data while 

constrained •,vith limited resources. A recent, more detailed review of 

aerosol measurement is presented in Lundgren et al. (1979)'. 

Suspended particles are collected primarily by three techniques: 

filtration, impaction, and impingement or some combination. of these, with 

filtration and impaction used in more than 75% of the applications. With 

some exceptions, filtration yields only the 11 total 11 aerosol while impaction 

also provides .the particle size distribution. In their simplest .form 

aerosol filters consist of an inert filter holder through which aif is drawn 

at flow rates ranging from -1 liter/min to -1800 liter/min. The most 

often used impactor, the cascade impactor, .consists of a series of orifices 

of decreasing diameter behind which are mounted the impaction surf aces 

intended for chemical analysis, and onto which particles in a selected size 

range are deposited as air is drawn through the device. Impactors also 

often uti 1 ize filters as impaction surfaces or in a 11 backup11 mode to co 11 ect 

the finest particles not impacted on the upper stages. 
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Care must be taken in the use of these methods and subsequent analysis 

and interpretation of the data, par~icularly when applied in the context of 

this symposium. Table 1 lists several specific problems inherent in these 

methods. In general, the specific problems all relate to the collection of 

~ sampl~ r~presentative Df-material su~pended in the-atmosphere or the 

perf~rm~nc~ of an a~alysis t~ue~y representative of th~ collected material. 

In the case of filtration method~. the analytical problems are often 

related to the filter itself or to post-depositional changes in particle 

chemistry following ·collection. Of the many filters now available, the most 

.. often used are glass fiber and cellulose in high volume (""' 1800 liter/min). 

samplers· (Hi-vols), and various membrane filters (cellulose acetate, 

polycarbonate,. teflon) in .(lddit.ion .to glass fiber and cellulose in_ low 

volume ( ~ 1 to 30 liter/min) and impactor samp 1 ers. Wh i 1 e glass fiber· 

filters have been the standard in Hi-val sampling and are known to exhibit 

high efficiencies for retention of submicron aerosols (Lockhart et al., 

1963), they are often unacceptable for trace-level inorganic analysis 

because of their high and variable trace element content (Neustadter et al.; 

1975; .. Si.everi.ng et al ~· 1978). On the other hand, becaus~ of their inert 

na;ture with respect to organic solvents and their relatively low ability to 

adsorb many hydrocarbons, particularly polyaromatic hydrocarbons (Brml/n 

et al.; in preparation), .glass fiber filters may be the onlychoice for 

trace organic analysis of aerosols (see Pierce and Katz, 1975). While 

celluiose filters are consistently lower in trace-el~ment coritent than glass 

fiber, they may exhibit lo.ver particle collection efficiencies (Lindekin et 

al., 1963; Sievering et al ., 1978), although there is some question as to 

the statistical significance of these differences (Neustadter et al., 1975). 



Table 1. Typical problems encountered in the characterization of airborne 

particles by filtration and impaction methods 

Filters 

l. High b 1 anks . ( contamination) (+)a 

2 •. Non-isokinetic sampling (-)b 

3. Small particle 1 oss (-) 

4. Pressure drop-decreasing flow (-) 

5. Clogging (-) 

6. Gas/particle reactions on filter 

surface (±) 

7. Imcompatibil ity of filter with 

.. Impactors 

1. High blanks {+) 

2. Non-isokinetic sampling (-) 

3. Particle bounce ( ~S)c 

4. Wall loss ( ~s, -) 

5. Small particle loss (-,AS) 

6. Pressure drop-variable flow 

rate{~S) 

7. Clogging (of backup filter) 

extraction or analytical methods (±) (-, ~S) 

.8. Gas/particle reactions on 

impaction surfaces 

(±, ~S) 

9. Incompatibility of sticky­

coated surfaces with 

extraction or analytical 

methods (±) 

10. Detailed aerosol behavior 

obscured by long sampling 

times ( AS) 

11. Uncertainty in interpretation 

of particl~ sizes on back~rop 

filters ("less..:.than values") 

a(+) ~ generally results in overestimate of concentration. 

b(-) - underestimate. 

C( ~S) - results in a shift in the apparent particle size distribution. 
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The question of filtration efficiency also applies to low-flo't/ samplers 

employing membrane filters. Large particle collection efficiencies 

(> 3 ~m) decrease u~der conditions df high filter loading, while 

efficiencies for smaller particles (< 0.5 p.m) may decrease under conditions 

·of very low filter loading (Fan and Gentry, 1978; Skogerboe et al;, 1917}. 

Laboratory studies of membrane filter efficiencies have indicate.d ·that 

particle collection efficiency decreases rapidly, from - 90 to- 20%, as 

particle size decreases below 1 ~m for Nuclepore filters of pore size 

ranging from 1 to 8 ~m and is dependent on pressure drop (Li u and Lee, 1976; 

· Spurny et al., 1969, 1974). ·For 0.6:-~m Nuclepore and 5-~m Teflon membranes, 

efficiencies ranged bet•iieen 80 and 100% for particles 0.03 to 1.0 J.L.m (Liu 

and Lee.~ 1976). Further research is needed to develop theory applicable 

under the conditions of high pressure drop and compressible·gas flow 

occurring in routine use. Particle retention is also strongly influenced by 

the design of the sampler intake, its orientation with wind direction; and 

the use of external rain shields (Pattendori and Wiffen·, 1977). A typical 

filter sampler collected large particles (> 10 J.Lin) \vith an efficiency of 

< 15%. Since particles in this size range are rea~ily removed from the 

atmosphere by deposition processes, the underestimate of this fraction has 

important implications to pollutant effects studies. 

The choice and application of filter and sampler types in the field 

must be based on considerations of anticipated loading, particle size 

distribution, and analytical methodology. Such restrictions may preclude 

the development of a universally applicable 11 total 11 aerosol sampler. Until 

thi~ becomes available it is our responsibility to present and interpret 

particle concentration data with consideration of the limitations of the 

techniques and to apply these data in effects studies with considerable care. 
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The quality of air concentration data may be limited b.Y the accuracy of 

the measurement .of total air flov1 through the sampler. An uncertainty .in 

air flow rates of -25%, for example, results in an equal uncertainty t~ 

element con·centrations in the atmosphere. Continuous flm·i monitoring is not 

ah1ays feasible; .)'et, flow rates may vary substantially during the course of 
.. 

a single collection period. The resea~cher is faced with the task of 

choosing a sampling interval sufficiently 16ng to be compatibl~ with his 

analytical sensitivity and yet short enough to prevent significant 

variations in flow rate. 

Post-depositional chemical changes-on the aerosol.coilection surface· 

may result in Tosses or gains of some constituents ·during sampling~ Berg-· 

.(1976) reported that sampler design played a significant role in the 

conversion of particulate chlorine to gaseous form .. Such reactions lead to 

an underestimate of particle concentrations and are enhanced by high filter 

loading and flow rates and may occur for other halides, some compounds of 

S and C, and Hg. In addition, in ambient air sampling for particulate 

sulf at_es, overestimates may ~esult from absorption of so2 and subsequent 

oxidation to sulfate -on the collection surface (Coutant,. 1977; Cheney and 

Homolya, 1979). The effects of gas/particle ·interactions· at sample 

co-llection su·rfaces must be considered iri more detail (and for other 

elements) with the intent of developing techniques which minimize this 

prob 1 em. 

Pollutant concentration data reported on a particle size basis may be 

more useful in effects research because of the influence of particle size on 

wet and dry deposition processes. In addition to the problems common to 
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filters and impactors, Table 1 presents additional problems related to 

sampler design and aerosol chemistry which influence impactor operation. 

Non-isokinetic sampling, which results when sampling without compensation 

for wind speed and direction effects, leads to low collection efficiencies 

for the large particle fraction (> 5 ~m). Wind tunnel tests of the widely 

used 8-stage Andersen impactor (28.3 liter/min flow rate) indicated 
I 

collection effici·encies-for 5 ~m particles of- 70% and for 15 ~m particles 

of 2% (Wedding et al., 1977b). Subsequent modifications to this impactor 

(now available from the manufacturer) have increased collection efficiencies 

to near 100% for 5 ~m and 50% for 15 ~m particles (Wedding et al., 1977b; 

tkFarland et al., 1977). In comparing the size distributions of Pb, Cd, and 

Zn in aerosols collected in California, Davidson (1977) found a 

significantly larger mass of these elements in particles of > 10 ~m during 

isokinetic experiments compared to non-isokinetic experiments performed 

earlier in the same area. Because of high deposition velocities associated 

with large particles (Sehmel and Hodgson, 1976), every effort must be made 

to sample this fraction efficiently. 

Wall losses and particle bounce also involve primarily the large 

particle fra~tion. Particle rebound and impaction on surfaces other than 

those intended for analysis generally results in an underestimate of the 

large particle concentration (Cheng and Yeh, 1979). An equally serious 

consequence is distortion of the entire particle size spectrum with large 

particles being inadvertently deposited on stages designed to collect 

smaller particles (Dzubay et al., 1976). This phenomenon is relatively 

simple to detect by inspection of impaction stages by scanning electron 

microscopy and has been reported for some standard impactors (Dzubay et al., 
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1976; Lindberg et al., 1979a). These problems can be minimized by 

isokinetic sampling (Wedding et al., 1977), selection of samplers designed 

to be less subject to particle bounce (Gordon et al_., 1973), or by coating 

the impaction surfaces with a sticky substance such as grease (Dzubay et 

al., 1976). However, the use of sticky substrates may not amenable to many 

extraction and analytical techniques and is inefficient under high. 

temperature conditions (Cheng and Yeh, 1979; Casey, 1975). We have studied 

the water solubility of size-fractionated aerosols for several trace 

elements and have found grease-coated impaction surfaces to be incompatible 

with our extraction methods (Lindberg and Harriss, 1980). In addition, 

organic substrates are likely to cause serious matrix problems for the 

extraction and analysis of organic micropollutant aerosols. 

Problems related to aerosol characteristics involve gas/particle 

interactions and the effect of relative humidity on aerosol impaction 

efficiency. Dingle and Joshi (1974) observed - 25 ~m crystals of 

(NH 4)2so4 on the stage of an Andersen impactor designed to collect 

0.5 ~m particles. Crystal formation, enhanced under high relative 

humidities, could result in gross overestimates of fine-particle atmospheric 

sulfate concentrations. Relative humidity has also been found to influence 

particle adhesion to impactor surfaces, such that at humidities > 75% no 

sticky coating on the impaction surfaces was needed to reduce particle 

bounce {Winkler, 1974). With decreasing relative humidity the relative 

composition of the sampled aerosol may change due to preferential deposition 

of water-soluble material leading to an erroneous size distribution. 

Aerosol solubility is extremely important in vegetation effects (see 

discussion in Section 5.2.1); therefore, it is critical to accurately sample 

this material. 
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The collection, interpretation, and application of particu·late, and to 

some extent gaseous, air pollutant concentration data are obviously complex 

t~sks. The preceding review was intended to rais~ several q~estions {~ the 

mind of the air pollution effects researcher; we \~auld like to raise a fe•11 

more of our own. The. importance of a. constant and accurately known flm11 

rate during filter sampling is even more critical in impactor sampling 

because of the additional dependence of particle size-separation efficiency 

·on flow rate. ~~hen used \'/ithout a backup filter, the designated constant 

flaw·rate for any given impactor can be readily maintained~ However, in 

this mode, considerable fine particle material is not collected~ ·When used· 
. ·-

with a backup filter, clogging and pressure drop can result in a variable 

and decreasing flow rate such that the specified particle retention 

characteristics of the impactor are no longer directly applicable. How is 

one to interpret the resulting size spectrum? 

Another source of ambiguity in imp~ctory data arises bec~use a 

significa~t fra~tidn (>50~) 6f the tcital air cbn~~ntration of m~riy ·· 

important major (S) and minor (Pb) pollutant elements are captured on the 

backup filter~ The 11 aerodynamic cutoff diameter" for the backup fi·lter in 

the standard 8-stage Andersen impactor, for example, is expressed as a 

1'less-than 11 vaiue (< 0.5 J..Lm). In the application of deposition models to 

. these data, should this 11 particle size 11 be interpreted as equal to 0.5 J..Lm, 

. equal to 0.25 J..Lm (midpoint between 0.5 J..Lm and 0 J..Lm) or in some other 

manner? This is critical in the estimation of dry deposition fluxes because 

of th~ strong dependence of depositi6n velocity on parttcle size for 

particles < 0.5 J..Lm (Sehmel and Hodgson, 1976). 

Commonly used samplers require collection periods of...., 12 h to several 

days. Winchester and co-workers have studied temporal variations in 
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total particulate air concentrations of se~~ral elements using ~ ••streaker" 

sampler .of their own design and proton-·rnduced x-ray emission analysis, 

yielding a 2-h resolution time (e.g., see Lawson and Winche~ter, 1978). If 

we hope to ·understand the mechanisms of deposition and its effect on 
. . 

vegetation, we need to develop instrumentation with the ability to provide 

data on short-ter~ var1ations i-n pollutant concentrations and particle. size· 

distributions. 

Although considerable research is still needed to address these issues,. 

there ha~e been. important developments in the last five years, some of which. 

are no\'1 in general use. :The .dichotomous sampler has been used in several .. 

monitoring networks [EPft., }1ul ti -State Atmospheric POYJer Producti·on Po n uti on 

Study (MAP3S), National Atrnqspheric Deposition Program {NADP)-selectedsites] 
.. . . . 

arid. is a virtual ·impactor designed to el-iminate s·eve·ra::l· typical impactor 

problems. Because this· sampler was originally intended for use in inhalation 

~tudies to ~eparate particles into 0espi~able and nonres~irable ~izes 

·(Conner, 1966; Dzubay and Stevens, 1975), it is of limited value in studies 

of deposition to environmental surfaces because of the limited particle size 

fractionation (sta,ge 1 ~- 2 J.Lm, st9-ge.2 > ~2 J.Lm). These same arguments 

apply to two-stage respirable aerosol samplers which use Nuclepore filters 

in series (Parker et al., 1977), although there are other multiple-filter 

-s~ries samplers which have been used under controlled conditions to 

fractionate aerosols between 0.1 and 1 J.Lm (Melo and-Phillips, 1975). 

A promising development is a recently designed lo·.'i-pressure impactor 

compatible with ambient air sampling and. available analytical techniques 

(Hering et al ., 1978~ 1979). The sampler provides highly accurate and 

efficient separation of aerosols into eight size classes ranging from 
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0.05 to 4.0 .urn and minimizes size distribution distortion caused by particle·· 

bounce~ reentrainment, w~ll loss, and evaporation. This device, combined 

~tlith a sampler providing efficient large particle (> 4-.um) size 

classification, ~tJOuld provide the necessary data for application of theory 

and laboratory studies to the c~lculation of dry d~positid~ fluxes~ 

In general, sampling problems outweigh those of analytical sensitivity,. 

precision, .1nd accuracy. For detailed discussions of analytical problems 

the reader is .. referre.d to recent papers on the analysis of pollutaritsin air 

. (Altshuler, 1972) in precipitation (Turner and L·indberg, 1976; lindberg .. 
. . . .. . . . - . 

et al., 1977; Pedenet al., 1979), and. in environmentaJ samples in general 

(Tolg, '1975; ~·lorgan, 1975). Th~ applic·ation of x-ray and activation 

analys.is to studi.es in the atmospheric environment was recently reviewed by 

Winchester and ·oesaedefeer (1975), \-Jhile· Harris (1976} has·revie~-Jed d1emic.al 

and physical characteristics of atmospheric particles, describing suitable 

analytical techniques for' most of the elements in the periodic table •. 

A crucial research need with respect to evaluating the exposure of 

terrestrial biota to air. pollutants is chemical and physical speciation 

analysis.· It may no longer be sufficient to know only the concentration of 

an element in ~uspended or deposited particles but al~o {1) the chemical 

form (for example, trivalent arsenic is considerably more toxic than the> 

. pentavalent forrnin solution; U.S. Atomic Energy Commission, 1973; National 

Academy of Scierices, 1977)·, (2) the physical distribution within the 

. particle (trace e 1 ements in the atmospher·e do not genera.lly occur as 

discrete particles of Se, for example, but as heterogeneous mixtures of 

cbmpounds distributed on the surface, and/or throughout the iriterior, of 
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particles; e.g., see Keyser et al., 1978), and (3) thesolubility of the 

various forms of the element associated ~IJith the particle (knmvn to influence 

bioavailability; Lindberg and Harriss~ 1980). 

3 PREDICTING MESOSCALE TRANSPORT 

Trans· port of a pollutant from source to ·rec-eptor is contra 11 ed by 

mesoscale meteDrological properties. Wind and temperature fields, 

precipitation patte:rns,. terrain, vegetation cover, .and turbulence. 

encountere9 during trar1sport influence the quantity of a pollutant 

ultimately delivered to the yicinity of the receptor. Several _pap~rs, 

reviews, .and works hops (Gifford, 1975, 1976; Hanna, 1976; Hosker ~ 1974; 

Nappo, 1976;_Haugen, 1975). have co~siderecj some of. ~h~ cormnon te~hniques .and 

· i nher:-ent- proQlem~· . .i n mod;2l ing the· e~fl.uent ._deli ver:y pr.ocess.- ·-It !tJas t.he 

consensus of the most recent workshop that there are s~vere limitati~ns in 

the pressnt modeling ca~ability for regional transport, dispersion, and 

deposition of atmospheric pollutants. A detailed consideration· of data· 

requirements, interpretation, modeling and appli~ation to estimates 6f 

dispersion, and removal in the context of this symposium is ~resented in the 

companion paper (Hosker,. this symposium). 

4 MEASURING MASS TRANSFER TO THE CANOPY 

Material is removed from the atmosphere by two general processes, d~y 

deposition (convective diffusion; impaction and turbulent inertia 1 

deposition, and sedimentation) and wet deposition (precipitation scavenging 

occurring both \•lithin and belCM the cloud layer). The importance of dry 

deposition to the terrestrial environment is nm'l well recognized; dry 

.·:. 
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deposition of 11 pollutant 11 materials to a forest from ground'-based sources 

appears to be comparable to wet deposition (Slinn, 1976). Wet deposition is 

of particular importance, due both to its episodic nature and the fact that 

pollut~nts are partly (or wholly) in solution, therebY enhan~ing the 

possibility of absorption by vegetation..:surfacesand generall_y increasing 

the mobility of the element in the landscape •. The. consensu·s at h1o recent 

workshops on atmospheric deposition was that the wet segment of input is much 

more addr~ssable with current methodologies than the dry compbnerit (Hicks et 

al., in preparation; Shriner et al., 1980); consequently, we will emphasize 

·.the acquisition, interpretc.tion, and application of dry deposition data. 

4.1 Dry Deposition 

As the crucial 1 in:.- between transport of atmospheric pollut9-nts and:· 

their ultimate uptake c.nd effects on vegetation, the processes influencing · 

dry deposition ·have been:examined at levels of resolution ran·ging from 

·cellular to regional in scale. Deposit-ion rates of gaseous pollutants are 

. co11troiled by a variety of physical, chemical, and biological factors 

(Bennett and .Hill, 1975; Heck and Brandt, 1977}. These includ~ 

micrometeorological conditions above and within the plant canopy, leaf 

surface characteristics (shape, degree of pubescence, and surface. 

chemistry), and the chemical and biological properties of individual 

. pollutants (diffusivity, water solubility, and biological reactivity within 

cell systems). Evaluating the rates and direction of transport of 

poll.utants in terrestrial ecosystems obviously requires generalization of 

the complex biological and environmental variables inherent in the 

structural complexity of these systems. Determining the level of 
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generalization acceptable to addressing relevant questions in the frame~vork 

. of this complexity is a continuing challenge. 

Transport of pollutants to the leaf surfaces within a plant canopy is 

controlled _by the rate of air movement and 1ts turbulent properties. \•Jith a 

· simple, somewhat homogeneous, c·rop canopy, three distinct air layers can be 

distinguished .(See re\/few.by Bennett and.Hi.ll, 1975): .. (1) a logaridmiic. 

wind profile layer (boundary) above the canopy surface, (2) an exponential 

·canopy-eddy layer, and (3) the lo11est plant-a,ir layer \'/here direct physical 

influence of the vegetation and ground surface influence the wind profile. 

Ultimate movement of pollutants into plant' leaves occurs as a result of 

interactions between micrometeor.ological and plant physiological processes. 

The pathway of entry inc 1 udes the 1 eaf boundary 1 ayer, the stomata, and the 

aqueous layar· on substomatal mesophyll.cell walls (Bennett and Hill, 1973) .. 

4.1.1 Gases 

Studies to determine rates.of pollutant flux into plant canopies have 

been conducted both in the field using principals of momentum, mass~ and 

heat exchange (see review by Thorn, 1975) and 1.mder controlled laboratory 

conditions where ~nvironmental variation ·;s ~inimized (Bennett and Hill, 

1913). Valuable insights have been provided by both approaches. In the 

field, generalizations are required both with. respect to the geometry of the 

plant canopy, the turbulence it induces, and the 11 average 11 physiological 

status of foliage, which occurs in multiple layers. Wesely and Hicks (1977) 

and Hicks and ~lesely (1980) have reviewed the proces.ses influencing 

turbulent transfer and deposition of gases to vegetation. They note the 

importance of both diurnal and spatial variations on the series of· 
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'l'iithin-canopy resistances determining deposition velocity. A major 

limitation of most approaches is the assumption ofa uniform deposition 

velocity of 1 cm/s. Eddy flux measurements over a loblolly pine cariopy 

(Hicks and 1-Jesely 1980) indicate that resistances as high as 10 s/cm. for 

03 _and 15_ s/cm _for so2. can occur at night as stomatal closure occurs. 

Compounding this temporal variability for a monospecific forest canopy is 

the spatial heterogeneity of a typical mixed deciduous forest. Here, 

quantification of deposition rates to understory shrubs and tree seedling-s 

represents :.n irrrportant· cohsideratiori if we are to relate pollutant dose 

.(typically measured as an above-canopy value) to uptake and effects of· 

pollutants on the total forest system. 

Chamber studies offer intriguing possibilities for examining riot only 

deposition rates but aiso the associated effects on.p1ant physiological 

properties~ .. r~lajor .contributions in this area have been made by Hill (1971). 

and Bennett et al. (l973) (see also Bennett and Hill, 1975). Using a 

standardized plant canopy, Hill (1971) was able to compare uptake rates of 

HF, S02, Cl 2, N0 2, 03, PAN, NO, and CO. A direct correlation 

between uptake rate and solubility of-these pollutants 1n water·(see 

Table 2) \'/as shown. This relationship emphasizes the importance of ultimate 

pollutant uptake by moistened substOmatal cell \~alls. Uptake rate was ·also · 

inversely related to molecular weight, a factor directly influencing 

molecular diffusi~ity. These data suggest a ~oten~ially useful a~proach to 

screening phytoto~icity of the variety of complex organic gases (i.e. 

phenols) \·Ihich may be ·released in coal conversion processes and about which 

very little is known. 



Table 2. Solubility in water and uptake rate of pollutants 

(after Hill and Chamberlain, 1976) 

Uptake rate Equivalent 

alfalfa al deposition Solubility 

Pollutant 1 pphma . velocity at 20°C · 
.. 

( 1 .mi n-1 m-2) ·(em s-1) (cm3 gas cm-3 H20) 

co 0.0 0.00 0.02 

NO 0.6 0.10 ·0.05 

C02 2.0 0.33 0.88 

PAN . 3.8 0.63 

03 10.0 1.67 0.26 

N02 ·. 11.4 1.90 Di sproport i o·nate 

Cl · 2 12.4 2.07 2.30 

so2 17.0 2.83 39.40 

HF 22.6 3. 77 446 

·apphm =_parts per hundred mi 11 ion. 
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A nu~ber of potentially critical questions remain that appear 

particularly well suited to controll~d chamber studies. T~ese iriclude the 

influence of dosage kinetics, frequency, and distribution on rate of uptake; 

the influence of leaf surface chemistry on absorption and transformation 

(p.nd possibiy detoxification, i.e. o3 ~ o2 or so2 --7' SO~} of 

pollutants; and the influence of pollutant mixtures on uptake of component 

species. Absorption of a pollutant such as so2 into a s·urface moisture 

layer may be very rapid but may permit subsequent ~olatilizat.ion and 

internal reabsorption as the moisture layer evaporates. 
. . . . 

-· -T-h_e-int·eg-ration of ·chamber--derived data--·into m-athemat-ical-.. models· of 

pollutant uptake (Bennett et al., 1973; Steinhardt ef af., 1977)" offers 

promise of a tool for calculating uptakes rates over larger temporal and 

spatial scales. Steinhardt et ~1. (1~77j used a single-leaf model to 

calculate so2 uptake on a state1.•1ide basis for the Northern -Great Plains •. 

·Estimates based on projected increases on a more simplistiC bas·is inay also 

be made over larger regions based ori assumed uniform cover of a single test 

crop. Hill (1971), for instance, used uptake data for alfalfa-to estimate 
-1 . 2 

that tot a 1 canopy remova 1 of so2 waul d be 562 t d · in a 3520-km area 

near Sudbury, Ontario. Potential deposition of N0 2 in th~ Los Angeles 

basin was ~imilarly calculated to be on the ord~r of 100 kg km- 2 d~ 1 • 

Such calculations may prove valuabl.e for other regions in the future, as 

both beneficial and detrimental effects of S and N amendments are considered. 

A ~rincipal utility of ~ea~urements of dry depositi6n rates of gases 

lies in their potential for relating effects on the physiology, growth, and 

prbductivity of the exposed vegetation to the act~al dose received (Winner 

and Mooney, 1980a,b). Unfortunately, very little concurrent data exist on 
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the relationship between external dose, inter~al dose, and plant effects. 

The recent deve 1 opment of advanced-design exposure and uptake charnbers by 

Rogers et al. (1977) should make these daia more easily available in the 

future. ~lhile these data may be obtained now in the controlled laboratory 

··situation (se~ Secti~n 5.1); documentation of resptinses onder field 

conditions must await deve 1 opment of suitab 1 e f ast..;resp~mse instrumentation. 

In this regard, eddy correlation techniques utilizing concurrent 
: . . 

measurements of co 2, H20, so2, and o3 may provide a powerful tool 

for assessing impacts on primary production .Processes of natura 1 systems.· 

4.1.2 Particles 

Problems encountered in measuring particle deposition to vegetation 

include aerodynamic effects, small-particle diffusion~ large-particle 

sedimentation, and particle bounce from the r~ceptor surface. Physical 

· entrapment by structural compqnents of :the· surface is also a factor·. 

Particularly important aipects ~equiring attention are the behavior 6f 

particles during impaction on foliage and the efficiency of retention. 

Particle deflection, bounce, rebound, and resuspension from surfaces all 

contribute to the local air concentration at the same time that deposition 

is occurring. Thus, particle fluxes may actually occur against a measured 

gradient. Because of these uncertainties, measured and calculated fluxes 

are often in poor asreement. 

Several experts recently gathered at a USEPA-sponsored workshop to 

critically examine the field and laboratory methods used to determine the 

dry deposition of pollutants to environmental surfaces (Hicks et al., in 

preparation). The participants compiled a list of methods currently or 
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previously in use for estimating dry deposition and discussed in detail 

their applicability to monitoring and vegetation effects studies, 

empha~izing their shortcomings, advantages; ·and developmental needs. 

The methods fell into three basic groups: (1) Physical measurements 

performed in the field, (2) field and wind tunnel meteorological techniques,· 

and (3).indirect methods of calculation. These are surrmarized in Table 3 

with an indication of their applicability to gaseous or particulate 

pollutants, suitability for use in routine monitoring, and utility in recent 

studies (if available). This discussion will be concerned primarily-with 

methods of Groups I and III since these are generally more. applic9-ble to 

routine or wide-scale use and include methods with which the authors are 

experienced. The techniques in Group II are more applicable in a research 

mode and are briefly considered in the companion paper in this session 

(Hosker, this symposium). 

Group III methods are dependent on accurate airborne concentrations 

and, additionally, on a~curate particle-size determinations .in some cases. 

The method of concentration sampling involves use of an assumed relationship . . . 

between atmospheric concentration and deposition rate. The ratio between 

the vertical flux of an element (F) and its mean concentration in the air 

(c) at some reference height is termed the deposition velocity: Vd = F/c 

(Chamberlain, 1955). Deposition flux can thus be estimated, given the air 

concentration and published values of Vd. An advantage of this method is 

. the existence of several networks which currently monitor air particulate 

concentrq.tions. As we· continue to improve our understanding of the 

relationship between deposition flux and air concentration, we can apply 

this information to existing data bases. The disadvantages of this 
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~-Table 3. Methods used to estimate dry deposition 
~ 
"' '1: 

~~ ;-

~ Pollutant 
j 

Reference to 

retent application ~ Method measured Sui_tabi 1 ity 

~---------------------------------------------------------------------------------------1 

i· 
1 I. Physical measurement in the field 
~ 
~ 
~-
~- 1 Surface snow 11 Contamination 11 Particles · Monitoring/research 

~ • (and gases?) 

~ 2.. Background atmospheric Particles Monitoring 
~ 

~ 
~-

radioactivity 

3. Applied tracers 

f • 4 .. Open pots or buckets 
jj' 
~-

f. 

Particles or Research 

gases 

Particles Monitoring 

(and gases?) 

Barrie and Walmsley, 

1978 

Hodge et al., 1978; 

Graustein and 

Armstrong, 1978 

Garland, 1976 

Gibson and Baker, 1979 

5. 
·'· 

Discs, plates, 
.. 

dishes Particles 

(and gases?) 

Monitoring/research.· Lindberg et al., 1979a· 

. Davidson, 1977 

Sticky surfaces 

7. Filter paper 

8. Foliage washin-g 

Particles 

Particles 

(and gases?) 

Particles 

(and gases?) 

Monitoring/research 

Monitoring 

Monitoring/research 

Cawse, 1974 

Lindbe~g et al., 1979a; 

Parker et al., 1980 

II. Wind tunnel and field meteorological techniqu~s r/ . 
f 
'• 

9 .. · Box budget 

!. 

~,· 

~-·lO. -- Gra·d·i-ent -.·..., . 
j 
tf 
~-
}' . 

~ 11. Eddy correlation 
fi 
~ 
I i12. Eddy accumulation 

il 

l 
l'l 113, Variance m~hod 

'j. 

'tvk · Bowen ratio 

Wind tunnel studies 

' 16. Chamber mass ba 1 ance 

fl7. 
! 

studies 

Air concentration 

·----" 

h8-
f. . 

Calculations based on 

~· physi ca 1 furidamenta ls 

Particles or Research 

gase_s 

' > • <o ,' 

Pa~ticl~s or Research/~oriitori~g? 

gases 

Particles or Research 

gases 

Particles or Research 

gases 

Particles or Research 

gases 

Particles or Research 

gases 

Particles . Research 

Gases Research 

III. Indirect methods of calculation 

Particles or Monitoring/research 

gases 

Particles Research, monitoring? 

See discussions in 

Kellogg et al., 1972; 

Whelpdale, 1978 

Droppo, 19.80 

Hicks and Wesely, 

1980 

(See qiscussion in 

Hicks & Wesely, 1978 

(see discussion in 

Hicks & Wesely, 1978 

(See discussion in 

Hicks & Wesely, 1978 

Wedding et al., 1975; 

Klepper & Craig, 197 

Hi 11, 1971 

Andren & Lindberg, 

1977 

Davidson, 1977 

~ 

(--------------------------------~------~----------~ 
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technique include those associated with accurate determination of air 

concentrations and size distributions (Section 2.3). The calculated 

deposition flux is also limited by the accuracy of the deposition velocity 

~sed. Considerable research is needed in thi~ entire f~~ld. 

\~e need a more thorough understanding of the inf1uence of particle size 

on Vd because many published values are given for specific elements 

without regard to size distribution (e.g., see Ca1tlse, 1974); 'tie need to 

define a st.3.ndard reference height above the deposition surface for. all 

field and laboratory determinations of· Vd; and we need to define the 

relationships oetween field and laboratory determinations of deposition 

ve 1 oc it i es. Sehmel· (1930) recently reviewed deposition velocities for 

particulate and gaseous pollutants, coll1Tlenting that, _even for specific 

elements, literature values of Vd ranged over several orders of 

magnitude •. This has hindered the generalization of this type of data. 

Because of the wide-ranging values and lack of· control oi several variables 

under field conditions, predicted deposition velocity models based on fi-eld . 

.. d~ta are scarce. (Sehmel, 1980). Another ·knowledge gap is in the reliable 

application of deposition velocity data in complex terrain situations. 

While this problem has been considered-on a regional basis for S02 

(t~urphy, 1976) it has not been approached for particulate pollutants. 

The calculation method based on physical fundamentals also relies on 

accurate measurements of atmospheric concentrations, but combines them with 

existing laboratory data on particle fluxes to well-defined, geometrically 

simple surfaces. Because of the complexi·ty of natural .surfaces,- several 

simplifyin~ assumptions ~re necessary .in this application (Davidson, 1977). 
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·Considerable research is needed on deposition to complex-geometry surfaces 

before this method can be applied to general veg.etated canopies. 

Several Group I methods are particularly appealing for use in 

monitoring.ne·b/Orks or in field .effects studies. These include the use of 

·living vegetation or surrog-ate surfaces s·uch as ·open- pots, buckets, sticky 

surf aces, s ha 11 ow pans, flat plates, etc. These methods are read i1y 

adaptable to most environments, are relatively inexpensive, can be deployed 

by personnel with a minimum of training, are adaptable to extractton and 

analytical techniques, are applicable to uniform use in monitoring networks, 

and yet? can be use9 in a researc_h inod~(fqr_ purpos~s of ca)ibratiqnwith. 

vegetation, for example). The remaining methods are somewhat more involved 

technically or analytically (background atmospheric radioactivity and applied 

tracer methods) or are applicable only under certain conditions (surface 

snow contamination), making them useful for monitoring only in a limited 

·number of situations, although they are very useful in a r·esearch mode.· 

Consider first thi~ latter subset of methods. Recent analytical and 

sampling advances have made it possible to accurately quantify trace 

contaminants in snow. In practice, (1) surface snow iS sampled immediately 

f o 11 m'ii ng a snowf a 11 and again severa 1 days 1 ater, the net increase in 

chemical content being ascribed to dry deposition; or (Z) snow cores are 

analyzed in vertical sections to yield a measure of temporal variations in 

11 bulk 11 deposition over time scales of years (Boutron and Lorius, ~978; 

Boutron, 1979; Oovland and Eliassen, 1976; Barrie and Walmsley, 1978; · 

Jernelov and Wallin, 1973; Applequist et al., 1978). While this method is 

relatively straightforward and can p~ovide hi~torical deposition 

information, the results may be confounded by spatial inhomogeneity in snow 
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chemistry, ease of sample contamination, elem~nt migration in snow layers, 

·sublimation of surface snow, and wind redistribution of· surface snow 

layers. Further research is needed to quantify the influence of these 

complicating f actcirs. 

·The use of background atmospheric radioactivity to estimate deposition 

may. be applied to 11 Closed 11 systems, SUCh as lakes Oi instrumented 

watersheds, as well as in smaller-scale studies of particle flux, taking 

advantage of radioactive fallout as a tracer (e.g., see the symposia 

proceedings edited by White and Dunaway, 1977; Klement, 1965; Fowler, 1965; 

.also Shinn, 1977; Hodge et al., 1978; Graustein and Armstrong, 1978) .. The 

technique may require the use of sophisticated counting equipment, but it 

·does result in accurate estimates of radioactive small-particle fluxes. 

Details of deposition mechanisms or short-term deposition rates are not 

generally possible~ ho·.vever, because of the often necessarily long averaging 

. times. In inve~tigat1ons of radionuclide accumulatiOn in water bodies, 

plants, or sediments, it is difficult to differentiate bebH~en wet arfd dry 

deposition .. Research is needed to more thoroughly define the ~tmo~p~eric 

particle-size dis tri but ion of background radioactivity to enhance our 

understanding of the responsible deposition ~echariisms. This point also 

applies to the use of t·racers in laborat.ory and field studies. Hhile most 
35 . . . 

often used as gases such as so2 (Noggle, 1980; Garland, 1976; Owens 

and Powell, 1974), particulate tracers (131r, 198Au, for example).have 

. been used in wind tunnels to measure deposition processes and rates to 

foliar or inert surfaces (Clough, 1973; Klepper and Craig, 1975; Carlson 

et al., 1976) and in field studies of deposition and particl~ retention by 

vegetation (see review by Chamberla.in, 1970). In many applications, the 
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labelled particles are monodisperse or, if polydisperse, are not 

representative of the size distribution encountered in the atmosphere. 

Further research is needed using labelled aerosols with realistic size 

distributions applied on larger spatial scales to facilitate interpretation 

of data for extrapolation to the field. This method may be very useful in 

the 11 Calibration 11 of artificial surfaces with vegetation, a point considered 

. in the following discussion. Research on this question must be encouraged. 

The methods in Table 3 which are most readily adaptable to regional 

monitoring networks involve surrogate surfaces. Although this was the con­

sensus of opinion at the EPA Workshop, it was the only statement regarding 

inert surfaces which had such support; no other topic generated as much 

controversy. From a practi ca 1 standpoint, it must be accepted that such 

methods hold the only hope, at present, for the monitoring of pollutant dry 

deposition (if indeed it~ be monitored). This sentiment was also expressed 

at the Expert Meeting on Dry Deposition in Sweden (Brasset et al., 1977). 

The problems of field measurement of dry deposition by inert surfaces. 

have been considered in detail (Galloway and Parker, 1980; Lindberg et al., 

1979a). Since measurement of dry deposition on natural surfaces is 

particularly difficult, it is not straightforward to relate deposition on an 

artificial surface to that on living vegetation. With few exceptions most 

large collection devices for deposited particles currently in use detect 

primarily the fall of relatively large, sedimenting particles. Efficient 

collection of small particles and gases transferred via turbulence and 

deposited by impaction processes likely will require modified samplers and 

techniques. Conventional methods suffer not only from artificiality of the 
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surfaces but also from their common use at ground level. For evaluation of 

the over~ll mass transfer to the forest canopy, there seems little 

alternative to·the task of direct in-canopy sampling. 

The various surrogate surfaces in use in~lude the so~called HASL 

(Health and Safety Laboratory) bucket, which has been adapted by t.he MAP3S 

and NADP n<:twor~s ·as a standard co 11 ecti on device, perhaps as rriuch for·· 

convenience as any other reason because '1/etfa 11 is collected by the same 

device (Vo1chock et al.~ 1974; Gibson and Baker, 1979; Dana~ 1979); discs 

and cylinders coated with a sticky substance, non-coated ~iscs (White and 

Turner,.1970), flat teflon plates or ~iscs (Elias et al., 1976; Davidson, 

1977), polyethylene petri dishes (Lindberg et al.; 1979a); filter· paper 

(Cawse, 1974), artificial foliage (Schlesinger et aL, 1974), stacks of 

plastic sheet,ng (Nihigard, 1970), and polyethylene streen (Hart and Parent, 

1974). These devices have been situated at ground level. in the open, 1m 

above bar~ grci~nd, .and ben~ath,· within, o~ a6ove fore~t canopi~s~ Several 

methods devised to deal ~'lith the-complications of unwanted "depositionn 

(i.e., bird droppi ng.s, rain) inc 1 ude permanent covers, wet fa 11-act i vated 

covers, manual collection prior to ra-infall, and "anti-bird spikes." It 

should be understood here that we are cons1dering the use of these devices 

to measure dry deposition only and not· bulk deposition (wet plus dry) which 

is discussed in Section 4.2. 

Since several mechanisms compris·e the dry deposition process, no one 

surface may suffice to co 11 ect a representative sample of "total dry 

deposition," each process requiring a different technique vo~ith its own 

inherent problems. To accurately measure the flux of particulate pollutants 

to the terrestrial system, it is necessary to essentially duplicate the 
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vegetation surface (Galloway and Parker, 1980). Because of its biological 

and chemical .reactivity, .its complex microstructure, and its diverse variety 

of occurrence, the foliar surface is currently non-duplicable. Thus, 

·measurement of dry deposition by any surrogate surface yields only an 

· e·st imate of deposition 'fl Lix, obviously limiting our understanding of the 

deposition process and its -effects. Research in th.e fields of plant surface 

morphology and pollutant/foliage interactions should be encouraged to 

develop an i riert, reproduc i.b 1 e surface more representative of vegetation­

than those ~urrently in use. 

With these qualifying statements firmly in mind, it .is. useful to 

consider the advantages, disadvantages, and further needs associated with · 

the surface collect1on methods currently available.· The open plastic 

bucket, although perhaps the rilos.t widely used 11 Surface, 11 was also the most 

assailed at the EPA workshop. Its major advantage is wide-spread use under 

· ~ standard c6nditi6ns {e.g~,· in an u~right posjt1on~ 1 m above bare ground,· as 

in.the H.l\SL wet/dry sampler'), thus facilitating intercomparative studies. 

Its ability to collect relatively large quantities ofmaterial faciiitates 
. . . 

analysis for.both chemical speciation and.concentration ... The lT)ajor 

disadvantages li~ in the geometry of the bucket with its large side/bottom. 

surface area ratio. Material ii deposited to all surfaces, both inside and 

outside of the vertical walls, such that the amount of material ultimately 

analyzed is stro~gly depend~nt on leaching proced~res, not all of which are 

standard. ··The re 1 ati onships between the exposed bottom surface· area and the 

true collection surface area are poorly understood and probably not 

consistent under field conditions. As the bucket shap~ is known to result 

in unusual turbulence over the sampler (Munn and Bolin, 1971), these dat~ 
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should not be used to estimate absolute mass transfer rates. The effect .of 

such turbulence on deposition should be quantified under contr6lled 

crinditions. The bucket is also subject to higher levels of ~ontamination 

because of the need to leach the large surface area. Plastic buckets may 

not be compatible with extraction and analysis of collect.ed particles for 

trace organics because of adsorption ·problems.· 

These problems are minimized by the use of inert discs·~ plates, or 

shallow dishes which are smaller in size with much lower side/bottom surface 

area ratios than the bucket, which can be readily employed at various 

orientations in the canopy, .and which are more amenable to ultra-clean· 

. · 1 aboratory procedures ( i.f Tef1 on-) or extraction for trace organics (if 

glass) .. In addition, chemical speciation and elemental solubility can be· 

determined for samples collected over relatively short time intervals (4-7 d; 

Davidson, 1977; Lindberg et al., 1979a). Work is currently underway in our 

labofatory (and· perhaps bth~rs) to d~v~lo~ a ''standard" ihert stirf~ce ~ith a 

precipitation-activated mechanical cover for- use in the forest canopy; 

more such re~earch is needed. 

Coating these surfaces. \'lith a sticky substance \-Jill increase the 

aerosol capture efficiency, but it has several disadvantages~ A standard 

coating which is easy to apply and is trace conta~i~ant "free" does not 

exist. The problems of (1) efficient recovery 6f the captured particles for 

analysis and (2) analytical matrix effects must be solved. Samples 

collected on sticky surfaces are not amenable to elemental_solubility or 

speciation studies. Finally, we are not aware of any compelling 

experimental evidence to indicate that a sticky surface is any better analog 

of foliage than a nonsticky surface. 
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Filter paper, a widely used collection surface in th~ United Kingdom, 

is· reproducible, relatively inert and "contaminant-free~~ (if carefully 

selected), and amenable to standard col_lection methods (in ~ractice, placed 

1-5 m above the ground beneath a fixed 1-m2 plastic rain cover; see Cawse, 

1974). This surface may be ·incompatible with chemical ·speciation· or 

solubilitY st1idies, and in practice, requires relatively long collect1on· 

peri ads (....:. 30 d). 

The other surface methods in.Table.3 (plastic-foliage, sheets, or 

screens) have generally been applied only in small-scale~ highly specialized 

studies of the chemistry of rain above and below the forest canopy. Because 

of. the size of some of these surfaces, they may be subject to contamination 

problems, difficulties in efficient deposited-particle recovery and 

analysis, and- incompatibility-with-typical monitoring studies.: 

There are several general dry deposition research needs \•thich must be .. · 

addressed in future studies. The most_ urgent is for both fie.19-:-scale and 

··environmental-chamber ·or wind:..tunnel studies to establish the relat1onsh1p 

between material collected by surrogate surfaces and foliage •. There was 

-considerable discussion at the EPA workshop that surrogate surfaces must be 

calibrated with vegetation-for a thorough understanding of·inert-surface, 

d~~ deposition data. A combination of the inert~surface methods in Group I 

(Table i) with foliar-washing experiments holds some promise, though there 

are many-problems regarding foliar washing which must be considered. Such 

an experiment has been attempted on a ver"ysma11 scale by a comparison of 

deposition rates of four trace elements and sulfate determined by leaching 

(washing) inert surfaces andfoliage.situated in the upper canopy during a 

7-d dry period (Lindberg et al., 1979a). Dry deposition rates measured to 
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each surface type agreed within a factor of - 2 for Cd, Mn, Zn, and sulfaie, 

while the apparent deposition rate of Pb to the inert surface exceeded that 

measured to the 1 eaf surf ace by an order of magnitude. Leaf surface 

absorption of soluble Pb may have been a factor and is a phenomenon \vorthy 

of further inve-stigation for its potential effects~ 

Before larger-scale comparative studies are attempted, several 

questions nised in -earlier work (Tukey et al., 1965; Mecklenberg et al., 

1966; Tukey, 1970; Lindberg et al., 1979a) must be addressed. What fraction 

of the material washed from excised foliage is internally derived (i.e., by 

cellular leaching)?. Is there an optimum leaching medi.um (such as distilled. 

water, dilute acid, ·detergent) which ·is amenable to trace-level ana1ytical · 

techniques and i.s efficient at dislodging or solubilizing surface-deposited 

particles, but does not promote internal foliar leaching? What is the 

optimum leaching duration; does surface-associatedmaterial dissolve before 

internal material? Is there any physiological reason to analyze for the 

~on-water-soluble fraction of ~n ~lemeht in deposited particles? If· 

vegetation samples are collected and was~ed on a daily basis frir 

determination of the net increase in 11 surface deposition, .. can one assume 

that the internal leaching pool of any element is constant over that time 

interval? We have measured order of magnitude variations in the surface 

area concentrations of some elements on adjacent chestnut oak leaves 

(Quercus prinus) on the same tree and similar variations in leaves collected 

from trees several kilometers apart (Lindberg et al., 1979a). This has 

serious implications if foliar washing data are to be used to estimate 

canopy-wide dry deposition rates (see further discussion on these points in 

Parker et al., 1980). Work is also needed to determine the means by v1hich 
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deposition rates measured to individual inert or foliar surfaces can be 

extrapolated to ~'/hole canopies. Multiplication of the single surface 
. . 

·deposition rate by the applicable leaf area index should provide an upper· 

limiti but research is needed to more complet~ly qua~tify this relationshi~. · 

Another question involves·seve'ra·l recent·reports of measured net up11Jard · 

fluxes over forested canopies (determined by eddy correlation methods) and 

ov·er bare ground (determined by gradient methods) for several pollutant and 

nonpollutant elements (Hicks and Hesely, 1980; Droppo, 1980; Davidson and· 

Elias~ 1979). These observations indicate that a serious problem may exist 

in our interpretation of deposition· data based on surface-accumulation 

measurements. The upv~ard fluxes measured over bare ground were attributed· 

to local, ground-level dust resuspension. (Droppo, 1980; Davidson and Elias, 

1979), while upward fluxes of S, measured over a pine forest, were 

. tentatively attr-Ibuted to foliar emissions (Hicks and Hesely, 1978). Some 

grasses, ·several herbaceous plants, ·soine crop· plants, and pine trees are 
. ' -. . . . . ' .· . 

also known to release particulate forms of several trace metals (Beauford. 

et al., 1975, 19T7). These "internal cycles" of particlesresuspended from 

soils or vegetation or !eleased.f~om within. foliage can result in_ gross 

overestimates of true atmospheric deposition based on surface accumulation 

measurements. 

We are obviously faced with a major challenge in this field to develop 

a standard dry deposition collection technique that meets the above 

requirements. ·This. ts best approached as a multidisciplinary task: the 

effects researcher needs to define the opti~um sampling period - or define a 

dry deposition "event";. the meteorologist should provide guidance on the 

physical shape, orientation, and placement of the samplers in the field; the 
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plant physiologist needs to define the microstructure of a typical foliar 

surface; the particle physicist should describe the mechanisms by which 

particles interact with various surfaces including the relative importance· 

of p~rticle removal by sedimentation, impa~tion, and dif~usion; the 

atmospher"ic chemist needs to describe the gas/particie interactions which 
. . . . 

occur both in the air and on the surface of deposition 1.-Jhich may fnfluence 

the mobility or toxicity of a deposited element; the analytical chemist 

·needs to develop an inert, contaminant 11 free 11
· surface ~'ihich can be readily 

analyzed; the geochemist must define the relative importance of 11 internal 11 

element cycles to the captured par.ticle pool; the monitoring agency should 

prepare standard procedures· for using the samplers; the engineer must design 

the sampler with a precipitation-activated cover for reliable operation 

under field conditions; and we all need to consider a means of calibrating 

the. instrument with .living foli.age. 

4.2 Wet Deoositio~ 

The wet component of atmospheric deposition is much more addressable 

with current methodologies than the dry component, as indicated by recent 

workshops and symposia (Semonin and Beadle, 1977; Dochinger and Seliga~ 

1976; Hicks et al., in preparation). As a result of the interest in 

precipitation chemistry generated by the acid rain phenomenon, there have· 

been several recent studies concerned with development of precipitation 

sampling and analytical methodology for major and trace components 

(described in detail in Table 4). 

It is our opinion that the most important reseatch needs i~ this area 

concern the design of field experiments for collection of data app·ropriate 
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Table 4. Recent developments in the collection, analysis, and interpretation of precipitation 

chemistry data 

Problem or question 

1. Need for collection of wetfall-only samples 

2. Need for event sampling and event definition 

3. Design of wetfall-only automatic sampler 

4. Comparability of collectors 

5. Collection of representative samples 

6. Preservation of samples in the fi'..:-!d. 

7. Laboratory storage of samples for'~hemical 
! l 

' . analysis 
~~~-----1 

8. Development of standard handling,· ananysis, . . t 
and storage methods 

9. Determination of precipitatinn arid throughfall 

acidity QY standard methods 

10. Collection procedures for trace lthorganic 

analysis - :.~: -: ! .. :. 
~ 

11. Collection procedures for trace organic 

analysis 

12. Filtration of rain samples 

13. Treatment of suspended solids in rain 

·- .. --.Js.-& 
.-' . :..;,4.~ 

14. Stabilization of dissolved gases in 

co 11 ected rain 

· 15. Analytical variability among several 

laboratories and techniques 

16. Procedural variability co~pared with 

natura 1 fie 1 d v ar_i_atj_o_ci:s 

17. Temporal and spatial: variability of 

precipitation chemistry .. · ... . 

18. Frequency distributrion of element 

concentrations in preci pi tati<dn and 

and rain volume for statistical analysis 

19. Interpretation of rain volume/cori~entration · 

rel ati. onships 

20. Oetermi nation of re 1 at i ve importarfce of 

precipitation-scavenging mechanisms 

21. Extrapolation of single-point pre{ipitation 

volume measurements J 

2.2. Urban influence on rain volume 

23. Optimum location of samplers in urban areas 

24. Use of wind trajectory analysis with 

precipitation data 

25. Need for and utility of within-event sampling 

or sequential sampling 

26. Design of an automatic sequential sampler 

27. Development of standard methods for regional 

and national monitoring networks 

Reference to discussion and 

analysis of the problem 

Galloway and Likens, 1978 

Galloway and Likens, 1978; 

Lindberg et al., 1979a 

Volchok et al., 1974; Dana, 1977 

Galloway and Likens, 1976; Dan~ 1979 

Galloway and Likens, 1976, 1978; 

Lindberg et al., 1977, 1979~ 

Galloway and Likens, 1978; 

Lindberg et al., 1977 

Peden and Skowron, 1978 

Peden et al., 1979 

Galloway et al., 1979; 

Hoffman et al., 1980 

Lindberg et al., 1977 

.; ,. , 
; 

' 
t 

Lunde et al., 1977; Galloway, 1980 

Kennedy et al., 1979; Lindberg et al., 

1977 

Kennedy et al., 1979; 

Lindberg et al., 1977 

Dana, 1977 

Turner and Lindberg, 1976; 

Bogen et al., 1978 

Lin9berg et al., 1977, 1979a 

I 
f 

Semon in~ 1976; Lindberg et al ; , i977, l979a; 

Slanina et al., 1979; Gat~, 1978 

Essenwanger, 1960; Lindberg et al., 1979a 

Lindberg et al., 1979a; Kennedy et al., 
I 
·l 

1979; Parker et al., 1980 \, 

Semonin and Beadle, 1977; Ray~or, 1976; 

Lindberg et al., 1979a 

Rogers and Zawadski, 1979 

Chagnon, 1979 

Gatz, 1980 

Mi l1 er et a 1 • , 1976 

, 

Raynor, 1976; Raynor and Haynes, 

1977; Parker et al., 1980 

Gascoyne, 1977; Ronneau et al., 1978; 

Raynor and McNeil~ 1979 

Dana, 1977; Galloway and Cowling, 1978 
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for improving our understariding of plant/pollutant interactions. This topic 

is discussed in Section 5.2. However, there are several aspects of the 

physical collection of wet deposition which need. to be addressed in future 

studies (some of these recommendations \'Jere drawn from Galloway et al., 

'1978): · (1} methods for contamination-free collection of precipitation ·for· 

tface organic/inorganic a~aly~es shoul~ be further refined; (2) regicinaj~ 

scale multi-site studies are needed to determine applica,bility of 

single-sit~·fueasurements~ (3) input from·~~teorologists is needed on the 

ancillary observations or measurements which should be made during 

prec{pitation coll~ction; (4) methods shoul~ be developed for routine 

co 11 ecti on of intercepted fog; ( 5) e 1 ementa 1 so lubi Hty studies in rain are 

need~d to assess the telative importance of particulate components in· 

precipitation; (6) input from plant physiologists is needed on the most 

appropriate time scale for c.ollection of precipitation data (subevent, 

·eite.nt, ~veekly?.:. discussedfurther inSection 5.2); (7) a wetfall-only 

·sampler suitable for use· bela.v plant canopies (throughfall) ·needs to be 

developed; (8) further work is needed to assess t~e effec~s of gas excha,nge 

on rain chemistry 0hile samples are in the field prior to their return to 

the laboratory; (9) the ~~~vetness 11 sensor·head currently i.n use (\~ong or HASL: 

design) on \vet/dry samplers needs to be redeveloped to provide more.reliable 

operation and to assure collection of the entire precipitation event v1hi1e 

mini~izin~ exposure time 6f the s~mplei to dry deposition; (Ib) a sampler 

should be designed to reliably filter .precipitation as it is collected; 

(11) studies on the chemical stability of throughfall samples are needed; 

. and (12) coordinated collection of cloud water and precipitation at several 
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levels be~ween the cloud base and ground is needed to increase our 

uriderstanding of scavenging mechanisms and gas/particle interactions with 

precipitation. 

5 UNDERSTANDING PLANT -POLLUTANT INTERACTIONS 

All investigations of the effe~ts of air pollutants on veget~tion 

should be concerned with careful characterization and correlation of both 

pollutant dose and plant response. A fundamental problem confronting plant 

researchers in this regard is determining (1) how to measure pollutant dose 

so that pri nc j pa 1 phytotoxic components (both chemical $peci es and exposure 

kinetics) c.re identified, and (2) how to characterize plant response in v1ays 

which can lead directly to quantifying actual or potential economic or 

ecological loss~. 

As the product of concentration x time, pollutant dose may be 

characterized in a wide variety of ways. The choice of an appropriate 

averagi ~g time and the potentia 1 .influence of peak ·concentrations duri rig the 

exposure history 'llill vary with both the biochemical reactivity and the mode 

of occurrence of the pollutant species. From measurements of so2 
concentrations near smelters at Biersdorf, Germany, Stratmann (1963) 

identified severa~ exposures which were considered important as indicators 

of pollutant stress. These i~cluded: (1) the me~n concentrati~n (assumed 

to describe a single-exposure event), (2) the total dose (concentration-~ime~ 

integral), (3) the variability of concentrations, (4) the frequency of 

recovery periods between exposures, and (5) the frequency of concentration 

peaks. In our eastern regional environment with a high density of urban and 
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industrial sources, vie must add a sixth factor- the concentration ratios 

and sequence of occurrence of additional pollutants such as ozone, nitrogen 

oxides, and PAN (peroxyacetyl nitrate). 

In general rather minimal effort has been directed toward identifying 

the critical features of pollutant dose~ particularly with r~spect to 

combinations of pollutants. With single pollutants such as S0
2 

or HF 

which are released from point· sources, localized effects may be envisioned. 

to occur primarily as a result of well-defined exposure episodes determined 

by local meteorology or topography. Here, typical exposure kinetics are 

characterized by high peak-to-mean ratios and a high variability of exposure 

concentrations over time. This regime may be superimposed on regional-scale 

levels of 11 background 11 pollutants. Especially with pollutants such as so
2 

which may be metabolized and detoxified at lmv levels, these episodes 

achieve particular significance in influencing plant response to the total 

exposure d9se. 

With studies designed to evalua:te chronic effects of regional...:sccJe 

pollutants such as o3 , so2, and NOx (see review by Reinert et al., 

1975), conditions must be designed to approximate the multiday exposures 

involvin~ multiple p6llutants ~nder generally le~s~variable pollutant· 

·concentrations. With any exposure regime, the permuta:ti ons· of exposure 

episodes and relatively pollutant-free intervals can be considered to 

·influence heavily plant physiological recovery from pollutant stress. 

5.1 Controlled Exposure Studies· 

Imp~rtant early conceptual contributions to the characterization of 

so
2 

dose were made by Zahn (1961, 1970) in a series of controlled 
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laboratory studies. These studies emphasized the importance of the 

distribution of dose during the exposure interval~ the duratioh of 

intervening recovery periods, and the role of low concentrations in 

amplifying -visible injury following subsequent higher concentratio~s- With 

tv1o species, wheat and larch, daytime pretreatment 'tlith subacute levels of' 

502 (OA ppm for 33-77 h) provided protection against visible injury by 

subsequent high doses (1-2 ppm for 2-3 h). More recently, Mclaughlin et al. 

( 1979) ex ami ned the influence of so2 dosage kinetics on photosynthesis, 

transpiration, and growth of kidney beans. Working at concentrations below 

.the threshold for visible injury (3-h avg :$ 0~5 ppm), they found that 

502~induced photosynthetic depression could be stro~gly influenced by 

varying the rati.o of the peak to. the mean concentration during exposure 

without changing the total S02 dose. No Strong evidence was Obtained to 

indicate that plants •xere sensitized to 502-induced suppression of 

photos~nthes is by previous exposure. Plant growth appeared t_o be respondfng 

to·a combination of exposure kinetics and exposure history in these 

experiments. 

Exposure history has also been demonstrated to be important in plant 

responses to atone (Johnston and Heagle, in prep.)~ Here chronic exposure 

at levels belOit the v-isible injury threshold (4 pphm, 6 h/d for 10 d) 

predisposed plants to greater sensitivity to a subsequent acute o3 dose 

(10 pphm for 3 h). Intervening periods without o3 pa~tia.l(y alleviated 

the sensitization as did chronic exposure to levels?: 6 pphm which produced 

vis i b 1 e i nj ur y. 

The importance of exposure kinetics on _plant uptake of pollutants has 

a 1 so been demonstrated for fluoride~ a task made easier by the fact that 
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fluoride is accumulated by foliage .. Compared to continuous exposure, 

fluoride fro~ the same total dose of HF was accumulated more readily with 

intermittent exposure- at a higher peak:mean ratio (Maclean et·al., .1969). and 

·less readily by intermittent exposure at the same peak:mean ratio as in the 

continuous exposure c~se (Maclean and Schneider, 1969)~ These aut~ors 

suggest that fluoride content of foliage be-used as a basiS for· regulatory 

action, a possibility which is not feasible for most other _pollutants '.'Jhich 

are more readily metabolized in plant systems. 

Attempts to generalize dose-response data into vegeta1ion-response 

equations have been made si nee the time of 0 'Gar a (1922). Heck and Brandt 

(1977) have recently reviewed these equations for the major phytoxic 

pollutants. On~ of the most intensive examinations of ~ir quality data arid 

the utility of dose-response relationships in air quality regul~tion was 

provided by Larsen and Heck (1976). In general, currently avai'lable 

· dose-response equations are derived f'rom acute exposures at continuous 

pollutant levels and· use visible leaf injury as the dependent variable. The· 

major need, at present, appears to be development of relationships \'lhich 

define plant response under chronic exposure regimes which include more than 

one pollutant and ref1 ect the importance of the di stri but ion of typic a 1. 

episodic stress sequences occurring under field conditions. 

The definition of plant response represents the second critical feature 

of dose-response studies. Our obvious interest is in losses in 

productivity, stability, or quality of the plant.5ystem. The essential need 

is for suitable indices of these effects. For years, visible injury has 

been a primary measuring stick for assessing plant damage. This concept was 

based, in part, on experiments by H~ll and Thomas (1933) indicating growth 
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losses in alfalfa were directly proportional to visible injury of foliage. 

Evidence has ac~~mulated rapidly in ~ecent years from l~boratory and field 

experiments to indicate· that grm'lth may be reduced in the absence of visible 

injury. Interest in subtle responses has led to a variety of mechanistic 

stud.ies aimed at detecting cytologi.cal, enzymatic, or general physiological 

responses .of pi ants to pollutants (see reviews. by Ziegler, 1973; t4udd and 

Kozlowski, 1975). While both leaf fnjtiry and measures ~f physiological 

change offer a convenient short-term basis for defining plant response, 

neither is a~equate alone. Plant physiolngical resilience, both in space 

and time, makes plantgrmtith and yield the most reliable ultimate. indicators 
. . . . 

cif the effects of pollutant stress on plant systems and emphasizes the 

importance of measuring \vhole-plant responses. Recognition of the 

importance of whole-plant patterns of allocation of carbon (photosynthate), 

\'.later, and nutrient resources in response to stress (~lclaughlin and Shriner~ 

1980) implies that additional responses such as altered allocation behveen 

roots and shoots may be meaningful indicators of plant/environment 

(including pollutant and other stresses) interactions. 

Ultimate development of dose-response· relations in a way that can be·· 

~eanin~fully us~d 1n ~i~ qGalitj regulation is ·obviously a tr~meridously 

complex tasL At present, we have only a few of the pieces required to 

complete the task. To adequately address it will require generalization of 

the multiple interactions of plant species, growing ~rivironment, pollutant 

dose (kinetics, composition, and history):, and measured plant processes. 

Deciding on the acceptable level of generalization is an important challenge 

to us a 11. 
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5.2 Field Research 

Carefully d~signed field-level research on the effects of atmospheric 

deposition on vegetation is the logical extension of controlled exposure 

studies. These methods may provide the only means of validation of 

laboratory results as well as providing realistic mixtures of wet and dry 

deposition and gas/particle interactions. 

·5.2.1 Qucntifying wet/dry/deposition and gas/particle interactions 

A key need regarding field-level deposition research is the integration 

of mechanistic deposition studies with vegetation effect studies in the 

forest canopy. Dry deposition cari no longer be neglected in studies of the 

role of the atmosphere in geochemical cycling or in research on the effects 

of atmospheric constituents on plants. This is particularly impo~tant if a 

constituent of dry deposition is delivered to the canopy in a relatively 

mobile (e.g., soluble) form, as recently demonstrat~d for Cd, Pb, Mn, Zn, 

and Sin both susp~hd~d and deposited particles (Lindbetg et al., 1979a). 

The relative proportion of total atmospheric deposition attributed to 

dry processes has been largely ignored in field studies until quite 

recently. Tabie 5 (right-hand.sectiori) indicates the relative contribution 

of dry deposition to total deposition measured at the Walker Branch 

Experimenta 1 Watershed· in eastern Tennessee over sever a 1 time sea 1 es (from 

Lindberg et al ., 1979a). The atmospheric input during the short-term 

e·xperiments (periods W2, 1..13, and W6) was generally dominated by dry 

deposition; only during period W3 was the wetfall proc~ss of greater 

relative importance for Cd and so;-s. Even over the·longer time scales 

dry deposition constit.uted a significant fraction of the total atmospheric 

e input of Cd (- 20%), so; ( .... 35%), and Pb (----55%). 



: Tabl~ 5.. .Cor,nparison of wet, dry, and total deposition measured at Walker Branch Watershed. Wet and 

dry deposition rates to individual upper canopy surfaces are compared when normalized to a 

unit time basis in the center section of the table .. ·The right-hand portion of the table 

·indicates the relative contribution of dry deposition to the total deposited quantity of 

an element to .the entire canopy over several time periods. 

Relative contribution of dry 

Period Normalized deposition rates to total deposition 

( llg m- 2 h-1) . 

Cd Pb S04-S Cd 

:W2a 82% 

Wet 2.7 24 42,000 

Dry 0.01. 0.62 50 

;W3b 18 

Wet 2.7 45 17,000 

Dry 0.0003 0.12 10 

W6c 67 

Wet 3.1 25 23,000 

Dry 0.0001 0.24 17 

W2,3,6 

Mean wet/dry ratio 4100 170 1300 

Growing seasond 26 . 

Annua 1e 17 

as/16 - 5/20/77; wet ~vent durati6n = 0.007 d, total period duration = 4.2 d. 

b5130 - 6/6/77; wet ~vent duration = 0.02 d, total period duration = 7.0 d. 

C7f12 - 7/18/77; wet event duration.= 0.007 d, total period duration = 6.0 d. 

d4.- 10/25/77;. total. period duration = 207 d. 

ecalendar year 1977 (data from Lindberg et al. 1979). 

(dry/total) • 100 

Pb S04-S 

100% 70% 

86 47 

. 100 80 

56 34 

53 33 
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Particle deposition is not generally considered to be an episodic 

event, such as the sudden inundation of the leaf surface by precipitation, 

but rather a chronic, cumulative exposure of the vegetation to atmospheric 

constituents. However, certain conditions can combine to create an 

unusually harsh exposure of the vegetation to potentially toxic material. 

Wet deposition rates of Cd, Pb, and sulfate measured during events of short 

duration and low rainfall volume, and hence generally high concentrations, 

were considerably higher than any of the measured dry deposition rates when 

expressed on a comparative unit-time basis (center column of Table 5). The 

episodic wet deposition rates were calculated as the areal wetfall input 

divided by the duration of the precipitation event. Although the duration 

of the rain events during W2, W3, and W6 was short (10 to 30 min), the wet· 

deposition rates during the events were- 2 to 3 orders of magnitude greater 

than the dry deposition rates measured for each period (when expressed on a 

per hour basis). 

For the initial bioreceptor, this intense episodic flux of potentially 

toxic material can play an important role in physiological effects. 

Precipitation events of short duration, low volume, and high elemental 

concentrations were common during the growing season at Walker Branch 

Watershed. In many cases, these events followed relatively long (5 to 10 d) 

dry periods characterized by high air concentrations and dry deposition 

rates. When the subsequent precipitation event was very small in volume 

(- 0.5 to 1.5 mm), much of the initial precipitation remained on the leaf 

surface, not being washed off or diluted by subsequent rainfall. The 

potential for physiological effects is enhanced when this solution contacts 

previously dry deposited material on the leaf surface. The high 
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concentrations \~Jhi ch develop under these conditions (lre further enhanced 

during the evaporation of droplets on the leaf surface. The event ~;1hich 

occurred during period W2 provides an example of this phenomenon. Using the 

dry deposit-ion rate of the water-soluble fraction of elements measured to 

surfaces in the upper canopy, it is pos·sible to:estimate the·approximate 

surface area concentrations of dry deposited material on a leaf prior to the 

precipitation event. These values are sumnarized in Table 6 including 

calculations of the total quantity of v1et deposited material~ dissolved 

concentrations in water droplets on the leaf surface 2 and total deposition. 

to the leaf, expressedrelative to the leaf infernal content. 

Precipitation of J.3 1m1 falling on a 50-cm2 leaf woulddeposit- 6 ml 

cif water. As this solution begins to evaporate, the leaf is exposed, 

although briefly, to extrem~ly high concentrations resulting from the 

interaction between. surface moisture and dry deposition~. Hundred-fold 

evaporat-Ion of the surface moihture would result in concentrations of 

dissolved constituents several hundred to several thousand time.s higher than 

typical rain concentrations (compare the concentrations in Table 6 ·with 

average rain concentrations at Wai"ker Branch Watershed of Cd = 0.44 J.Lg/liter, 

Pb = 6.8 pg/liter, and SO~-S = 1200 ,ug/liter). Knowledge of this 

situation is particularly important in re 1 ati ng precipitation chemistry to 

vegetation effects observed in the field; the need for both event sampling 

a,nd wet/dry segregation is obvious .. If wetfall had been sampled on a weekly 

basis during this same period, the pccurrente of a larger storm following 

the 1.3-mn event would have further diluted the apparent concentrations· to 

which the vegetation was exposed because of" the inverse relationship b~tv1een 

precipitation concentrations and rain volume (Lindberg et al.~ 1979a). The 



. . · ·Table 6. Potential concentrations of several elements in solution on a 

typi ca 1 upper-canopy chestnut oak 1 eaf surfai:e (50 cm2) 

following a brief summer shower which was preceded by a 10-d 
~ 

dry peri ad 

Water-soluble constituents 

Parameter 

Surface area concentration of 

previously dry deposited, 

water-soluble materiala 

·Mass of dry deposited, 

water-soluble material 

Units 

ng 

Concentration of soluble fraction 11g/liter 

dissolved by precipitation 

.Concentrationof elements in 11g/liter 

incident precipitation 

. Estimated tot a 1 concentration in 11g/l iter 

so 1 uti on on the 1 eaf .surf ace 

Cd 

0.1 

5 

1 

0.35 

1.3 

Potential concentration 11 g/1 iter 130 

following evaporation 

- r- ....--- • --..--

''Total m·ass of elements-in -

solution on the leaf surface 

Total quantity of elements bound 

within the leaf 

Total quantity of available 

fraction of elements 

delivered to _the .. :.JeaL surface 

during the growing season 

Ratio of.soluble element 

deposition during W2 to 

total leaf contenta 

Ratio of available element 

deposition during the 

growing season to total leaf 

content 

< -

11g O.OOT 

11g 0.065 

11g 1.1 

0.11 

17 

Pb 

2.6 

100 

20 

3.1 

23 

230.0 

0.15 

0.22 

30 

0.68 

140 

aWet and dry deposition were separately samp 1 ed at Wa 1 ker Branch 

S04-S 

1200 

70x103 · 

5xio3 

.lao· 

2000 

1700 

. 0.05 

0.8 

Watershed from 5/16 to 5/20/77 (period W2). Although the rain event, 

which occurred on 5/18, was preceded by a 10-d dry period, dry deposited 

element cOncentrations were determined only for the "'.2.4-d sampling 

period preceding the rain. Dry deposited element concentrations are thus· 
~ 

conservative estimates of total dry m.aterial on the leaf surfaces prior 

to the rain (data from Lindberg .et.al., 1979a). 

., 
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effect of weekly wetfall sampling in this situation· would be to obliterate 

the details of the series of events which may or may not have resulted in an 

observed effect on the vegetation. Considerable effort sh6uld be directed 

·toward understanding the combined effects of wet and dry deposition oil 

vegetation. 
.. . 

The c.ssuiilptions in the above calc;ulations result in both over- and 

underestimates of concentrations. For example, rainfall of 1.3 mm may 

rapidly run off the leaf removing a considerable quantity or dissolVed 

material .. However, personal observations in the field indicated that a 

considerable quantity of rain can be retained by leaves if situated 

hor-izontally and under cairn conditions (the.inter.ception storage·of the 

forest in Walker Branch has.been estimated at -0.6.mn of precipitation~ 

based on simulation studies, R. J. Luxmoore, personal corrrnunication). The 

calculations also assume a uniform surface concentration of dry deposited 

material; which is a p66r assumption as indicated in Fig~ 1 (from Lindberg 

et al., 1979a). At isolated points on the leaf surface \'/here deposited 

material accumulates, episodic concentrations in solution could be 

considerably higher than those estimated here. tvlore \-Jork is needed on 

. surface distribution of dry dep6sition on ve"getation.· 

The physiological effects of surface-deposited metals on vegetation, 

either in particulate or dissolved form, requires considera.ble study, as 

they are very poorly. understood. There are sever a 1 conflicting reports on 

toxicity in the literature (as reviewed by Krause and Kaiser, 1977; Zimdahl, 

1976). Hm-1ever, the estimated pH of the resulting solution on the leaf 

surface (~ 2, not indicated in table) can cause adverse effects in several 

plant species (Shriner, 1976). 6~r calculation of acidity assumes no 
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Scanning e.lectron photomicrograph of a typical chestnut oak 

leaf collected in Walker Branch Watershed. Note the 

heterogeneous distribution of ·dry deposited particles, 

including combustion ash (spherical particles} (from 

Lindberg et al~, 1979a)~ 

·~ 
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neutralizing capacity of the surface-deposited particles or of the leaf 

itself, a situation which is unusual but v1hich has been documented (Lindberg 

et a 1 • , 1979a; Hoffman et a 1 • , 1980). 

Table.6 also surrrnarizes estimates of the magnitude of the deposition 

inputs -durihg one event and over the growing season relative to the total 

leaf internal content of each element. The quantity of Pb estimated to be 

in solution on the leaf surface following the single event i'/as nearly 

comparable. to the total Pb content of the leaf. Lesser but still significant 

quantities of soluble Cd and so4 were deposited during this event. 

During the full growing season, the leaf surface was exposed to one to two 

orders. of jjjagn!tude more dissolved Cd and Pb and nearly equal amounts of 

so4 relative. to the. leaf content. While the effects of such exposures 

are unknown, the importance of ·atmospheric deposition in the cycling of 

these elements in the lal1dscape is obvious and warrants continued research. 

Another poorly understood and infrequentlyconsidered aspect of 

poll~tant interactions in the field is the role of gas/particle ~eactions on 

the foliar surface. The role of trace metals, particularly Mn, in the 

-catalytic oxidation of so2, in rain has been demonstrated in the 

laboratory; however, the ~ppli~ation of these lab6ratory studies to the 

.. atmosphere is exceedingly ·complex (Barrie and Georgii, 1976; Barrie et al., 

1977; Penkett et al., 1979). This phenomenon may play a significant role 

only under certain atmospheric conditions, sue~ as in long-lived cloud 

droplets or urban fogs. A possibly more important situation is the 

absorption and oxidation of so2 by '!Jetted foliar surfaces. The leaves of 

certain forest trees rapidly leach Mn· into solution upon wetting, with 

concentration~ in leaf moisture as high as 500 ~g/liter resulting from 
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internally leached Mn and Mn solubilized from deposited particles (Lindberg 

et aL, 1979a). Since the residence time of \vetness (dew, rain) on leaf 

surfaces can easily approach several hours, this may represent a significant 

mechani~m of increasing the de~os~tion rate of so2 to vegetation~ The 

abi 1 ity of de~'/-covered surfaces to rapidly accumulate SO~ was recently · ..... 
. . . . . . . 

reported by Brimblecomb (1978). Deposition vtas controlled by the capacity 

of the solution to absorb S02; thus, presence of sufficient Mn to catalyze 

the oxidation should result in an increased rate of deposition. The 

relative importance of such interactions to deposition rates and to 

vegetation effects is largely unknown. The qxidation of so2 to S04 

releases fr.ee H+ to solution '.'Jhich, if not neutralized by reaction with 

alkaline particle components, may result in damaging pH leve)s •. Future 

studies should be directed at quantifying the tole of gas/particle reactions 

in vegetation effects. 

Continuing examination of the chemistry resulting from the rain-leaf. 

interaction is both prudent and necessary to achieve a fuller understanding 

of internal and external mechanisms affecting leaf processes. The 

. phenomenon of strong acid scaven.ging from rain by the forest canopy is a 

we 11-k nowri but poorly .understood phenomenon resulting in the. release of 

plant-related we.ak acids and nutrients (Hoffman et al.~ 1980). ·The 

resulting pH of throughfall is often in. the 5 to 6 range, not ch~r~cteristic 

of "acid rain ... Future research Hi forests \vhere this occurs (e.g., eastern-

deciduous forest) should concentrate on canopy effects rather than on soil 

-effects, pa·rticularly on the role of hydrogen uptake and subsequent organic 

carbon and nutrient loss from foliage. 
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Additional refinements in experimental design necessary for 

understanding plant-pollutant interactions should incl~de studies of the 

following: (1) the influence of leaf surface microstructure and leaf 

exudates on· partic)e ~aptur~, retention, and gas absorption; 

(2) dose-re.sponse relationships for particle deposition; (3) possible 

effects of shifting to a dominant direct atmospheric source of plant 

nutrients and toxins rather than a dominant soil-uptake route; (4) episodic 

exposure of the canopy _to high deposition rates of both wet and dry. 

components; (5) ~;et and dry deposited material distribution on individual 

leaves and within the canopy; (6) deposited particle solubility under 

various moisture and chemical regimes; and (7) interaction of dew and 

. intercepted fog or mist with deposited particles on vegetati.on and. 

subsequent effects of the resulting solution. 

5.2.2 Ass_essing pollutant effects on plantgrowth and development· 

Quantifying pollutant impacts on plant growth and development under 

field conditions is a complex task for two primary reasons. First, 

variations in site quality between control and. test sites can make 

. differ.enti ati on of. pollutant effects from experimental 11 noise11 d.iffi cult. . . . . . . .. . . 

Secondly, particularly •t~ith perennial species, competition bebJeen plants 

within terrestrial ecosystem is a potentially importan.t modifier of 

i.ndividual and corrmunity-level.responses. The task is somewhat easier when_ 

. high levels of emissions from point sources are involved. Gordon and Gorham 

(1963), for example, were able to measure COi11111Unity-level changes along a 

63-km gradient from an iron-sintering plant at Wa1t1a~ Ontario. Alteration of 

corrrnunity composition under high pollutant burdens may be ascribed to 
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differences in sensitivity between species ~tlhi.ch can result either in direct 

effects on those species or iridirect effects due to altered competitive. 

relationships within the plant corrmunity. ·In most present situations, 

however, such well-defined concentration gradients do not exist and 
. . . . . . 

regionally elevated levels of pollutants from multiple sources are involved 

(Sh~iner et al., 1977). Here, ·quantifying p6llutant impacts require 

evaluation of growth under comparable control conditions. Major progress in 

creating a basis of comparison has come w~th the aevelopment of the field 

chamber approach (Heagle et al ., 1973; Mandl et al., 1973). With ch~rcoal 

filtration providing the 11 control" condition and compared with growth of 

plants in unfiltered ambient plots, assessment of impacts of ambient air 

regimes on .productivity of annual crops (see review by Heck and Brandt, 

1977) has been greatly facilitated. Two main research needs can still be 

identified with this approach: (1) determining \vhether pollutant uptake, 

plant physio.logical condition, and growth are comparable between unfiltered. 

chambers and field grown plants; and (~) providing adequ~te descriptiori of 

.pollutant dose characteristics so that critical features can be identified. 

Primary concerns in the first regard are that gas exchange characteristics 

includin~ co 2, water, and pollutants are comparable inside and outside the 

chambers. The intre~sed likelihood of developing water deficits in the 

continuously stirred atmosphere of the chambers must be recognized and 

supplemental ·irrigation must be provided when significarit differences 

between chambers and.field plots occur. ~lith respect.to pollutant. 

monitoring, it is essential that the exposure history over the plant grm-1th 

cycle be characterized both with respect to occurr~nce of primary po~lutants 

and the sequence of principal stress episodes. Here, a variety of 



' ' 

57 

physiological processes (photosynthetic capacity, nutrient and \'-l.ater 

relati.ons, carbon allocation, etc.) may serve as useful ·indicators of the 

sequence of events producing growth responses. Information of this type 

\'Jill be important in identifying ~tJhat principal features of air quality data 

may be useful in estimating potential yield losses at other s.ites. Another 

recently deve.1oped field chamber technique which shm·JS promise for assessing 

pollutant i~pacts under field conditions is the linear gradient system of 

Shinn et a1. (1980). This approach allows a predictablt~concentration 

gradient to be produced by iinear dilution of a poliutant introduced into 

the incoming air stream. Dose-response data obtained by subsampling along 

the gradient at levels both below and above ambient concentrations may be a 

very cost effective way. to pro vi de the response functions necessary to.·· 

accurately predict potential impacts of future increases in concentrations 

. of air pollutants on field-grown crops. Questions of physiological 

comparabi 1 ity v1ith unchambered plants and dose distribution patterns should 

also be ans;-1ered before this approach is put into \lfide-scale field use. 

Field research on growth impacts on natural corrmunities under chronic 

stress regimes is sorely needed. Here, both temporal and spatial 

characteristics of comnunity structure greatly increase the complexity of 

the task. A good example of the challenges inherent in addressing 

ecosystem-1 evel effects on a grassland ecosystem is the Col strip Project 
. . . 

(EPA, 1979). In this study, multitrophic-level studies are being conducted·· 

around an artificial source of so2·to assess potential effects of siting 

coal-fired power plants in the area. The fact that sensitivity to pollutant 

stress varies both ltJithin and between plant populations must be recognized. 

Recent v1ork with natu·ra 1 populations of Geranium caro 1 i ni anum L., a weedy 
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species sensitive to so2, has demonstrated that genetic selection for 

· res1stance to air pollution stress may occur rather rapidly (:$ 30 years) 

(Taylor, 1978). Studies in England viith perennial ryegrass have also 

indicated thatpopulations growing in areas withhigh so2 concentrations 

(100-700 ~g m~ 2 ) evolved resist~nce to gro~th_.reduction b~ 502• The 

degree of evolution of tole-rance \'las also shown to be directly related to the 

level of so2 under which they had grown~ Additional work on the plasticity 

of genetic pools in response to so2 and other pollutants is necessary if 

we expect to predict it:sponses of plant corrmunities to chronic stress. 

Because of their ubiquity, ecological, and economic importance, forest 
. . 

trees constitute a major focus of concern with respect to chronic air 

pollution- stress on natural systems. Unfortunately, few. data exist to· 

permit adequate assessment of these effects. A number of approaches are 

being used to address this task. An intensive multidisciplinary approach to 

oxidant ~ffects on the Coniferous San Bernadino National Forest near Los 

Angeles has been described by Miller and McBride (1973). It includes both 

field sampling of res·ponses at several trophic levels and mathematical 

simulations in an effort to assess alterations in system components. 

Another·multidiscipiinary effort (Legge et al., 1978) conducted in a 

coniferous forest ecosystem near a gas processing plant in Northern A"lberta 

Canada has demonstrated the utility of considering pollution impacts on the 

. total plant/soil system. In this case, reduced growth of ove·rstory 

lodgepole pine and larkpine growing within 1.5 km of the 502 source was 

attributed to reduced photosynthesis of foliage, an apparent consequence of 

reduced foliar retention of potassium and phosphorus, reduced pigment 

content, and l m-Jer 1 eve l s of adenosine triphosphate. Growth 1 asses appeared 
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to be due more to. sulfur-mediated changes in availability of soil nutrients 

than to chronic leve 1 s of sulfur uptake by fa 1 i age. A unique advantage 

available t~ these re~earc~eis was the distinctly diffetent ~nd con~tant 

34s 32s · -. f so b · · d d · h ·1 1 : rat 1 os o 
2 

e1 ng 1 ntro uce 1nto t e so1 -p ant system. 
, . . . 

Thus, impacts and fate of sulfur could be identified •tlithin system 

components. More attention to research opportunities v1ith radioisotopes, 

both stable and nonstable, may greatly assist future efforts to evaluate 

chronic po1lutant impacts on ecosystem processes. In.the eastern 

environment, r-lcClenahen (1978) has used ecological indices of community 

diversity and structure to ass.ess responses of deciduous forests along a 

50-km gradient of air pollution levels along the heavily industrialized Ohio 

River Valley. Rosenberg et al. (1979) also found increases in species 

diversity and importance in a mixed oak forest in Pennyslvania as distanc~ 

from a coal-burning pCMer plant increased. They found that compositional 

changes were generally more sensitive indicators of pollution damage to 

overs tory species than we.re growth assessments. 

Two netlly emerging tools, dendroecology and simulation modeling, offer 

promise for quantifying individl!al tree and community-level responses. 

Dendroecology is a discipline of dendrochronology, the science of dating 

growth rings of woody plants (Fritts, 1971). · As a tool for studyin·g air 

·pollution effects, dendroecology relies on multivariate ·statistical 

techniques to separate effects of tree age and local climate from those 

induced by air pollution (Nash et al., 1975). These data may be 

particularly useful ~'/hen coupled with forest simulation models (see Shugart 

et al., 1980, and Section 6) to examine long-term community-level changes. 

Of basic concern to this task are the mechanisms by which species' responses 
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are integr~ted into ~ystem responses and the effects 6f these stresses over 

time. Additional data on growth responses at levels ranging from s~edlings 

to mature trees are badly needed. 

6 APPLYING POLLUTANT /VEGETATION INTERACTION DATA TO INTEGRATED 
ASSESSMENT MODELS . 

There is increasing emphasis on evaluating 11 ecosystem-leve1 11 effects of 

·developing energy technologies. With terrestrial systems under our present 

air quality regimes, such studies imply assessment of changes within and 

behteen components of both soil and plant systems· over multi-year time 

scales. In reality, a!most all evaluations of a·ir pollution effects under 

these conditions focus on only a few components, with inferences being made 

to unmeasured ecosystem-level changes at a larger scale. Neverth~less, 

emphasis on ecosystem changes and total impacts of developing technologies 

has defined the need as never before t6 1ntegrate and focus o~r necessarily 

smaller-scale experim~nts toward larger-scale objectives. The essential 

challenge may be posed as a question :-- How do we evaluate present. air 

.pollution impacts to terrestrial systems in such a way that both present and 
... 

projected future impacts may be quantified? This task may be approached in 

severa 1 \'lays. 

One very fundamental ap~roach would involve the ~evelbpme~t of 

empiri~al dose-response equat~ons developed from both laboratory and field 

research with a variety of species. These data would then be used \'lith 

existing air monitoring data for a region to predict the range and 

distribution of grm'/th and yield alterations to be expected at those or 

projected future levels. Such an approach implies that experiments have 
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identified the principal exposure ch~racteristics limiting yield a~d ihat 

air qGality data be reported in such a manner that these charaGteristics c~n 

be quantified. Neither condition is at present adequately satisfied. When 

these data.are available, generalizations will have to be made \!Jith respect 

to dose-response equations and regions within which air quality data and 

modifying environmental variables. can be considered homogeneous. This 

. approach appears to have its greatest potential with monospecific 

· agricultural or forest crops where interspecific competition is not a factor~ 

A. second and very promising approach involves the use of an empirical 

dose~response function for a single site or selectee! group of sites to 

determine iikely responses· of vegetation over a range of other sites.· An 

example of this approach was recently discussed by Heagle et al. (1979). In 

this study, yield reductions of corn, wheat, soybeans, and spinach measured 

with open-top field cha.mber.s at ambient and above-ambient levels of ozone 

~Jere used to predict potential nationwide losses to these. crops. In spite 

of the many assumptions implied in such an approach, it represents a very 

reasonable initiation point ·of large-scale estimates of crop .loss. At 

present, EPA is planning an expanded network of these chambers to quantify 

regional difference~ in response of several crop species. Thus, nationwide·· 

damage estimates may be possib1e in the future, based on much-needed 

regionalized response functions. Potential applicability of these results 

to other species should be broadened by comparative controlled-fumigation or 

field studies involving those test species -and other species of regional 

· importance. 

Another research approach which has evolved rapidly during the last 

decade is the use of mathematical models to integrate data from diverse 
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sources to describe responses of compl~x whole sy~tems. Modeling has been a 

necessary and integral part of developing an understanding of how ecosystems 

function and respond to stress. In air pollution studies, models have been 

restricted primarily to single-plant or single-species dose-response 

functions involving visible injury ~nd dcise or visible injury and yield (see 

revie11 by Heck and Brandt, 1977). A much broader application of modeling is 

now gradually eva 1 vi ng and provides a framework within 'r'Jhi ch v1e can address 

more comprehensive analyses. Such questions as the relationship of 

alterations in plant physiological processes to whole-plant function~ and 

the relationship of community responses to individual species' responses can 

be addressed wi~h simulation techniques. 

The area in which models would appear to most effectively extend our 

understanding involves responses of forest ecosystems to chronic.air 

pollution stress. Here, the complex structure and perennial growth habit of 

·forest cormiunities, particularly uneven...:aged mixed deciduous forests, makes 

measurement and prediction of responses a difficult task. Botkin et al. 

· (1972) made important early contributions to the understanding of forest 

community dynamics v1ith the development of JABOHA, ·a 12:-species model of 

growth and succession for a northern hardwood forest. ~~ith it, Botkin· 

(1975) subsequently examined and emphasized the important role of species 

interactions ih responses of forest ecosystems to environmental 

· perturbation. More recently, Shugart and West (1977) de vel oped and 

parameterized a 33-speci es model of southeastern forests (FORET), \'lhich \'las 

used to examine the influence of chestnut blight on growth and successional 

p~tterns of eastern forests. This model has subsequ~ntly been ~sed by 

i·kLaughlin et al. (1978) and ~~est et al. (1980) to examine the potential 
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influence of chronic growth inhibition by air pollution on both species and 

stand-level. biomass responses. In these studies~ hypothetical levels of 

externally introduced stress on grov-Jth of each species were assumed, based 

on literatu·re data on species' relative sensitivity to visible injury and 

growth responses. A maximum growth stress of 0 to 20% '.'las imposed depending 

. on a species' sensitivity ranking. A model of this type allows one to study 

interactions between stand age and composition at the time of stress 

initiation~ 1evel of stress, and time since stress was .initiated on total 

stand biomass and it? d i stri buti on between component species. In th.ese 

studies, both competition and stand age \'/ere identified as important 

modifiers of forest responses to air pollution. Other types of forest 

models and their potential applicability to air pollution problems have been 

review.ed by Shugart et ai. (1980). 

At present, mode1s of the type described above must be regarded as 

tools with 'n'hich to address diffic)Jlt tasks, integrate data~ and identify 

needed research. Their output cannot provide final quantitative answers 

until we have. b.etter da,ta on chronic stress effects on individual. species. 

They emphasize the need for data on relative species' sensitivity to chronic 

stress and for better quantification of responses to stress of mature trees. 

in mixed corrnnun it i es. The former may be addressed through use of 

field-chamber techniques now used primarily for agricultural crops. The 

second task is more difficult. Hm-Jever, the field of dendroecology has 

great potential for addressing this problem. To document impacts of air 

pollution on forest growth over the past 40 years~ during which chronic 

regional..:scale stress has.increased sharpl.y~ will require techniques for 

assessing changes .in annual pollutant levels. One potentially useful tool 
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for obtaining histories of exposure to general air pollution stress is heavy 

metal analysis in the individual rings (Lepp, 1975). This approach has ·been 

used in Sweden (Symeonides, 1979)· to construct histories of heavy metal 

pollution, though Tian and Lepp (1977) caution that factors such as radial 

transport and soil uptake must be fully u~derstood to ~se this technique 

accurately. In the S'.vedish study, both lead and copper shm-1ed little 

lateral movement and v;ere useful in constructing a decade-level history of 

metal pollution at the study site. Recent developments coupling x-ray 

emission sp-=ctroscopy (Va.!kovic et al., 1979) with growth-ring analysis show 

promise for using a variety of trace elements for historical analyses. As 

these techniques are furth-er developed, they may provide useful data for 

constructing historical indices of regional-scale chronii stress. 

Ultimately, aisessment of air pollution impacts over large spati~l 

scales must rely on development of large-scale data. bases defining the 

nature and distribution of the resources \vhich may be sensitive to those 

impacts. Such a system depends on computer analysis of multiple variabl~s 

for a large number of landscape units. The size and amount of detail 

· ·entered for these units may vary depending on the nature of the task 

add~essed. An Bxample of such a system is·the Geoecology Data Base 

developed by Olson et al. (1980) .. Formatted at a county level, it includes 

over 1000 variables on terrain, water resources, forestry and other 

vegetation, wildlife, agriculture, land use, climate, air quality; 

population, and energy.· The utility-of such a system in addressing 

regional-scale assessment of effects of acid precipitatio_n on soils vJas 

recently_ illustrated by Klopatek et al. (1980). Here computer maps of soil 

pH, cation exchange capacity, and base saturation were overlain with similar 
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maps of current levels of hydrogen ion loading from acid rain. Resultant 

analysis identified at a county level. of resolution those areas in \•lhich 

soil pH was most likely to be impacted. This type of system has great . 

diversity and utility for a wide range of ecological problems. While one of 

its great ~alues is its ability to use generalized ecological relationships 

in large-scale analyses, .it calls on us to identify and perform those 

experiments i-.thich will make generalizations as accurate as reasonably 

possible. 
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