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1 INTRODUCTION

Co]]eciion of‘fhe data necessary to adéduately addfeSS the issue of air
pollutant/vegetation interactions is not a straightforward‘task. A
formidable challenge is acquﬁéition of -data unbiased by the experimental .-

" design, uncomplicated by the wide .degree of'vafiabi]ity‘associated with
natural systems, and uncohtamiﬁated by the sampling eppafatus.: Those who
advocate strfct]y controlled experiments in which variables are manipulated
are faced with noncomparabi]ity with the "real world.” On the other hand,
those who advocate fiesld studies of po11utant/ecosystem'interaetions are
often accused of being unable to clearly interpret their data in light of

the known var1ab111ty of severa] uncontrolled, interrelated parameters. The

| u1t1mate soWULlon w111 11k°1y 1nvolve an 1ntegrat1on of these two aoproaches."'

Another difficult problem is one of scale. The most apparent effects
»of air po1]utanfs on‘tefrestrial bﬁota, including man; occur on a ioca]ized
scale in urban and 1ndus»r1a] areas where pol]ULant concentrat1ons are hlgn
due to local activity. Howevor ecosystem level effects resu]t from
pollutant exposures 1nLegrated over both time and space. Such effects are
often due to chronic exposure to 1arger port1ons of the atmosphere where
"~ pollutant concentrations are much smaller because of dilution and removal
ﬁechanisms. The situation js further complicated by effects re]ated to
| exposure to pollutant mixtures and to transient pu]ses of high po]lutant -
concentrations. The distinction between Tocal and reg1ona] po]]utant
concentrations is-critical in the'design of sampling programs. Because of
the censiderable decrease in atmoépheric concentrations of gases'and
part1c1es from Tocal to reg1ona1 and global-scales, the necessary sample

collection and ana1yt1ca1 methodologies are quite d1fferent in many cases.




Methods useful in mon1tor1ng local pollution 1evols may be 1nappr0pr1ate for
the mqn1tor1ng of regional "background" 1evels. The problem is further |
compounded by the fact that most constituents of anthropogen1c emwss1ons '
also occur naturally 1n.the atmosphere. This suggésts the need %or
increased sensithity, pfecisibn, accuracy, -and time resoTution in'fthrE"‘
mbnitoring tsshniques. o ‘ | R | |
The objectivé of this discussioﬁ}is to sonsider these and other
'probiems invoived in the acquisition, interpretation,'and épp1ication of
data collected in studies of air7p01]utant interactions with the .terrestrial
envirbnment. Empﬁasis will be placed 6n a‘sritica1'evaiuation.0f;current
“deficiencies and future research needs by addressing the following
"quest1ons, (l) which oo]?uLants are eitner su|f1c1ent1y toxic, pervas1ve or
persistent to warrant the expense of monitoring and effects researcn;
(2) what are the interattions of mu1t1p1e po11uténts durfng deposition and”
how do these inf]ﬁenco foxicity; (3) how do we co]lect report, and
1nuerpret dnpos1u1on and air qua11ty data to ensure its maximum u»111ty in
assessment of potential : ea1ona1 env1ronmenta1 effects; (4) what orocessos
_do we study, and how are they measured to most eff1c1ent1yldescr1bevthe'f’
relatiOnsﬁip between air quality dose and ultimate imbaqts on terrestrial
'ecosystems; and (5) how do we integrate siteéspecifi; studies into regional

estimates of present and potential environmental degradation (or benefit)?

2 CHARACTERIZING  AND MONITORING ATMOSPHERIC CONSTITUENTS

2.1 What Pollutants Are of Interest?

Monitoring implies field measurements which can sense changes in

environmental quality so that corréctive measures may be taken before




serious deterioration results. Physical measd%ements of Cerfain atmospheric.
paraméters (temperature, wind speed and direction)»ﬁan be made with speed
and simplicity, such thét interpretations of changes in physical paraméters
can be made near1y simuitaneously with the méésurements.A Some cheﬁicaT
measuremenus, such as pH and trace gas ‘concentrations ‘502’ NO, 03, CO)

- can also be cqwu1nuously mon1tored us1ng re11ab1° field 1nstrumentat1on.
‘However, for other critical chemical parameters (toxic'meta1s‘and organic
compounds‘in e2ither gaseous form,‘partic]e—ass§ciéted, or disso]ved in
meteoric waters), substantial time delays befWeen sampling in the field and
measurement in the laboratory are required.

The deciéion of which constituents to monitof:on'1oca1 qnd regioné]
sca]es is not aé_straightforward as ft may seem. -There 1is, of(tourse,_the
general pnysical categorization of gas phase vs:particle~associated, and
beyond that, organic vs iﬁorganic. Sinée in many cases séientists'have
specialized in either particle or gaseous pollutant interactions, this seems

a logical division.

2.1.1. Particles

The sourcos of many of the ]ong 1ived partxcles 1n the atmosphere are
various combust1on processes, both natura] and assoc1ated w1th man's
activities. It follows tnat those elements which exhibit, or whose
compounds exhibit, high volatilities might be expected to occur in
relatively high atmospheric_concéntrétidns. In addition, volatile elements
are genera11y discharged from ‘combustion sources as either gaées.érA
associated with submicrbn‘partfc]es, both phases.béihg re]ative]yrpoor1y'

contained by conventional emission control technology and exnibiting
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~relatively Tong atmospheric residence times (Van Hook and Shu]tz,‘1977;‘ E
Keyser et al., 1978). Gas-phase reactions with'particjes result in |
preferential conéentration'of volatile eiements on‘pafticje surféces
(Natusch et al., 1974; Natusch and Wallace, 1974; KeyserAet al,,‘i978) which
may ingrease their effective bioavailability thkohgh'sé1ﬁbi1fzat10n |
 ‘Eeé¢t1ons (Sisenbud and Kneip, 1975; Lindberg et al., 1979a).

A list of tHe elements having the above ¢haracieristics and suspected
or_known to cause adverse environmental effe¢ts'indicates_that there is some
Justification for the‘monitoring of approximately 25% of the.elements in the
"~ periodic tgb]e. Although it is difficult to develop rigid prjoritfes from
such a cursory examination, it is he]pfu]lto select a more tractable list of
priority constituents of atmospheric particulate matter; We have selected
“those elements which have been repeatedly identified elsewhere in lists of
toxic‘e]ements/compounds, e]eménts readiTy mobiliied by man's activifies,
and elements highly enricnad in both urban and regional aeroso]si(SChroeder,
1971; Duce et al., 1975; Zoller et al., 1974; Andren aﬁd Lindberg, 1977;
Heindry;kx, 1976; Lawsbn'and Winchester, 1978; Gordon, 1975; Van Hook and

Shultz, 1977; Morgan, 1975; Vaughan et al., 1975; Lim, 1979). . This list

- includes the following: Hg, Cd, Pb, Sb, Se, S {as acid sulfates), and C (as

hydrocarbons). Becaﬁse of the existence of Hg primarily-as a vapor in
.combustion and other industrial processes and ih-the ambient air (Lindberg
and Turner, 1977;'Lindberg, 1980), it will be considered in the discussiqn N
of gaseous pollutants. |

Carbon is included in this 1ist to represent the gengra] c1ass'0f

airborne microcontaminants which are becoming increasingly important because

of their ubiquity and toxicity (including carcinogenic and mutagenic
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activity)(Ch}isp et d]., 1977; Fisher et al., 1979). Of these compounds
simple, polyaromatic, substituted, and halogenated hydrocarbons may be of
most concern (Weisburger, 1979; Bjorseth et al., 1979; Griest and Guérin,
'1979). Because of fhe limitad know]edgeigoncerning their behavior,‘
cdnsiderab]e reéeafch 1s'required in the areas of(sampiing'ahd anéTytiéaT
'mefﬁbdéiogy;.étmdspherfc frénsport éhd‘frénsfdrmétiﬁn, éhd'tﬁé effects of

.organic micropollutants on the terrestrial environment.

2.1.2., Gases

The”géseous ﬁoi]dtantﬁ Which cu%fently‘otcur at ph&toto%fc_]evels'dver
broad areas of industrialized countries are Sdz, 03,'and NOZ' The
U.S. Environmental Protection Agency (EPA) annué]]y publishes a National Air
Quality and Emiss%ons Trend Report (mdSt'récent1y for-1977) to report 4
temporal and spatial variabiiity in Tevels of these pollutants. Concern .
over their occurrence and distributfon 1§'baséd p%ﬁmariiy on their potential
interactions (see Reinert-etAa];; 1975) at the re]atiVe]y Tow levels
(< 0.10 ppm).at whi;h»they occur on a regional basis. Problems of a local
-~ scale may a\svoccur around industrial point sddrces of HF, SiF4,'C12,
HC},'NH4, and HZS; howaver, none of these pdllutanté cqrrent1y warr;ni'
the expense of a national moﬁitoring 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 hbmo]dgs)
may.becomé more significant. Comp]ex‘érganic aﬁd sulfuf—containing ) |

compounds may become important as effluents from the developing coal




“conversion industfy (Gehrs et al., 1980). Theif signffiCance will depend
heavi1y_bn techno]ogicel choices (su]fur recovery ang off-gas ?}arjng)
currently being considered.

Increased reliance on coal may make monitqrinchf volatile trace
inorgenics an important cpnsideratioh in evéiuatiné potentiel 1dhg-term
Hmpacts cn cerre$£%1a1 ecceystem§§ ‘Mercuky is a botehciaT]y ph&tdtbxic‘
po11utént which 15 emitced pfimari]y in gaseous form during the combuetion
" .of coal, remains és 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 What Levels of Concentratwon Are of Interest
at the Source and at the Receptor? o

" The variability of trace element concentrations in ambient air and in
prec1p1tac1on co]]ec abcve'and below the forest canopy has recently been-
reported to be over several orders of magn1tude (McMullen and Faoro, 1977;

" Lindberg et al., 1979a). It is apparent from these reports that some
know]edge of expected concentration ranges 1s necessary to ensure accurate
selection of both sampling and ana]yt1ca1 techniques prior to the initiation
. of monitoring. Only then can one be assured of optimium'precision and
accuracy in recorted data without complicating future data»ana]yseé with the
reporting of "less than" or "below detection" values or data.resu1ting from
detector overload or non?inearvresponse prob]emsn | |
Although there exists considerable data on time-averaged concentrations

in various media, there is a need for determination of short-term




concentrations at the exposure microsite itself. »In the context,bf this |
symposium this includes the concentration'in‘the-air ét the’ieaf‘bOUndary
]ayef, the concentfation of dry deposited materia] on the foliar surfate,
and fhe contentration of material -in solution on thé fd]iar”surféce as a

. resu]t of wet depos1t1on and subsequent 1nteract10n W1Lh prev1ous]y d"y
'.depos1ted naterial These data are strongly related to vegetat1on EffECLS
“and should prove essential for predictive purposes. An additional need is
for analysis of fine-sca1e'tempora1 variations in conCentration both at tﬁe
source and at the receptor. Studies of temporé] variability nave proved
very useful in the identification of pollutant sources éﬁd mechanism§ of
surface transfer and in the prediction of vegetation effects (Raynor, 19763

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

2.3 Samp]ing,and Analytica1 Methodb]ogy.‘

It is w1d=1y rccognnzod by those fam111ar w1th highly sen51t1ve,
multielement analytical techniques employed in air oo]]ut1on sLud1es that:
-problems assoc1ated A1tn samp1e collection are often the "11m1t1ng step" in
. achieving the levels of precision and.accuracy4necessary for unbiased data
analysis. The generai problem of representative sampTe co11ec£ion (as
influenced by contamination from'co]]ectﬁon surfaces or reagents,
irreversible loss of some compbnent of the po]lﬁtant to the sample
container, and post-depositional reactions between seVeraT‘po1Tutants)-often‘
“controls detection~1imits,,rather than sensitivity of the analytical
instrumentation (Altshuller, 1972, Lindberg et al., 1977). |

~ It is not the intent of this review to describe in detail the wfde

range of sampling and analytical techniques used in this field (see.

we
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‘the discussion by Newman and Gordon; this symposium). Rather, we Wi]]
review the problems associated with the collection, éné]ysis, and
1n{erpretation of particulate po11utaﬁts_in.the atmosphere. The problemsv.
aséociated with sampling and'ana]ysfs of gases are primarily those of
--achiéviﬁg'micro—sca1e-response'times pf'the associated ané]ytica]
iﬁstfumentatioﬁ'ahd uneqhi?dca]lsébération of gas and bartiéu]été'spéciéé.bf
the same element (e.g., S, N).  The former problem is largely limited to the
fiéld of micrometeorology where subsecond response times are often necessary
fof eddy correlation calculations of pollutant fluxes (chks and weéely,
11980). In general, the available technologies afford sufficient respdnse
times (Seconds to minutes)~for-the>needs of the plant physidlogist - |
. interested in major gaseous po]]utant effects (03, SOZ; N02). WOrk;is.
Aneeded, however, on devalopment of subminute respdnse samp]ers/detectors for
_trace-Tevel §ases (e.g., CS,, Hg®). "The problem of'sépafationAof gas and
particulate forms appliss equally to particulate chakacterization énd will
be discussed below. - | | |

In our opinion the problems associated with particle co]]éctiqn:are
- more complex and the solutions more urgen§1y needéd. While aéroso]
~ concentration monitoring is accepted as a necessity in human health effects
studies, its re1at%onship to terrestrial effecté studies may not be as
apparent (National Research Counci1; 1979). At é recent-EPA—sponsored
“workshop on dry deposition'methodo]ogies (Hicks et al., -in preparation),
several experfs in the field advocated the use of_monitoring data on
suspended-particle concentrations toica1cu1ate dry deposition fluxes. This
suggestion reflected the recognition of the inadequaéies of dry'depositién

"collectors" (discussed further in Section 4.1.2)._.




Particle sampling procedures are subject to errors related tq
gravitatiuna], inertial, diffusional; thermaT;.and electrical forces_and
chemical interactions. In addition, the problem of spatfal heterogeneity of
the dispersed aerosol may, in itse]f; overwhelm the‘others. While these
prob1ens dlrect1y confront the researcher act}vely 1nvo]ved 1n samp]e '
co]]ect1on we are a11 SubJe’t to the prob]em of 1m0roper 1nterpretat1on and
application of data collected without careful attenulon-to potential |
sampling and analytical errors. This.discussion is aimed primari1y tbward
those -individuals, who may not .be exbertskin the~f1ejd<of particle physics,
Wwith a need to interpret. existirg aerosol datd ih the context o%‘ zﬁr‘ ; -
po11uLant aposition and EfTECLS stud1es or to acqu1re their own data wh11e
constrained with .1imited resources. A recent, more detailed review of
aerosol measurement is presented in Lundgren et al. (1979).
| ' Suspended partic1es aré‘cq11ecteu urimarily by three‘techhiques:
filtration, impaction, and impingement or scme combindtion of these, with
ffltration and fmpaction used in more than 75% of ihe app]icatfons. With
some exéeptiuns, filtration yields only the "total" aerosol while impaetion
also providesftheepartic]e size distributﬁon. In their“simp]estvform
aerosol filters consist of an inerfvfilter ho]der‘through whichAeir‘is drawn
at flow rates ranging from ~ 1 1iter/min to —~1800‘1iter/min, The most

~ often used impactor, the caseade impactor, consists of a series of orifices .
of decreasing diameter behind which are mounted the impactiou surfaces‘
intended for chemical analysis, and onto whieh particles in a selected size
Arenge are deposited as air is drawnAthrough'tﬁe device. Impactors also
of ten ut111ze f11ters as impaction surfaces or in a "“backup" mode to collect

the f1nest 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, particularly when'abpliéd jn'the context of
this symposium. Table 1 lists several specific prob]emsvﬁhherent<ih these.
methods. In genera1,.the specific problems all re1ate'f6.the collection of
a sample represéntative of"material suspended in_tﬁe“atmpsphere‘or the =
pérfbrméncé Sf'an.aﬁéTysis‘ffue1y representative of the collected material.

In the case 6f fi]trafion methodé,-the ana1ytica1 problems are often
‘related to the filter itself or td post;deposifional changes in particle

chemistry following collection. Of the many'fiiteré‘now available, the most

~

.often used are g]aés fiber and celluTose in high volume (~ lSOO']iter/min)..'

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

. polycarbonate, teflon) in addition.to glass fiber and_ce]]ufose,inl]ow

‘ volume (~ 1 to 30 liter/min) and 1mpaét0r samp]efs. While glasé'fiber'
filters have been the standard in Hi-vol sampling and are known to- exhibit
high efficiencies for retention of submicron'aerosbfs'(Lockhart ét al.,

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

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

1975;mSieverfng et a],,,1978). On the other hand, because of their inert
nafure'with.respéct fo organic solvents and their're]atively'Tow'abi1ity to
adsorb many hydrocarbons, particu]ar]y po]yaromatic hydrocarbdnS.(Brown

et al., in preparafion), glass fiber filters may be the on]yAéhoice'for
trace organic analysis of‘aero$o1s (see Pierce and katz, 1975). While
cellulose filters are consistently lower ih trace—e]emeht content than glass
fiber, theylmay exhibit lower pértic]e collection efficieﬂcies (Lindekin et
al., 1963; Sievering et al., 1978), é]though 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 ' e . Impacfors -
1. High b]anks_(confaminat’ion)(+)a ' 1. AHigh bianks (+)
2. . Non-isokineéic sampling (—)b o 2. Non-isokfnetic sampling (-)
3 'Smajl'partic1evloss (-) | | 3 Pa}ticTe bounce ( AS)F
4. Pressufe dfop-deéfeasing flow (-) | 4. Wall loss (AS, -)
5. Clogging (-) | 5. Small particle ]oés (-, 48)
6. Gas/particle reactions on filter 6 Pressufe drop—variable f]bw
surféce (£) . | | ' | rate ( AS) |
| ~7; Imcompatibility bf'f11fer with = S C]ogging (of backﬁp filter)
| extra;tion or analytical methods (%) V - ,' (-, AS) |

8. Gas/pa?ticle reactions on R
‘impaction surfaces |
(£, 49)

9. Incompétibi]ity of sticky-
coated surfaces with
extraction or,analytiéaT
methods-(i) | -

10. Detailed aerosol behavior
obscured by'1ong sampiing‘
times (4S)

11. Uncertainty in intérpretation
of pafticle‘sizes on backsrop

filters ("less-than values")

. a(+) - generally results in overestimate of concentration.
- b(-) - underestimate.

¢( AS) ~ results in a shift in the apparent particle size distribution.
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I TABLE 1
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The question of filtration efficiehéy a1$o applies to 1ow—f16w.samp1e}$
employing membrané filters. Large particle collection effibiencies
(>3 ym)idecrease under conditions of high filter 1oad1ng, while
efficiencies xor smaller partit]esA(< 0.5 pmj may decreése-under COnditions.
. of very Tow filter 1oad1ng (Fan and Gentry, 1978; Skogerboe et al. 1977)
Laboratory --Jd1es of mombrane filter eff1c1enc1es have 1nd1cated tnat )
particle collection efl1c1ency decreases rapidly, from ~ 90 to ~ 20%, as
particle siz2 decreaées pelow 1 um for Nuc]epbre filters of pore size

rangihg'from 1 to 8 um and is dependent on pressure drop (Liu and Lee, 1976;

" Spurny et al., 1959, 1974). For 0.6-pm Nuclepore and 5-um Teflon membranes,

‘ efficiéncies ranged beiween 80 and 100% for par;1cles»0.03 to-l.O-um {Liu
and Lée; 1976).. Eurthef research is needed to_Qeye]qp thepry app]jcable
under the conditions of hfgh pressure drop and compressib1e-gas»f]ow
‘occurr1ng in routine us=. Part1c1e retention is also strongly 1nf1uenced by
" the dcs1gn of the sampisr intake, 1ts or1entat1on w1th wind d1rect10n, and |
the use of external rain shields (Pattendon and'Hiffen, 1977). A typica]

. filter sampler collectad iargeAparfic1es (> 10 pm) with an efficiency of

< 15%,V.Sipce partic]es}fh%this size range are readily rémoved from thé'
atmosphere by deposition processes, the underestimate of this fraction nas
important implications to pollutant effects studies; | -

Thé choiée'and application of filter and.samplér types in the field
mﬁst be based on considerations of anticipated loading, particle size
»distribution,_and analytical methodology; Such kestrictions'may preclude.
the development of a universally applicable "total" aerosol sampler. tUntil
this becomes available it is our responsibj]ityAto presenf and interpret
particle concentration data with consideration of the limitations of thé

technﬁques and to apply these data in effects studies with considerable cére,
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The quality of éir concentration data may be 1%mited by the accuracy of
the measurement of tota] air flow thrdugh_the‘sampleé. An ﬁncértainty'jn
air flow rates of ~ 25%, for example, results in én equa]‘uncertaiﬁty in
element concentrations in the atmosﬁhere. Continuoﬁs f]ow‘monitoring iS not
.a1ways feasYbTe; yet, flow rates may vary substéntjal1y dﬁring-the copf$e~of‘
a sihgTe'céiEection beried.‘ The feSearchérAis'faced wiih the téskfof
chooéing a sampling interval sufficiently long to be compatib]é wﬁth his
analytical sensitivity and yet short enough to prevent significant
variations in flpw réf;. |

: Post-depositicha1 cheﬁi;a] Changes.on.the aeroép1'co11ec£ioh surface ..
may result in losses or gains of -some CGnstftuehts'during sampling. 'Befg B
(1976) reported that sampler design played a significant role in the
~conversion o?Apéfticu]éte chlorine to gasebus,form.' Su;h'réactions'1éad to
an underestfmate df particle concentrations and are enhanced by high fijtef
Toading and £low rates and may occur for other halidéé,'somé'compognds of
S and C, and Hg. In addition, in ambient air sampling for pakticu1ate.
‘shifateé, ovéfestimaieéjmay'fésu1f'from'ngorbtion'of S0, and subsequent
oxidation'to'301fate~on the‘co]1ection surface (Coutant,41977; Chéney and
Homolya,'1979). The effects of gas/paftic]e interactions at sample
coj]ection surfaces must be considered in more detail (and for other
elements) with the intent of deVe]oping techniques Which_minimize this
»prbblem. |

Pollutant concentration data reportedion a particle size baéis mayVBe'
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 lTow collection efficiencie§
for the large particle fraction (>5 um). Wind tunnel tests of the widely
used 8-stage Andersen impactor (28.3 liter/min flow rate) indicated

. collection efficfencies-for/5 um particles of ~ 70% and for 15 um particles
of 2% (Wedding et al., 1977b). Subsequent modifications to this impactor
(now available from the manufécturer) have increased collection efficiencies
to near 100% for 5 um and 50% for 15 um particles (Wédding et al., 1977b;
McFarland 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 um during
isbkinetic 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 é]so involve primarily the large
particle fraction. 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
pértic]es being inadvertently deposited on stages designed to collect
smaller particles (Dzubay et a].? 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 cah 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 impéction 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 greasé-coated jmpaction 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 um crystals of

(NH4)2504 on the stage of an Andersen impactor designed to collect

0.5 um 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 fo 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
C6mposition 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 col]ection, interpretatfon and application of:partitu1ate and to
some extent gaseous, air po11utant concentration eata are obvwously conp]ex |
tasks. The preced1ng review was 1ntended to raise severa] questions in the
mind of the air po]]ut1on effects researcher; we wou]d 11ke to raise a few
~more of our own. The ]mportance of a. constant and accu.ate]y known f]ow
ratelduring 111ter samp11ng is even more cr1t1ca1 in 1mpactor sanpllng
because of th2 additional dependence of particle size-separation efficiency
on flow rate. Awhen'used without a backup filter, tne designated constant

flow rate Tor any g1v=n impactor can be reae11y na1nta1ned However, in
'this-mode ons1dera31° fine part1c1e ‘material is not co]]ected “When used‘
with a backup filter, clogging and pressure'drop can result in a variable
and decreasing 1ow rate such that tne snec1f1ed part1c1e retent1on
characteristics of the 1nnactor are no 1onger d1rect1y app11cab1e. ‘How is
one to interpret the resuiting size spectrum?

Another source'of ambiguity in'impactory data arises because a
eignifieant fraction (>50%) of the total air cdncentration of(many -
~important major (S) and minor (Pb) po]]utant elements are captured on the
"baekup'fi1ter; The "asrodynamic cutoff diameter“ for the backup filter'in
the standard 8-stage Andersen 1mpactor; for exahple, is expressed'as a
"Jess-than" vaiue (< 0.5 pm). In the apn1ication'of deposition models to
. these data, should this "particle size" be interpreted as equal to 0.5 um,
_equal to 0.25 pm (midpoint between 0.5 pm and O ym)‘or in seme‘other
manner? This is criticai_in the estimation of dry'deposition fluxes because
of the strong dependence of deposition velocity on partic]e-size for
particles < 0.5 um (Sehmel and Hodgson, 1976). |

Commonly ueed samplers require collection periods of ~.12 h to severa}

days. Winchester and co-workers have studied temporal variations in
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total particulate air concentrations of several e]emeﬁts using a "streakef"'
samp1er_of their own design and proton-induced x—rayiemission analysis,
yielding a 2-h resolution time (e.g., see Lawson and Winchester, 1978). If
we hope to-understand the mechanisms of depositidn and its effect on
vegetat1on, e need to deve1op 1nstrumentat1on w1th the ab111ty to prov1de
data on short- term var1at1ons in pol]utant concentrat1ons “and part1c1e sxze :
_d1str1bu»:ons |

'A1thcugh considerable research is still needed to address these»issues,~.
there have been important developments in the last five years, some of which
‘are'how in genaral use. The ‘dichotomous sampler hasabeeh used fn several
monitoring networks [EPA,‘Mu1ti-State Atmospheric Power Production Pollution
_ Study (MAP3S), National Atmospheric Deposition brogram4(NADP)-se]ected”sites]
" and is a Vi?tua1:impactdr designed to eTaanate.SeveFaW-typica] impactor
problems. Beca use this sampler was originally intended for use in inhalation
studies to separate particles into kespirab1e‘and nonrespirable sizes
(Conner, 19663 Dzubay aﬁd Stavens, 1975), it is of limited value in studies
of depoéitjon to environmental serfaces because of the 1imited particle size
ffactionation (stage 1 < ~ 2 um, stage 2 > ~2 um). These same arguments .
apply to two-stage respirable aerosol samplers which use Nuclepore filtees
in series (Parker et ai., 1977), although there are other multiple-filter
-series samplers which have been used under controlled conditions to
fractionate aerosols between 0.1 and 1 um (Melo and’ Ph1111ps 1975).

A promising deve1opmenL is a recently designed 10ﬁ—pressure 1mpactor

compatible with ambient air samp11ng 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 #m and minimizes size distribution distortion caused by paffic]é'
bounce, reentrainment, wall loss, and evaporatiqn. This device, ﬁombjned
with a sampler providing efficient large partic]e (> 4-um) siée_
c]assificatioh, would provide the necessary data for application 6f theory
and 1abqratgry studieS.tQ the ca1cu1ation'pf‘dry-dépositfdn f1uxes} | |
| In geﬁera?; sampfing §r051éﬁ; bﬁtﬁeigh tﬁdse of ana]ytfééi'seﬁ;iti§ity;:
precision, and accuracy. For detailed discussions df aha]ytica] problems
the reader is referred to recent papers on the analysis of pollutants in air
- (Altshuler, 1972) in pracisitation (Turner and Lindberg, 1976; Lindberg .- |
etAaT;, 1977; Péden-et aT.; 1979),Aand,ih environmental samp]es'iﬁ genekalv
(Tolg, 1975; Morgan, 1975). The application of x-ray and'actiyatidn
. analysis to-studies in the atmospheric environment Qas recently.reviewed‘byb
"Ninéhésiek‘énd Déséédeiee%’(1975); th]e:Har%is'(1976)‘h557fe9fewéd chemical
and physical characteristics of atmospheric particles, describjng suitablei
analytical techniques for most of the elements in the‘perfodic table.

A crucial research need with respect to evaluating the exposure of
téfrestrial biota to éir.pol1utanfs is Chemica] and physicai speciation
-analysis. It may no longer be sufficient to know only the tpncentration of.
an element in suspendad or deposited particles but also (1) the chemical
form (for example, trivalent arsenic is considerably more toxiﬁ than the
- penfava]enf form in solution; U.S. Atomic Energy Commission, 1973; National
Academy of Sciences,'1977); (2) the physical distribution within the
_particle (trace elements in the atmosphere do not genefqi]y occur as -
discrete particles of Se, for example, but. as héterogeneous mixtures of

compounds distributed on the surface; and/or throughout the interior, of.
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particles; e.g., see Keyser et al., 1978), and (3) the solubility of the .
various forms of the element associated with the particle (known to influence .

bioavailability; Lindberg and'Har?iss, 1980).
3 PREDICTING MESOSCALE TRANSPORT

Trahgpofﬁ df"a'ﬁollufant From ébUkCe to“fedéﬁt¢r isxcdntf§11ed.by '
mesoscale méteoro1o§1cal properties. Wind and temperature fields,
precipitation patterns,. terrain, vegetation cdver,.and‘turbulencé,
encountered during transport inf]uence the'quantity of a po11u£ant
ujtimately_ée}ivered to the'gicinity‘qf fhe receptor. Several papers,
reviews, -and workshops_(Giffdrd, 1975, 1976; Hanna, 1976; Hosker, -1974;
ngpo,’l976;vHauggn, 1975):hav§ coﬁsiqered'sgme qf thg common tegﬁniqqesAand B
© inherent probiems. in modaling thefeﬁf]pentwdeliyery-ﬁrpﬁess,-~Itvw§s,theg -
consensus of the most recent workshop that there are severe limitations in
thevpréSEnt modaling c%pabi]ity'for regional'transporf, dispersioﬁ,'and
deposition of atmospheriéipo11utants. A detailed consideration’of'data“
redﬁirements, interpratation, modeling and apprcation'to estimates of
dispeﬁsiqn, and reﬁoyal jn'the.cqntext of fhjs symposiuﬁ.is presented ﬁn the

‘companion paper (Hosker,,this‘symposium);
4 MEASURING MASS TRANSFER TO THE CANOPY

Méteria] is removed from the atmosphére by two.generallprocesses,‘dry
depbsition (convective diffusion, impaction and turbulent inertfal
deposition, and sedimentation) and wet depoéition (precipitation scavenging
occurring both within and below the cloud layer). Thé importance of dry

‘deposition to the terrestrial environment is now well recognized; dry
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deposition of “pollutant" materials to a forest from groundabased sourE§s

- appears to be comparable to wet deposition (Slinn, 1976). Wet depositibn is
of particular importance, due both to its episodic ﬁature-énd the fact that
pollutants are partly (or wholly) in solution, thereby'enhanCing the
possibility of absorption by vegetatiohesukfétesgand'geﬁeré]iy in;réaSing

: tﬁé mﬁbi]ity bf‘the.eTémeﬁtifﬁAthén1éndscapé; 'Thé”consénsuﬁ at two recent
workshops on atmoépheric deposition was that the wet segment of inout 1s'muCh _
more addressable with currsnt methodologies than the dry compoﬁeht (Hicks et
al., in preparation; Shriner et al., 1980); consequent]y,'we‘wi11 emphasize

- the acquisition, interpretation, and application of dry deposition data.

4.1 Dry Deposition

As theé crucial Tihk'between.transpOrt ofiatmosphe%ic,pdlfutahts and’:-
fheir,u]timate,uptake and effects on vegetation, the processes(influencing,f
dry deposition have bean examined at levels of resalution ranging from
' ACeliu1ar to regional in scale. Depos{tion rates of gaseous pollutants are’

_controlled by a variety of physica], chemical, and biological factors .
(Bennett and Hill, 1975; Heck.and,Brandt, 1977). These ibclude
micrometebro?dgica] conditions above and within thé plant canopy, ]eaf'

- surface cnaracteristics (shape, degree of pubescence, and surféce,

cﬁemistry), and the chemical énd biological properties of'individuall
~pollutants (diffusivity, water solubility, and bio]ogica1'reactivity within

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

pollutants in terrestrial ecosystems obvioﬁs]y requifes 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 acceptab1e to addressing relevant questions in the framewohh
-of this complexity is a continuing challenge. |

Transport of pollutants to the leaf surfaces within a o1ant canopy is

- controlled by the rate of air movement and its turbulent oroperties d1th a
“simple, someuhat homogeneous, crop canopy, th“ee d1st1nct air layers can be
distinguished (See reviéew by Bennett‘and:Hlll, 1975): . (1) a Togarithmic
wind protile layer (boundary) above the canopy surface, (2) an exponentia]
<canopy—eddy Tayer, and (3) the Towest plant-air layer where direct physfcal
'influence of‘the vegetation and ground surface 1nfiuence the wind profile.

' Ultimate mOJenent of pol]utants 1nto p]ant leaves occurs as a resu]t of |
1nteract1ons between micrometeorological and plant pnys1o]og1ca1 procosses
The pathway of entry'1nc1udes the leaf boundary 1ayer,.the stomata, and the

- aqueous layar- on subsi a] nesoph/11 cell walls: (Bennett and H1J12/1973)‘ -

4, 1 1 Gases

Studies to determine rates of pol]utant flux into p]ant canop1es have '
been conducLed botn in the |1e1d using pr1nc1pa1s of momentum massy and
“heat ‘exchange (see revigw by Thom, 1975) dnd under contro]]ed 1aboratory
"_conditions where énvironmental variation is minimized (Bennett and‘Hi11;
'l1973). Valuable insights have been prouioed by both approaches. In the
’ Field,'genera1izations are required both with.respect‘to the geometry of the
plant canopy, the turbulence it induces, and. the "average“ physio]ogica] R
status of foliage, which occurs in multiple 1ayers. Nese]y and Hicks (1977)
and Hicks and»Wesely‘(1980) have reviewed the processes 1nf1uenc1ng -

turbulent transfer and depos1t1on of gases to vegetation. They note the

importance of both diurnal and spatial variations on the series of -
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, within-cehopy resistances detefminidg deposition ve]dcity. A major '
Timitation of mpét approaches is tha aesumptioh'dfze uniform deposition
velocity of 1 cm/s. Eddy flux measurements.over a lob?o11y~pine canopy
(Hicks and Wesely 1980) indicate that resistadees as high:as 10 s/cﬁ-for
'03 and 15 s/cm for SO2 can occur at n1ght as stomata] c1osure occurs.“_
Compoundwng this tempora] var1ab1l1ty for a Wonospec1‘1c forest canopyu1sv
the spatial heterogeneity of a typical mixed deciduous forest. Here,
quéntificatidnldf deposition rates to uhdersfofy shrubs and tree eeedlfngs
represehtS'an’importane'cohsfderation'if'We ar2 to relate pollutant dose
f(typice]1y m2asured as an above-canopy va]ue)'to uptake'and effects of - -
‘ bol]dfdnts on the total forest system; A |

l.Chamﬁer stddies offer ihtrigdfng possﬁbi]ities'fbr examining not -only
depdsit{dh'retes SUE'eisd.fhe aésdeiefed e%fects'dnyplahf physidlogicaT |
'.propert1es Major cohtributﬁoné'in this area havé been made by Hi1l (1971) -
~and Bennett ot al. (1973) (see also Bennett and Hill, 1975). Using a |
standardized plant canopy, Hi]] (1971) was ab]e to compare uptake rates of
2> 1> Mg O3
between uptake rate and solubility of ‘these pollutants -in water-(see

‘HF SO C] NO PAN NO, and CO. A d1rect corre]at1on

Table 2) was shdwn. This.re1ationsh1p'emphaSizes the importance of dltimaﬁe.
‘pollutant uptake by moistened substomatal ce1]‘WaT1$. Uptake rate was -also
1nverse1y related to mo:ecu]ar weight, a factor directly 1nf1uenc1ng
molecular diffusivity. These daua suggest a potent1a11y usefu] ‘approach to B
'. screening-phytotdkicjty of the variety of complex organ1c gases (i.e.
phenois) which may be released in coal convers1on processes and about wh1ch

very little is known.




Table 2. Solubility in water and uptake rate of po]]ufants
(after Hi11 and Chamberlain, 1976)

Uptake rate o Equivalent
alfalfa at "'deposition ':  ~ Solubility
Poi]ﬁtant zl.pphma -  velocity - o at ZO?C-.
o (1 min-1 m-2) - (em sty '(Em3 gas cm-3 Ho0)
00 000 . 002
N 0.6 | 0 0.10 0.05
0, 2.0 e oss
PAN 3.8 ©0.63 -
05 w0 167 0.2
.NOé   ‘.. ; 11.4 . 1.90 Dispropbrtiohéte
R c1é-.'.« TR | 2.07 30
S0, 170 2.8 39.40
RN 22.6 . s we

x‘:.~apphm ='pafts per hundréd million. :
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CaTABLE 2



A nqmber of potentially critical questions remain that appear
barticu]ar]y well suited to contro]iéd chamber studies. Thése ihciudé the
influence of dosage kinetics, frequeﬁcy, and distribution on rate of uptake;
the inf]uenée of leaf surface chemistry on absorption and-fransformation

~ (and possibly detoxification, i.e. 03—> 0, or SO, —}‘lsoZ) of
pollutants; and'the inf1uenée of pollutant ﬁixtures.on thake of Coﬁpdnéht-
species. Absorption of a pol]utaét such as SO2 into a surface moisture
layer méy be very répid but'ma} permit-subsequent Volaiiniation and
‘ o internal reabsorption as the moistufé layer evaporgtes.- ' |
|  Thei1n€égrationAof chémbér—dérfved dafaLinto matheméticaffmode1§'of
- pollutant uptake (Bennett et al., 1§73;‘Steinhardt}ét'ai;, i977)7offefs'
i Apromise of a tool for ;a]cu]afing uptakes rates over larger temporal and
~ spatial scales. Steinhardt ot al. (1977) used a single-leaf model to
é . ‘ | cé]cu]a-te-SO2 uptake on a‘statewide basis for the Northéranreat P]ains.iA» .
'Estimates based 6ﬁ projecfed increases on a more simb]istié Basﬁs'may also
-"bé'made over ]argér fegfons based on assumed uniform cover Qf‘a single test
.. crop. - Hil (1971), for instance, used upfaké“data for alfalfa-to estimate
that tota]'cénopy removal of 502 wa]d be 562 t dfllin‘a 35207km2 area
~ near Sudbury, Ontario. Potential depbsition of NO2 in. the Los AngeTes

2 -1

basin was similarly calculated to be on the order of 100 kg km “ d

Suéh ca]cuiations may prove valuable for other regions in the future, as

both beneficial and detrimental effects of S and N amendments are tonsiderédj
A principal utility of measurements of “dry deposition rates of gases |

lies in their potential for relating effects on the physio1ogy, gfowth,_and

-prOductivity of the exposed vegetation to the actual dose received (Winner

and Mooney, 1980a,b). Unfortunately, very little concurrent data exjst on



.the relationship between external dose, internal dose, and plant effects.

‘The recent development of advanced-design exposure and uptake chambers by
Rogers et al. (1977) should make these data more easily available in the

~ future. While these data may’ bo obta11ed now in the controlled ]aboracorj

- situation (sez Section 5.1); documentation of_respdnses under field:

‘conditions must await development of suitable fast-response instrumentation.
In this regard,,eddy correlation techniques<uti1izing concurrent
measurements of C0,, "H,0, SOZ, and 03-may provide-a'powerfufltoo1 -

for assessing impacts on orimary production processes of natural systems.-

4.1. 2 Parclclcs | '

Prob]ems encountered nn measur1ng part1c]e depos1+1on.to vegetat1on
inc]ude aerodynam1c affects, sma]]-part1c1e diffusion, large-particle
sedimentation; and oarcicle bounce from the receotor surface. dPhysicai
'entrapmenf by strucLur conponents of ‘the surface is a]so a factor.

' Part1cu1ar1y 1nportanc aspects requ1r1ng attentlon are Lhe behav1or of
part1c1es dur1ng impaction on foliage and the ef|1c1ency of retention.
Particle deflection, bounce, rebound, and resuspension from surfaces all
contribute to the Tocal air concentration at the same time that deposition

is- occurring. Thus, partic]e‘fluxes nay actuajly occur against a,measured
gradient. Because of tnese uncerta{nties, measured and calculated fluxes

are often in poor agreement ’ | | 1A - o _ " -

Severa] experts recent]y gathered at a USCPA sponsored workshop to
cr1t1ca11/ examine the f1e1d and 1aboracory methods used to determ1ne the
dry deposition.of poliutants to environmental surfaces (Hicks et al., in |

preparation); -The participants compiled a list of methods currently or



previously in use for estimating dry deposition and discussed in detail
their applicability to monitoring and vegetation effects studies,
emphasizing their shortcomings, advantages, and developmental needs.

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

performed 1in the.f1e1d, (2) field and wind tunnel meteorological techniques,

and (3) indirect methods of calculation. These are summarized in Table 3
'With an indic;tion 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 generé]ly more. applicable to
routine or wide-scale use and include methods with which the authors are
experienced. The techniques in Group II are mé?e applicable in é research
mode and- are brief]y'consideréd in the companion paper in.this session
(Hosker, this symposium).

Group III methods are dependent on accurate airborne concentrations

and, additionally, on accurate particle-size determinations .in some cases.

The method of concentration sampling involves use of an assumed relationship

between atmospheric concent}ation 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 depoéition velocity: V, = F/c
(Chamber]ain; 1955). Deposition flux can thus be estimated, given the air
concentration and published values: of Vd' An advantage of this method 1is
. the existence of several networks which current]y monitor air particulate
concentrationé As we continue to improve our understanding of the
re]at1onsh1p between deposition flux and air concentration, we can apply -

thS information to existing data bases. The disadvantages of this
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Tabie 3.. Methods used to estimate dry deposition

Method

Pollutant

measured

Suitability

Reference to

recent application

R R IR A LR SR I A ST o

G

17,

18.

. Gradient — -

Surface snow "contamination"

Backgreund atmospheric

radioactivity

Applied tracers

. . Open pots or buckets

Discs, plates, dishes

Sticky surfaces

Filter paper

Foliage washing

11,

. - Box budget

Eddy corre]etion
Eddy accumulation

Variance method

. Bowen ratio

Wind tunnel studies

Chamber mass balance

Studies

Air concentration

Calculations based on

physical fundamentals

ITI.

Physical measurement in the fie]d

Particles
(and gases?)

Particles

Particles or

gases

" Particles

(and gases?)
Particles

(end gases?)
Particles
Particles

(and gases?)
Particles

(and gases?)

tunnel and field heteoro]ogicaT techniqqes_

Particles or

- gases.

Particles or
gases

Particles or
gases |

Particlies or
gases

Partic]es or
gases

Particles or
gases

Partic]eé

Gases

Particles or
gases

Particles

Monitoring/research

‘Monitoring

Research

‘Monitoring

Monitoring/research .

Monitoring/research

Monitoring

* Monitoring/research -

" Research

Research/monitoring?

Research
Research
Research

Research

~Research

Research

Indirect methods ofAcalcu1ation

Monitoring/research

Research, monitoring?

Gibson and Baker, 1979

‘Lindberg et‘al., 1979a;

~ (See discussion in
. (see discussion in

(See discussion in

Barrie and Na1msley,
1978

Hodge et al., 1978;
Graustein and -
Armstrong, 1978‘

Gafland, 1976

- Davidson, 1977
Cawse, 1974

Lindbe?g'et al., 1979a;

Parker et al., 1980

See discussions in
’ Ke]]dgg et al., 1972;
Whelpdale, 1978

e

Dropbo,‘1980

Hické,and'wesely,
1980

Hicks & Wesely, 1978
Hicks & Wesely, 1978
Hicks & Wesely, 1978

Wedding et al., 1975;

Klepper & Craig, 1975
Hil1, 1971

Andren & Lindberg,
- 1977
Davidson, 1977
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technique include those associated with accurate dgtermination of air
concentrations and size distributions (Section 2‘3) | Thé éa]&u]étéd
deposition f]ux is also limited by the accuracy of tne depos1t1on ve]oc1ty
used. Considerable research is needed in this entire f1e]d

' We need atmore'thor0ggh'understahding~of the 1nf1uente'of pérticTe §ize
on Vd becahse many’pu51iéhed va]uéS‘are gﬁven for specific eiemehtS' |

without regard to size distribution (e.g., see Cawse, 1974); we need to

" define a stiandard refersnce height above the deposition -surface for all .

- field and iaboratory determinations of'Vd;.anduwe need to define the .

relationships between field and laboratory determinations of deposition

‘velocities. ‘Sehmel (1930) recently reviewed deposition ve}bcitieS‘for
~particulate and gaseous pollutants, commenting that, even for specific

- elements, Tliterature vaiues of Vd ranged over several orders of

magnitude. This has nhindared the generalization of this typé of data.

Because of the wide-ranging values and lack of-control of'severa]-variab]es

under field conditions, predicted deposition velocity models based on field -

" data are scarce (Sehmel, 1980). 'Anbther'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 502

(Murphy, 1976) it has not been approached for parti@u]ate pollutants.

The calculation method based on physical fundamentals also re]fes on
accurate measurements of atmospheric concentrations, but combines them with _
existing laboratory data on»particie-flukes to we]l-defined; geométrical]y
simple surfaces. Because of the complexity of natura}Asuffaces,;severaTA

simplifying assumptions are necessary in this application (Davidson, 1977),




“"bulk" deposition over time scales of years {(Boutron and Lorius, 1978;
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‘Considerable research is needed on deposition to complex-geametry surfaces

before this method can be applied to general vegetated canopies.

.SeveraTAGroupll methods are particularly appealing for uée‘in

- monitoring.networks or in field effects studies. These include the use of

1iving vegetation or surrogate surfaces such as -open-pots, buckets, sticky.

surfaées,'sha1low pans, flat plates, etc. These methods are'feddily

~ adaptable to most environments, are relatively inexpensive, can be depToyed

by personnai with a minimum of training, are adaptable to extraction and
analytical techniques, are applicable to uniform use in monitoring networks,

and yet, can be used 'in a research mOde:(fqr,pquoses:deCa]{bration‘withﬂ

- vegetation, for example). The remaining methods are somewhat.more_invo1yed

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 research mode.’

Consider first this latter subset of methods. Recent analytical and

sampling advanges nave made it possible to accUrately quantify trdce

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

following a snowfall and again several days later, the net increase in

chemical content being ascribed to dry deposition; or (2) snow cores are

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

-

Boutron, 1979; Dovland and Eliassen, 1976; Barrie and Walmsley, 1978;
Jernelov and Wallin, 1973; App]equist et al., 1978). While this method is
relatively straightforward and can provide historical depositioﬁ

information, the results may be confounded by spatial inhomogeneity in snow
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}chemistry, ease of sample contaminatibn; element m{grétion.in snow layers, ',4
“sublimation of suffa;e snow, and wind'rédistribution.of'éuffacé snow , N
Tayers. Further research‘is:needed to quantify the influence of these
complicating factdfé. - . | v

- The usé of background atmOSpheric-rédioactivity to'estimate'deboéition -
may:be.appiied to "é?oséd" systems, such as lakes or Tnstrumented |
“watersheds, as wei] as in sma11er—sca1e'studies‘of partiﬁ]e flux, taking
advantags of radioactive fa]fout-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 Armétrong;-1978). ,The
"~ technique may.feﬁuire'the‘use‘of sophisficated'counting equipment, but it
“.does resu]t,jn accurate estimates of radicactive small-particle f1UXe§;: :
‘Details of deposition mschanisms or short;term depoéition rates are not
generally possible, howaver, because of the often necessarj]y Tong averaging‘
- times. In investigations of ‘radionuclide accUmu]étfdn.in.wqteffbédies,
plants, or sediments, it is difficult to differentiate between wet ahd'dry_v_ :
aeposition.: Research.is needed to more thoroughly define the atmospheric
partic]e-siie distribution of'béckgroqnd radioactivity t0 enhance our
. understanding of the résponsib]e deposition:mecﬁahishs.-‘This'point also
apb]ies to the use of tracérs in laboratory'and fie]d‘studies. .Nhi1e most
often used as.gases such as 35302 (Noggle, 1980; Gar]and, 1976; Owens

131I 198

and Powell, 1974), particulate tracers ( AQ, for'exampTe).have
-been used in wind tunnels to measure depositioh prdcesseé and'rates to
fo]iér or inert surfaces (C]ough, 1973;FK1epper and Craig, 1975;-Cafison
:et al., 1976) and in field studie§ of depbsitionvand part1c1e retention by

'vegetation (see review by Chamberlain, 1970). In many app]iéat%ons, the
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1abe11ed”partic1es are monodisperse or, if polydisperse, are not
representative/of the size distribution encountered in the atmosphere.
Further research is needed using‘fabe11ed aerosols with realistic size
distributions app]iéd on larger spatial scales to facilitate interpretation
of data for extrapolation to the field. This method may be very useful in
the "calibration" 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 adabtab]e 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 suppbrt§ no other topic genérated as mucH '
controversy: From a practical standpoint, it must be accepted that such
methods hold the only hope, at present, for the monitoring of pollutant dry
depésition (if indeed it can be monitored). This sentiment was also expressed
at the Expert Meeting on Dry Deposition in Sweden (Brosset 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 depbsition 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
Jarge collection devices for deposited particles currently in use detect
primarily the fall of relatively large, sedimenting particles. Efficient
collection of small partic]es/and gases transferred via turbulence and
deposited by impactidn 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 overall mass transfer to the forest canopy,‘there seems little

alternative tolthe task of direct in-canopy sampling.

The various éurrogafe aurfaees in use int]ude the’soeea11ed HASLe
(Hea]th ana Safeﬁy LabOratofy) bucket,'Whieh has been adapted by tﬁe MAP3S
and NADP‘netwerks as a standard co11ection device, perhapsAas mueh for

convemenco as any otner reason because wetfall is collected by the same

o dev1ce (Vﬁi-wock et a] v 1971, G1bson and Baker 1979; Dana, 1979); discs

and cylinders coated with a sticky substance, non-coated discs (Nhite and

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

'1977), polyetihylene petri dishes (Lindberg et-al.; 1979a), filter paper

(Cawse, 1974), artificial foliage (Schlesinger et al., 1974), stacks of

plastic sheating (Nihlgard, 1970), and polyethylene screen (Hart and Parent,

1974). These devices have been situated at grdund’leVelain the open, 1m

above bare g“ound and Deneauh w1tn1n, or above foresz canoples ' Several

" methods devised %o aea] witn tne complications of unwanted "de;:Josﬁ:i'on'u

(i.e.,'bﬁrd drbppings, rain) include permanent eovers; Wetfail-actiyated .

~covers, manual collection prior to rainfall, and "anti-bird spikes." It

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

to measure dry deposit1on only and not bulk deposition (wet p]us dry) which

" is discussed in Section 4.2.

S1nce several mechanisms comprise the dry depos1u1on process, no one
surface may suffice to co]1eet a representative samp1e of “tota1 dry
deposition," each process requiring a different techniquelwith*its own
inherent problems. To accurately measure the flux of particulate pollutants

to the terrestrial system, it is necessary to essentially duplicate the




33

vegetation surface (Galloway and Parker, 1980). Because of its BioTogiCal

-and chemical reactivity, its complex micrqstructure, and its diverse variety

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

~measurement of dry deposition by any surrogate surface yields only an .

“estimate of depdsition'f]UX, obvious1y,]imiting our understanding of the‘

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

morphology and pollutant/foliage interactions should be encouraged to

~ develop an inért, reproducible surface more represéntative of vegetation

than those currently in use.

With thess quaiifying statemenﬁs firmly in mind, it:is.useful.to .
consider the advantages; dfsadvantages, and further needs associated with =
the surface collection methods.CUrrent1y availéb]e.‘ The open plastic
bucket, although pérhap§ the most wide1y used "sﬁrface," was a]so'the'moét

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

" standard conditions (e.g., in an upright position, 1 m above bare ground, as’

in the HASL wet/dry Samp]éf), thus facilitating intercomparative studies.

Its ability to collect relatively large quantities of material facilitates

' analysis for.both chemical speciation and concentration.  The major.

disadvantages lie in the geometry of the bucket with its'1arge side/bottom

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

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

analyzed is strongly dependent on leaching procedures, not all of which are B
standard. "The relationships between the exposed bottom surface-area and the -
true collection suffacelarea are poorly understood ahd probably nof |

consistent under field conditions. As the bucket shape is known to result:

in-unusual turbulence over the sampler (Munn and Bolin, 1971), these data
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shod]d not be uéed to estimate absolute méss.trans%er rateé.i The effect .of
such turbulence on deposition should be duahtified under controlled
bc0nd1tions. The bucket is also subject to_hiéher levels. of Contamfnatibn
because of the need to leach the large éﬁrfaée area. Piastic‘chkéfs may |
not be compatible with extraction and anéTysis of coTTepfed-parficies‘for,‘
fréce organics because of adsorption problems. | | _

These prob1éms are minimized by the use of inért_disc§; p]ates; of-
shallow dishes which are smallér in size with much'1ower‘§ide/bdttom surface -
area ratios than the bgtket; which can.be readily employed at'various ‘
orientatfons in the canopy, and which are more amenable to~u1tra—c1ean*

- laboratory procedures (if Teflon) or extractibn for trace organics (if -
glass). In addition, chemical speciation and'elementa] éolubi]iﬁy can be -

, determined‘for samples coilected over relatively short time intervals (4-7 d;
Davidson, 1977;. Lindberg et al., 1979a). Work is currently underway in-our
1abofatoryi(and’perhap§ éthérs) to déyelopua_f;tandardﬁ jhert SUrfacé With'a_'
precibitatiﬁn-activafed methanfcé] coVer:for<use in:the forest‘canoﬁy; ' |
more such research is needed. | | |

Coatfng these surfaces with a Stiéky §ubstance-wi11 increaseltﬁe
aeroso]-capture<efficien¢y3 bdt it has several disadvantages. A standard
coating wﬁich is easy to apply and is trace cohtamihant "free" dqes not
exist. The problems of (1) efficient recovery of the céptbred particles for
anaTys%s and (2) ana1ytiéa1 matrix effects must be solved. Samples -
collected on sticky surfaces are not amenable to e]emental}so]ubi}ity or
speciation studies. Fina]]y,lwe are not‘aﬁare of any compelfing
experimental evidence to indicate that a sticky surface js any better analog

of foliage than a nonsticky surface.




35

Filter paper, a wide1y‘used collection surfa&e‘ih the United Kingdom,
.iS‘reproduc1b1e; relatively jhert and "Cdnfaminant-free" (if céfefuT1y
| selected), and amenable to»standard collection methods (in practice, p]aéed
~ 1-5 m above the gfound beneath a fixed 1-m2 plastic raih cover; see Cawée,
1974).A This surface‘may'be:ihaompatib1e with_chemical'spegiatioﬁ:or o
sb]ubi]ity'stﬁdies, and in practice, requires re]ativély 1ong co]]ecfiéh
' perfodsA(a'SO d). | | | |
' The other'sukface methods in Table.3 (plastic foliage, shéets, or
écreens) have generally been applied only in~sha1]—sca1e, nighly specialized
studies of the chemistry of rain above and below the forest canopy. Beéause
of  the sizes of some of tﬁeSe surfaces, they méy be subject'té cohtamination
problems, difficulties in efficient depositéd-particie recovery and
analysis, and~incompatibility:with,typica1 mohitoring studies;‘ 

There afe several general dry deposition research needs which must be.;
"édd?gésed in'fﬁture étudieé. ‘The moétAdrgént fs fok'bqﬁh fié]q¢Sca1e dnd j_l .
" environmental-chamber or wind-tunnel studies to establish fhe ke1ationshfp
:-béfween.maferiél éo11ected by'éurrdgate.sﬁrféées and fbiiage; The?e was“
-cbnsiderable discussion at the~EPA workshop that'surrogate surfaces must be.
calibrated with vegetation~f0f a ‘thorough understanding of‘inert—surfaée,
dry'deposition data. A combination of the inert:Surface'methods‘in Group I'
(Table 3) with foliar-washing experiments ho]ds'somé promise, though there
“are'many'pfobTems regarding foliar washing-Which mUst be‘consideréd, Such )
‘ah'experiment has been attempted on avvery_smail scale by a cbmparison of
deposition rates of four tracé e]ehents and sulfate determined by leaching

- (washing) inert surfaces and foliage.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 su;face type agreed.within a factor of ~¥2.for Cd, Mn, Zn, and su]fate,
while the apparent deposition rate of Pb to the inert surféce exceeded that
measured‘to the leaf surface by an order of magnitude. Leaf surface
gbsorption of soluble Pb may have been a factor ‘and is a phenoménon worthyl
of fﬁfther investigation for its potential effects.

" ‘Before larger-scale comparative studies are attempted, several

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

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

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

.cellular leaching)?. Is there an optimumAleachihg,medium (such as distilled .

water, dilute acid, ‘detergent) which 1is amenabie to trace-level énalytﬁcal‘
techniques and is efficient at dislodging or solubilizing surface-deposited
particles, but does not promote 1nterna1 foliar 1eachfng? What is the‘
optimum 1eéching duration; does surface-associated material dissolve before,
internal material? Is there any physiological reason to analyze for the =
non-water-soluble fraction of an element in deposifed'particies? If
vegetation samples are collected and washed on a daily basis for
détermination of the net increase in "surface deposition," can one assume
that the internal leaching pool of any element is constant over thét timé'
interval? We have measdred 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). Tnis 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 which
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deposition rates measured to individual inert or foliar surfaces éanvbe
extrapolated to whole canopies. 'Mu1t1p1i¢ation Qf.the Single surface
'deposifion rate by fhe app1icab1e leaf area index should provide an upper
Timit, but research is needed to more comp]efely quantify this re}ationship.'
‘Another queétion'invo1ves*séve?a1 reCént‘repoftsnof measured nat prafd> |

R f1qxes'OVer Forestad canopies'(deterhinéd.by eddy torré1atioh methods)vand
over bare ground (detérhined by gradient methods) For séveral'pdl1utaﬁt:and
nonpollutant slements (Hicks and-Wese]y,'1980; Droppo, 1980; Dévidscn'and'
Elias, 1579). These obsarvations indicate that a serious prob]em'may exist
" in our interpretation cof dﬂaosifibn‘data ‘based on surféce;accunu1ation
Ameasurements. Th° upward fluxes measured over bare ground were attrlbutea
to local, grqund—leve] dust resuspens1on,(Droppo 1980; Davidson and Elnas,
1979), while uﬁwérd'f?pxes‘qfns, measured err‘a pine forest, were

,téntative]y attributed to fo]far emissions (Hiéks dnd Nese]y,'1978). Some
. gras§é$; severa] herbaceous'p[ants,'some‘qropfplapté, aﬁd pine treés-are‘:”

“also known to réledase particulate forms of several trace me£a15"(Beéufcrd‘_t
et al., 1975, 1977). These “1nterna1 cycles® of part1c1es'resuspended.frpm
soils or vegetafion or fé1eased“ffom-withjn,fo]iage can result in gross
overestimates of true.athospherjc deposition based on surface accumu]étion
vmeasﬁrements |
We are obviously faced with a major cha]lenge in this field to deve]op

a.standard dry deposition co1]ect1on technlque that meets the above
requirements. ' This is best approached as a mu1t1d1sc1p11nary‘task: the -
effects researcher needs to define the opfimum sémp]ing period - or define a
dry deposition "event"; the meteorologist shouId provide guidance on the

physical shape, orientation, énd p]acement'of the sampiers in the field; the
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plant pHysio]ogiét needs to define the microstructure ofJa typicaI’foIiar' 
surface; the particle physicist should describe the mechanisms by which
particles interact with various surfaces including the relative importance
of partiéle removal by sedimentation, impaction, and diffusion; the
'aﬁmdspheric Chémist needs to describé the gas/particlé interactions which
occur both in the éir‘éhd'oh‘the'éﬁ¥facé'of depds ition which'méyAfhf]uence}
' the‘mpbi11ty of'toxicity of aAdepdsited'e]ement; the ana]yticai chemist
‘needs to develcp an inert, contaminant "free" surface which can be readily
analyzed; the geochemist must define the relative importance of "internal"
element cycies to the captured particle pool; the moniiofing agency should
prepare standard procadures for using the samplers; the engineer hust design
the samp]ef with a precipitation-activated cdver fof reliable operation
undér field conditions; and we all need to consider a means of ca]ibrating

the. instrument with living foliage.

" 4.2 Wet Deposition

The wet compdnent of atmospheric deposition is much more addressab]e
wifh éurrent methodoiogies fhan the dry component, as indicated by recent
twa{kshobs-and sympoéia {Semonin and Béad]e, 1977; Dochinger and Se]fga;
1976; Hicks et al., inApreparétion). As aAresultlbf'the interest in |
‘precipitation chemigtry generafed by the acid ra%n phehomendn, theré.haQéi
been seyera] recent'studies concerned with development of precipitation‘ -
sémp]ing and analytical methodo]ogy for méjor and‘trace components
(described in detail in Table 4). |

It is our opinion that the most important research neéds_in this area |

concern the design of field experimenté for collection of data appropriate




Table 4. Recent developments in the collection, analysis, and interpretation of precipitation

-chemistry data

Problem or question ' ‘ Reference to discussion and

ana]ySis of the problem

1. Need for collection of wetfall-only éamp]es Galloway and Likens, 1978
2. MNeed for event sampling and event definition ~ Galloway and Likens, 1978;
| Lindberg et al., 1979a

3. Design of wetfall-only automatic sampler " ‘Volchok et al., 1974; Dana; 1977

4, Comparability of ;o]]ectors B | ' Galloway and Likens, 1976; Danjg 1979
5. Collection of representative samples Galloway and Likens, 1976, 1978;
Lindberg et al., 1977, 1979§
5. Preservation of samples in the ff;ia") Galloway and Likens, 1978; ;
i Lindberg et al., 1977 ;
7. Laboratofy storage of samples for‘%hemical ' Peden and Skowron, 1978 ;
analysis - ;'i % | o '
8. Development of standard hand]ing;'gna§ysis,r Peden et_ai., 1979 S i """"
and storage mefhods | . :} | :
9. Determination of precipitaﬁion and throﬁghfa]] - Galloway et al., ‘1979; '
acidity by stand;rd methods - * ' Hoffman et al., 1980 .
10. Coi]eétibn prbcedures_for traceiihorganic | ' ‘Lindbekg et al., 1977 o
Canalysis -~ - | ST H .
11. Collection procedures for trace orgénic ' Lunde et al., 1977; Galloway, 1980
| analysis | | | | B
12, Filtration of rain samples : ‘ . Kennedy et al., 1979; Lindberg et al.,
| 1977 '
13. Treatment of suspended solids in rain . Kennedy et al., 1979;
" o | Lindberg et al., 1977
14. Stabilization of disso]ng'Séses in ADana, 1977 |
collected rain
~15. Analytical variabi]ity among sévera1' Turner and Lindberg, 1976;
laboratories and techniques o Bogen et al., 1978 |
16. Procedural variability compared with | - Lindberg et al., 1977, 1979a .
- natural field vaniatiads , N : -
ST : | , {——f——j | —
. 17. Temporal and spatia]ivariabi1jty of L Semonin, 1976; Lindberg et ali, 1977, 1979a;
A' brecipitation chémistry RS A_S1anina et ail, 1979; Géti, 1978
18. Frequenty distributrion of element . Essenwahger, 1960; Lindberg et dl.,'1979a
_ concentrations in precipitation and | o
and rain volume for stétisticé] analysis '
19. Interpretatidﬁ of rain vo]ume/coﬁgentrafidn ' Lindberg et al., 19}9a; Kennedy et al.,
relationships T 1979; Parker et al., 1980 )
20. Determination of relative importaﬁce of Semonin and Beadle, 1977; Rayfor, 1976;
precipitaiﬁon-scavenging mechan{sms , Lindberg et al., 1979a
21. Extrapolation of. single-point preéﬁpitation | Rogers and Zawadski, 1979
vd]ume measurements J '
22. Urban 1nf1uence on rain vo1ume'5f557v) _ | Chagnon, 1979 ’ ‘ !
23. Optimum location of samplers in urban areas Gatz, 1980
- 24, dse of wind trajéctory analysis with Miller et al., 1976
precipitation data | | |
25. Need for and utility of within-eyent sampling Raynor, 1976; Raynor}and Haynes,
or sequential sampling . _' ' 1977; Parker et al., 1980
25. Design of an automatic seduéntia] sampler | Gascoyne, 1977; Ronneau et al., 1978;
A | _Raynor and'McNei1; 1979
27. Development of standard methods for regional Déna, 1977; Galloway and Cﬁw]ing,»l978

and national monitoring networks.
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for improving our understanding of plant/po]]utaht ihteréctions; This topic
is- discussed in Section 5.2. Hoﬁéver, there are several aspects of the :
physical collection of wet deposition which need to be addressed in future
studies (some of these recommendations were drawn<fr¢m Galloway 2t al.,
"1978): © (1) methods for contamination-free collection of precipitation for-
trace:orgaﬁic/ﬁnorgahic ahaly%es sﬁéuld Be further refined;‘(Z) regidnaf;'
scale mu1ti-site étudﬁes are needed to determine applicability of

s1ng1e sits measuremen,s; 3) 1nbut from'metEOrologists is needed on the
ancillary obsesrvations or measurements Which should be made during
precipftation collection; (4) methods‘should be déveloped for routine

" collection of intercepisd fog; (5)'e1ementé]*soTubilfty studias in rain are
needed to assess the reiative importance of particu]ate'componénts in’
precipitation; (6) input from plant phyéio]ogists is needed on the most
appropriatg time s¢a1e for.co]1ection of precipitation data (sqbevent,
7eVept,'wéek1y? ; dﬁscussed'fothef in Section 5.2);‘(7) a weffa1170n1y
‘sampler suitable for use below p]ant'canopﬁes (thr0ughfa11)'needs-to be
deveiobed;f(a) further work is.needed to assess the effec{s of gas éxchange

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

© the laboratory; (9) ths "wetness" sensor -head currently in use (Wong or HASL :

design) on wet/dry samolers needs~to be redeve1oned to provide more-reliable
operation and to assure co1]ect1on of tne entlre pr°c1p1tat1on event wh11e
:m1n1m1z1ng exposure time of the sampler to dry depos1t10n, (10) a samp]er
should be designed to reliably f11uer.prec1p1tat1on_as it is collected;

(11) studies on the chemical stability of throughfall samp]es are needed;

~and (12) coordinated collection of cloud water and precipitation at several
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Tevels between the cloud base and ground is needed to increase our
understanding of scavenging mechanisms and gas/particle interactions with

precipitation.

5 UNDERSTANDING PLANT POLLUTANT INTERACTIONS

All |nvasL1gat1ons of tn° effects of a1r po11utants on vegetat1on
should be concerned with careful characterlzat1qn and correlation of both
po]]utént dose and plant response. A fundamental problem confronting piant
researchers in‘this regard is determining (1) how to measure pollutant dose
so that principal phytotoxic components (bofh chemica1vspecfes and exp05ure._~
kinetics) ars 1den+’f1ed, and (2) how to character1ze plant response in ways 1
wn1ch can lead d1r°ct1y to quanu1fy1ng actua] or potent1a1 economic or
ecological loss. .

As fhe nroduct of concentration x time, pollutant dose may be
eharacterized in a wide v=riefy of wajs The cho1ce of an- appropr1ate.
"averag1ng L1me ‘and the poLent1a1 1nf1uence of "peak concentrations durlng tne
exposure history w1j1 vary with both the b1ochem1ea1,react1v1ty and the mpde
of occurrence of the poilutant species. From measurements of SOé
concentrat1ons near smelbers at Biersdorf, Germany, Stratmann (1963)
1denu1f1ed severa] exposures wh1ch were cons1dered 1mportant as 1nd1cators
of pollutant stress. These 1nc]uded (1) the mean concentrat1on (assumnd
to descfibe a single-exposure event), (2) the tota] dose (concentrat1on—t1me,
in?eQra]),'(B) the‘variebﬁlity ef cehcentratiens,-(4) the frequencylbf’ o
reedvery periods between exposures?'énd‘(S) the frequency of concentration

]

peaks. In our eastern regjbna] environment with a high density'of urban and
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industrial 'sources, we must add a sixth factér - the concentration ratios
and sequence of occurrence of additionaf poliutants such as'ozone, nitrogen
oxides, and PAN (peroxyacetyl nitrate). | | |
In general rather minimal effort has been dirécted toward'identifyfng‘

the c¢critical featgres of pollutant dose, pafticu)arly wifh reépect to
vcomﬁihétions'cf bo]1utahts. With siﬁg]e poT]qtantS Sﬁcﬁ'asﬁsdéddf'HF:'
which are released from point sources, localized effects may be envisioned
to occur primarily as a result of well-defined exposure episodes determinéd
by Tocal méteoro]ogy or topography. Here, typical exposuré kinetics are
characteri;ed by -high peak-to-mean ratios and‘a high variability of equsuré
_~concentratiohs over time. This regime may be superimposed on regiona]—scale
levels of "background" poilutants.» Especially with pojlutants such as SOé
wnich may be metabolized and detoxified at Tow ]éve]s, these episodes
_ achieve particular significance in influencing plant responée to the total
~ exposure dpée. ) |

- With s{udies designed to evaluate chronic effects of regional-scale
pb11uténts such as 03, SOé, and NOX (see review by Reinert et al., .
1975), conditions must be deSigned»to approxfmate the mﬁ]tiday exposures
1nv01viﬁg'mu1tiple p011ufants'0nder génefa11y TeSs4varfab1e‘p01]utant-
"concentrations, With any exposure regime, the permutations of exposure
episqdes and re]ativeTy pol]utanf-free intervals.can be considered to

“influence heav11y plant physﬁo]ogica] recovery from po]Xutant'stress.

5.1 Controlled Exposure Studies

"Impbrtant early conceptual contributions to the characterization of

502 dose were made by Zahn (1961, 1970) in a series of contrd]]ed
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41aboratory studies. These studies embhasized the tméortance ot the
distribution of dose during the exposure interval, the duration of
intervening recovery periods,'and the role of 1OW'coﬁcentratiohs in
amplifying visible injury foi]owingAsubsequent nigher concentratiohs. dith
tvio spef1°s, wneat and larch, dayt1me pretreatment w1th subacute levels of
SOé (0. 4 opm for 33- 77 h) provided protection aga1wst v1s1b1e injury by

. subsequenu hig h doses (1-2 ppm for 2-3 h). More recently, McLaughlin et al.
(1979) ex§m1ned the inf]uence of}SO2 dosage kinetics on photosynthesis,
“transpiration,_and growth of kidney beans. NOrking at cgncentratioﬁs be]dw
- .the threshold for visible injury (3-h an'S 0.5 ppm), they found that
’SOzjinduced photosynthetic depression cou]d be strdngly tﬁfiuenced by
varying the ratio of the psak to the mean concentration'during:éxposure _
without changing the totaT'SOZVdose. .No $trong evidence was obtained to

indicate that plants were sensitized to Soz-induced suppression of

photosynthesis by pravious exposure. Plant growth appearéd to be responding -

~toa combination,of‘exposure kinetits:and‘exposute h{story in tﬁese
eXperiments, | - |

Ekposure history has also been demonstrated to be importaﬁt in plant
- responses to ozone (Johnston and Heagle, in prep.). Here chronic'exposurev'
at -levels below the visible jnjury‘thresho]dl(4 pphh, 6 h/d for 10 d)
predisposed p]ants'to greater senéitivity to a subseqhent}acute 03 dose -
(10 pphm for 3 h). Intervening periods without 03 paftia]]y alleviated B
the éensitization as-did chronic exposure to levels 2 6 pphm which produced 4
visible injury. |

The importance of exposure kinetics on plant uptake of pollutants has

also been demonstrated for fluoride, a task made easier by the fact that
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fluoride is accumulated by foliage.. Compafed to continuous exposure,
fluoride from the same total dose of HF was accumulated more feadi]y with
intermittent exposure at a higher peak:mean ratio (MaclLean et 'al., .1969).and
“less readily by intermittent exposure at the same peakﬁmean.ratio as fn the
 conL1nuous exposure case (WacLean and Schneider, 1969) These'authbrs
'sugges that f]uor1de conLent of fo]1age be used as a bas1s for regu]atory'
action, a poss1b111ty which 1s not feasible for most other pollutants which
ereAmore readily metaboiized in plant systems. |

Attempts to generalize dose-response data into vegetation-response‘
equetions have been madz since the time of 0'Gara (1922). Heck aﬁd Brandt
(1977) have recently reviewed these equations for the major phytoxic
po11utahts. One of the most intensive examinations of air quality data and
the utility of dose-rasponse re]atiohships_in air quality regulation was
provided by Larsen.andiHeck (1976). In general, currently available
~ dose-response equations are~def1ved from acute exposures at continuous
pollutant levels and use visible 1eef injury as the'dependent'variable. .The -
major need, at_present, appears to be development of‘re1ationships'which

define plant response under chronic exposure regimes which include more than

. one pollutant and reflect the importance of the distribution of typical

episodic stress sequences occurring uﬁder field conditions.

The.definition_of plant response represehts the seeend critica]_feature
of dose-response studies. Oer obvious interest is in losses in T
product1v1ty, stab111 ty, or qua11tj of the plant. sysLem. The‘essential need
is for su1tab1o indices of these effects For years, visible injury has

been a primary measuring stick for assessing p]ant damage. This concept was

based, in part, on experiments by Hill and Thomas (1933) indicating growth



losses in alfalfa were directly ﬁrqboréionai to visible injury of foliage.
Evidence has accumulated rapidly in recent years from laboratory and field
experiments to indicaté that growth may be reduced in the absence of visible
injdry.' iﬁtarest in subtie fespohses has led to a vafiety of mechanistic

| stud1es aimed at dotecL1ng cyto]og1ca1, enzymat1c or genera] phys1o]og1ca]
.response> o7 ol ants to pollutants (see reviews by Z1eg]er 1973 Mudd and
Kozlowski, 1975 ). Hhi]e both leaf injury and measures of physio]ogica]
change offer a convenient short-term basis for defining plant response,
neither is adsjuate alone. Plant‘pﬁysiological resilience, both in spacé
and time, makes ‘plant growth and yieid the most re]iabie ultimate indicators
of the effects of pollutant stress on plant systems and emphasiiés the
importénce'of measuring whd]e—p1ant responses. Recogn1t1on of the
importance of_whb]e-p]ant patfe?ns ofia]]ocation of carbon (pnotosynthate)

- water, and nutrient resources in response to stress (McLaughlin and Shriner,
»A198O) implic' that additioné? responées sﬁch és-altered‘allocatioh‘befween
roots and snoots may be mean1ngfu1 1nd1cators of p]ant/env1ronment
(1nc1ud1ng pollutant and other eresses) interactions.

' U1t1mate development of dose—responsg'relatTOns in a way that can be--
meaningfuT1y used in éif’QUa]ity'regulation is ‘obviously a tremeridously
Cémp]éx task. At present, we have only a few of the pfeces‘required.to
cdmp]ete the task. To adequately address it will require geﬁera]ization of
the mu]fipfé.interacfioné‘of bTant species, QroWihglenvironment,'p011ufant
dése (kinetics, composition, and history), and measured plant prbceSses.‘
Deciding on the acceptable level of generélization is an important challenge A

to us all.
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5.2 Field Research

Carefdl]y designed field-level research on the effects of atmospheric
deposition on-vegetation is the logical extension df.control]edAexposureA...

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

. laboratory results as well as providing rea]istic'mixtures of wet and dry" _

deposition and gas/particle interactions.

| 5.2.1 Quantifying wet/dry/deposition and gas/particle interactions

A key n2ed regarding Tield-level deposition research is tﬁe integration
of meéhanistic deposition studies with vegetafion effect studies in the '
forest canopy. Dry deposition can no longer be neglected in studies of the
role of.the atmoépﬁére 1n'géocﬁemi;a1:cycling or in reseéréh on the effects .
of atmosﬁher%c constituents oﬁ p]énts.i Thfs is parficu]af]y impoffant if a
constituent of dry deposition is delivered to the canopy in a relatively

mobi?e_(e,g., soluble) fotm, as recent1yvdem0nstrated'f@r Cd§ Pb,-Mn, In,
and S in both suspended and deposited particles (Lindberg et al., 1979a). |

The reiative propoftibn of tbtél afmospheric deposition attributed‘tq
dry processes has been Targely ignored in fie]d studies until quite
recently. Table 5 (right-hand section) indicates the relative contribution
o% dry deposition to total dépositﬁon measured a£ fhe-Walker'Brahch |
Exﬁerimenta] wa{ershed'in éastern Tenneésee over severél tﬁmé sca]eS'(ffom-
Lindberg et al., 1979a). The atmospheric input during the short-term
eXperiméﬁts.(periods W2, W3, and W6) wés genera]]& dominéted by dry
aebosifioﬁ; on]y.duriﬁg periodiwé was thé wetfa]]'précess‘of.greétef
re1a£ive importance for Cd and SOZ-S. Even ovef the']ongef time scales
'dry deposftibn constituted a significant fraction of the tota}'atmdspherié

® input of Cd (~20%), SO, (~ 35%), and Pb (~ 55%).




ETab]e 5. Comparison of wet, dky, and total deposition measured at Walker Branch Watershed. Wet and

dry depositipn 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 depoéited quantity of

an element to the entire canopy over several time periods.

Relative contribution of dry

ﬁ Period | Normalized deposition rates , to total depOsition_-
? (ug m-2 p-1) S (dry/total) * 100
S | Ccd b S-S cd © Pb ~503-S
w2 L | | 82% 1006~ 70%
| Wet C 2T 24 42,000 |
pry - 0.01°  0.62 50
u3° | | 1 18 86 47
Wet o _ 2.7 45 17,000
f Dry ~ ’ ‘ 0.0003 0.12 10
06° - | | 3 . 67 . 100 80
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 56 ‘34
pmuate - S v 53 33

4.2 d.

H

535/16 - 5/20/77; wet event duratidn'= 0.007 d, total period duration
'b5/30 - 6/6/77; Wet event duration = 0.02 d, total period duration = 7.0 d.
6.0 d.

€7/12 - 7/18/77; wet event duration = 0.007 d, total period duration
di¥® . 10/25/77;- total period duration = 207 d. |

€calendar year 1977 (data from Lindberg et al. 1979).
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Particle deposition is not generally considered to be an épisodic
event; such as the sudden inundation of the leaf surface by precipitation,
but rather a chronic, cumulative exposure 6f 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
duratipn and ]ow rainfall volume, and hence generally high concentrations,
were considerably higher thanlany 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 thé 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 fates measured for each period (when expressed on a
per hour basis).

For the initial bioreceptor, this intense episodic flux of pofential]y
toxic material can play an important role in physiological effeéts.
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 conceﬁtrations and dry deposition
Eates. 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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concentratlons which deve]op under tnﬂse conditions are Turther enhanced
dur1ng the evaporat1on of drop]ets on Lhe leaf surtace. The event which
occurred during period W2 provides an examp]e of th1s phenomenon. Using'the

dry deposition rate of the water-soluble fraction of elements measured tO"

‘'surfaces in the upper canopy, 1t is poss1b]e to estimate the” approx1mate

surface arsa ¢ rcentrat1ows of dry depos1t°d material on a leaf pr1or to the .

prec1p1ta::o“ _vent These values are sumnarized in Tab!e 6 including

~calculations of the total quantity of wet deposited'materia], dissolved

concentrations in water droplets on the leaf surface, and total deposition

to the Teat?, expressed.relative to the leaf internal.eontent.

ePrecipitation of 1.3 mm falling on a.50-‘cm2 leaf would deposit ~ 6 ml

of ‘water. As this solution begins to evaporate, the leaf is exposed,

although briefly, to extremely high concentrations resulting from the

interaction batween surracelmoisture and dry deposition. Hundred-fold

~evaporation of the sur:ace noihturelwould'reSUIt in concontrations of

d1sso1ved const1tuents soveral hundred to several thousand t1mes nigher than

-typlca1 rain concentrations (compare the concentrat1ons in Tabie 6 with

average rain concentrations at walker Branch Watershed of Cd = 0.44 ug/l]uar,

Pb = 6.8 ug/liter, and 504—S-= 1200 ug/liter). Knowledge of this

_Situation is particularly important in relating precipitation chemistry to

vegetation effects observed in the field; the needAfor both event sampling

© and ‘wet/dry segregation is obvious. If wetfall had been sampled on a weekly

basis during this same period, the ~occurrence of a larger storm fo]]owing

the 1.3-mm event would have further diluted the apparent concentrations to

"wh1ch the vegetation was exposed because of the inverse re]at10nsh1p between

precipitation concentrations and rain volume (Lindberg et al., 1979a). The



" Table 6. Potential concentrations of several elements in solution.on a

typical upper-canopy chestnut oak leaf surface (50 cm2)

following a brief summer shower which was preceded by -a 10-d

. 0
dry period
Water-soluble constituents
Parameter Units Cd Pb S03-S
Surface area concentration of ng/cm2 0.1 2.6 1200h
':previously dry deposited,
water-soluble material®
‘Mass of dry deposited, ng 5 100 70x10%
water-soluble materia]
Concentration of soluble fraction pg/liter 1 20 10x103
dissolved by precipitation '
Concentration of elements in ug/liter 0.35 3.1 .5XIO3
incident precipitation
4Estimated_tqta1 concentration in ug/liter 1.3 23 ,15X103
~ solution on the_]eaf\SUrface ' ' '
Pdtentia] concentration ug/1iter. 130 2300 ' 1..5x106
following evaporation |
""Total mass of é]ementéﬁiﬁn_itr “wg 0 0.007 " 0.15 100 ° "
e : , 4 oo ‘ -
solution on‘the'leaf_surface
Total quantity of elements bound  ug 0.065  0.22 2000
within,the leaf
Total quantity of available ug 1.1 30 1700
fraction of elements:
- delivered to _the_ leaf.surface . .
during the growing season
Ratio of soluble element - 0.11  0.68 0.05
deposifion during W2Ato
_. total leaf cqntenta' '
Ratio of available element - 17

deposition during the
‘ growing season to total leaf

‘content

140

0.8

et and dry deposition were separately sampled at Walker Branch

Watérshed from 5/16 to 5/20/77 (period W2). Although the rain evént,

which occurred on 5718, was preceéded by a 10-d dry period, dry deposited

element concentrations were determined on]y'fdr the ~2.4-d sampling

period preceding the rain. Dry deposited element concentrations are thus

conservative estimates of total dry material 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 ob1iterate
the details of the series of events which may or may not have resu]téq in ani
" observed effect‘on the vegefation.' Considerabie effort should be directed
“toward understanding,fhe combined effects of wet and dry depoéition:on
vegetation. | | '
..The'aséﬁmétions in thé above’ééTculétioﬁsvresuit in both}oVér- and -

underestimates of concentrations. For example, raiﬁfa11 of 1.3 mm may |
" rapidly run off the leaf removing a éonsidérab]e Quantity'ofldﬁsso1Ved
material. .Howevér, pé*sona] dbservatiohs in thévfieid indicated that a
conéiderab]e quantity of rain can be retained by Teaves if situated
norizontally ahd under calm conditions (theAinterception storage of the
,forest,ih Walker Branch has,beeﬁ estimated at ~?0.6:mm of pfecjpjtation; ,
based on simulation studies, R. J. Luxmoore, persona]Apommunication).‘ The
ca1cuiations also assume a uniform surface ;oncentfation of dry deposited
material, whi;h is a poor éssumption.as indicated in Fig. 1 (from Lindberg .
et al., 1979a). At iso]ated‘points'on the leaf surface where deposited |
materia1_accumu}ates,_episodié concentrations in solution could be .
considerably higher .than those estimated here. More work is needed.on
"surface distribution of dry dépdsition on vegetation.’ |

The physio1ogica1'effects of surface-deposited metaTs on 'vegetation,
either in particulate or dissolved form, requires conside;able study, as
'.Afhey are'very:poor1y understdod; There'are~severa] cdhf]icting‘reports on
toxicity in the literature (as reviewed by Krause and Kaiéer, 1977; Zimdahl, -
'1976). However, the estimated pH of the resulting solution on the 1eéf |

surface (=~ 2, not indicated in table) can cause adverse effects in several

plant species (Shriner, 1976). Our ca]cu]atibn of acidity assumes no
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Scanning electron bhotomicrograph of a typical chestnut.qak
Teaf collected in Walker Branch'waterShed.A Note the
heterogeneous distribution of'dry_deposited‘ﬁartic1es?
1nc1uding.combustion asn (sphericq] pérti;]es)A(frdm

Lindberg et al., 1979a).
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neutralizing capacity of the surface—deposited part{c1es'or of the leaf
itself,:a_situation whicn is onosua]:but.ohich.has been documented (Lindberg
et al., 1979a; Hoffman et al., .1980). |

Tabie.6 also summarizes estimate; of the magnftude of fhe‘deposition
inputs;durﬁno_one'event‘and over theAgrowinglseaéon relative to the total
‘leaf internal content of each element. The quantity of Pb estimated to be
in so]utioo on the 1eaf surface following the sihg]e event was nearly
comparable to the total Pb content of the leaf. Lesser but still signifieanf |
QUentities of soluble Cd end SOZ were deposited during thi§ évent |
- Duriog the fu]1 grow1ng season, the leaf surface was exposed to one to two
ordefsiof magn 3» ude more dissolved Cd and Pb and nearly equal amounts of
SOZ re1atjve.to the.1ear content. Wh11e»the.e{fect$ of»such exposures‘
are unknown, the importance of ‘atmospheric deposition in the cycling of
" these elements in the ]aﬂdscape is obvious and warrants cont1nued research.
o Another poor]; undersLood and 1nfrequent1y cons1dered aspect of :A
poliutant 1nteract1ons 1n the |1e1d is the role of gas/part1c1e react1ons on
the fo11er surface. The ro1e of-trace-meta]s, part1cu1ar1y Mn,~1n the
'cata1yti¢”0xidation‘of.SOZ 1n ra1n has been demonstrated in tne “
1aborétory;~however the app11cat1on of tnese laboratory stud1es to ‘the
4.atmosphere is exceed1ng]y complex (Barrie. and Georg11, 1976 Barrie et al.
1977; Penkett et al. 1979). This phenomenon may play a s1gn1f1cant ro1e,
only under certain atmospneric conditions, such as in 1ong-1ived cloud
. droplets or urban fogs. A possibly more important situation is the
absorption and oxidation of 502 by wetted fo1iarfsurfaces. The leaves of
, ceftajn forest frees eapid1y Teach Mo-into so1ution upon wetting, with |

concentratﬁonS'in leaf moisture ae high as 500 #g/1iter resulting from



1nterna]1y Teached Mn and Mn so]ubi]izéd from debosited particies (Lihdberg

_et’al* 1979a). Since the residence time of wetness (dew, ra1n) on leaf

surfaces can- easily approach several hours, this may reoresent a s1gn1f1cant
mechanism of increasing the deposition rate of SO2 to vegetation;4 The

ability of dew-covered surfaces to rapidly accumulate 50: was'receht]y-

reported by Brimbiecomb'(l9785; ‘Depositioﬁ was controlled by the eapacity

- of the solution to absorb SOé; thus,‘presence of sufficient Mn to eata]yze'

the oxidation should result in an increased rate of deposition. The
relative impertance of such interactions to deposition rates and to

vegetation effects is largely unknown. The oxidation of 50, to SOZ

releases free H' to solution which, if not neutralized by reaction with

alkaline particle components, may result 1n“damaging pH ieve]s,, Future

studies should be diracted at quantifying the role 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 1hterna] and external mechanisms affecting leaf processes. The
:phenomenon of strong acid scavenging from rain by ‘the forest canopy is a
" well-known but poorly understood phenomenon résulting in the release of '

A plant-related weak acids and nutrients (Hoffmén et at., 1980).

resulting pH of throughfall is often in the 5 to 6 range, not characteristic

of "acid rain." Future research in forests where this occurs (e.g., eastern

' decidUOUs forest) should concentrate on canopy effects rather than on soil

effects, particularly on the role of hydrogen uptake andesubsequent organic

‘carbon and nutrient loss.from foliage.



Additional refinements in experimental design'necessary.fdr
understanding plant-pollutant fnteractions should include studies of the
following: (1) the influence of leaf surféce microstructuré and leéf
exudates on'partic1e capture, retentioh, and gas absorption; | '

(2) dose- resoonse re1at1onsn1ps for part1c1e dep051t10n- (3) poss1b1e
481f°CLS o7 sr'ft1ng to a dominant d1rect atmospner1c source of plant
nutrients and toxins rather than a dominant soi]-uptake route; (4) episodic
exposure of the canopy to.high deposition rates of both wet and dry
components; (5) wet and dry deposited material distribution on 1nd1v1dua1
leaves and within the canopy; ; (6) deposited partvc]e quub111ty under
various moisture and chemical regimes; and (7) interaction 'of dew and
- .intercepted fog or mist with;deposited particles on vegetétion and..

subsequent effects of the resulting solution.

5.2.2 Assessing poliutant effects on plant growth and development

.~ Quantifying poliutant 1mpacts'on p1ant_grthh and development under
fie]d conditions is a complex task for two primary reasons. First,
variatioﬁs in site qualgty~between contrb]”énd.test sites can hake
| .differentiation of pollutant effects from,experihental "noise" difficult.
Second]y, particularly with perennial species, competifion betweén plants
within terrestrial ecosystem is a pofentiaily importaht‘mddifier of |
1nd1v1dua1 and conmun1ty-1eve1 responses. The task is éomewhat easier when _
| <n1gh ]eve]s of emissions from po1nt sources are involved. Gordon and Gorh&m
(1963), for examp]e, were able to measire commun1ty~Teve1 changes along a
63-km gradient from an iron-sintering b]ant at Wawa,'Ontario. A]terationvof

community composition under high pollutant burdens may be ascribed to
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differences in sensitivity between species which can fesﬁ]t either in direct
effects on those species dr indirect effects due to aTtefed competitive,- 
relationsnips wifhin the plant commUnity. " In most preSent.situétions, |
however, such well-defined concentration gradienfs do ndf‘ekist‘and |
_regiona]]y elevated levels Qf_po]]utants.from‘mﬁ]tip1e éourées'aretihvblved
(Shriner'et.al.;_1977). Here,'auahtffyfné pb]lutant impéct§ requfré B
eva1uat50n of growth under comparab]e control conditions. Major progfesé in
creating a basis of compafison has come with the deyeloﬁment of the field
chamber approach (Heagle et ai.,l1973; Mandl et al., 1973). With charcoal
fi]trationiproviding the “control" condition and compared with growth of
plants in unfiltered ambient plots, assessment of impacfs of ambient air
> reg1mes on -productivity of annual crops (see review by Heck and Brandt,

- 1977) has been Qfeat?y facilitated. Two main research needslcan still bé
idenfifiedtwjth thjsvapproach:‘ (1) deterhining whether pollutant uptake,
plaht bhysio]bgica] condition, and growﬁh are comparable befween uhfi]tered_
chambers and fié]dlgrowh plants; and (2) providing adéquate description of
.po11u£aht dose chafacteristicsvso that critica1-féatufes.cah be identified.
Primary concerﬁskin the first regard are thaf gas ekéhangévchafacteristiCs
including C0,, water, and pollutants are comparable inside and outside the
chambers. The inc¢redsed 1ike1ihoqd of developing water déficitS'in the
continuously stirred étmoéphere of the chambers must be recognized and
sdppiemehtal'frrigation must be‘provided wnen sfgnificaht differences
between chéhbers and field plots occur. With respect to po1iutantA
monitor{ng, it'is essential that the exposure nhistory over the plant growth
cyc]é be characterized both with respect to.occurrénce of primgry'p011utants

and the sequence of principal stress episodes. Here, a variety of
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physfd]ogfca] pkdcesses (photosynthetﬁc capacity, nutrient and water
re]ations; carbon é]]bcation, etc.) may serve as useful indfcators of the
éequence'of‘events‘ﬁroducing growth responses. Information of this iype
Wil be important in identifying what prihcfpal feqtures of air quality data
may be Qseful ig:estimating notential yield lpsseSfaf dther"sites. 'Andﬁher‘
récéht]y 5e§eloped field chamber teéhniqué which sééws pfomise“for,as$é$§%gg
pollutant impacts'under field éonditions is the linear gradient.system of
Shinn et al. {1980). This approach allows a predictab]é.Conéentration
gradient to 5e,prodﬁced by Tinear dilution of a pollutant introduced inta

" the incoming air stream. DoseQresponse data obtainéd by subsampling é]ong .
the gradient af levels béth below and above ambient concentratiens may be a
Qery cost affective.way.to provide the response functions necessary<to4~_.
accurately predict potential impacts of %uture jncfeasesAin concentrétions-
of air pollutants on field-grown crops. Questions of physiological |
4comparab111ty with unchambered plants and dose distribution patterns‘should
also be answered before this approach is put into wide-scale field use.

Fie]d reseéréh on gfowth impacfs 6h.hatufa1 éommunities-Unde} chroni;
ét%ess regimes ié sorely needéd; <Here,'bofﬁ fehbora] and sbéﬁial
charéctéristiéé of community structﬁre greatly ihcréase the COmp]exity1of

the task. A good example of the cha11eﬁges inherent in addressiﬁg
ecosystem-level effectsAon»a grassland ecosystem is fhe Colstrip Project
(EPA, 1979). In this study, mu]titrdphic¥]eve1‘studies are beihg conducted )
around an artificial source of Soz'to assess potential effects of siting
coal-fired power plants in the area. :The fact that sensitivity to pollutant
stresé,vafies poth within and between p1ant'popu1ations‘must"be'recognized.

Recent work with natural populations of Geranium carolinjanum L;, a weedy
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speciés sensitive to 302, has demonstrated that genetic se]ectionAfor
resistance to air pollution sfress may bccur'rather rapidly {£ 30 years)
(Taylor, 1978). ‘Studies in England with nerennial ryegrasé héve’d]so
indicated that'popu1ation$Agrowing in areas'with:hfgh 302'conéeﬁtfat16ns
'(100 700 g m 2) evo1ved res1stance to growth reducL1on by 502 Thé
degree of 2 » ut1on of Lo1erance was a]so shown to be dlrectly related to tho
level of SO2 under wnich they had .grown. Additional work on the plasticity
of geheﬁic pbois in response -to SOz-and'ofher pollutants is necésséry if
we expect to oredict rasnonses of p]ant coﬂmun1t1es to chr0n1c stress.
Because of their uoiquwty, eco]og1;a1, and economic 1mportance, forest
trees tonstitute a major focus of concern with respecf to chronic air
po]fution~stress on natural systems. Unfoftunate]y,-few:data exist to=-
- permit adequate assassment pf these effects. A number of approaches are
being used to address this task. An fntensive mu]tfdisciplihary'approach to
- oXidanf effects on the Coniferous San Bernadino Nétional.Fofest»neaf LésA. |
Angeles has been described by Miller and WcBride (1973). It includes both
field samp.1ng of resooqses at severa] trophic levels and mat nematica1A
1‘s1mu1at10ns in-an efforu 1o assess a1terat1ons in system components.
Another'mu1t1d1sc1pl1nary effort (Legge et al., 1978) conducted in a
coniferous forest ecosystem near a ga§ procesSithplant in Northern Alberta
Canéda has demonstrated the Qtj]ity of consideriﬁg pollution impacté on fhe
:tota1 p]ant/soi]lsysteﬁ. In this case, reduced growtﬁ of dverstbry. )
| 1odgeﬁole pine and larkpine growing within 1.5 km of the 502 source was
attributed to reduced photosynthesis of foliage, an abparent consequence of
reduced foliar retention of potassium.and phosphorus, reduced pigment'

content, and lower levels of adenosine tripnosphate. Growth losses appeared
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to be due more to sulfur-mediated changes in availability of soil nutrients
than to chronic Tevels of sulfur uptake by foliage. A unique adVantage :
available to these researchers was the distinctly different-and constant

344

:325 ratios of SO, being introduced into the soii-blant system;

2
: Thus, 1mpact> and fate of su]fur could be 1dent1|1ed w1th1n sysLem
componenus. More atte tion to research opportun1u1es with radlolsotooes,
both stablz and nonstabie, may great]y assist future efforts to evaluate
chronic poilutant meacts on eeosystem‘processes. In,the eastern
env1ronme.b, McClenahen (1378) has used ecological indices of cbmmunity ‘
diversity and structure to assess responses of deciduous ferests along a
50-km gradient of air poliution 1e§els‘a1ong the‘hea&i]y iﬁdustriaxized'Ohio
River Valley. Rosenberg et al. (1979) also found increases in speeies
diversity and importance in a mixed oak forest in Pennyslvania as diétance
from a coal-burning power plant increased; They found that compositional
changes were generally mefe sensitive indicators of poTIutien damage to
overstorj specxes than were growth assessments. -

Two newly emerg1ng tools, dendroeco]ogy and s1mu1at1on modellng, offer
promise for quant1fy1ng 1nd1v1dua1 tree and communluy-]evel responses.
Dendroeco]ogy is a dnsc1pl1ne of dendrochrono]ogy, the science of dau1ng

growth rings of woody plants (Fritts, 1971). As a teoT'for studyfng'air
*po]]ut1on effecbs, dendroeco1ogy relies on mu1t1var1ate statistical
techniques to separate effects of tree ‘age and local c11mate from those
~ induced by air pollution (Nash et al., 1975). These data may be
particularly useful when coupled with forest simulation models (see Shugart
et.a1.,'1980, and Section 6) to examine Tbng-fefm commuhity—level changes;

Of basic concern to this task are the mechanisms by which species' responses
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are integfatedlinto system responses and the effects of these stresses over
time. Additiona] data on growth reeponses'at 1eye1s_rang{ng-from séed]iﬁgs
to mature‘frees are badly needed. | | | |
6 APPLYING DOLLUIANT/VEGETATIO\I INTERACTIOV DATA T0O LNTEGRATED
ASSESSMeNi MODELS

There 1is increasing emphasisAon eva]uatiﬁg "ecosystem-level” effects of
-developing energy techno]ogies. With terrestrial systems under our-present
air quality regimes, such studies imply aesessment.of changes within and
between components_ofvboihvsoi] and plant systems'over mu1ti¥year time
-sca]eS; In reality, elmost a11‘e9a]uet§bns_of air po11ution effects under
these conditfdns focus on only a few components, Qith inferences beﬁng-hade
to unmeasured ecosystem-Tevel changes af a'1arger scale. Nevertheless,
emphasis on 2Cosystem changeé and total impacts of developing techho]ogies‘
has defined the heed_as never before»fb jntegréte and focus our necessari]y
sma]ler—écale experiments toward larger-scale objectives. The essentia]v»
challenge may be posed as a question -- How do we eva]uate present air
.pb]]dtion impects'to terresirial éystems in such a way that both'present ahd
projected future 1mpacLs may be quantified? _Thfs task mayAbe:apbfdaehed in'
severa1 ways . N

One very ;undamental approach wou1d 1nv01ve the deve]ooment of
emp1r1ca1 dose-response equat1ons developed from both 1aboratory and field
research with a var1ety of species. These data wou1d then be used w1th
existing air monitorihg data for a reglon~to pred1ct the range_and
dfstribution of growth 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 characteristics limiting yield and that
air quality data be reported in such a manner that these characteristics can

be quantified. Neither condition is at present adeduate1y satisfied. when

‘theso data are available, generalizations w111 have to be made w1tn resp°c»

to dose response equatlons and reg1ons within wn1ch air qua11ty data and

mod1fy1ng environmental variables can be cons1dered nomogeneous This

. approach appzars 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 selected group of sites to

determ1ne‘13; ely responses of vegetat1on over a range of other sites.  An

‘example of this approacn was recently d1scussed by Heag]e et al. (1979)‘ In

this study, yield reductions of corn, wheat, soybeans, and sp1nach measured
with open-top field chambers at ambient and'above—amb1ent levels of ozone
were used to oredict potent ntial nationwide losses to these crops. In spite

of the many assumptions 1mp11ed in such an approach, it represents a very

<reasonab1e initiation p01nL -of 1arge sca]e est1mates of crop 1oss. At,

present, EPA is p]annlng an expanded network of these chambers to quant1fy
reg1ona1 differencas in response of several crop species. Thus, nationwide -

damage estimates may be possible in the future, based on much-needed

-‘reg1ona11zed response lunct1ons. Potentia] app]icabi]ity of these results

to other species should be broadened by comparat1ve contro]]ed 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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sourées to ‘describe responses of complex wholeAsyStems. Mode]ing has been a
- necessary and integral part of deveiopihg‘én hndérstanding of h6Q ec6systems
~ function and respond to strégs. In air po]]utioﬁ studies, models have beeh
restricted primarily fo single-plant orléingTe-soecies dosé—respnnse
funct1ons involving v1s1b]e injury and dose or v151b1e injury and y1e1d {see
review b/'%:cx and Branut, 1977). A chh broader applwcat1on of model1ng is
now gradually evd1v1ng and provides a framework within which we can address
more comprzhsnsive analyses. Such questions as the relationship of
a]tefations 1nlp1ant physiological processes td whole-plant functfon, and .
'the're1aticn3h€p of community responses tb individual épecies' responses can
be addreésed with 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. Her2, the complex structure and perennial growth habit of
forest communities, particularly uneven-aged mixed deciduous forests,'makes
measurehent'and prediction of responses a difficult task. Botkin et a]
(1972) made important early contr1buL1ons to the understand1ng of forest
community dynamics with the development of JABONA,_a 12-species quel,of
érowth and succession for a northern hardwood forest. With it, Botkin 
_(1976) sub;eqUent]y examined and emphasized the important role of species 
interactions‘jh responses of forest ecosystems_td enVikonmenta] |
Wberturbatidn; More recently, Shhgart and West (1977) developed and
pafameterized'a 33-species model of southeastern forests (FORET), which was
used to examine the 1n fluence of chestnut b]1ght on growth and successional
patterns of eastern forests. This model has subsequent]y been used by

“tcLaughlin et al. (1978) and West et al. (1980) to examine the potential .
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*1nf]uence of chron1c growtn 1nn1b1t10n by air pollution on both spec1es and

stand-Tevel biomass responses.” In these studies, hypothet1cal levels of

externally introduced stress on growth of each spec1es were assumed, based
on literature data on species' re1at1ve sonSitivity to visib]e injury and

growth responses. A max1mum growth stress .of 0 to ZOA was imposed dependxng

.on a specias' se ensitiv ty ranking. A mode] of th1s iype allows one to study

interactions between stand age and composition at the time of stress

initiation, level of stress, and time since stress was .initiated on total

- stand biomass and its distribution between component species. In these

studies, both competition and stand age were identified as importént
modifiers of. forest responsés to air p611ution. Other types of forest
modeis andAtheir pqtentia] app]icabi1ity to air pollution problems have been
féviewed by Shugart et al. (1980). |

At present, modals of the type described above must be regarded as

tools with whicn to éddress difficult tasks, 1ntegrate data, and identify

_ needed research. Their output cannot provide final quantitative answers

until we have. better data 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 communities. The former may be addressed through use of

" field-chamber techniques now used primarily for agricultural crops. The

secbnd task is more difficult. However, thé field of .dendroecology has

great botential for addressing this prob]em To document impacts of air

pollution on forest growth over the past 40 years " during which chronic

reg1ona1 -scale stress has increased sharply, will requ1re techniques for

assessing changes .in annual po]lutant levels. One potentially useful tool



for obta1n1ng histories of exposure to general air pollution stre >s'is heaVy
meta1 analysis in theA1nd1v1dua1 rings (Lepp, 1975). Th1s approachn nas been
used in Swedon (Symeonides, 1979) to construct hisfor1es of heavy metal
- pollution, though Tian ano Lepp k1§77) caution that.factors such aélradia]
transport and soil uptake must bo fu]]y understood ta use th1s techn1que
accurately. In the Swedish study, both 1ead aﬂd coppsr showed little
lateral movement and were useful in constructing a decade-level history‘of
méta1 po1jution at the study site. Recenf develooments‘coup1ing x-roy
emission speciroscopy (/‘ kovic et al., 1979) with growth—r%ng ana]ys1s show
orohise for using a variety of trace e]ements for h1stor1ca] analyses. As_
these techniques are furthor developed, they may prohide-usefu1 data for
‘construct1ng historical indices of regional- sca]e chron1c stress. |

| Ultimately, aSS°SSm°nL of air po]]ut1on 1mpacts over large spatial
scales must rely on davaiopment of ]arge-sca]e data bases defining tne
. nature and;dist?ibution of the resources wn1ch may be sensitive to those
impacts. Such a system depends on computer ana]y51s of mu1t1p1e var1ab1es"
for a large numbeerfAlandsoape units. The size and‘amount of oetail
-entered for these uniﬁs may vary depending on the nature of the task
‘addressed. »An~ekamp1e of'such‘a.system 1s‘tho-GeoecoTogy Data Base
developed by Olson et al. (1980). Formatted at é county level, it inc]hdes
over 1000 Qahiab]es on terrain, water resourceé, forestry and other
h Qegetation, wi]d]ife, agriculture, Tand use,'cTimate, air quality;
oopu1af10n and energy. Tn° ut111tj of such a system in addressing
'r°g1ona1 scale assessment of effects of ac1d prec1p1tatlon on soils was
‘recently illustrated by KTopatek et al. (1980). Here computer maps of soil

pH, cation exchange capacity, and base saturation were overtain with similar



maps of current levels of hydrogen ion loading from acid rain. Resultant

analysis identified at a county level. of resolution those areas in which
soil pH:was most likely to be impacted. This'fype of system has great . |
~diversity and uti]ity fof a wfde range of eco]ogica],probiéms. whﬁie oﬁe of
- its great values is its ability to use. generalized éco]ogical relationships
in 1ar§e-sca}e analyses, it éé11s on us to.identifj and ﬁe%fcrm thbée
experiments which will makeAgenera]izatfons a§ aCcurété és reasonably

possible.
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