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· INTRODUCTION. 

Along With, the developmc:mtof civilization and ind.u.stti-

alizati9.n,, man has conti.nuoti.sly released ~aricms waste matez:;·~ '' 
,. . . '. ::·' . . 

ials' ~h~o hi,s 'su~;ounding e.nvircmmeri:ts .. 
' ' 

However,·· onL~r 

: recentl~ has' he ~ye~ became a.war~ of.· ai~ poliution problem: 
. . . ' . . . : . . . . . . . 

•··and its ~feedb~~~ th~·eat to his .future. Due.to wo.r:l.d weather 

· .. , patterns and -othe:r ~hysi'4a1 •rriete.rolo·q:i.cat f~ctors, ··air pollu- · 

tion can no iortge_r be tre~ted as a local prqb;t:em~ It· i~ al'l 
. ::: :: '. .. ~ ::: ·:. . 

immediate prop le.em .man faced in co~on wi thcmt the limitation 

of political bo11Il.o.a~ies ~-·· 

.· Every entity. of this pl~net is. subjected to air expo~ 
. . . . ~ 

sure .. T4e qual;ity of: a~r environment sh6uld then be consid~ 
·. ered very crucial to man, all flora. fauna, and material,s ~ 

E'.ro~ an. -.economic point of. view,' air pollution ha~ cau~eci pro-

duction reducti()n 'of vegetation, ·,and deterioration' of animal 

healt:h. and natural beauty. -. Between the conflicts of modern.· 

:i.ndustrializ~t:i.6n and clean l::>eaut:iful air· environments, w~ · 

··. 'mu~t make decis±oris which ar~ ~i~ed. by long 'i-an~e: allo.wable 
.·.. . .· 

air quality $tanc;iards to· s.ettle this di~pute .. · The goal~. o.f 

this cofupromise can only be achieved throiJg}l a wide range ·.~f.' 
.. ~ . 

research and knowledge ot1 th~ effects of pollu-t:an.ts on ;v:ese ... 

· tati.on, _ animals, and materials.· 

· .... Vegetation is generally considered to be m~f~ sens,iti;e .--·. 
. . . ': :· 

t.o air pollution: .. thaii animals .. ·Striking. pl.ant• sensitivi'-ty· to·· 

pollutants and remarkable indiviC:lual vari.atio~ hav~ beeri · 

1 

: ·. - ··.· 

.. ,· 
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reported in c.ertain species. There are several advantages on 

the study of pollutant effects on plants over the use of 

instrumental monitoring of pollutants. Bec:ause such research 

are 1) economically feasible, 2) providing a direct informa-

tion of pollutant effects on biological system; 3) requiring 

less maintenance and attendance, 4) by using native plant 

species, field injury data could be readily available in any 

part of the world, and 5) when applying to perennial tree 

species/ a pollution history in that region can be recorded 

and studied through the works of dendrochromatology. 

Macroscopic visible symptoms on injured leaf surfaces 

have served as important criteria in the past in the identi-

fication and evaluation of pollution injury on plants. 

Recently, an indreased awareness of ~ubtle plant physiologi-

cal or biochemical responses to pollution stress has devel-

oped. This new field of physiological studies have provided 

a better understanding of various aspects o.f pollutant toxic 

effects on vegetation; s.uch as the discovery and proof of 

hidden injury, the revelation of. different modes of action by 

different pollutants, and the comprehension of various pollu-

ta:q.t mechanisms in planti;;. 

The Complexity of field pollutant-dose-receptor-response 

relationship is gradually disclosed as more constituents of 

polluted air have been found, various combination ratios 

among these components in a given meteorological .condition 

have been cietected, and great variations of plant response 
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have been determined due .to the changes of environmental fac-

tor. The use of genetically identical plant materials in 

envirorunen:t-controlled pollutant fumigations minimizes the 

vari.ation of plant response that resulted from the fluctua-

tion of environmental factors and/or the heterogenecity of 

plant materials. 

The purpose of this. study was to investigate the res""". 

ponse of ten eastern white pine (Pinus strobus. L.) clones 

differing in pollutant sensitivity unde:r- simulated pollutant 

exposures and compare the data with field observations. This 

study also attempted to discern the inherent differences of 

these clones to three commonly.· existing gasous pollutants, 

Le. ozone, sulfur dioxide, and nitrogen dioxide, at various 

concentrations and combinations with respect to photosyn-

thetic, transpiratory, and respiratory rate, chlorophyll con-

tent, degree of foliar injury, needle growth, and yield. 

Holistic disease concept was emphasized in this study to 

demonstrate the interdependence of various plant responses 

and the importance of this concept in the determination of 

plant sensitivity rankings to air pollutants. 

The specific objectives of this research were by using 

genetical identical rarnets from 10.eastern white pine clones 

to 1) continue the determination of their. relative sensiti-

vity to the designated pollutants used singly an~ in combina- · 

tion, 2) observe the influence of long-term low dose pollU-

tant .fumigation on clonal gr_owth, 3) determine the influence 
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of air pollutant fumigation on current year needle chloro-

phyll contents, and 4) investigate the photosynthetic and 

respiratory rates of these clones as influenced by ozone, 

sulfur dioxide, and nitrogen dioxide. 



- .-.... ·· 

. . •' ~ : .. 

LITERATURE REVIEW 

. . 

- Ever sihce Haagen-Smi t et al_~ ( 1952) and Ric.hards et<al. 
,.: ·. . - . . :,,·. .·. ·. -

. (1958) dis~overed that various anthropogenic. air c:omponents .·· 

in tbe· Los Angeles basin were phyt6toxic to plant. growth in 
' r, . • , . • • 

·the 1950' s, a broad range of research interest h~s been sti-

mulated onpoiiution:-induced plant···diseases.. In this r~vlew; .· 
: . ·. . ·. : - · .. · . . . . 

· . orily ozone,·.· suifu,.r dioxide, alid. ni trogert dioxide ~elat~d' ·stu-

dies· will be included. 

: Maj or S6urces of Gaseous. Pollutants- - · 
'· . : . . - : - . . . - .. ::;· .. . - - ~ .... .. 

oz'ane has long been :recognized as the mo:st widely dis ... : 

-. ·-. : .: . 

tribtited ·air pollutant in the Uni~ed stat~s . (Nati-t>nal ·Science · . 
. . .. . 

Academy, .. 1978; E,:'eggestad1 1969}. .The existence of hydrocct,r ... · 

.· bons, - primarily from automobi~e exhaust.: . in the arrtbi ent air 
- - . : - -

has _been shown to di~rupt natural photochemical cyclic're~c:-

tio'h(and. raise ozone concentratins· from O. 02-0. 04>P8:rts per 
million (ppm)· characteristic o:f n.atural backgrou~~ co.nce~·tra- · · 

tion to 0.15~0.25 ppm iii many areas_ (Ste.phens,· 1969; Rasmus- -

sen a~g 'Werit, 1965; Leighton, -.1961); 

Sulfur dioxide. is one .. of the most notorious: mari-made ,.. " - - ·.. - . . :.: · .. · 

pol Iutants to cause extensive damage - on vegetation I - -proper'-
. . . ' 

.. ·.<ties, and health. 'I'he maj,o'r source of ~ulf~r dioxide 'is. the 

. contl:i>µst,i on o_f -su;i.fur;.;;9~aJ:'ing fuel oil ·. or coal . by va~iou::;· -. 

·_ powez- ge:r:;ieratinq •• pi~nts/ 'fndustrial facilitie.s, ei,nd buildinq 

-heatirig ·processes- (Lacasse and Tr:eshow, 197$}. _ Tl1e natural 
. ~ .. · . . -

,background ot sulfur -dioxide- conqerttra:t±on _is between 0~·002 
- . .. . . -.-:;,·:·. - .;:. .. -. 

-.. ·~·· ,•" 

~ .· 

·.' •; 



,-.,,. 

' ' 

ppm. to.o.ooa ppm. In large ci:ties, sulfur dioxide coricentra.;. 
.. .. ·. ·: 

tion averages o.f 0.20 to 0.30 ppm have been monitored and' ; 
. . . . 

have be)en. 'repo;t,ed to reach' 0. 50-0. 60 ' ppm. over a -period of 

' hours. In some European citi.es I ' such as London or the R~r 
.. . .· . ' .. 

district. of Germany,. sulfur diox.f,de. concentrat.ions as high as' 

1. 40 ppm to 1..50' ppm for short p(3riod of· time hp.s been 

recorded (Mudd~nd :Kozlowski, 1975). 
.·· .. 

There are several.oxides of nitrogen found in polluted 
. . . ' . . . . . . - ' 

air. They are occu~red·primarily throughprocess~s that 

involved. high temperature con:i.Pusti9n of fossil fuels .and · .. 

organic w~s~~s (Wood; .l9p8): _ Oxides of nitrogen play a key 

role· in.photoehemicaloxid.ant· formation underfavor coridiO.:. 
. . . .. . . : . . 

- ; 

tions (Spicer, · 1977). The natural background· of .. nitrogen. 
,._.·. 

·.·.·.oxides has been ·.less 'than :Q.1 ppm but pccas•;cnally it has 
. . . ... : · .. : . ,-, .. ~~ 

·,' 

exceeded 1 .. 0- ppm. as h.'as been reeo)::ded ih :urban or industri:al 
' ' 

· areas (.Anon,· i962J ~\-' The high.~-~t concentration o.f ri.i trogen 

dioxi_de + nitric oxide in combination has been' reported to 
. . . . 

reach· to 3.93 ppm in Los Angeles area for a short period of 

•·time {Anon; 196.2}. 

_VisibleH Injury oi Air-_Pol'iutant-Tndueed Plant Diseases·· 

Air pollution c;auses various adverse effects ori p.lant;s. 

Visible injtiry on plant surfaces is bne of tbe. rno;st. eisily 

obsa·rVed m~nifest~tions. Traditional~ly I, '.vi~:i.ble injury hats 
been class.ified as chronic or acute. Cl'l.ronh: injury has usu.::..··.·. 

ally been cc:mside.red to result from prolonged, low concen:tra-
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tion pollutant exposures and has been used to describe the 

symptoms l=>redominantlyconsidered as a result of destruction 

of chlorophyll and/or chlorophyll synthesis over a lon.g per-

iod of time ( Thomson et al., 1974) ~ Cell death is not 

involved in thiscatagory (Heck and Brandt, 1977; Smith, 

1974; Taylor, 1968) .• 

Chronic ozone injury on broad-leaf plants has been· 

observed as stippling, yellowing or bronzingqf leaf sur-

faces, premature defoliation,· and in some cases a general 

unthrifty appearance of entire plant which resulted in 

reduced growth and yield; ·Chronic ozone induced injury to 

conifers has been described as chlorotic mottle with white, 

yellow to tan coloration and 19ss of all but the current 

year's needles causing trees to appeared tuft (USEPA,1976; 

Heggestad and Middleton, 1959; Rich, 1964; Miller, 1973). 

Chronic sulfur dioxide injury on broad,..leaf plants has 

generally been reported as shining water-soaking on leaf sur-

faces, foliar chlorosi s or bleaching, . intexveinal . di scolora-

tion, mottling, and reduced growth. ·Chronic sulfur dioxide 

symptoms on coniferous trees has been. reported to be similar · 

to those in broad~leaf plants except t:he intervei.nal discolo-
. - . . 

ration changed to tip-burn symptom (USEPA, 1976; Anon, 1962). 

Chronic foliar nitrogen dio;dde injury on broad-leaf and 

coniferous p1ani;shas been reported as chlorotic lesions and 

growth suppression (USEPA, 1976} . 

. Acute injury usually resu1 ts from exposures to high con-
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centration of pollutant for a rather short period of time. 

It always involves cell death. Generally, the affected ar.ea 

is restricted by a rather distinguishable .line o.f demarcation 

between necrotic and macroscopic asymptomatic portions of 

. leaf tissue · (USEPA, 1976}. 

Acute ozone injury .on broaq-:-{eaf plants generally 

incluqes shining or oily water soaking in early stages of 

symptom development following by flecking. The.shapes of 

such mon:ofacial or bifacial n,ecrosis vary with ozone dosage 

and plant species. In conifers; a.cute foliar injury usually 

consists of tip-burn or necrotic banding along the needles, 

reduced terminal and annual increment growth, and needle 

death (USEPA, 1976; Mudd and Kozlowski, 1975; Linzon and Cos-

tonis, 1971). 

Acute sulfur dioxide injury on broad-leaf plants con-· 

sists of water-soaking, marginal and interveinal scorcP, wi.th 

a distinct line between affected and non-affected areas, cell 

death, and sudden premature defoliation. In conifers, acute 

sulfur dioxide injury includes necrotic banding, tip-burn, 

premature defoliation, and cell or tissue death (USEPA, 

1976}. 

Acute nitrogen dioxide injury includes water soaking, 

rapid development of irregular-shaped intercostal .lesions, 

and defoliation. Injury on needles of c:;:onifer.s from acute 

nitrogen dioxide exposures are needle tip discoloration which 

progress toward the base with a distinct demarcation between 
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healthy and injured tissues, premature defoliation, and tis-

sue death (Taylor et al., 1975). 

Many plci.nts yield characteristic foliar symptoms to spe-

cific pollutant exposures. Visible symptoms have thus served 

as.the markers in the identifying air pollution induced 

injury (USEPA, 1976; ,Hill, 1971; Hepting, 1964, 1968; 

Treshow, 1975). In the pioneering stages Qf air pollution 

investigations, the majority of research only dealt with 

symptom.descriptions .and identification.of plant threshold 

dosages to specific pollutant. Super high pollution concen-

trations, which were not realistic under actual field>condi-

tions, were frequently employed in these fumigations in order 

to induc~ yis~ble foliar symptoms. 

Recently, substantial evidence has accumu'1ated which has 

demonstrated that air pollutants.may induce signi;ficant.plant 

· yield losses without .any visible foliar symptoms (Bell and 

C::lough, 1973). ·Awareness of this possible adverse ef.fect on 

plant growth.without visible symptoms and,the lack of our 
. . . ' . 

ability to estabilish a <Urect relationship between plan.t 

sensitivity to specific pollutant and its associateQ. foliar 
' ' ' 

symptom expressions, research i~tel'.'es;t has been shifted from 

the determination of plant threshold c:iosages to plant phy-

siologiccil or biochemical responses. For example, in the mea ... 
' . . . 

surernent of net photosynthesis rate of ponderosa pine during 

the course of an ozone fumigation, Coyne and Bingham (1980) 

indicated that plant physiological response was superior to 
. I 
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the estimati.on of injury by symptom expressions. because it 

detected functional impairment before chlorotic mottle symp-

toms were visible. Fl.lrthrnore, this techniqileprovided a quan-

titative value which avoided the .subjec;tive judgements neces-

sary in the describing of symptom severity. 

The sµbf:le effects Of air pollutants on plants can be 

multiple and simultaneous. They have been reported on vari-

ous cellular organelles and cell functions, such a.s buffering. 

capacity (Pell, 1980; Jager and Klein, 1977),. enzyme activity 

(Horseman and Wellburn, 1975; Zieqler, 1972, 1973, 1977), 

chlorophyll synthesis (Rao and LeBlanc, 1965; Puckett et a].., 

1973), m,itochondria aci:ivity (Racker, 1965; Lee, 1967, 1968), 

chloroplast structure (Thomson et al., 1966; Malhotra, 1976; 

Malhotra and Khan, 1980), cell membra~e integrity (Pell and 

Weissberger, 1976), photosynthesis (McLaughlin et .al., 1979, 

1980; Carpen and Mansfield, 1976; Biscoe et al., 1973; Hill 

and Littlefield, 1969; Black and Unsworth, 1979; Dugger et .. . 

al., 1962), respiration (Pell and Brennan, 1973; Srivastava 

et al., 1975a, 1975b), and transpiration (Throne and Hanson, 

1972; Evans, 1975; Schramel, 1975; Biggs andDavis, 1980; 

Dunning and Heck, 1977). 

The metabolic effects of air pollution on plants has 

been thoroughly.reviewed by Mudd (1975), Ziegler (1975), and 

Tingey (1974). In this review, in order to illustrate the 

pathogenesis of pollutant.:..induced plant diseases, various 

plant reactions will be discussed in series and logically 
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int~rreiated~·. ·.However, it is important. to keep in mind.that 

. many of these. p:tiysi6l0,gical ~!ld biochemical responses· may be 

induced simultaneously anci the actual. se<:iuence o·f events and 

·. m.echanisms by which air pollutants affect plant. metabolism' 

.have riot been fµlly elucidated .. 

; Inj\lry Mechanisms of Gaseous Pollutart.ts 

·Bec·ause the ~ifferent chemical· ch~racteristics among· 

sulfur dioxide, nitrogen dioxide, and ozo!le,. the injury 

mechanisrn.s to plants by these pollutants are believed to be .· 
. . 

.·.different. 
]' 

Gaseous sulfur-related and ni:trogeh""."relate<i.Pollutants 

must be dissolved with wei.ter into ionic forms in o.rder to 

react witl'.l c.elliilar consti tl,lents' (Thoinai;; et al .. I 1956; Taylor 
,· ...... ''· . . . . : . 

et al. I 1975;;•: Zi.~;ler, 197 5) . Since plants are capable o.f 
. - . - . . . ' 

reducing sul#ur dioxide and nitrogen dioxide'. inte> ·less toxic 
·.·., . . . . ·. "... . . . . . . ... ·. . 

· .forms,{sµch as sul:f;a:te, .. ni.trate., anO. nitrit.e) and finally .. .·, ·. . . . . . . . "• . . ~· .. . . . ' . .. . . . . . :. 

· . irtcorporating 'these ioris intc ·normal Jneiabolic c;:ycles (Salis:.. .. . ·. \.· . . . .. . . . . - . 

bury and .. Ross, 1978; Thomas and Hill, 1937; Thomas et. ,al., 
. .. . . . . 

1950) I ·Certain amounts o'i sulfil·r dioxide .·and nitrogen dioxide 

· · cah t~us .·be met~bolized ~nd/or transloC:ated without c,ausiri;g · ... 

any adverse effects on pla.."lt growth {Jens.ani . 197:3; Locky~r et 
. . 

al. , 197:6; Cowling· and Koziol, 197~). 

When pollutant influx rate is more than what plant cari . 

· ultilize, fu~ther uptake·s of pollutants wi.11 be ~ccumulated 
. ' . 

' . 

. ·.·.in the vacuoles as sulfate and. nitrate. This instant dYJ:la1Tlic 

) 
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plant response at first causes an increase of osmotic 

pressure in cell sap before it tops cell capacity and break-

downs the cellular buffering systems (Ziegler, 1975; Taylor 

et al., 1975). In supporting this hypothesis, Jager and 

Klein (1977) fumigated pea (Pisum sa.tivum L.). seedlings with 

sulfur dioxide at ·0.10, 0.15, and 0.2S ppm for. is days. They 
- . . . 

found that under all tested Conditions, plant cellular buf-

fering capacity to H-ions and QH.,..ions wa• decreased. 

The breakdown of cellular buffering system can initiate 

a' series of destructive chain reactions in plant celll,J.lar 

metabolisms, such as inactivation of enzymes, destruction of. 

protein structures, loss of selective cell permeability; and 

decompartrnentation of individual cells, that finally lead to 

the dysfunction of cellular organelles (Pucket et al., 1974:; 

Ziegler, 1975; Srivastava et al., 1975a, 1975b; Wellburn et 

al., 1972). In other words, when pollutant uptake is beyond 

plant internal physiological threshold dosage, irreversable 

injury will be induced and resulted in characteristic foliar 

symptoms. 

The actual physiological threshold dosage of each pollu-

tant to a given plant is dependent on plant's pollutant 

absorption rate.(Bennett et al., 1975), metabolization and 

translocatio:n rate (Garsed and Read, 1978), activity and con.,. 

centrations of enzymes participating in cellular repairment 

(Horseman andWellburn, 1975), and cellular buffering capac-
. . 

ity (Jager and Klein, 1977; Taylor et al., 1975). The con ... 
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. . ·· centration and. d~ration of· pollutant expqsure is thus.· impor:.. 

· .. tant. 'in the .determination of plant injury degrees. It. is. 

believed, that' more; pollutants c~n be buffered at low conce~-, . . - . . ' 
·.' ... ·- - ' - . . 

tration fumigation for an extended time than applying the.· . 

. same . amount _of pollutant;at a higher concentration in . a , 

. . : s;hol:·'ter period ·df: time~ .. , . . . . . . . - . . . 
.·,_, 

· io:r po11utani: pE:r se, its :P:nytotoxi~it·i to plants has. ·· 

. McBride, 1975; .. Miller, 19.73 ·) ·'· 3) .sensi t;i.vi.tf of 'exposed 

plant tissues (Barnes,.· 1972);' .• 4)· .. cellul.ar· r~pairabi.li ty · 
. · ... ·"' ' 

·(Pell, 1980), and 5) envi'rorurlental ···and physiol6qical cond.~"". 
' ' 

·'·. tioris of pl.ant· tissues · (£1eck, . 1968; Cotrufo; 1974;· ·Cotruf~ · 
and. Be~I'Y,· 1970; Davis.and Wood, 1.9721.· 1973a" 197~b} .. 

Unlike -sul.f~r dio;itide and nitre.gen dioxide, . ozone. is an 

unstable trioxyge:n mol~ctile w~th strong ·oxidizing ~rope.rties .. 
: . . . 

Chemical ·oxidation ii;; the pri:ilciple injury mechanism ~or : 

ozorie exposures. : The injury mechanisms of ozone on plant 

·tissues :~re th11s ~onsidered to be dif,fererit fr~m 5µ:j.fur diox-' 

ide aild ·nitrogen···cfiox;ide ~- . Although :t:t1e. in.Jury me<:hanisnis are 
. ' . . . . . . . . . . : . . ' 

different among these- pollutants,;. the £inal ·results. of ~heir 
destruction on. organe~le integrity and inter!erenc.e ..• on. cell. ' 

metaboli~~s. by these '.Pollutant~.· are similar. (Mudd.. and Kozlow:-; . 
'. ski, 1975 ) .. ,··." 

Ozo·ne has been:suspected to reac::t: with the. first .. reac..;; 
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tive molecule which·it encountered within pla.nt tissues 

(Stephens, 1969). With the aid of electron microscopy, Pell 

and Weissberger (1976) identified that plasmalemma was the 

primary site of ozone injury. Biochemically, ozone ca:n 

attack cellular unit membranes by oxidation of unsaturated 

fatty acids, inactivation of SH-enzymes, disruption of.S=S 

bonds, or irreversible oxidation of cofactors. The chemical 

properi tes and physiological functions of cell membrane.s are 

thus destroyed (Chang and Heggestad, 1974). 

Because most of known cellular biochemical reactions 

take place within unit-membrane-enclosed organelles (Curtis 

et al., 1976), any disruption or disorganization of unit mem-

branes by ozone,·sulfur dioxide, or nitrogen dioxide will 

certainly affect electron transport systems, membranepe+me-

ability, enzyme activity, photosynthesis, respiration, tran-

spiration, and other plant cellular metabolisms. 

A. Effects on Photosynthesis 

Many researchers have studied the performance of photo-

synthesis under the influence of pollutant exposures because 

potential growth sµppressions due to air pollution·present.a 

major concern (Wilkinson and Barnes, 1973). 

Decrease of photosynthesis has often been observed in 

pollutant fumigated pfants either at·· sublethai or high con.;;. 

centrations. Bennett and Hill (1973a) reported a threshold 

dosage of ozone as low as 0.05 ppm to induce reduction of net 
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photosynthesis on barley (Hordeum sativum Jess.) and oat 

(Avena sativa L.). Miller et al. (1969) fumigated three-

year-old ponderosa pines with 0.15, 0.30, and 0.45 ppm ozone 

for 9 hours 'daily for 30 days; at the end of experiment, net 

photo.synthesis rates were reduced by 10, 70, and 85%,. respec-

tively. For higher ozone concentration, Coyne and Bingham 

(1978) found anl8% reduction of photosynthesis on first-tri-

foliated-leaf-stage snap bean after exposure to 0.72 ppm 

ozone f6r four hours daily for 18 days. 

In sulfur dioxide exposures, Black and Unsworth (1979) 

reported that ·net photosynthesis of three-w.ee}t-old Vicia faba 

cv. Dylan was inhibited by all tested sulfur dioxide concen-

trations exceeding 0. 015 ppm when compared. wi.th control 

plants. Keller (1977) exposed three""'.year-old spruce (Picea 

abies (L.) Karst.) clones to 0.05, 0.1, and 0.2 ppm sulfur 

dioxide for 10 weeks. After six weeks of 0.2 ppm fumigation, 

carbon dioxide uptake rate was decreased to 25%, 50%, and 65% 

as compared to the first day of the experiment in sensitive, 

intermediate, and tolerant clone, respectively. Such reduced· 

carbon dioxide uptakes were found long beforevisib'le symp-

toms appeared on all clones. 

Carpen and Mansfield (1976) conducted an experiment to 

expose six-week-old tomato plants (cv. Moneymaker) to O, 

0.10, 0.25, and 0.50 ppm nitric oxide and nitrogen dioxide 

singly and in combinations for 20 hours and measured the 

rates of photosynthesis. They found that inhibition of pho-
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to$ynthesis occurred before there was any external visible 

injury, Both gases reduced net photosynthesis to approxi-

mately the sameextent with 28% reduction in 0.50 ppm nitric 

oxide and 32% in nitrogen dioxide. Srivastava et al. (1975a, 

1975b) exposed snap bean (Phaseolus vulgaris L.) primary 

leaves to nitrogen dioxide and examined gas exchange rates .. 

Net photosynthesis and dark respiration were both inhibited 

by nitrogen diox.ide concentrations between 1. 0 and 7. O ppm. 

The degree of inhibition was increased by increasing nitrogen 

dioxide concentrations and increasing exposure time. Hill. 

and Bennett (1970) also observed an inhibition of net photo-

synthesis by nitrogen oxides in alfalfa and oats. Four to 

eight week old alfalfa (cv. Ranger) and oats (var. Park) were 

exposed to 0.10 ppm nitric oxide, nitrogen dioxide singly and 

in combination. for up t.6 250 minutes. The.y observed that the 

·inhibitory effects o.f nitrogen dioxide kind nitric oxide on 

net photosynthesis of oats and alfalfa were well below those 

required to caus13 visible injury .. There appeared to be a 

threshold concentration of about 0.6 ppm :for each pollutant 

to each plant species. 

Physio-biochemically, the observed reduction of net pho-

tosynthesis :by pollutant fumigations can be attributed to one 

or more of the following factors: l) interference between 

carbon dioxide fixat~on enzymes and pollutants (Hill a.nd Ben.;. 

nett, 1970; Ziegler, 1972 1 1973, 1975), 2) disruption of 

.electron transport system (Rhoads and Brennan, 1978; Chang 
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. and Heggestad, 1~74b 3) ·destruction. of chlorophyll and/or · 
. . '.. .. . · .. · 

chloroplast~ .(M:aihotra, 1976; Rao .·and Lel3'lanc, .. 1965; Thom~on· 

et ~L, 1974), and 4J closing of stomata '(Engle and Gabelman, · 

·1966}. 

Oxidation wc;s proposed by Fuckett.et al. (1973), Heath 

( 1975) I arid Howe:Ll (1974·) as the mechanism fory~h1orophyll: 
destruction in suifur dioxide and.ozone e'.Kpo~ures, respec~ 

tiveJ;y .. •. Rowe•ll (1974'} in his study. of. oz9ne exposure on ·. · . 
. . . 

beans·, he suggested that. ozone can destroy chlorophyll molec.-

ules ei ~her by reaction w:i, th polyphenols or by destruction of . . . . - . . - . ·. . .. . . -
' . - . . - - . 

cellulai membranes .. Puckett et al. (1973) suggested that th.e . 
. ,.·.·· . - . 

• inhibition of .lichen photosyrtthesis :Py suifur dioxide was 
. . . . . ~-

due, at least. in.part, to the destruction of chlorophyll by 

an. irrev~rsible ox·idation process. 

In field conditiqns, Austrian pine (Pinus nigra Ar.aq.:) I 

eastern white pine . (Pil'.l\lS strobus L. ) , Scotch pine CR> si'l-
. : . . ·' - - . . .;·_ ··. 

vestrfs L.) I and. D<:>Ug)..as fir (Pseudotsuga .:menziesii) have: 
. . ·. :· .. -~ 

been rep9rted exhibitintfJ· different degrees of.chlorophyll. 
. . . - . . . . . . 

· decomposition under the 'influence of polluted environtnents 
. . .· ,'• . 

· (Gow;i.n and Goral, :J.977) . Higher. degr~e of ch:).·orophy~ll de.so;. 

truction and pheophy.tin content were found in n~e.d,les of. . . ~: . . ~. -

trees qrowi~q under chronic i;ndustrial pollution as co?tlpared .. ·· 
: . ·• .• "!• .: • ' . . . 

· to those·: grown: i~ p~il~ti~n f.ree areas (Gowin and Gor~.l, 
1977) ~ 

... · . 

. . :· ..... 
' ..... 

. "•' 

)" .· 

. ,., ·. 
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B. Effects on Respiration 

Besides photosynthesis, respiration is the other major 

plant physiological process commonly affected by pollutant 

exposures. 

MacDowall (1965) investigated the :stages of ozone injury 

to respiration on ozone-sensitive tabacco (Nicotiana tabacum 

L. cv. White Gold) leaves. Be observed an injurious dose of 

ozone initially inhil:>ited respiration of fumigated leaves 

before weather flecks appeared. However, when. visible injury 

subsequently developed, oxygen uptake was characteristically 

stimulated in treated leaves and in mitochondria prepared 

from such visibly injured tissues. Unfortunately, there were 

no direct .evidence to demonstrate that the increa.sed respira.-

tion in the early stages of airpbilutant fumigation was 

either due to the uncoupling of phosphorylation or the ener:.. 

gy-required repairing proc~sses, or both; 

C. Effects on Transpiration 

Transpiration is· ano.ther plant metabolism frequently 

affected by pollutant exposures (Todd and Propst, 1963).· Air 

pollutants have been shown to induce or suppress stomatal 

opening depending~upon plant species, pollutant species, pol-

lutant dosage, and environmental factors. Although the stu-

dies of the effects of ozone and nitrogen oxides on plant 

transpiration were rather limited in the literature, the 

reported studies have tended to agree that·inhibitory effects 
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were induced by these two polluta;nts on transpiration (Lee, 

1967; Srivastava et al., 1975a, 1975b). 

Transpiration in response to sulfur dioxide fumigations 

have been reported to vary with sulfur dioxide concentration, 

relative humidity, plant species, and plant age (Biscoe et 

al. , 1973; Black and Black, 1979; Mansfield and Ma.jernik,. 

1970, 1972). Majernik and.Mansfield (1970, 1972) fumigated 

broad bean (Vicia faba L. var. Windsor Harlington) to various 

sulfur dioxide dosages in several studies. They observed 

stimulated stomatal opening as a.general broad bean.reaction 

to sulfur. dioxide exposure. A linear positive ralationship 
' ' ' 

was found between the degrees of stimulated stomatal opening 

and 0,.25 to LOO ppm of sulfur dioxide. They also found that 

in the conditions of low relative humiciity (less than 40% 

R.H. at 18°C), sulfur dioxide, suppressed stomat~l openj_ng 

while with a higher water vapor content in the atmosphere 

(greater than 40% R.H. at 18°C) there was an appreciable sti-

mulation of stomatal opening. Black and Black. ( 1979) exposed 

three week old field bean (Vicia faba cv. Dylan)· to 2-20 ppm 

sulfur dioxide for two hours and observed a comparable con-

centration independent of 20-25% increase on leaf diffusive 

conductance on both adaxia:l and ab.axial surface. Such stoma-

tal opening was associated with a sharp reduction inthe pro-

portion of living epidermal cells adjacent to the stomata. 

Others,·· ( Sij and Swanson, 1974; Ziegler, 1975; McLaugh-

lin et al'., 1979 ). hav.e proposed that sulfur dioxide effects 
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on stomata were· resulted. from general changes :in phy'siology 

of leaf. tissues·'rather- tjian on guard cells per· se. They sug"'." 

gested that. the primary $Ulfur dioxide.· effect' .on plant was at 

cytological or bio:chemical level. rather_ than stomata basis~ 
··--·•. 

'i 

·Effects of Pollutant· Combinations on Vegetation 
' ' 

Recently, in order to have a better understanding.of 

.. total·: potential impact of ·pollutants on. plant$, .. increased· 

.attention has been directed toward examinihq·plant responses 
. -· · .. -, ... _· ·. . .• : . 

under pollutant combination exposures. The effects of .pollu-

tant combinations on pla:nt,s as compared tq siilgle.pollutant 
- . . . . 

exposures .co1,lld .be classified into one ~f' t:be following' three ' 
. .· . 

.. categories: l) more than additive .. (gr.eater than the sum of 

the ·individual pollutant effec.ts), 2) additive {equal to the .. · 
. -· - . . · .. 

sum oz the effects of individual pollutant), or. 3} less.than 

addit:i,.ve (less than.the sum of the· individual effects). 

It is important to realize that.sevefal other principles. 
. : . . . ' . ' . . - . . 

in addit.ion to those applied in single. pollutant exposures 

are extremelycriti~al i~the.determination of plant res-
, - . . . . . . . .. . ' .. - - ~ 

ponses to pollutant .• combinations. These include concentra-

tion, ratio I and,; expo.sure . sequence. Of pol,lutant components in 
- . . . . 

the mixtuJ:,'e. •··For example,· Middleton et a:L. fl9SE3) exposed 
' ' 

Phaseolus · vulgar:i.s i:... 'to a combination of sulfur dioxide and 
.. · . . . . . . ·.. ·. . . . .. . ·. 

ozone with diffeirent ratios and observed f.ol.iar injury two 

hours after the fumigations. When the ratio was 4: 1 of sul- · 

fur dioxide : oz-6rie, ozone appeared to interfere with the 

. ·. ·~ > 

' .. , ... 
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injury from sulfur dioxide, at a 5:1 ratio,· sulfur dioxide 

did.not interfere with the amount of foliar injury caµsed by 

.ozone, when the ratio was raised to 6:1, both gases induced 

their own typical symptoms. 

A. Two-Pollutant Combinations 

· Menser and Heggestad (1966) first reported a more than 

additive interaction between ozone and sulfur dioxide. They 
. . ' ' 

exposed Nicotiaria tabacum var. Bel.-W3 (ozorie-sensitive), 

Bel-B (ozone-tolerant), and Consolation 402 to 0 .. 03 ppm ozone 

and 0.25 ppm sulfur dioxide singly and in combination for two 

and f.our hours. No visible. symptoms were apparent .after sin-

gle pollutant exposures. However, pollutant combination 

treatment caused 15%, 9%, and 12% of leaf area injury in two 

hour fumigation and .41%, 23%, and 43% of leaf area injury in 

four hour fumigation for Bel-W3, Bel.-B, and Consolation, res-

pectively. Tingey et al. (1973b) exposed soybean (Glycine 

max (t. •. ) :Merr.) cvs. Hood and Dare to 0. 05 .ppm ozone and O. 05 

ppm sulfur dioxide singly and in combination for eight hours 

a day, five days a week for three weeks.. They observed no 

significant plant growth effects on 0.05 ppm ozone, or 0.05 

and 0.20 ppm sulfur dioxide treatments. But the pollutant 

combination significantly reduced top fresh weight, root 

fresh and dry weight, and shoot-root ratios in both· cul ti- · · 

vars. 

In tree species, Karnosky (1977) reported a more than 
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additive effect of'po'llutant·corribination induced by' the· 

exposure·. of 0. 05'.7CL ~O ppm ozone and O. 35-0. 65 ppm sulfur 

·····. cli'oxide. for ::three hours on trembling: asper( (Populus trernu-

loides OO:ichx. ) sYrriptort( expression . 

. No~ . all studies on ozone + sulfur. di.oxide· interactive . ·-. 
-.·.;. ;; 

effects·· on plants have yielded data suppdrtive of synerqism. 

Tingey et al. (197la; 1973a): exposec::l radishei:;; to O. 05 ppm 

isulfur dioxide and 0.05 ppm ozone singly and in combination 

£or ·eight hours. daily,. five dafs a week .for. five weeks. They 
. . . . . 

reported that po.llutc;lnt combination reduced leaf fresh 

weight, dry weight; and root width· to the amount equal to the 

sum of th,e reductions observeq on indlV'idual pollutant treat-.. ·. . 
·. . ·. · .. :.· ' " . •., .. 

me.nts~ However, total plarit fre.sh· weight, root length, and 

root fresh and dry weight were less than the sum.of the 
. . . : . 

· · redu,ctions of. sirig:l~. pollutant treatments~ ... In another exper-. 

imen't, Tingey and Reinert. ( 1975) exposed tobacco and alfalfa 

plants to 0.05 ppm ozone and 0.05 ppm.sulfur· dioxide singly. 

a.nd in combination for ei.ght hours. a day, five day~ a week · 

for various time period,s.,. They reported an additive effect 

· .. ·of pollutant combination trea~meht on the .·reductions of . . . . ·. . . 
. . .. 

tobacco leaf I. ,stern, and ·r~et dry weight$ and a' less than 
. . ; :· .. 

additive effect ori alfalfafol;i.age and root dryweightmea-

·surements. 
·, ,; 

. . : . . . . . 

·Less than ad<;iitive e~fects of ozone+ sulfur dioxide· 

corribinations have also .. been :reported. in gas ~xch~~ge st~dies .. 
·Ro.sen et al . 

)' . 

( 1978) exposed one .Year old Ives'., grap~vine$ 

. ..... 
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. (Vitis labrusca L. cv. Ives) to 0.5 ppm ozone and sulfur 

dioxide singly and in coI!lbinatio.n for two hours. They found 

that ozone exposure increased stomatal resistc:tnceby 30% and 

sulfur dioxide induced an increase of 190% as compared to 

control plants. The exposure of pollutant combination did 

not significantly alter stomatal response although visible 

symptoms appeared on grape leaves after the fumigation. In 

forest tree species, Carlson (1979) fumigated black oak; 

sugar maple, and white ash with 0.50 ppm ozone and. 0.50 ppm 

sulfur dioxide singly and in combination. After one week of · 

fumigation, the rate of photosynthesis was 52, 73, and 100% 

at ozone alone, 52, 46, and 80% at sulfur dioxide alone, and 

56, 59, .and 62% at ozone + sulfur ·dioxide treatment for black 

oak, sugar maple, and white ash, respectively. 

Several studies have reported more than additive effects 

.of sulfur dioxide +.nitrogen dioxide combination on foliar 

injury as . w~ll as physiological responses. Tingey et al. 

( 197lb) reported no. foliar injury on tobacco, pinto bean, 

tomato,.· radish, oats, and soybean plants when they' were 

·.exposed to sulfur dioxide concentrations at less than. O. 50 

·ppm or 2 ppm of nitrogen dioxide for four hours, However, 

the sublethal pollutant com]:)ination of sulfur dioxide .. and 
. . 

nitrogen dioxide at conc.entrations ranging from 0. 05-0. 25 ppm 

for each pollutant did cause leaf injury on all of six plant 

species. Bennett et al. (1975) exposed oats, pinto bean, 
. . 

radish, sweet pea, arid Swiss chard to 0 .125-1. 0 ppm sulfur 
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dioxide and nitrogen dioxide singly and in combination (1:1 

by volume) for one andthree hours. None of the species dis-

played any visible injury from e~posure to the tested nitro-

g_en dioxide or sulfur dioxide alone treatments at concentra-

tions less than 0. 5 ppm, but enhanced phyto.toxicity of 

pollutants·were observed in pollutant combination in all spe-

cies by inducing foliar symptoms. 

For photosynthesis performance, White et al. (1974) 

exposed alfalfa to 0-0.SOppm of sulfur dioxide and nitrogen 

dioxide·singly and in combination.for one and two hours. 

They reported an 2-3%, 0%, and 9-15% photosynthesis inhibi· 

tion of 0.25 ppm sulfur dioxide, nitrogen dioxide, and sulfur 

dioxide + nitrogen dioxide treatment, respectively. In their 

studies, the degrees of more than additive effects decreased 

as individual pollutant·concentration (1:1 by volume) 

increased from 0 to 0.50 ppm. 

After review of the literature, little is known about 

the effects of ozone and nitrogen dioxide combination on 

plants. Matsusl:lima (1971) found less than additive foliar 

injury on Lycopersicum esculentum Mill. and Capsicum frutes-

cens L. when·exposed to 0.4 ppm ozone andlS ppm nitrogen 

dioxide for 50 minutes.· · 

B. Three-Pollutant Combinations 

There were sever~l reports in the literature concerning 

.about plant responses to threE:-polluta.nt combinations. Fuji-

/ 
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wara et al.. (1973) reported that, at equal· conc;entrations, 
. . 

ozone singly induced. mps.t severe foliar injury on pea {Pi sum 

sativum L~ ) and spinach ( Spinacia oleracea L..) followed by 

sl.llfurdioxide and no effect, if any, ipduced by nitrogen 

dioxide exposure:.. · The addition of nitrogen dioxide to ozone 

·+'sul±:urdio~ide exposure had little eff~ct On the foliar 

injury noteq. Reinert and Gray (1980) examined the effects 

of ozone, sulfur dioxide, and nitrogen dioxide, alone and in 

all combinations at 0. 2. and 0, 4 ppm o.f each pol.lutant for 

·three and six hours on radish cv. Cherry Belle. · Ozone 

red.u~ed root dry we:i.ght more at 0. 4 ppm than at 0 .2 ppm~ 

Sul.fur dioxide depressed root/shoot ratio at both 0. 2 and·. O. 4 

ppm; however, in, sulfur dioxide.+.nitrogen di.oxide treatment 

there was a. significantly greater. than additive depression of 

root/shoot ratio. at O. 4 ppm. The ·ozone r.eciuction in root 

weight.was additive in the presence of sulfur dioxide and 

nitr.ogen dioxide. 

Kress ( 1978) has provided the first report of forest 

tree responses to three-pollutant interactions. He conducted 

fumigations of 0 .• 05 ppm ozone, 0, 14 ppm sulfur dioxide, a?'.tci 

0 .10 ppn( ni trpge~ dioxide singly. and in a.ll possible col?lbina-

tions for sixhoursper .day for 28 consecutive days on see-

dlings of loblollypine and American.sycamore. In.1oblo11y 

pine, when. all three pollutants were combined., the resultant 
. . ' 

. foliar injury was significantly dif:ferent 'from that o.f ozone 

alone treatment. However, the observed effect was not signi-
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. fi_c~tlr different from .. that O·f ozone + S.U.lfUr- dioxide ·treat..; 

meht. .Exposure:s· .of. sycam()re. demonstrated. that foliar injury 

·was not. a re-liable. indicator Of plant· sensJ.tivity:.tO poliu.,.: 

' tants under :these' ~xper:i.mental c'ondi tions . since no tre~tment •.. 
. . ·. .· ·.. .. ·.:.. . .·· . . 

was. consistently signif:l:cantiy different f,'.roirt (lny _otjler .. ·' 

Treatment with alf ~~ree pollutant.s produced an. 45% and> 25% 

'.growth r:edu.ction. on' sehsi ti ve and tolerant' sycamore lines, 

respectively. Siqnificant growth reduct.ioris. wer~ also 

obse!'.Ved in the ·ozone·+ sulfur.dioxide.treatrnentwhere 34% . ' .. ,· . .· _.:·· .· 

.• and 1.7% growth rediic,tios were observed on. the . sensitive and 

·tolerant lines, t;espectively. 

. . ~ . 

Effects of Air. Pollutants on E·astern White Pine 

. Becatise of:· its. wide natural distribution. in the indus;_ ·· 
_(ii 

.triaiizecLn¢rtheastel;'h-United States,· eastern white pine· 

· (Pinus· s.troioµ.s L~ > h.af3. b:een subjected .to mo;-e' air _polJ,.utic.;,I'l: 
. ··' . .·· 

injury than any· other.tree species native to North American 

(Gerhol~, 1977) .. Th~~e ·have, been several extens'ive. revi.ews 
- .· .'• . ·., . -

· · on the: sensitivity Of _white pine to. pollutant!S . ( Gerhoid, 
. . . 

-1977; Nic}:iolsoi:i, ·· 1977) .. In this: review/ only,· certain aspects· 
' - : . .... _ 

perta~ning to 'this .-~tudf''wiil. be· included, .. ·•.··· 

> . 
~- White P.l,ne. Foliar SYm:Etom.s Induced by Pollutants 

... ·.;···.: . :••.• ,·:· 

•.·,~aste.rn: white.pin~· eme-rgence·· tipburn (a,li:?o called white ... . ' -. . •-.- - .. · -. . .. ' .' - •, ._ ... 

pirie ne~dle 'blight or whit~ pi~e blight)• 'w~s first report;ed 

oC:cu!r~d?:±?i·J90s-· _in pin~-:pJ.ari~~ti.on i.n conc6'rd;;, N~w•-·Hampsh.i·~e 
. . "::·- . . ·J;.· ... 

<(Dana,· 1908)'. · ~ffec~ed. trees have been observed throughout 



... ''· . ·.·: 

·.' .· 

. ··· .. · . . . ,·· .. · 

the range of: the ·species. on all types of. growth envirorune~ts 
(S~Ch as. latitudej soil tyPe'~ sd'ii rnO·isture contertt,. shade; 

·.and '.e.~posur~ condl tions i.., _..,"'.'~etc . ) ( Baldwfn, 1954) ... · Needl:e ·.· ... 
'• '· . . . . •. . ' . . ~.: . , . . . . . . : . . .· ... - . 

inj u;y 'ori 'p~ne f~sc'':t9Ies ·\Vas £ i ;c-st shown ·as· a ~el1o~i sfr to. 

· fa:i.~~ p'j,nki:sh spot.· located at s~me~ distance ~a~k frqtn the ·.tfp • 

,.·. of ~~ec;ii~s~ · :J\s· c:ifs~ase proqressed., :these :spots ertlarged into 
·< . • . .• . . ·:• • '. . . . .. i' ·.· . . .:; ........ : .. : . 

. ,., ·or~nge~·red l:>arids.·oi:: ci!eyeloped ii:ito tj~:~(j.le tipburn ... along. the· 

fascicle.. Necrotic· ar·eas were: sharply .dis:t:i.nct from the· 
. . . . ... : . . ' . :-··· . . . . . .. : . ~ .. ·. . . . ... ' ' . . . . ,: . . . . . . . . . . . . . ·. . .. 

.-·.: .. .. 

·•g;~e·ri ba~e.·· .... "The 'ciead.'tips were. at.first pinkish .yeJl~w, but 

•. after se,yeral days the' coloZ. appeared: to .a brownish red - .. . .. . ·, . 
. . .· 

·(Dana;: 1908). Th~~ s~nsitivity crf whit~ pines to this diseas·e 

·was :+ate~ proven> to pe genetically controlled: (Berry,. 1961; .. · .· 

Linzon, ... 196l) ... ·'l'h,e et:iology of emergence tipburn wa.s; finally. 
. . 

pr6V'eA/by ee.rry ·ci 9·61.} I and Berry and. Rippert:~n . ( 19 63 ) . in 
.. ·. . 

. their. field studies . to .be ambient oxida.n:i:s. 

In la})drato.ry, Cost9nis •and Sinclair. (1.969) · :fum:i,qated ··· · 

... ·.·• 

... ·. four to .five yea;r · 014 potteq ·eastern ~hite. pine With 0>~03 ~pm · . 

. ' ozone f,c)r 48 hou~s· ~~d o ... 07 pp~ for !c)ur hours, syrnptoi;ns qf 

charact~ristic emer(]emce .. tippurn 'injury wete.· .. :inducf:d· .on pine 

.·· needles:·.?£.· sensitive: trees~···. They descri:Oed. 'the inftia~ 

Irlacr~scopic symptoms of ozone :i;njury as minute, ·~il,v~r flecks ·' . ' . . . . ·. : ..... . .. ,. . . .. 

, .. · .whi¢'.tl .. later .coalesc,ed i~'.to larger· ch*o.~otic fleck.~ visible to .·.· . 
. : . ~: , . . . . . . . . : . 

, the, pake<:i eyes ..... On ozone sensitive· trees~ o~:),.y durrent year 
.. .'·I ·. ·.. . ' . 

. needl~s ~ete.retained by miq-summer instead of n9rm~l three 
. . . ' 

years< ·of .needle age. · Indivi<:iua1 trees varied greatly in the 

seris:i.tiv~ty to ozone irijury. " · · 
·.;·· .. 

~.. . 

. ) 
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The threshold of ozone dosage at which visible injury to 

Pinus strobus occurred has differed greatly in the litera-

ture. Berry (1961) fumigated 0.065 ppm ozone for one hour on 

sensitive trees and induced typical ozone symptoms on nee.;. 

dles .. Other reports indicated ozone concentration of 0.05 

ppm for one hour (Berry and Ri.pperton, 1963), 0. 06 ppm for 

four to eight hour.s (Davis and Wood, 1972), 0 .1 ppm for eight 

hours (Berry, 1971), 0.25 ppm for four hours (Davis and Wood, 

1973a), or 0.5;...1 ppm for four hours (Botkin et al., 1971, 

1972) was the threshold dosage for foliar injury. 

Ozone was not the only atmospheric phytotoxicant to 

eastern white pine. Linzan (1971) ·conducted a five".'"year 

field survey and. showed that eastern white pine was exten-

sively injured by sulfur fumes at distance up to 25 miles 

from the smelting area at.Sudbury, Ontario. Affectedtrees 

displayed extensive foliar injuries which were exhibited ini-

tially asgrayish~green or whitish areas over the entire 

injured portion of the needles. These lesions then pro-

gressed through color changes to reddish brown color. Bark 

abnormalities, radial and volume growth losses, and mortality 

were some of the further stages of decline symptoms in sensi-

tive trees. Outside this 25 mile inner zone, plants were 

subjected to infrequent invasions of damage-producing sulfur 

dioxide fumes with results of little or no tree injury. 

Unfortunately, during his experiment period, the other major 

gaseous pollutants, such as ozone, nitrogen dioxide, and flo-
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ride, were not measured. The symptoms described above were 

thus probably from sulfur dioxide or sulfur dioxide and other 

pollutant coml:>ina.tions, 

Based on artificial exposures, Costoni.s ( 1970, 1971, . 

1973) described the symptom expressions of sensitive, 

intermediate, and tolerant eastern white pines to sulfur 

dioxide exposures. Current year needles of sensitive trees 

between four to five weeks old were acutely injured by sulfur 

dioxide at dosages ranging from .0.04-0.06 ppm for one hour to 

0.10-0.20 ppm for two hours.· Acute sulfur .dioxide injuries 

initially appeared a.s collapsing or slightly sunken of . 

affected needle tissues on stomatal-bearing faces of the nee-

. dles. Necrosis of needle tissues progressed from the point 
. . 

of initial injury to the base of needles. In acute injury, 

all needles in a fascicle were usually not equaliyaffected 

by.sulfur dioxide exposure nor was the inju:r:y always uniform 

from fascicle to £ascicle or from tree to tree. It wa~ very 

common to find all stages of lesion development on a given 

plant .. In the :I.ate stages of acute sulfur dioxide injury, 

necrotic bandings with distinctive demarcation lines between 
. . . . . 

healthy and affected tissues. were very common. Dead tissues 
. . . ' 

turned to reddish-brown. Severe premature defoliation.might 

occur later. 

C}J.ronic sulfur q.ioxide injury .on eastern white pine has 

been reported by Berry in 19·54 which included general chloro-
. . 

sis of. entire.needle length, scattered pigmented necrotic 
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lesion, premature defoliation, and unthrifty appearance of 

entire plant (Berry, 1964). 

Differences in the development of white pine foliar 

injury induced by sulfur dioxide and ozone was microscopi-

cally distinguishable within the first 24 hour after injury 

onset (Houston, 1974; Costonis, 1970, 1971). After the first 

72 hours of lesion development, it is very difficult to dis-

tinguish between lesions induced by either pollutant. Like 

ozone injury, eastern white pine varied greatly in their sen-

sitivity to sulfur dioxide. 

There were several other studies concerning about the 

threshold sulfur dioxide dosage in inducing visible symptoms 

on•white pine needles. Berry (1973) r~ported injurying fol-

iage of white pine at a concentration of 0.25 ppm for one 

hour. In other fumigation experiments, sulfur dioxide dosage 

as low as 0.03 ppm for one hour (Costonis, 1971), and 0.025 

ppm for six hours (Houston, 1974) have been reported to 

injury extremely sensitive clones of eastern white pine. 

Published information on nitrogen oxides effects on 

eastern white pine has not been extensive. Skelly et al. 

(1972) examined symptom expressions of eastern white pine 

located near a point source of sulfur dioxide and nitrogen 

oxides. At their research site, the highest one""hour nitro-

gen oxides. concentrati. on in the am.bient air has been recorded . ' 

greater than O. 585 ppm and the highest two-hou.r sulfur diox-

ide concentration was 0.690 ppm at 400-600 yard downwind 
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monitoring stationf) from the industrial plant. They .reported 

that eastern white pine.seedlings inthat area exhibited 

sytnptoms .. as tufted needlE! growth with severe needle tip.:.burn, 

chlorotic mottle, and stunted growth~ The tip-burn was 

expressed as a very d,elineated area of orange'""colored tissue. 

A striking tree~to'""tree variation on pollutio11 sensitivity 

was noted on observed. trees with 6% exhibiting symptoms 
. . 

· approaching the. classic chlorotic dwarf .concl.i ti on .. and 20% 
. . : . . 

considering to be free of any symptoms of air pollutant 

effects .. Although possible pollutant.combination effects 

were not measured in this study, it was. very likely to be·· 

involved in this case. 

Nicholson (1977) exposed two-year-old grafted white pine· 

to 0.10 ahd 0.30 ppm nitrogen dioxide for six hour.s~ Chlo..,. 

rotic spot, chlorotic mottle, and necrotic tip-burn were 

accounted. for the majority of visible injurie's on needle sur- .··. 

faces. 

B. Effects of Pollutant.Exposures on White Pine.Photosynthesis 

Botkin et al. (1971) exposed branches of eastern white 

pine to O. 9 · to .1. O ppm ozone for three hours and found th~t: 

.net photosynthesis wa:s reduced by approximately 80%. Recov-

ery phenomenon.was observed after ozone trec;ted plants were 

once aga~Ii placec:f into ozone-free air. tn the following 

year, Botkin et al. ( 1972) reported that a.zone threshold dos-

age oh white pine net photosynthesis suppression was approxi-
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mately 0. 50 ppm for a minimum of four hours. Abov.e this 

.dosage, three categories (sensitive, intermediate, and tole-

rant) of ozone sensiti vi i:Y we.re detectable in white pine 

plants. In intermediate and tolerant clones, suppression of 

photosynthesis wa:s'. reversible. if, an ozone"."' free recovery per-

iod was made possible. ·They also reported that the visible 

symptom expression on cur.rent year white pine .nee=dles was not 
. '· . 

a good index for the timing or the severity of .ozone· induced 

photosynthetic suppression. Barnes (1972) exposed eastern 

white pine seedlings to 0.05 and 0.15,ppm ozone for periods 

of five to 18 weeks. He found that ozone at 0.05 ppm had 

variable effects on photosynthesis depending upon foliar a.ge. 

In 0.15 ppm treatment, ozone had a more consistent depressing 

effect on photosynthesis. Among measured responses, t.he most 

consistent effect of ozone on white pine seedlings was the 

stimulation of respiration. It was almost double the control 

rates at the 36th day and nearly 40% higher at the 77th day 

o.f fumigation. 

McLaughlin et al. (1979) labelled foliage.of three 

different. pollution sensitivity classes of field grown east-

ern white pine trees with isotopic carbon.dioxide-14 four 

times during the growing season under.the influence of 

ambient air pollutant, particularly ozone. Photosynthate 

allocation patterns indicated that contribution of photosynt-

hate by old needles to new .needle growth occurred and this 

process was most rapid in tolerant trees which retained nee-
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dles from two prior years and least significant in sensitive 

trees. There were no distinct differ.ences in· foliar reten-: 

tion of 14C between these three sensitivity classes. Gener.-

ally, higher levels of transfer of .14C from foliage into 

branches were noted in the tolerant trees throughout the 

growi!lg season~. They .indicated that growth limitations in 

sens·i ti ve trees were a function of pollutant::.. induced reduc-. 

tion in photosynthate a.vai;J.ability which resulted from 

reduced needle length and premature defoliat:ion. 

In the field study of chronology of eastern white pine 

chlorotic symptom development among three pollutant sensitiv-

ity classes during·an .entire growing season, Mann et al. 

(1980) reported that no differences in photosynthetic rates 

were observed between diseased and healthy trees although 

total chlorophyll content was different. They suggested that 

decreased growth as evidenced ih shoot elongation. and vi<;ror. 

of chlorotic trees appeared to be related to premature defol-

iation and retention of a reduced quantity of photosyntheti-

cally active tissue rather than to.a reduced photosynthetic 

efficiency of the existing needles. 

Eckert and Houston (1980) exposed white pine ramets with 

0.05 ppm sulfur dioxide for two hours. The rates of photo-

synthesis in sens:i.tive and tolerant clones were depressed 

significantly below control plants. Photosynthesis rates in 

sensitive clones were decreased to a greater extent (27%) 

·than in tolerant clones·. ( 10%) during two hour fumigation. 
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Needle length of ·sensitive and tolerant treated. plants at the 

end of the growing season were found shorter than control 
. . - . . 

.needles. They suggested that substantial loss of photosynt-
. .. 

hate production which resulted from supressedphotosynthesis 

might attribute to needle length reduction in apparently 

tolerant as well ap sensitive white pines during sulfur diox-

ide fumigations. 

_ _g. Eff.ects of Pollutant Combinations oh White -Pine 

While studies.were solving white pine needle blight in 

the late 1950'.s, work was also being initiated in. Ohio in 

1959 by Dochinger to dete~rnine the cause of chlorotic dwarf. 

·chlorotic dwarf was first described by Swingl.e ( 1944) iri. 

white pine plantations throughout Ohio s:i,nce 1936.· Swingle 
. . . 

(1944) in his original report stated th.at the chlorotic·dwarf. 

condition was very similar in some respects to white pine 

. blight as de.scriped by Sp;;a.ulding (1909). Trees with chlo-

rotic dwarf disease were characterized by· stunted. tops arid 

roots, short and mottled needles, and premature defoliation. 

on.geriet;i:cally sensitive trees,new needles ern~rged_norma:lly 

but soon became light gree!{ color. artd mottling with Chlorotic 

spo't,s. A"s cilsease prog:r:essed, needles often· yellowed: by 

early season as chlorotic flecks or mottling coali:sced. The 

older needles.turned prematurely yellow and.Were shed before 

the current needles reached to full development< 

Five years after their· initial work, a comprehensive 
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. report on the etiology of eastern white pine chlorotic dwarf . 
. . . 

· w.as made by Ooch;L~get and Seli skar. ( 1970) . They showed tbat. 

typical sym:ptoms of chloroticdwar:f d:i,.sease cbuid. be irldl,lced 

·from .. the injury. of qaseot.(s pollutants upC?n: the foliage of· 

genetically sensitive white pine clones by 0 •• J,O .ppm ozone ·and 
. . ·. .... ; ···.···.:. .··. ' •. . ·.·· . ·... .·· ; . 

su].fur ~ioxide singly or in coi:nl:d;·nation (Pochinge.r and· Selis-· 

kar, l965 ~ 1970 >··' When' sensti ve tJ:"ees were protected in . .. . . . ·' . . . . 
.. . . 

charcoal-filtered ch.ambers, ·the injur,ious; eff~cts ·of air pol.,.• 

. ·.·. lutants. were : co~pletely rec~vered but not in non'.'".fi1 tered 
. . 

chambers. · The typic~1 symptbms oJ c}lloro.tic d~arf i~ducect by 

the exposure c),f 0 .025. ppm sulft.i:t .dioxide and 0 .05 ppm ozone 

was later reported by Houston (1974). Lik~ White pine 

·· blig:tit, .eastern ·white ·pin_e showed a. wide r.ange of diff.eren .. 

tial serisitivi ty. t;. chlor.otic .·dwarf (Ddching~~ and Seli.skar, 
·, . . ·. . .. . . - . . . .. . 

1970; Dochiriger and Iieck, 1969) > .·. . .. , ·. . . 

Response of eastern white ·pfn,e to: oz6ne + suJ,.•fu~: dioxide 

mixttireei; has 'been reported· to be more. than. additive by 
.. •· 

Dochi:nger· and Seliskar .. f1~70), :Banfieid (1972}, · .. and H~u~t~n 

{ 1974) based on foliar inj~!'.Y ·evaluation. ·•· Costorl:i.:s ( 1973), ·. 
. . 

: h9wever, observed a less than· addj, tive e.£,fect ·at lower poilu--

tant dosages . 

. ·In .th_e mixttire of. ozone and nitrogen dio~ide, Nicholson 

·. ( 1977). fumiga.ted ,12 grafted whi~e pine clortes_.to O ~ 10. ppm 
. . .. . . . . . ··. .· " 

ozone an.d' 0. 30 ppm nitrogen dioxide singly an¢! in c:ornb:lnati·on ·. .. . - . . . ) ... 
. :· 

. for· six .hou~s~. <The; most ;prevalent ~ymptoms were chlorotic . . . . . . . ·' . - . . •, 

mottl~'~: necrotic:;: tip-iburn, anci pigmerited :banding .. ··The serisi ..... 

·- ~ . 
-~ ... 
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tivity rankings Of these clones Were· found genera.11y COnf)iS-

tent between the evaluatic:ms. of ·Visible injury and the mean·· 

needle length of the current year needles. H9wever, the 

rankings of these clones obtained from. artificial environ"". 

ment-controlled fumigati9ns wereslightly>different from 

field ·rankings. 

Research/at Radford ..Army Ammunition Plant ... 
'· " - ' ' ., 

' ,, •-" 

A series .of studies hav'e beeh condti¢'t.ed in the. forested 

area su,rrounding the Radford Army Ammunition Plant (RAAP) as 
. . ' ·~ . ,: 

well as supported. ~t.µ_dies being conducted in laboratory~ The 

RAAP is situated in. a forested geographic bowl and is iso.;. · 

lated from other major air po].lu,tant sources With a knOW!l . 
. . 

history as a point source of pollutant emissions· into the 

surrounding areas. Because.of the characters of nitrogenous-

ammu,nition production.and the self-supplied, coal.;.burning 

electricity systems at RAAP al0ng with the known existance'of 

ozone in the ambient air of this region of the United, States, 

all three major phytotoxic air p~llutants (i.e .. ozone, su.lfur 

dioxide, and nitJ:'dgen dioxide) are presented with varying 

degrees in the ambient atmosphere at thi.s fac.ili,ty. 

Eastern white pine was chosen as 'the major indicator 

· ·. species for studying pollutant abatement at RAAP after con-

sideration of the following :,facts: 1) this species is 

indigenous to the area and found abundantly within the ins-

tallation, 2) ·it has been shown in previous studies to exhi ... 
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bit.strong correlation between average white pine annual 

increment growth and RAAP production rates,.3) this species 

has shown great variation in air pollutant sensit~vity on a 

clonal bas:j.s, but individual trees J:?.ave responded with a high 

degree of uniformity, and 4) this species can be clonally 

propagated to insure uniform genetic characteristics. 

Skelly et al. (1972) condu.cted height growth studies in 

a 13-year-old stand of white pine at RAAP. Macroscopic 

asymptomatic trees as well as chlorotic dwarf trees were 

included in their studies. They used a simple. linear regres-

sion analysis to evaluate the relationship of white pine 

annual radial increment growth to annual RAAP production lev-

els (an indicator of air pollution concentrations). A signi-

ficant inverse relationship between plant growth and air pol-

lution concentration was found in white pine and such 

findings were the basis for continued studies. In the fol-

lowing year, Stone and .Skelly (1973, 1974) studied the annual 

radial increment growth in a mixed white pine and yellow pop-

lar (Liriodendrori tulipiferEJ. L.) stand. A significant nega-

tive·relationship between plant growth and RAAP coal burning 

load was again found in these studies. Phillips et al. 

(1977a, 1977b) extended similar types of observations into 

three loblolly pirie stands using multiple linear regression 

analysis with plant iinhual radial increment growth as depen-

dent variable and annual RAAP production levels, total annual. 

rainfall,~·· annua1 seas9rial rainfali, and plarit age as indepen ... 

! 
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dent variables to evaluate pollution impact on plant growth. 

A significant (P=0.01) inverse relationship was demonstrated 

in two of three stands examined with regard to plant growth 

and previous production history at RAAP. The third.stand was 

sufficiently depressed in growth due to its proximal location 

to pollutant sources' so that growth differences' could not be 

defined. Phillips et aL ( 1977a) also re-evaluated the white 

pine stand which was studiedby Stone and Skelly (1973) in an 

eftdrt .to identify growth reciuction . in trees differing i.n 

· pollutant sensitivity; Four class.es .o.f foliar · sympto.m 

expression were used to categorize the sample trees for com-

pµter analysis of their respective growth rates.in response 

to their previous exposure to pollutants.. Analysis using 

regression analysis revealed that there was.no significant 

growth rate differences between symptom.classes and produc-

tion peaks, Le~ the growth of macroscopic asymptomatic trees 

was reduced as much as trees with symptoms during .the time qf 

sampling. 

Later work reported by Nicholson (1977) indicated that 

growtp in this white pine stand has continued to increase 

since 1972 as a result of reduc~d rate.s of production and 

· concurrent efforts in pollution abatement of the major 

sources of sulfur dioxide and nitrogen oxides at RAAP. 

Nicholson (1977) used selected white pines from previoµsly 
. i 

studied stands as ortets for the propagation of clonal lines 
,- ' ' 

of differing sensitivities to ozone, sulfur dioxide, and 
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nitrogen dioxide. Gra.fts were made using 2:0 root-stock and. 

scion from·· lZ ortets of white pine growing at RAAP. The 12 

ortets represented four symp:t;:om severity classes .(3 ortets/ 

class) ·as classified by Phillips et al. f1977a, 1977b) rang-

ing from trees with greater. than 25% of their crowns .exhibit.:.. 

ing.necrotic tip-burn to those with healthy crowns. Eive· 

ramets/c1one were used in ea.ch six hours treatment of 1) 

ozone 0.10 ppm, 2} ozone 0.30 ppm, 3) nitrogen dioxide 0.10 

·ppm, 4) nitrogendioxide 0.30 ppm, 5) ozone 0.10.+ nitrogen 

dioxide 0.10 ppm, 6) ozone 0.10 + nitrogen dioxide 0,30 ppm, 

and 7) control. All rarnets were returned to charcoal~fil-

tered greenhouse immediately.after treatment. Ra.mets were 

· evaluated prior to fumiga.tion and then two, severi, and 14 

days thereafter for visible symptoms. Analysis of variance 

showed that there were significant differences atP=0.05· 

level between clones, classes, and treatments. After 14 

days, three of the12 clones tested showed.the more than 

·additiveef:fecfs of.ozOne•+ nitrogen dioxide in treatment 5 

and seven clones showedthe·same reaction in treatment 6. 

·. Re¢ently, Skelly and Xang (1980) re-examined the radial 

increment growth Of 50 eastern white pine growing in the s.ame . 

pine stand as an upda,te and re-evaluation of previous stu-
. . 

dies, A Signifi'cant (:P=0.05) negative relation was found in 

multiple linear regression tests with annual increment growth 

as the dependent variable. and annual seasonal rainfall, total 

annual· rainfall, tree ag.e, and annual coal consumption in 
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RAAP power houses (as.a surrogat~ for pollution) as the inde-

pen9ent variables. Sucl:'l. latest results uphold the previous 

studies regardless of the pollutant concentration fluctuation 

in the recent years. 

In a continued effort of developing eastern white pine 

as a bioindicator for air pollutant.monitoring and probing 

the m~chanisms of plaht tolerance, several physiological-bio-. 

chemical studies were conducted using artificial environment-

controlled fumigations. Epidermal characters of ozone-sensi-

tive and ozone-tolerant white pine clones.were 

microscopically examined by Trimble (1980). The mean value 

of stoma number per unit need.le area was not significantly 

different (as 51 s~omata per unit area of sensitive clone to 

53 stomata per unit area of tolerant clone) between clones 

regardless of their.ozone sensitivity . 

. !J. 



MATERIALS AND METHODS 

Plant Materials 

The eastern white pines ( P :i.nus strobus ·. L. } used in this 

study were vegetatively propagated from 10 different ortets. 

These ortets were located in a natural, uneven aged, mixed 

stand of conifers and hardwood situated on a sharply sloping 

northeast exposure within Radford Army Ammunition Plant 

(RAAP) boundary. 

The sensitivities of these ortets to air pollution.have 

been previously classified into four classes based upon crown 

visible symptom e~pression1 vigor, and shape in the field 

(Phillips et al., 1977a, 1977b). The symptom severity 

classes were defined as follows: .class I =greater than 25% 

of the crown ~xhibiting necrotic· tip-burn; class II= less 
. . 

than25% of the crown exhibiting necrotic tip,-purn, Class .III 

= crown chloroticbut not necrotic, and Class IV = crown 

exhibiting no symptom. 

In March of 1978 and 1979, scionwood was collected from 

designated ortets. At this time, terminal buds were still 

tight and no inciication of eminent bud break was observed. 

The scions were cut from the outer edge of upper crown to 

avoid the shaded poor growth and to provide scionwood with 

apical dominance. The scions were immediately sealed in 

plastic bags, transported, and stored in a cold room (5°C) 

41 
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unti 1 needed. for c;rafting. Each year's grafting process was 

completed within 1.5,months after :;>cionwood colleGtion. 

Two-year-old eastern white pine rootstocks were obtained. 

from Virginia Division of Forestry Nursery at. Crimora, VA. 

Seedlings were potted one year prior to grafting in 0.9-lite:t 

black plastic pots cohtainingSpasoff soil mixture, a 2:2:1 

v/v ratio of Webli te (an expanded shale product of the Web-" 

ster Brick Company, Roanoke, VA 24016), vermiculite, and 

peat. .One gram of Osmocote 14-14-14 (N.:.P-K) sl.ow release 

fertilizer.(Sierra Chemical Company, Milpitas; CA 95035) was· 

added to soil surface of each pot after potting~ Thereafter, 

one gram of Osmocote was applied to each plant every six to . 

. seven months. throughout. the experimental period ... · 

The newly potted pine seedlings were kept in charcoa.l"'." 

filtered air .supplied greenhouse. ·one year later~ ... following 

the successful.establishment of root system, vigorous see-

d.lings were selected for use as rootstock in the grafting 

prograr:n~ · Current year's terminal b.ud froi:n previously 

described scionwoods was.grafted to these rootstocks accord-

ing to the side veneer method (Hartmann and Kester, 1975). 

Due to the large demand for genetically· u:riiform plant materi-

als, 250 to 300 scions from. e.ach ortet were grafted each 

year~ Newly grafted rametswere moved to charcoal:..filte:ted 
. . 

greenhouse and kept under mist for four to six weeks. Suc-

cessfully grafted rametswereheld in the same.greenhouse 

during.·· that summer a.nd fal 1. They were ·then tra:p.sf ered ·to an 
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outdoor cold frame in the winter to promote natural dormancy 

but with protection from winter stress. Thus, grafts were 

prepared one year ahead of fumigation to eliminate most iios-

sible effects of grafting injury. 

In the following- rtli.d-April, grafted plants were once 

again placed. in the greenhouse to induce uniformed bud breaks 

and shoot elongation. Dormancy was broken in the greenhouse 

with a regime <?f 20°C-309C night-.day tempe.rature,. 55-70% 

relative humidity, and.14-hot.i.r photoperiod. The greenhouse 

was eqtiipped with high pressure sodium lamps (Harvey Hubbell, 

Inc., Lighting Division, Christiansburg, VA 24073) providing 

supplemental lighting of 21,000-24,000 lux and330-360 

uE/m2/sec, In the summer, greenhouse· was.shaded to.prevent 

the occurrence of high temperatures. Throughout the study, 

plants were watered to saturation one hour before and after 

daily fumigation. 

Generally,. two weeks after plants were moved into green-

house the initiation of bud break was noted. The ramets of· 

the same clone with the same date of. bud break were separated 

from c10nal pool as a group.and later randomly assigned to 

pollutant treatments.· At the time of the beginning of fumi-

gation, currentcyear'~ needles were Zl-25 days old. 

In 1979 1 fumigations were undertaken to determine the.·· 

relative clonal.~ensitivity of eastern white pines to air 

pollutants as indicated.by changes in symptom expression, 

needle growth, and needle dry weight. these fumigations were 
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included in four.sets: 1) 0.05 and 2) 0.10 parts per million 

(ppm, v/v) ozone:, sulfur dioxide, and nitrogen dioxicie singly 

and. in all possible combinations, 3) 0.10, 0.20, and 0.30 ppm 

ozone alone, and 4) 0.10, 0:20, and b.30 ppm sulfur dioxide 

alone (Table 1). Each set of fumigation was conducted four 

hours daily for 35 consecutive days. The set Of 0.05 ppm 

fumigation and ozone alone fumigation (i.e. 0;10, 0.20, and 

0.30 ppm) were carried out daily between 0800"."'1200 hours. 

The other two set of fumigations were conductect between 
. . 

1400-1800 hours. 'Control chamber received only charcoal-fi1-

terec;l air with O ppm of pollutant. Except for daily four 

hou.r fumigation, plants were maintained in the charcoal-fil-

tered air supplied greenhouse. 

·· In 1980,. four different sets of fumigations were admin...; 

istrated. They were,1) 0.10 ppm ozone, sulfur dioxide, and 

nitrogen dioxide singly and in all combinations and 0.10, 

0.20~ and d.30. ppm>2) oz()ne,. 3) sulfur. dioxide, and 4) nitre-· 

· · geri di6xide alone (Table 2). These fumigations were conducted 

four hours daily for 50 consecutive days. The fumigation 

procedures were the same as in 1979. 

The studies were statistically cons.tructeci as. a random-

ized block design. Treatments were randomly distributed 

daily among Cont:i,nuO'us Stirred Tank Reactor (CSTR) chambers 

in order to minimize chamber effects. For each treatment, 

the four ramets of each clone were randomly placed in each .of 

the four quadrant seqtors of eac;h CSTR chamber on a daily 
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basis to minimize any differences within chamber. Due to the 

limited availability of clonal materials from all ortets, the 

specific clones used in these fumigations were not identical 

(Tables l, 2). In total, 10 clones were used in this study. 

Fumigation Facilities and Procedures 

Twelve CSTR chambers designed by Heck et al. (1978) were 

used for indoor environment-controlled laboratory fumigation 

purposes. Lighting, relative humidity, and temperature in 

CSTR chamber were independently controlled. The fumigation 

was carried out with a complete air change every 1.4 minute 

in each CSTR chamber. Light was supplied by high pressure 

sodium lamps. The lamp was adjusted individually above the 

top of each CSTR chamber to :produce a range of 21,000-28,000 

lux and 360-410 uE/m2 /sec photosynthetically active radiation 

(400-700nm) (PAR) at plant height within all chambers. Light 

was measured with a photon and quantum sensor (Lambda Instru-

ment Corporation, Lincoln, NE. 68504) throughout all 12 cham-

bers. Humidity was produced by a steam generator (Sussman 

Hot Shot Electric Boiler, Automatic Steam Products Corp., 

Long Island, NY 11101) which was equipped with adjustable 

valves. The relative humidity within CSTR chambers during 

fumigation was maintained between 60-70%. Chamber air temp-

erature during the same period was 28-32°C. Relative humid-

ity and temperature were monitored by .J:ilibeon Relative Humid-

ity and Temperature Indicator Model M2A48 (Abbeon Calibration 
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Table 1. Fumigation program of eastern white pine (Pinus 
strobus L.) in 1979*. 

Treatment** 

o 3 , so 2 , No 2 , 

o 3+so 2 , o 3+N0 2 , S0 2+N0 2 , 

o 3+so 2+N02 , 

CK. 

o 3 , so 2 , No 2 , 

o 3+so 2 , o 3+N0 2 , so2+N0 2 , 

o 3+so 2+N0 2 , 

CK. 

502 

Pollutant 
concentration 

--- ppm 

o..as 

0.10 

0.00 
0 .10 
0.20 
0.30 

0.00 
0.10 
0.20 
0.30 

Clone 
used 

I-2, 

II-1, II-3, 

III-3, 

IV-2. 

I-1, 

II-1, II-3, 

III-2, III-3, 

IV-1. 

I-3, I-4, 
II-1, II-3, 
III--2, III-3, 
IV-1, IV-2. 

I-3, I-4, 
II-1, II-3, 
III-2, III-3, 
IV-1, IV-2. 

*Fumigations were conducted four hours daily for 35 consecu-
tive days. 

**Four observations per treatment. 
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Table Z. Fumigation program of eq.stern white pine c"Prnus_ 
stTofms L.) .in 1gso*. 

Treatment** 

03' SOz, NOz, 

03+S02, 03+N02, SOz~NOz, 

03+SOz+NOz, 

GK. 

03 

. so2 

Pollutant 
concentration 

-- ppm 

0.10 

0.00 
0.10 
0.20 
0.30 

0.00 
0.10 
0.20 
0.30 

0.00 
0.10 

. 0. 20 
0.30 

Clone 
-µsed 

1-1, 

II-1, II-3, 

III-2, III-3, 

IV-1. 

II-1, 
III-2, 
IV-2. 

II-1, 
III-2, 
IV-2. 

·rr-1 . . .. ' 
III-2, 
IV ,...2. 

~:Pumi.gations ·were conducted four hours daily for SO conse-
cutive days. · 

**Four. observations per. treat.ment. 
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Inc., Santa Barbara, CA 93101). Temperature and<relative 

humiditywerealso determined periodically with dry bulh~wet 

bulb hydrop5ychrometer and recorded by Speedomax Compact Mul-

tipoint ReCO!'d.er Model. 547 (Leeds and Northrup, :North Wales, 
', '·' -, 

PA 19454). 

The air passing through. these chambers was filtered with 

activated charcoal to remove nitrogen'oxides, sulfur clioxide, · 

ozone,. and other impurities. P,ollutants were added to this 

filtered air from individual sources and adjusted by rotome-

ters to the desired coricentrationin each chamber. :tn 1980, 

a coil cooling unit was added to the air intake system. The 
. . 

intaking air was passed through cooling coils prior to th~ 

charcoal filte-rs in order to decreased temperature in the 

CSTR chambers during summer month:::;. 

Air pollutant concentrations (v:v) in each CSTR chamber. 

were.continuously sampled at SO cm height above the chamber 

floor andthen passed through an auto-switchecl solenoid sys" 

tern which were connected to three different monitors. The 

conceritratiOns of each pollutant were recorded by Speedomax 

Model H Recorder. cThis setup provided a simultaneous moni~ 

taring of three different pollutants at each chamber at any 

given time. 

ozone was generated by~ Welsbach LaboratoryOzonator 

Model T-408 (Welsbach Ozone Systems Corpora"tion, Phi)adelp-

hia, PA 19129).· The ozone enriched air was carried by o.64 

cm te.flon tubings to 10.16 cm ducts supplied with charcoal-
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· .. filtere~ .·air. j'Ust <pri.or to the eritry into CSTR · c~afubers .~ . A. 
' ' ' 

· · •···•· rot~ortteter was ·rn·stallecL in ·each teflon ii:n~ to fa9il.itate · 

. . -~ 

.- ·' . · · controlling ozone flow'. . Oz9ne- c·oncentr9-t:~·on~. ·could al, so be 
. .: '. . .. · . 

• adjusted by regu;Latinq vol taqe· output rh~osta:t on the 9zone' .· ' 

~gen~rato~- •'The ·OZ~me.'concentrations,were. monitored by a Ben~ 
. · .. :ci,ix· M.odei 8·002 ~Chemf lurnii;rescent Ozone Analyzer· {Sendix Pro-.·.· 

cesi:{ Instruments'>oivision, Lew±sburql WV . .24901). · In the·.· 
., ' •.•'' ' 

·first year (lg7g:).,· ozone: monitorwas Calibrat~d by a known 

. · sour~e 'of ozone generated by a Be,ridi~~·Model 885~: Dynamic 

· ·Cal;ibration ~yste.m ... In the .. second year ( 1980), the same· 

·· ·ozone monitor .;was. calib:r_:ated .bY ·.a l?:hotoc:a.1. 30QO ·.t\utom~ted 

Ozone. Calibrator '(Col~ml:>ia · s.cie!ltific Inciustr.ies, · Ailsfin, ··TX 

7876~) .. ·· Both ca.l;i~~atio?t Pt:~cedures were- perforrneq· using. 
' ' 

three to five dat~ ppints following the calibr.ation pl;:'c)ce• · .. ,'. ·. 

- ' . 

dure.s .recormrtended by .the United· States Environm,e~tal -Protec~ 

ti on A.g:ency ·cusE:FA). • · 
. . ' . . 

.. · .. sulfur diox~de was obtained as cqmrnercia~l h:lgll-pressurecr 
" 

bottleO: gas diluted in. ·riitrogen. (1.03% sulfu·r dioxide. pur..:. ·· 

i ty) . It was delivered. to· each CSTR chamber by teflon tubing' .· . ' . . . . . '.;. . 

.·and its flow was cont:riolled>"by a .. series of ·. rotom:eters. The 
,.· . ' - .· . . ·. . . . ·. . .· 

sulfur dioxid~ c'di1.centra:tions in. 1979 wete monitored ·by a. 

· ···.···. ).Vlell'.>'y $uifur Diox.ide A:~ahyzer ·Moclel SA 2ast. (Melciy Laborato..:: .. ·· 
. - . ~:' '. . . ·· .. > : : .~~ ·. ;: ', . . . . . . . . 

ries,. r~c<, .spr±i{g.fieTd~ VA 22151) which was .<=.alibtated with. 
. . . . . 

the: Bendix. Dynamic··calibratioz:i s·ystem using a sulfur dioxide 

:P~!-"tn~atio'n 'tu:b~<: ',;rp:. l,989}:·tb,.~, 'su],fur·' dio~ide concen~rations •. 
•' ' '1 :~, 

were mb~i to:be<;t hy \a ·~ulsed ·<lr:luor·~~c'erit. Al?tbient. sulfur Diqx.ide . 

,' :· 

'-• ':-';_.:":._ 

.. ;. 
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Analyzer Model, 43, (Thermo Electron Corporation, Enyironmental 
' ' 

Instruments :Division, Hopkinton,' MA 01748} which W'.as cali..;. 

brated as in the 1979 procedures. 

Nitrogen dioxide was supplied by industrial high pres-

sure bottled nitrogen d;ioxide gas boi;tle<diluted in either 

nitrogen or ,air (~.05% nitrogen dioxide purity). The nitre-

gen,dioxide concentrations were monitoredwith a Bendix Model 

8101B NO-N0.2-NOxChemiluminescent Analyzer. For the first 
' ' 

,, ye:ar' s fumigation, the calibration of mon:itqr was done with, 

the Bendix Dynamic Calibration System us;ing a nitrogen diox-

ide,permeation tube. In the second year, the same nitrogen' 

dioxide monitor was modified according to new USEPA 1980' 
' ' ' 

' ' 

requirements and calibrated as the first year's methods . 

. Mea,surement of, Parameters , 

In 1979, foliar symptom expr~ssions and needle length of 

, current year needles were, measured weekly during, the, 35-day 

fumigation period. All fascicles on t:he new growth were 
' ' 

visibly<evaluated for pollutant-induced symptoms. Injury,was 

recorde<;l as the perc;ent of total needl,e area symptomatic. 

'!'he total injured area was counted a.s a comb,ination of chlo-

r.otic spot, chlorotic band, necrotic spot, necrotic band, 

tip.,-burn, and any other pollutant induced symptoms. Needle 

length was determined by the average of the oldest 10 fasci-

cles (the lowest part of the current year's growth). 

In J..979, needle dry weight of three chosen cl.ones were 
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measured· at the end of 35 days fumigation. The five oldest 

fascicles of main shoot of each treated pla:ntwere sampled 

for.this purpose; The dry weight .of these fascicles was mea-

sured with a Mettler 3-digital Electronic Balance Model PT 

320 after freeze-drying fresh tissues for .24 hours with a 

Labcones Freeze Dryer-5 Model 75050 (LabconcoCo. Kansas 

City, MO 64132). 

In 1980, the fo],.ia:r- symptom expression and needle length 

of current year needles in the set of O,lOppm fumigation 

were measured weekly and at the end of SO-day fumigation. 

Net photosynthesis, photosyn~hetic transpiration,· dark respi-

ration:; dark respiratory transpiration, arid chlorophyll·con-

tent of current year ne.ed1es were measured at 10 days inter-
. . . 

val duri.ng the fumigation of 0.10, 0.20, and 0.30 ppm ozone 

alonei sulfur dioxide alone, and nitrogen dioxide alone. 

Needle dry weigJ:1t of treated plants at the end of fumigation 

was .determined following the same methods as in 1979. 

Gas exchaz;igerates. of .current.year needles during daily 

fpur-hour exposures were measured with an Infrared Non-dis.;.; 

persive Dual,-gas (Le, carbon dioxide and water vapor) Ana-

lyzer (lRGA)Model AR 600R (Anarad, Inc., Santa .Barabara:, CA 

93105). At.each sampling day, the main branchlet of current 

year's growth was enclosed.within a glass·:minichamber which 

was modified from one-liter Pyrex beaker with two·0.64 cm 

I. D. air outlet arms. Gas exchange measurements were made· 

zero hour prior to, hourly, and one hour after daily four-
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hour pollutant exposures~ Plants were returned to greenhouse 

one hour after. the,. termination of daily pollu-t:~nt exposure. 

There were three 'measurements of each clone.in each treat .... 

rnent. .The minicha:ltlbers were situated on top of two piec~s of 

.sty:r;ofoam·andmounted on· a ring stand within CSTR chamber~ 

The detail setup of this minichamber and flowchart of gas 
. . 

flow were illustrated in Figure L 

Since the I'Ilinichamber design was an air-sealed.compart-

ment with open flow system (Wolf et a),.., 1969), the loose 

seam between two styrofO.:i.m pieces·and the bottom .:i.ir inlet 

. arm of rninicha:ltlber were rteC:essary in order to provide. the 

.entrance of.needed air for gas exchanges in the minicha:ltlber. 

Air was withdrawn separately at the same rate.with diaphragh 

pumps from top air otitlet of minichamber (as the sample air) 

aqd fromCSTR charn.ber {as the reference a;ir). The air from 

these two lines was connected to lR9A after passing through 
. . - '. . . . 

rotometers for differential carb.on dioxide and water vapor 

measurements. 
' . . 

The flow rate of sample and reference line was set at 

1. 2 liter/minute as compared to. approximately O .. 9 liter net· 

volumn of minichamberafter confinement of s~ngle pine bran..:. 

chlet.. Such flow rate was determined experimentally in this 
' • > 

study to be. sufficient to ensure that the rate of photo-

synthesi's and trknsp-iration within minicha:ltlber was not lim-

ited· by diffusion .. thr~ugh unstirred air in the cha:ltlber. Pol-
. . 

lutant.c()ncentratiorls .and te,mperatures in tile minicha:ltlber 
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A: CSTR Chamber 
8: Ring Stand 
C: Minichamber I 
0: Styrofoam Support [ 
E: Air Outlet ' 

N 

F:. Air Inlet J: Sample Line 
G: Air Sampling Ports K: Reference line 

. H: Six-lined Manifold L: Oiaphragh Pumps 
I: Exhaust for By~passing.. .. M: flow Meters 

Chambers ' N: Dual-gas iRGA 
0: Dual-pan Recorder 

Figure 1. Schematic Diagram of Apparatus and Flow Chart of Gas Flow for Measuring · 
Photosynthesis and Transpiration; 

0 
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were t~st:.edagainst the .conditions in the CSTR chamber. They 

were O.Ql ppm lower and0.1°C higher than CSTR's when the 

ozone concentration and air temperature in CSTR were o·. 30 ppm 

and 32°C, respectively. 

The addition of manifo1d installation in this study 

(Figure 1) with a.larger diaphragh pump drawing air from 

unmeasuring minichambers at the same flow rate as measuring 

minichamber tremendously increased the number of measurements 

within e.ach time unit. · The measurements on IRGA was tran~ 

smitted to a dual-pen recorder. Conversion of these data to 

the calibrated results was done ;by modifying with the stan-

dard curve 0£ each oa~. 

For the calculation of photosynthesis and transpitation 

rates, total needle area of each branchlet enclosed in mini-

chamb.er during gas exchange measurements was obtained by mul ... 

tiplying needle length by perimeter. Perimeter wascalcu-

·lated by assuming that a fi ve_;ne.edled fascicl.e .approximated a 

solid cylinder (Kozlowski and Schumacher, 1943; Madgwick, 

1964; Wood, 1971). Taper only occurred at the extreme. fasci-

cle tip and :was treated as negligible on surface area calcu-

la.tion. Fascicle radii were obtained by measuring needle 

cross sections with a Spenser Hemacytometer. Actual needle 

length and numbers of needles of each branchlet at ea.ch inea-

surement were recorded and averages were obtained. 

The designs of such air-sealed rninichamber allowed con-

tinuous<recording of small rapid fluctuations and changes in 
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photosynthesis and transpiration rate with considerable ac:cu-. ~ . 

racy (S~stak .et al., i971). .It al.so provided a leak- and 

.. damage-free micro.,.environment for gas· mea.surements. 

lar chamber has beeh-usedi~ field for cereals and 
. (· 

A s.inii-

grasses . 

photosynt~esi~ studi#s and was proven' pa·_rticularly useful . 
. . . . .. . . . . . 

because its gu.~c;.k; simple gas exchange. measl.lre:ments (Wolf et 

al., 1969). 

The: r·ate's p:f dark .re~piatl.9n and dark respirato'ry tran-- · 
.. ··. . - . . 

spiration were measured following the same procedures'.as iri 

phot;o'synthesis · and. photosynthetic transpiration but at . dark 

periods ( 2200-0400 E;ST) . 
. . These measurements were.· taken at 

. '·.· 

- . 
10-day intervals from .the.· same branchlet but .five days before 

photo·synthesi s measurements. At. each, .. sampling date I. day time 

exposures.were tt:rminated.at hour 1900. Plants.were moved 

once again. from greenhouse and exposed to·desigriated pollu-

tant concentrations· from hour 2300 to hour· 0300 in the fol-

lowing day. The CSTR chambers were kept in darkness by seal-
. . . . ... · 

ing off any possible· lea-ks of what in. CSTR chambe~ room. ·. 

Chlorophyll· content of current year needles was measured. 

eve.ry 10 days during 50-day fumigation -followed the proce'"'.' 

dµres of Vernon (1960): ·Two grams of fresh needl·e. se<phents 

·was .h,omogenized with ah Omni-l?lixer {Ivan Sorvall Inc ;i New-

town, CT 0.6470) in 80_% cold acetone for 5~10 minutes in dark- · 

· ness and. under low temperature. T.he extract was. filtered. 

through Whatman number one filter paper and collected in an 

100 ml volmetric flask. The filtrate .was then re""extracted 
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' ' following the; sahie method; '·twice with SO%. cold ac:;etone in'' 

bmni'.'"mixer for .three rniri'utes .. New extrc;lc'ts were 9ombine<:l: 

- with. the first ·:e~traC:t and _.centrifuged ~t 5, 000 I:Pttt for fiVe 

minutes. - The supeJ:"riia.tant was po~red .into a volme"t:r:ic flask 

and m_ade i,ip to J.00 ml voJ\.une wit;h_ 80% acetone anc;i\stored. in 

. darkness. The --~bs•o0rb~nce of this solution betwe~~- 40:0;..100 ~pm 
. · .. 

wavelength was ine·asu'red with a Unj,cam SP -80.0 sp~c;~rophotoine-

ter (Unicam Ins.trument~ L,:lrttii:e.d, · Caml:iri.dge, Engla.nd) .-•. _ ·All 

a:bsorban¢e readings.were corrected for indiVic;iu~l·cµv~tte 
.' ;- ... ,.. 

absorbance; .Thi. concen.trat;ion of chlorop}lyll a; b; and a + ,. 
. . .. . . . . . . . . .. , .... 

b., were determined-by following the-formula ~i~en.}:)yVernon-
-· -~- (1960) ~: ·'"' 

. . : ... 

·. chlorophyll', .a (tng/li terJ = 1,2~7 {A6.63) - 2. 6~- (A64~) 
. .. -~.: . 

-·--crirSrophy11\b ·(tii9/Liter)-· 22.9_ .. (A64;5) ---4~Q8-_(A66:3). 

" A6:4s, incU,c.ated. the .amount .. of.· ab-sorbance ,,.at 645 run .. · .· · 
, .. ;. 

·.). ;' 

. . .: .~ .. :· 
·~, ' " ~-· . . Y . . 

' ··; •.' ,f , ••• 

r.": . 
,,·"·:· 

· .... · 

. .,.: 
,, ,· .. 

·.· \ ·: '··· 

.,·~ ' 



RESULTS 

A. Foliar Symptoms .Induced by Ozone 

Visible symptoms irn::luced by ozone. on eastern white. pine 

current year needles ranged from generaLchlorosis, pigmented 

mottling, ·necrotic band'ing to.necrotic tip-burn. Mottling 

varied from yelloy;, red to tan col.or depending- oh whit.e pine 

·clone a:nd stage of symptorn·devel9pment. The predominant 

symptoms result~ng from low-dose ozone fumigatiop.s were pig-

rnented mottling and nec:rotic tip-burn. Premature defoliation 

·only occurred in the·. very sensitive cl~nes . . - ; . ; ,._.' -' -, . - •' -- -_· .. - -' ·" ·' 

Ozone injured areas were categorically distinguishable 
. . . 

in each test fumigation set a.rnong sensitive (class I and II), 

intermediate (class II I}, and tolerant (class IV) class.es · 
-", 

regardless of pollutant treatments (Figures 2j 3, 4, 5). 

Sensitive clones alway:;; exhibited more severely injured nee-

dles than intermediate and tolerant clones. In 1979, the 
. . 

exposure.of 0.10 ppzn ozone for 35 consecutive day:s (Figure 3) 

caused more foliar injury than 0.05 ppm exposure (Figure 2). · 

However, such a positive relationship between ozone dqsages 
. . . . . 

and symptom expressions was less obvious when ozone concen-
' ·. . 

. trati on:s were above 9. 10 ppltl (Figure 5) . 

B. Foliar Symptoms· Induced· bv. Sulfur Dioxide 

Sulfur dioxide induced visible symptoms On white pine 

curr.ent year needles occurred as either yellowish. chlorosis, 
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chlorotic mottling, pigmented mottling ranging from yellow, 

pink, red, brown to tan, necrotic banding, necrotic tip..:.burn, 

or premature defoliation. In general, these symptoms were 

indistinguishable from ozone~indu.ced ·symptoms• except in the 

early stage of symptom development. At that time, symptoms 

of sulfur dioxide exposure were predominately chlorosis or 

chlorosis-related discolorati.on while necrotic .symptoms were 

prevalent ih ozone exposures. At the end of four hours 

daily, 35-day-long fumigation, more severe foliP,r injury was 

induc.ed by 0 .10 ppm sulfur dioxide both on sensitive and 

intermediate clones when compared with 9.os ppm sulfur diox-

ide treatment ( FJ.gures 2, 3) . No symptoms were v.isible on 

tolerant clones following any of the above exposures. 

When sulfur dioxide concentrations were increased to 

0.10, 0.20, and 0.30 ppm (Figure 6), the types of symptoms 

were the same as those induced by lower concentrations (Fig-

ures 2, 3, 4), however, the. total injured areas were not pro-

portional to pollutant concentrations used (Figure 6). For 

clone IV-T, the only symptom observed was necrosis of 5% of 

the surface area at the end of 0.3 ppm exposure (Figure 6). 

C. Foliar Symptoms·Inducedby Nitrogen Dioxide 

Nitrogen dioxide alone at the concentratio.ns tested 

(Tables 1, 2) rarely caused vi sib.le symptoms .on white pine 

current year needles. Among six tested clones, clone II-3 

was the most sensitive clone to ni trog.en dioxide exposure · 
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followed by clone I-1 (Figures 3, 4). Fifteen and five 

percent of surface areas, respectively, of these two.clones 

were injured by 0.10 ppm nitrogen dioxide at the end of 

experiment. They were the only two clones exhibited foliar 

injury \:hat resulting from nitrogen dioxide treatment. 

Nitrogen dioxide induced symptoms were characterized by mot-

tling, necrotic banding, or necrotic tip-burn. None of the 

tested clones had any .nitrogen dioxide. related symptom at 

0. 05 ppm exposur,e (Figure 2). 

D. Timing of The First Visible Symptom 

Symptom development on pine needles involved an intensi-

fication of the first visible symptom throughout the enti.re 

experiment period. Initial minor. lesion might become dra-

matic discoloration by color changes or coalesce the affected 

area to a sever~ injured area" Generally speaking, the first 

ozone or sulfur dioxide induced Visible symptom on sensitive 

clones was observed between 0-2 weeks at 0.05 ppm exposure. 

and 0-1 week at 0.10 ppm exposure after the ihitiation of 

fumigation. When concentrations higher than 0.10 ppm .were 

used, macroscopic symptoms were visible a:t the first week 

after the beginning of treatment.. For interm.ediate sensitive 

clones, the first pollutant-related symptom was not.iced at 

2-3 wee.ks at 0 .10 ppm and 1-2 weeks. at concentrations higher 

than O. 10 ppm after the first· day of fumigat:i,.on. No. 'visible 

injury was found in intermediate and tolerant clones exposed 
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to 0.05 ppm pollutants (Figure 2). Pollutant combinations, 

in most cases, ·induced the first foliar symptom several days 

earlier than single ~ollutant treatment. 

E. Foliar Symptoms Induced by Pollutant Combinations 

The types of symptoms caused by pollutant combinations 

of ozone, sulfur dioxide, and/or nitrogen dioxide virtually 

included all types of symptoms induced by i.ndi vi dual pollu-

tant. Pollutant combinations ei t.her caused less than addi-

. tive, ad.ditive, or more than additive effects in terms of 

total injured area depending upon species of pollutant, pol-

lutant concentra-t:ion, and clone. of eastern white pine (Fig-

ures 2,. 3, 4) • tn general I more than additive e.ffects were 

more common in intermediate clones and tolerant clones ( such 

as clone III-3 in Figure 3, and clone III-3 and VI-1 in Fig-

ure 4). However, clone III-2 exhibited less than additive 

effects at ozone + sulfur dioxide, sulfur dioxide + nitrogen 

dioxide., and ozone + sulfur dioxide + nitrogen d;ioxide . expo-

sures while exhibited more than additive effect at ozone + 

nitrogen dioxide exposure (Figures 3, 4). For .sensitive 

clones, pollutant combinations prevalently caused less than 

additive effects either at 0.05 ppm or. 0.10 ppm concentration 

(Figures 2, 3, 4). The more than additive.effects of pollu--

tant combination, on sensitive clones was only found i:h clone 

I-2 at 0. OS ppm ozone + .sulfur dioxide and sulfur diox.7-de + 

nitrogen dioxide exposures (Figure 2) 1 and in clone I-1 at 



' . ' . '. ' ~- '' . ' . . 

was found in clone Il:-L at 0 .. OS ppm sulfur/dioxide + nitrqgeh ·· 
•, ,· .· . ' 

dioxide (Eigure 2) and in clone II-3 at 0.10 PF'.m ozone + 

nittogen dio~idetreatment (F.igure 4), .· 

~eedleE1ongatio1: .a,ffected byPolJ.ut~nts 

Under pollut:i.bn:-rre~ environments, the growth of .cµrrent 
. ' . 

year nee0.1es .<of ;.white pine clones were very si!tli 1.ar ( Figure.s · 

7-11). 

·· Wheh exposed te> ozone, sulfur dioxiqe, and/or nitrogen 

dioxide· singly at C:hrqhic concent;rati.ons, plant responses . 

varied w,ithpo1lutant spec~es, white pine clone, and pollu-

tant dos·a9e ... The suppression Of needle growth Q.ue to pollu:-

furriigation was more evident in sensitive .Clones t}1an in 

intermediate or tolerant C:lone.s ·(Figure 9.). such response. 
. . 

was especially ·obvious with high pollutant concentraticms 

(:figures TO, lll. 
- .... ,-. . 

Base.ct o:n rie~dle length me·asU~emerits, clonE:L !11 ,wa$ 

ranked.very sens~tive. (P::Q.0;5) t9 ·ozbne exposure~ clon.e 

to . sulfur dioxide . (Figu'.re ·8) ·~··· .. · and clone •.1.:·:-·. 

'·:~ .-- ,; . ·. - ·: - _.-. . - : . "- "'. :.. . . . - . - - . - . . .-_ ': - ., ' ' 

exerted no. significant .eJt:ects im. n~~dl'e Te!lgt:h' at the end of. 

in 
. . 

clone II-3 due to O.JO ppm exposure· (E'igure 9). The b.enefi-

) 
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cial effect of chronic pollutant exposure on~eedle growth 

was found in clone III-3 at 0.05 ppm sulfur dioxide fumiga-

tion (Figure 7) . 

When fumigation period was extended from 35 days (in 

1979 experiment) to 50 days (in 1980 experiment), the inhibi• 

tory effect of 0.10 ppm.ozone alone was again observed in 

clone I-1 , and sulfur dioxide. alone on clone II-1 .and II-3 

(Figure 9). Neither clone .IV-1 nor clone I IT-2 exhibited 

sensitive reactions to sulfur dioxide alone and ozone alone 

exposure, respectively, as in 1979. In nitrogen dioxide 

exposures, none of the needle length of tested clones was 

found different from controls (Figure 9). 

At higher concentrations (i.e. 0.10, 0.20, and 0.30 ppm) 

of single pollutant exposures~ ozorre significantly reduced 

needle length in clone II-1 at 0.20 and 0.30 ppm, and clone 

I I-3 at 0 .. 10 and 0. 20 ppm c.oncentration ( Figui:-e 10} at the 

end of a four-hour daily; 35 consecutive days funiigatio:n... In 

intermediate clones, the only significant decrease of needle· 

length due to above ozone treatments was found. in clone III-2 

at 0.30 ppm concentration. 

Exposure to 0.10, 0.20, and 0.30 ppm sulfur dioxide sig-

nificantly reduced needle length by 1/4 to 1/3 of control . - . . 

plants in clone I-3, I-4, Il-1, and II-3 (Figure 11) at the 

end of long.-term fumigation. Sulfur dioxide caused decreases 

in needle length on clone II f:-2 and I I l.;;3 but only the sup-

pressions at Q'.10 ppm on clone III-2, ·and 0.10 and 0.20 ppm 
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on clone III-3 were statistically significant (Figure 11). 

In clone rv-1 and IV-2, none of ozone nor sulfur dioxide 

treatments (up to 0.30 ppm) significantly (P=0.05) decreased 

needle length at·the end of a 35 consecutive day fumigation 

(Figures 10, 11) . 

In pollutant combinations; no :benifi.cia.l .·or adverse 
. . . 

effect of 0.05 ppm ;ollutant combination ~a·s found in n~edle 
elongation of clone II-1, II"."3 ,• and. IV-2.. Significant reduc-

tion of needle length was observed in clone I-2 by ozone + 

nitrogen dioxide, and .in. clone .II I-2 :by sulfur dioxide + 

nitrogen dioxide exposure (Figure 7). 

All pollutant combinations induced significant reduc-

tions in needle length in clone II-3 and III-2 at 0.05 ppm 

concentration (Figure 8). However, only the reductions in 

clone I-1 for ozone + sulfur dioxide and clone. IV~l for. ozone 

+ s.ulfur dioxide + nitrogen dioxide treatments were statisti-

callysignificant (Figure 8). 

Iri 1980, at the end of four hours daily, 50. consecutive 

days exposure at 0.10 ppm concentration, all of pollutant 

combination exposures (i.e. ozone + sulfur dioxide, ozone + 

nitrogen dioxide, sul.fur diox.ide + nitrogen dioxide, and 

ozone + sulfur dioxide + nitrogen dioxide) significantly 

reduced needle length in clone I-1, lI-1, and II-3 (Figure 9). 

when compared with control. Triple pollutant combination 

significantly reduced needle length in clone III-2 .and III-3 

by the end of 50 day ~xposure. None of pollutant combination 
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exposures significantly affected needle growth in clone IV-1 

at P=0.05 level (Figure 9). 

Needle Dry Weight 

The average needle dry weight of three chosen clones 

after been exposed to0.10 ppm ozone, sulfur dioxide, and/or 

nitrogen dioxide for four hours daily for 35 consecutive days 

was presented in Tabie 3. In clone II-1, all· pollutant-

.treated plants had less biomass production than controls. 

The maximum reduction of biomass was found in ozone .+ sulfur 

dioxide combination treatment. Ozone alone, sulfur dioxide 

alone, and ozone + sulfur dioxide + nitrogen dioxide com:bina-

tion exposure caused significant (P=0.01) biomass r~duction 

in.this clone (Table 3). 

In clone III-2, nitrogen dioxide alone, ozone + nitrogen 

dioxide'· and sulf'Q.r dioxide + nitrogen dioxide exposure did 

not cause statistically significant changes in needle dry 

weight as cornparedwith controls. Triple pollutant com:bina-

tion was found at 5% levelsignific;:ance while ozorie alone, ,, . ' 

sulfur diox.ide alone, ·and ozone + sulfur dioxide exposures at 

1% level si<;Jnificance in causingnel;:dle ·dry. wt:ight reduction 

in clone III,...2. (Table 3). 

None of:the; pd11utant'-treate,d plants, were observe.d to 

have less biomassproduction·(P=0.05) than controlled fumiga-

ti on in .clone IV-2 (Table 3). 

In the higher dose of single pollutant (i.e. at O.lOi 
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nificant. Sulfur dioxide -significantly decreased chlorophyll 

a and b concentrations in all three clones at 0.30 ppm con-

centration, in contrast, only clone II-1 and III-2 were 

affected by the same dosage of ozone (Table 5). 

Net Photosynthesis Affected by Pollutant Fumigations 

Since several pollutant treated clones exhibi.ted reduc-

tion in needle length or biomass production without visible 

foliar symptoms (Figures 2-6; Tables 3,4) ,· plant photosynthe-

sis, the priciple assimilatory.metabolism in vegetation, was 

monitored to determine the impact of pollutants on this pro-

cess. 

A. Effects of Ozone onNet Ph9tosynthesis 

In clone II-1 C~ensitive clone), there was a reduction 

of net photosynthesis within the first hour after the begin.,.. 

ning of ozone exposure. The magnitude of such reduction was 

proportional to ozone concentrations; 16-19% decrease for 

Q,30 ppm, 8-12% for 0.20 ppm, and 5-7% for 0.10 ppm (Figure 

12A). Following the termination of ozone exposures, net pho-

tosynthesis recovered at various rates. In general, the 

higher the ozone concentration during fumigation, the longer 

the time needed to recover from ozone inhibited carbon diox-

ide assimilation. In none of the treated plants did net pho-

tosynthesis attain pre-treatment· rates· at one hour after. the 

termination of .ozonation. 

Similar inhibition of net photosynthesis r.esul ting from : 
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ozone exposure was observed in clone III-2 (intermediate sen-

sitive clone) and IV;,.2 (toler·ant clone). However, the degree 

of reduction was much less than in clone II-1. The lowest 

rate of carbon dioxide uptake dur:i,ng four-hour ozone exposure 

was 92% of pre-treatment value at 0.10 ppm, 90% at 0.20 ppm, 

88% at 0.30 ppm in clone III-2 (Figure 13A), and 98% at 0.10 

ppm, ·96% at 0.20 ppm, 93% at 0.30 ppm in clone IV-2 (Figure 

14A) 1 respectively. 

B. Effects of ~ulfur Dioxide on Net Photosynthesis 

Daily exposure to sulfur dioxide decreased net.photo:.. 

synthesis in clone II-1, III ... 2, and IV~2. The. maximum inhi-

bit.ion of ca;rbon.dioxide uptake during daily four~hour fumi"." 

gation in clone II-1 was 7%, 13%~ and 28% at 0.10, 0.20, and 

0.30. ppm, respectively (Figure lSA). The corresponding fig-

ures were 3%, 11%, and 19% in <::;.lone III-2 (Figure 16A), and 
, -~ 

-2%1 -2%, and -4% in clone IV-2 (Figure 17A). Net photo-

synthesis generaJ.ly reached to its. lowest point a.fter the 

first two hours of fumigation and then maintained. a·· constant 

rate during the remaining hours of daily fumig~tio:ns. A 

recovery response of net.photostnthesfs was observed after 

pollutant exposures ended. 

C. Effect' of Nitrogen Dio~~de oh Net Photosynthesis 

Four hour nitrogen d::j.oxide exposures resuJ.te.d in slight 

decrease of net photosynthesis in clone II-1 and III-2 (Fig• 
1 

ures 18A, 19A). The maximum reduction as obserbed at exposure 
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of. 0. 20 ppm and 0. 30 ppm concentration was 8% and 9%, respec-

tively in clone Il;..1, and 8% in clone III-2 :for 0.30 ppm 
:· .'.'. ' . ··, . ·: 

exposure .. t·.J6 red~ction lri the rate of net photosynthesis was. 

observed in clone IV-2 at any nitrogen dioxide concentration. 

Transpiration Affected.by Pollutants 

A. Effects of Ozone on.Photosynthetic Transpiration 

·In clone II-1, there was a 1-2%, 3-4%, 4-8%,. and 7-11% 

r:eduction of transpiration during four-hour ozone exposures 

at O, O. 10, O. 20, and O .30 ppm, respectively (Figure 12B) ~ · 

None of the test plant showed a complete stomatal. closing due 

to ozone treatment. Recovery of partial inhibited stomata 

opening occurred after the termination of pollutant exposure 

(Figure :12B). 

During the same :four-hour ozone fumigation, the maximum 

reduction in photosynthetic transpira-t:-ion was 2% of the pre-

treatment value in control plants, 6%. at 0.10 ppm, 9% at 0.20 

ppm, 10% at 0.30 ppm in clone.rrr ... 2 (Figure 13B) as compared 

to 0%, 2%, 4%, and 7% accordingly in clone IV-:-2 (Figure 14B). 

Recovery .of transpiration was also noticed in clone II I-2 and 

rv--2·at one hour after the end of ozone exposure~ 

·B. Effects of Sulfur Dioxide·on Photosynthetic Transpiration 

Fumigation with sulfur dioxide increased photosynthetj,c 

transpiration in .all three clones under test conditions (Fig-

ures lSB, 16:8, 17B). The magnitude of transpiration increase 
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variedwithclone and the concentration 9£ sulfur dioxide. 
. . 

Transpiration rate of clone Il~.1 was increaseg. 7% at . 

0.30 ppm, 4% at 0.29 ppm, anc:l2% at 0.10 ppm afteronehou:r 

of sulfur. dioxide e.;,{posure (Figure 15B). Recovery of tran-

spiration at 0.30 ppm exposure was found to be-more dramati-
. . 

cal than at the other two concentrati6ns in this clone. How-

ever,· no:qe 6-f .tes.te;id conC'.entrations resulted _in .full recovery . 

.. of photosynthetic transpiration in clone II-1 at one hour· 

afterterrnination of pollqtan.t exp9~ure. Similar stimulatory 

effects of sulfur dioxide on transpiration. was found. in clone. 

IIl-2 (Figure .16B}, and clone IV-2 (Figure 17:8). Such 

increased rate$ W'e_rEil 2%, 4%, and sx···1nclqhe r:t!.-2 aric:l .~%, 

4%, and 4%>:i,h cl.one rv...:2 for 0.10, (J.20, and 0.30 ppm sulfur 

dioX._ide, r$~pectively. 

C. Effects of Nitrogen.Dioxide on Photosynthetic 

Transpiration 

Al1.nit;r-ogen _dioxide 'exp6sed plants exhibited a decre.ase 

of photosynthetic transpiration during four.:.hour exposure 

regardless of clone and pollutant.concentration~ The maximum 

depression observed was 4%, 7%, 9% in cl9ne II.;;.l, 4%, l()%, 8% 
. . .. 

in clone III-2, and 5%, 8%, 8% ·in clone IV-2 for.0.10, 0.20, 

and 0' 30 ,p:pm nitrogen O.ioxide I re~:pecti vely. (Figures 18B I 
.. .·. . . . 

1.9B, 2013). R~covery of t:r:anspirationwas noti~e<i in every 

treatment .a.f't:er the termination of nitrogen dioxide expo$ure. 

Recovery ra~e·s yaried with pollutant concentration arid .clone. 
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Dark Period Gas Exchanges.Affected by Pollutant.Exposures 

In this study, the procedures for carbon dioxide and 

water vapor evolution measurements at night were the same as 

those in light environments. Plants were kept in darkness 

for four hours before dark respiration was measured. At each 

sampling day, they were exposed to designed pollutant concen-

tration from hour 2300 EST to hour 0300 in the following day. 

A. Effects 0£. Ozone on DarkGas Exchange· Rates 

Responses of dark respiration and transpiration to ozone 

exposure were presented in Figures 12C-D, .13C-D,. and 14C-D 
. . 

for clone rr-1, III-2, and IV-2,. respectively. 

There was an increase of dark respiration in clone II-1 

at all test ozone concentrations. The highest rate occurred 

during a four-hour exposure was 103%, 106%, and 109% of pre• 

treatment value for 0,10, 0.20, and 0.30ppm ozone, respec-

tively. No recovery of.dark respiration.was noticed at one 

hour after'the termination of dark period pollutarit exp9stire. 

A simultaneous increase or decrease of water vap~r evolution 

in clone II-1 was measured along with above dark respiration 

depending upon ozone copce:ntrations (Figures 12¢, 0). 
. ' . ' . 

In clone.III-2, similar increase of dark respiration and 

variable changes in transpiration were observed Under the 

same ozon,e exposure.. During :four-hour exposure period, none 

of the hourly measurement of carbon dioxide and water vapor 

evolution exceeded 5% of pre-treatment value at 0.10 and 0.20 
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ppm exposure. It was very interesting to note that dark.res-

pirati.on of clone III-2 at 0.30 ppm ozone exposure continu-

ously increased ( 4% higher) over the test period while simu.1-

taneous transpiration measurement decreased (5% lower) 

(Figures 13C, D). 

In clone IV-2, the changes of these two gas exchanges 

due.to ozone exposure within the same four-hour period were 

less than 5% of pre-treatment value at 0 .10 and 0 .. 20 ppm con.-

centration. At 0,30 ppm conceritration, ozonation resulted in 

an 7% decrease .of dark respiration and 5% decrease of tran-

spiration (Figures 14C, D). 

B. Effects of Sulfur Dioxide on Dark Gas Exchange Rates 

There were no significant changes of carbon dioxide and 

water vapor evolution due to sulfur dioxide exposure· at 0.10, 

0.20, and 0.30 ppm in clone II-1 (Figures lSC, D) , .III-2 

(Figures16C, D), and IV-2 (Figures 17C, D) under dark condi-

ti.on except at the exposure of 0.30 ppm ozone on clone II-1. 

A continued increase (up to 9%) of carbon dioxide evolution 

was observed at the end Of four hour fumigation in this 

clone. 

C . .Effects of Nitrogen Dioxide on Dark Gas Exchange Rates 

Exposure of white pine to nitrogen dioxide at 0.10, 
. . 

0.20, and 0.30 PPI'n for four. hours under dark condition 

exerted no sighifi6ant ~hanqes on dark respiration and ~ater 
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. vapor; evol.ut:Lon on clone .. If:-1 fF.igures 14C, · D), I I r~i 

-.: .... ··-. ,. 

. ~ . 
·. ., .. 

::e;ffects of. L~rig-terttt Pollutant Exposures on Net. Photosyp.-

thesis 

.. oµring the so~da~-IonJ· ~;xperi,~eht· .( fqur hours d~ily}: . 
··.,··.: . . . 

.. . . 

. net. photosynthesis of·. test plants were measured. at 10 days' 
. ·- ·.· 

·. interval~ ·· At each saiitpiiilg ·day, rates• of photosynthe~is' wer~ 
cietermined one ho~r prior to, houri:y during, and . ~~e h.~ur .. . ~:. .· . . . . . : . : . . . 

.after daily four-~ott~pol~\ltant .. exposure, ·The.re w~re six· 

measurements (:>bt~ined from each- plant.· The average· .. of. these 

. six value:s was ca·lculat~d :~nd . referred t.o the first day.'$ 
..... " 

pre~:treatment value in.order to relate the growth patt~J:n of. 
·•. . .·'·. 

ea.ch white pihe c1o_n.e unde~ the influence of pollutant expo~.· 

· sures.· ·. ·,' 

. -_,,, ... 

·· The .. relative· pa.tterris 0£ net. photosynthesi.s of sen~;i- · 

· .. t:iye, inter~ediat~,. and tolerant cio~es in poJ,.lutant:..free . 

. ·enviz-.qnments were Ver¥ similar thr.oughout the experimental .. · . . 

peri~d (Figures .21-23); started at iOO% in an arl:>itra'ry: ~dale: 
as ·pre~treatm~nt value~. the. net. photosynth~$isste,adily .. · 

·. j;hcreased dl,.l;r;~ng the .fir·s.t ~-5 weeks of. experim_ent to . its 

peak~ ... l?eak photosyritheei:;; ~rates varied with clo~es; 196%, 

iS8%; and 210% being the !lighest rate ;observed in clone rr:...1, 

. · f1r:..2, · and,. IV~.2 respec~ively. · Following the net photosyntl'le-· 

sis rate reached 'to its maximµm, it either stabilized or gra"'": .·· .. 
. . . ·. . .. . . . . ·: . . . . . . ~ ·. .. . 

. . . 
dually decre.ased during the remainCirr o.f ·the experi.ment . 

........ 
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A. Effects of Long-term Pollutant Exposures on.Clone 

II-1 Net Photosynthesis 

In clone II-1, net photosynthetic rates of 0~10 ppm 

ozone, and 0.10 and 0.20 ppm sulfur dioxide treated plants 

increased slightly to 130-140% of the pre-treatment value 

within the first 20 days of exposure and then leveled off for 

the rest of experiment period (Figure 21) . The net photo .... 

synthesis of 0. 20 ppm ·ozone treated plants increased in the 

first 10 days of exposure (to 120%) and then continuously 

decreased until the end of 50-day exposure (Figure 21). The 

most evident respons~ of clone I I-1 due. to ozone and sulfur 

dio'xide alone exposure was at 0~30 ppm; a significant 

decrease of net photosynthesis was observed in the later part 

of expe:rime·nt. It was even lower than pre-treatment values. 

Resultes indicats that regardless of continuous needle elon-

gation over time, net photosynthesis gradually declined in 

clone II-1 due.to ozone or sulfur dioxide treatment (Figure 

21). 

The effects of nitrogen dioxide e}rposure on clone II-1 

long-term net photosynthesis was not significantly distingui-

shable from controls at 0.10 ppm arid 0.20 ppm exposure. In 

contrast, there was a suppression of net photostnth~sis rate 

( 20% a,s ·. the maximum} c;il,le .to 0. 3 0 ppm rii trogen diqxide expo-

sure without visible symptoms (Figure 21). 
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B. Effects·. of Long-term Pollutant Exposures on Clone 

III.,.2Net Pnotosynthsis 

In the clean air treated plants of clone III-2, the pat .. 

terns. of net· photosynthesis over the SO-days were very much 

alike (Figure 22). Peaks of photosynthetic rates were. 

observed on the 30-40th day a.fter the initiation of fumiga-

ti on. and ranged from 170-188% of the pre-treatment val.ue. 

The maximum rate of photosynthesis monitored in the 

ozone treated plants was 158%.of pre-treatment value on the 

40th of the. experiment in 0 .10 ppm exposure, 136% on the SOth 

day in 0.20 ppm, and 152% on the 30th day in 0.30 ppm expo-

. sure, respectively. At the end of 50-day experiment, net 

photosynthesis was 154% of pre-treatment value in controls, 

148% in 0,10.ppm, 136% in0.20 ppm, and 126% in0.30 ppm 

ozone exposure, respectively (Figure 22) . 

. In sulfur dioxide exposures, net photosynthesis rate of 

clone III-2 was 116%~ 153%, 174%, 173%, ana 168% b£pre._ 

treatment value in pollutant-free treatment, 125%, 147%, 

160%, 164%., · and 152% in 0.10 ppm exposur.e; 129%, 143%, 151%, 

146%, and 140% in 0.20 ppm exposure; 114%, 129%, 132%, 122%, 

.and 114% in 0. 30 ppm exposure at the 10th, 20th, 30th, ·· 40th, 

and SOth day of fumigation, respectively (Figure 22). 

In clone· III~.2, no significant stimulatory or inhibitory 

effect of net photosynthesis was found irt the first 30 days 

of nitrogen dioxide fumigation. However, net photosynthesis · 

.rates of pollutant-treated plants declined in the later part 
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of long-term pollutant exposure. This was· especially.evident 

in the high nitrogen dioxide concentration treatments (Figure 

22). At the end of 50-day experiment, photosynthesis was 

181%, 174%, 154%, and 161% of pre-treatment value for 0.0 

ppm, O.lOpprn, 0.20 ppm, and 0.30 ppmnitrogen dioxide 

treated.plant, respectively (Figure 22). 

. . . . . . 

C. Effects of.Long-term Pollutant Exposures on Clone 

IV,..2Net Photosynthesis 

Net photosynthetic rate of clone IV-2 was little influ-

enced by pollutant exposure when fumigated with the same dose 

of pollutants as clone II-1 and III-2 (Figures 21-23). The 

patterns of net photosynthesis throughout the entire test 

·period in pollutant-free and. pollutant-treated plants were 

very similar in clone IV~2 regardless of pollutant spec~es 

and pollutant dosage .. At certain stages of fumigatibn, net 

photosynthetic rates were even higher in pollutant-exposed 

plants than in controls. The lowest rate of .photosynthesis 

was found on the 20-40th day after beginning of ozone expo-

sure, while in sulfur dioxide exposure it was occurred on the 

30-50th day. There was. no distinguishable difference due to 

nitrogen dioxide exposures on net photosynthesis of clone 

IV-2 (Figure 23). 

Effects of Long-term Pollutant Exposures on Dark Respiration 

In clone !I-1, the maximum darkrespiratiqn of clean air 

·treated plants was found between the I0-30th day after the 
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beginning of exposure. These value.s ranged from 110% to 126% 
.. 

0£ the pre-'treatmentvalues (FigUre24). Similar patterns 

were also observed in clone III-2 (Figure 25), and clone IV-2 

(Figure ·25) . 

Da:i:;krespira.tion of clone II•l was found to steadily 

decreasedue to all test ozone concentrations. over long-term 

exposures. Respiration was 87%, 71%, and 60% of first day's 

pre-treatment value for 0.10 ppm, 0.20 ppm, and 0.30 ppm, 

respectively at th,e end of SO-day exposure ( FigUrer 24). 

Anearly increase of.dark respiration was found in clone. 

II-1 resulti11gfrom 0.30 ppm sulfur dioxide exposure. This 

increase was fol.lowed by a dramatic decline after 10-20 ~ays 

of exposure (Figure .24}. Th~ same ty,pe of response o:fan 

early increase followed by a steady decrease in dark respira'-· 

tion was also observed in clohe II-1 induced by 0.30.ppm 

nitrogen dioxide exposure, althou9h .the rate of increase was 

not as great as in sulfur dioxide treatment. 

There was no significant difference on dark respiration 

induced by 0.10 ppm sulfur dioxide, and 0.10 ppm and 0.20 ppm 
. . 

nitrogen dioxide exposure in clone II-1. All of these treat..; 

ments exhibited neariyidentical dark respiration patterns as 

that of control plants (Figure24). It is very interesting 

to note that the patterns of dark respiration .in clone II-1 

during the long .... term p9llutant exposures was in the agreement 

with net photosynthesis measurements (Figutes 21, 24). 

In.clone III-2, ozone and nitrogen dioxide exposures had 
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no signific~nt effec;:ts· on. tj.ark .J:e6pira~io:ri.. However; dail'y 

exposure of 0:. 20 artd \0. 3() ppm sulfur·:d.io~;Lde induced an ea.J::'lY 

incr~ase of ·da:i:-k respiration ~n ·c:1one .rrr:"".2 JFig'Ure .2sJ . 
.. ""· ., ' ,._. . :. . ···. ii;.'.'.!'.. . •. ·.. .. - . ·: 

. Durii1g 50~da·y~lo~g- rnol1.it~ri!l.g period,' the: ·a~rk respira~ 

tion of pollutant-treated plapts' had'' similar patterns as 

those of control plants in clone rv~2 tFigtire 26J;. However, . .,- -. '· .. ·... ,·· 

there was a constant· slight de¢re~~e rate of da·rk. respiration•· 
·. . . . 

. .:-- . . . .; · ..... ·. . . . ·. . . 
in .Po1ltitant-.treC?..ted plants as compared to cont~ols, ·exp.e-. 

' ' 

· cially at ·the high. pollutant concentration exp,¢sures. Such 

dec:i:-eases of dark respirati~n ·.were not evident in' :the ,first. '' 

40 days ·of fumigation and bE!:ca.qie' distinct at the end Of . 
' ' 

long;..terrnexposure {Figure 26). 
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Fig. 2. Percent of·chlorosis, mottling, ·and n,ecrosis s:Ymp-
toms on.current yec:i.r eastrrn white pine needles after fumi-
gated withO~QS ppm of.pollutants for 4 hours dailyfor.;35 
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or mottling; - necrosis, .and [=:! unaffected.) 
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Fig. 5. Percent of chlor_osis, mottling, and necrosis symp-
toms on current year eastern, white pine needles after fumi-
gated with 0.10, 0.20, and 0.30 ppm ozone for 4,hours daily 
for. 35 com~ecut:iye days. Total pie area is 100% ~ ( i:::.:.:::::\::::J 
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POLLUTANT T~TMENT 

Fig. 7. Needle length of current ·year eastern white pine 
needles after exposed to 0.05 ppm pollutants for 4 hours 
daily for 35 consecutive days. Bars within each clone having 
the same letter are not significantly different at P=0.05 
level according to Duncan's new multiple range test. 
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Fig. 8. Needle length of current year eastern white pine 
needles after exposed to 0.10 ppm pollutants for 4 hours 
daily for 35 consecutive days. Bars within each clone having 
the same letter are not significantly different at P=0.05 
level according to Duncan's new multiple range test. 
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Fig. 9. Needle length of current-year eastern white pine 
needles after exposed to 0.10 ppm pollutants for 4 hours 
daily for 50 consecutive days. Bars within each clone having 
the same letter are not significantly different at P=0.05 
level according to Duncan's new multiple range test. 
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Fig. 10. Needle length of current year eastern white pine 
needles after exposed to 0.10, 0.20, and 0.30 ppm ozone for 
4 hours daily for 35 consecutive days. Bars within each 
clone having the same letter are not significantly diffe-
rent at P=0.05 level according to Duncan's new multiple 
range test. 
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Fig. 11. Needl e length of cu rrent year eastern white pine 
needles after exposed to 0.10, 0. 20, and 0 . 30 ppm sulfur 
dio x ide for 4 hour s daily for 35 consecutive day s. Bars 
wi thin each clone havi ng the same lett er are not signifi -
cantly differert at P=0.05 level according t o Duncan ' s new 
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Fig. 12. Effect of ozone on A) net photosynthesis, B) photo-
synthetic transpiration, C) dark respiration, and D) dark 
respiratory transpiration of eastern white pine clone II-1. 
Hour 5 represents the first hour after the termination of 
pollutant fumigation. 
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Fig. 13; Effect of ozone on A) net photosynthesis, B) photo-
synthetic transpiration, C) dark respiration, and D) dark 
respiratory transpiration of eastern white pine clone III-2. 
Hour 5 represents the first hour after the termination of 
pollutant fumigation. 
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Fig. 14. Effect of ozone on A) net photosynthesis, B) photo-
synthetic transpiration, C) dark respiration, and D) dark 
respiratory transpiration of eastern white pine clone IV-2. 
Hour 5 represents the first hour after the termination of 
pollutant fumigation. 
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dark respiratory transpiration of eastern white pine clone 
II-1. Hour 5 represents the first hour after the termina-
tion of pollutant fumigation. 
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Fig. 16. Effect of sulfu:i; dioxide on A} net photosynthesis, 
B) photosynthetic transpiration, C) dark respiration, and D) 
dark respiratory trahspiration of eastern white pirJ.e.clone · 
!II-2. Hour 5 represents the first hour after the termina-
tion of pollutant fumigation. 
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Fig. 18.· :Effect of nitrogen dioxide on A) net photosynthe-
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clone II-l. Hour 5 represents the first hour after the ter-
mination of pollutant fumigation. 
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DAYS ,AFTER BE:GINNING OF EXPERIMENT 

E'ig. 25. Effect of daily 4-hour fumigation with ozone, sul-
. fur dioxide, and nitrog~n dioxide on relative dark respira-
tion rate.s .of eastern white pine, clone III•2 over 50 conse-
cutive days .. 
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Table 3. Average dry wei.glit of eastern white pine fascicles 
after fumigated witli 0 .lQ ppm ozone, sulfur dioxide, and/or 
nitrogen dioxide for 4 Fi.ours daily· for 35 consecutive days. 

CLONE1 

Treatment Ir--1 II I-·2 IV-·2 

mg/Illlll fascicle 

03 375** 412** 573 

so 2 370** 476** 579 

N0 2 507* 569 602 

03 + so2 331.** 478** 583 

03 + Nb 2 494* 531 616 

so 2 + N0 2 488* 529 572 

03 + so 2 + N0 2 422** 516* 610 

Control 522 570 622 

1Values represent mean of 20 observations with *5% and **1% 
significant difference from control treatment in each clone 
based on Duncan ':s new multiple range test. 
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Table 4. Average dry w:eight of eastern white pine fascicles 
after fumigated witli ff.10, 0.20, and 0.30 ppm ozone, sulfur 
dioxide, or nitrogen dioxide for 4 hours daily for 50 conse-
cutive days. · 

Treatment 

03 

Control 

Pollutant 
concentration 

- - - ppm 

0.10 

0.20 

0.30 

0.10 

0.20 

0.30 

0.10 

0.20 

0.30 

0.00 

II-1 

- - - -

424** 

430* 

381** 

445 

437* 

402** 

458 

450 

441* 

450 

CLONE1 

III-2 

mg/mm fascicle 

454* 

450* 

472 

449* 

467 

411** 

474 

460 

473 

478 

IV-2 

- - - -

4 78 

442* 

468 

469 

467 

440* 

483 

462 

453 

474 

1Values represent mean of 20 observations with *5% and **1% 
significant diff~rence from control treatment in each clone 
based on Duncan's new multiple range test. 
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Table 5. Chlorophyll content of eastern white nines after exposed 
to ozone, sulfur dioxide, or nitrogen dioxide for 4 hours daily. 
for 50 consecutive days. 

Treatment 

03 

so2 

Control 

Pollutant 
concentration 

--- ppm 

0.10 

0.20 

0.30 

.. 0 .10 

0.20 

0.30 

0.10 

0.20 

0.30 

0.00 

CLONE1 

II-1 III-2 IV-·2 

Chlorophyll Chlorophyll Chlorophyll 

a 

94 

80** 

76** 

92 

81** 

64** 

106 

94 

88* 

101 

b 

ug/g 

43 

38 

34* 

39 

34* 

29** 

47 

40 

39 

43 

a 

needle 

97 

89 

78* 

98 

86* 

73** 

104 

97 

91 

98 

b a 

dry weight 

41 

40 

33** 

42 

37* 

~ 31 ** 

45 

43 

41 

44 

9A 

98 

95 

96 

90* 

88* 

111 

101 

94 

107 

b 

39* 

42 

43 

43 

41 

38* 

51 

45 

42 

45 

1 Values represent mean of 4 observations with *5% and **1% signi-
ficant difference from control treatment in each clone based on 
Duncan's new multiple range test. 



106 

Table 6. Rates of net photosynthesis and dark respiration 
of eastern white pines at the beginning of long-term pol-
lutant fumigation. 

Clone Photosynthesis 
Dark 
respiration 

~-- mg co 2/g needle dry weight/hr 

II-1 

III-2 

IV-2 

5.0 

·4.1 

4.5 

1values represent mean of 9 observations. 

-2.0 

-1. 6 

-1.7 



DISCUSSION 

Plant Culture.Practice and Fumigation Facility 

Various plant and environmental factors have been shown 

to have conspiCious effects on plant se:nsitivity to.pollu-

tants (Heck, 1968; Heck and Dunning, 1968). In this.study, 

all physical environmental factors such as temperature, 

·.relative humidity, irradiance, timing of daily fumigation, 

monitoring facilities, and plant growing media were main-

tained as uniform as possible among treatments. Vegeta~ 

tively propagated clonal white pines of similar.age were 

used in each set of fumigations in order· to minimize any 

possible variation due to biological systems. Plant diurnal 

endogenous rhythms were suspected to occur during experimen"" 

tal periods (Botkin et al~, 1972). By regular daily measure-

ments of various plant responses at the same.time within 

every 24-hour regime and the use of clonally materials, the 

possible variations due to such rhythms have been substan-

tial reduced. 

Simultaneous pollutant exposures in 12 identical Conti"-

nuously Stirreq.Tank Reactors (CSTR) presented uniform tests 

to be. statistically comparable. The dual-gas infrared ana-

lyzer, the function of rninichamber, and the manifold sam-

pling system greatly increased work capacity, accuracy, and 

efficiency in gas exchange measurements. 

Through repeated use of the same branchlet of two.-year-

107 
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old graftedwhite'pine'which was fitted perfectly intO. 

·. minichainbers ·without significant overshaciow or contact with 
' ' 

.·the chairlber walls.,, the intracrown variability of photo;.. 

synthesis, transpiration~ ~espiration, and chlorophyll con-- . . . . . .. - .. - -·- . 

tent as. observed with field growri trees (W~od1 1971) was 
.· . . 

. . ... . . . _. ·. ·.: 

thus not of consideration. ' '• ' ' ' •', ,, .•. ' ' ·· .. ', ' ' ' 

Based onthe reslilts of short-term; high dose pollutant 
. . .. ·. . 

'fumig~tions;, .i.t is very easy to overs:ta~e or to projec:t 

plant respo:ris.es to pollutants which derived f·rom sudden. dra~ 
' ' ' 

matic p!lysiol~gical changes. 'Ihe long.,.:term, low .concentra.,.: 

ti·on fumig~tions certainly avoid thj,.s, and. provide 'ade~ate '.· 
. .. ~ . . 

time fo~ researchers to discern normal plant· responses tci' 
. . . ;.· ·. . . .· •, 

air ·polJ,.uta!lts under .. th~ pollutant· concentration~ that. often , . 
. . :· ·: . 

'occur in' the· ambient. air. This is especially·' iI)'!.J?O.rta,nt when'' 

the serisi tive age of a given plant specie~. is U~kn~wn (Davis . 

·and Wood, 1973b). For example.,·· in this ... study:; the effects 
. . . . . . . .. :· 

Of OZOne;.·SU].fur ,dioxide, and nitrogen dioxide at 0~10 arid: 

0.20 ppm C~?lcentrations'' on clone II-.l photo.synthesis were; ... 

no~ distinguishable;: from. controls iii th.e• ~ar~y stages of. 
- ·. . · .. ' ·. . .".· -

po11\ltant exposure (Fi~re 2;t) ··~ ... ?owev~r~ at late stages of 

expefriment,' pollu~Cl.~t treatmehts m~ni:fested' inhibitory ' -. ·-.·.. . ' . ·'. .. .. . . .· . . . . - . 

e£fects. on net photosynthesis· at all ozo~e and s.ulfur- dicS~ ... 
ide cifoncentrations, and at>o• .. 30 ppm nitrogen. dioxide expo;..' . .. . . . - '·. . - - . 

sur.e .(Figure 2.1). The long--term monitor:i.ng of growth ~at~ 
.· . .' 

terns of label_lecl br~ncl1,let is thus proven to be 'eapec:i,ail.y ' 

valuable in.terms of pollution ef:e:ects on plant m~tabolic 
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rates and its subsequent growth impact. 

The type of response selected as criterion fbr plant 

sensitivity intjexing to pollutants has been proven t<;> be 

important in the determination of its results.(Heagle, 1979; 

Ward, 1980). For example, Heagle (1979) studied the rela-. 

tive sepsitvity rankings. of four soybean.cultivars to 

chronic and acute ozone exposures by using various injury 

and growth :i::esponses as monitoring criteria. He .concluded 

that the rankings of soybean cultivars for sensitivity to 

ozone exposure was dependent on ozone dose as well as res-

ponse selected as the measure of sensitivity. The ranking 

of c::ultivar obtained by exposure to chronic doses of ozone 

was often different f~om that obtained by exposure to acute 

doses. Rankings based on growth effects wer.e usually diffe-

rent from those based on foliar injury. . Similar resul,ts 

were observed in this study. Based on foliar symptom 

expressions, clone III-2 was more tolerant to ozone and sul-

fur dioxide than clone II""l at 0.10 ppm concentration (Fig-

ures 3, 4), however,· such ranking was less distinct as po1-

-lutant concentration increased (Figures 5, 6). According to 

needle length measurements, clone II-1 was ranked less sen-

sitive to ozone exposure than clone I I I-2 (Figures 8, 9), 

however, the same·· sensitivity ranking was not observed in 

the gas exchange measurements (Figures 12, 13). ·These find-

ings well demonstrated the risk and the limited value of 

plant sensitivity ratings which only relied on a single 
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plant response without taking the consideratioh of other 

responses. 

In this study, several plant responses were measured 

during long-term pollutant exposures in .order to project the 

pathogenesis and tolerance mechanisms in white pine pollu-

tant-induced diseases. Measurements of photosynthetici res-

piratory, and transpiratory rates would indicate. stomatal 

behaviors which provide the information of pollutant uptake 

rates and plant assimilatory rates. Chlorophyll content and 

needle dry weight were also measured in order to assess 

direct impact of pollution exposures on plant growth. 

Symptom Expressions 

In 1979, conventional screening tests for identifying 

plant ~ensitivity to pollutants were carried out at pollu-

tant coh~entratidhs lower than then National Ambient Air 

Quality Standard. Special attention was paid to clonal 

growth impact caused by single pollutant or various pollu-

tant · co,znbination. expos:ures. 

Physical visible symptoms induced by ozone on current 

year's needles.were chlorosis, pigmented mottling, necrotic 

banding and/or necrotic tip-burn (Fi~res 2, 3, 4, 5). They 

varied with pollutant dose, white pine clone, and stage of 

symptom development. Such observed ozone induced symptoms 

were very similar to other studies conducted in artificial 

fumigations (Berry and Hepting, 1964; Berry and Ripperton, 
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. 1963; Costonis and S:inclair, 1969) ~ 

- ; Th~ relationship between ozone dosage arid symptom 
- ' ' 

expression with a. single linear- positive. relation was not. · 

observed .either on clonal or ·sensitivi:t·y class_ basis (E'ig~ 
' -

' ures 2 I 3 I 4, ?) • Obviously I there was rnore th;Stn one varia:-
:.. . . : •" . . ·. . ·.. . . . .. .. 

ble ( i.e .. pollutant concentration ) affecting the· results 
·:, . '. . •' 

of foliar injury in this. study. The. pr-Oportional increase 

rate of .:plant ,inj'llred .·· arE:a was more . rapid ._in ·;Lower concen:- _ 

tration exposures (E'igures2, 3, 4) than in higher concen• 

tration (Figure 5). 
' ' 

.. Sulfur dioxide: induced- Symptoms ranged from chlo·:tosis ~ 
. . . ··. 

chloroticmottlfng,'pigmented- mottling, necrotic banding to 
·. . . 

' ' 
' -

necrotic tip ... burn (Figures 2, 3, 4,. 6). 'I'hey were undistin'.''" 

· guishable! from :ozone ... ihduced ::;;ymptoms except in the early· 
' ' 

stage of symptom d,evelopment or on the clone that was sensi.~ 

tiye to sulfur dioxide but not to ozone. 
. . . .. 

The same dosage of s·ulfur dioxide c.aused more foliar 

injµry on te.st clon~~ than ozone (Figures 2 ... 6) e1xcept in 
' ' 

clone r ... 1 which.was highly ozone sensitive. These results 
.· . . 

are in good agreeinerit with those of Bennett iindHill (1973a., 

19731?1. ·: In theiZ'.. 1:5tudy: of pollutant penetration rates into 
. ., . . . ·. 

·a plant canopy, sulfur dioxide was found to be taken up 1.7 

times faster·- than ozone in alfalfa canopy. High:er water 

solU.bili ty of sulfur dioxide than oz-one at 20°c and its . ,. .. . . . . :·. .. . . · .. - . .. 

. ·.toxic prope·rty t~:) plant 'at high· <co:riden:tr~tions were cori-'sid ... -

ered as f!i.aj or factor.s of sulfur dioxide i11 causing more sev"" 

) ,-
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ere injury to plan.t growth than ozone (Bennett and.HJ:'.ll, 
·, .·. ··.· . ,.· ... 

~973a, 1973b). The greater injurious potential' of sulfur 

diQxide thcUl ozone~.ori eas.tern white pine hasbe~l}preyious . . . . - . . -

.re:P()rted by Houston (J.974) and C~stonis ·c 1970) . · ... However;:· 

Berry (1973) iri his stt+dY of white ·pine .seedling s.ensitivity 

·· to· ·ozone and sµlfur dioxide at O. 25 and o. 50 ppm> concentJ;."a.- .· 
. - . . . . · .. ··. ., ', ·.· . - - - . - . . . .. 

· · ti on~ reported a revers~ .. result.. P.ift"erent gepe pooi. 0£ .. · · 
.•. . . '•, . . :· : . -. •. ' 

plant mate'r.ia+s·: and:: plari.t ·age in Berry's mat~ri~l,.s' are sus-

pected at. this. moment, as the cause of cpn.fl,ictihg'· cop:c1u-
- ·.:. 

sions·.. In .this study, the dose-~esponse r~lation.ship bet- . . , . .. . . , ,· . . . . . •, . 
- ... >1 . ~- · .. "\•" . ·,'.:" 

ween 'test sulfur di.oxide concentrations· ·~.nd 'fo·liar symptom ' 

· ... induct~o·n was' like; ozone, exp9sures; no si~ple linear posi-
' " 

l\'1 • •• • - ' 

tive rel.ationship coulc:l be concluded by u~ing 1n.jured.· .area.· 

as a variable .to. predict pollutant conc:ent:rations. ( E'iqures 

2, 3,4; 6). 

E'o1iarin~itry inc1.uced by nitrogen dioxide in.tes~ed 

clones was· not expec:ted as compared to· ozon.e >or sulfur dio~­

ide e~posures .. · N.one o:f 'tested· clones sh,owec:l an,y pollutant 

indl.tced. SYmptoms l::r¥ .. O·OS 'ppm nitrogen dioxide at the;! end. o:t: ·· . 

.. four hours daily for 35' consecutive ciays e~posure (:figUre., 

·· . 2) . ·. Only two out o·f six clones showed visible symi:>t9rn 
. . ·,·. . 

J,njur.y at the end .of o .lo ppm long .. term fum~gation (Figures 
' . · ... :'. . ·, .. ,-, .·''. .. .· ·. ·. ·, 

·· ... 3, 4) .. Th~ average· foliar ipjur.y ·in: these two clones was 

·less than. 10%. · :Su~h in~bility of nitrogen dioxioe. to induce 

··. fo.li~r ·~Ymptoms on ·vihite pine was·· consi~t~nt >even followirtg 

·pollutant dosage be~ng raised to 0. 30 ·ppm for four hours 

.) 
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daily for 50 consecutive'da_ys~ These.results agree closely 
. ' . . 

·. · with those ·obtai11ed by ~en:riett anc;i Hill- (1973a1 1973b} in· 
.. :·'. . 

their work wi'th adverse· effects ·of. pollutants· to plant· 
. : . . . . .' .:·. .· .'. '" · .. ~. . .. 

growth. They :f'o~nd :that at the same dosage qf. -nitrogen. · 
.· . . ·. . .. . -.. _ . 

dioxidei Sl;llfur qi9xJ,..de,. and:ozon~, nitrogen dioxide was the·· 

least-toxic.to alfalfa photosynthesis. 

All of the clO,nal.- materials with d:i,ffepetit-~ollutant 

''sensitiyi t; d~.signatiolj used in this study we~e: clas'sifi~d 

· . based .upon folia~ sympto~ expres.sion, needle lel'.lgth, .and 

crown ap}:!tearance of ort,ets in t~e field (Philipii?, et al'., 

1977a, 1977bJ~ •Evidetitly such plan,t sensitivity classifica-
. . . -· 

tiori was .only. applied. to• ambient 'pollution in general wi.th.-

. out. al'.lY. speci£:,1.cation to .. Pollutants~ . - Resl,llts of -·this study 
. - . . . 

'• indicate that such white pine differential _sensitivity r~nk-

ing 'was not .~s~bvious in nitrogen ~iox:ideexposure as those 

·.in ozone.· or sulfur dioxide exposures .. ??he tol~r~~ce of. white 
., .· . . .· . . .: 

'pirie clones to,,' nitrogen dio:x;ide· was pr<Jven .to .. be· more common. 
. . . .· .. · · .. - ·.·' _·, : . _ .. 

· thart to oz6rie. and sul,fur dio~ide ~. PreSE;mted qata also .sug-
. . · .. - . , .. _ 

gest that the test' ni tl:'.ogen dioxide dosages. we.re not' ade-
- . - ·.. . .. -· ·' .- : _:·- . 

qUate to ex~r~ foli.ar. i;rij~ry on \nost of test clones i£ they 
·.:;·. 

··were .eerisi t,i ve.· t:o· nitrogen .di'ox~·de . 

. · . "Early. a,ir pollutiQn studies, suggested that common: 
. .·-. ,. '• . 

nitrogen. dioxid.e .e:b·P.C:~nt:ratd.ons in the ainbient: ·air were 
:)._ 

unlikely to cause Vi~ible plant injury in field (l:Ondi tion:s 

· (Hill Ei!.~L al.·'' 1~74J, exc:luci:i.rig ¢J3.Sef3 oJ ~<:,cidental ni trogem 

. . .. : , .. dio?tid~., re tease,.: f~om industries. · Many ot"}the confirmed 
.. •. ..... !~ ' -~ ·.-· -..... - • : 

..... 
·· .. --
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nitrogen dioxide induced foliar symptoms on plants required 

a threshold concentration higher than one ppm (Middleton et 

al., 1958; Taylor, 1968, 1973, 1975; Heck, 1964). However, 

recent studies have indicated that nitrogen oxides alone 

could become phytotoxic agents even at low concentrations. 

More importantly, nitrogen oxides could act rnore....,than-addi-

tivelly with sulfur dioxide both in pphm concentration to 

affect plant growth (Horsman and Wellburn, 1975; White et 

al., 1974; MacLean et al., 1968; Thompson et al., 1970, 

1971, 1972; Taylor and Eaton, 1966). In this study, the 

more than additive effects Of nitrogen dioxide with sulfur 

dioxide on foliar injury were observed in clone r ... 1, III-2, 

and III-3 (Figure 4). A similar kind of more than. additive 

effects between nitrogen dioxide and ozone were observed in 

clone I-1, II-1, and III-2 (Figure 3). However, it is 

important to point out here that such more than additive 

effects between nitrogen dioxide and other pollutants on 

foliar injury were not constantly observed throughout this 

study (Figures 2-4). For example, the effects o:f nitrogen 

dioxide + ozone on clone II-1 and II-3 foliar injury was 

less than additive (Figure 2). 

There was a substantial variation in clonal visible 

foliar symptom expressions on white pine needles in terms of 

type of symptoms and total leaf area injured (Figures 2-6). 

They varied from experiment to experiment and from year to . 

year. However, there was still a consistent significant 
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difference in symptom expressions among three different pol-

lution sensitivity classes. Clones in sensitive class were 

consistently injured more frequently and more severely than 

those in intermediate clones or tolerant clones. Further 

tests demonstrated that the classification based upon field 

morphological characters generally matched well with phy-

siological and yield response as measured by net photo-

synthesis and needle dry weight, respectively (Figures 

.21-23; Table 3). The only major contradiction was found in 

intermediate clones following nitrogen dioxide exposures 

(Figures 18, 19, 20). 

There was a significant difference among clones in the 

timing of the appearance of the first visible symptom on 

needle surfaces in this study. Generally speaking, they 

appeared after a 12-56 hours of exposure at 0.05 ppm concen-

tration and a 8-28 hours at 0.10 ppm concentration in sensi-

tive clones. In intermediate clones, the appearance of 

chlorosis or necrotic symptoms on current year needles was 

week(s) later than those in sensitive clones and accompanied 

by less severe injury. In tolerant clone, none of the pol-

lutant-induced symptoms was observed at the end of long-term 

fumigations (Figure 2). Such lag phase in symptom expres-

sion in tolerant clones may suggest that a higher internal 

pollutant threshold dosage is functioning in tolerant 

clones. 

Literature data concerning the sensitivity of eastern 
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white pine to ozone, sulfur dioxide, or nitrogen dioxide 

were fragmentary and often contradictory. For example, Sin-

clair (1969) reported that sensitive white pine was injured 

after exposed to 0.06-0.08 ppm ozone for four hours or 

0.02-0.04 ppm for 48 hours. Some other ozone related 

reports were 0.065 ppm for one hour (Berry, 1961), 0.05 ppm 

for one hour (Berry and Ripperton, 1963), 0.1 ppm for eight 

hours (Berry, 1971), 0.25 ppm for four hours (Davis and 

Wood, 1972), and one ppm for four hours (Botkin et al., 

1971, 1972). In sulfur dioxide fumigations, Costonis (1970) 

reported 0.03 ppm for one hour was the threshold dosage for 

foliar injury. Houston induced sulfur dioxide injury on 

sensitive clones after exposed them to 0.025 ppm sulfur 

dioxide for six hours (Houston, 1974). Skelly et al. (1972) 

suspected one-hour highest nitrogen oxides concentration at 

0.585 ppm combined with other polluta:p.ts was the cause of 

white pine disorder in the field. In this study, even under 

uniform culture practices and the use of clonal plant mater-

ials, pollutant sensitivity of different clones still exhi-

bited a great degree of variation. These results clearly 

demonstrate that white pine pollutant sensitivity is geneti-

cally inherited and could vary greatly within the same spe-

cies. When compared with the results of pollutant threshold 

dosage of other studies, the reasons for conflicting results 

could be due to one or more of the following factors: 1) the 

inability to duplicate the exact environmental conditions in 
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the'experim~nts, 2) the different indexing criteria used as 
. . . . \ 

. . . . .·. - . . . 

parameters to judge plant sensitivity, 3) the.d;ifferentpol ... , 

lutant exposure conce??-ttations, .dµraticins1 and timings of· 

exposures, 4) the variations in plant materials; such as. 

physiological age and culture practice, an:d S} the- diffe~ent 
. ' . . . . 

e.xperirnental designs,·· instrumentations and· cca:libr:ation 

.. · procedures· in poll.utarit ·fumigations. 
'. 

. . . . 
Chlorophyll Content 

Air pollution caused chlo.ro.sis, ··pigmented mottling~ or 

necrosis in many pl~nt species: Biochemically speaking., 
. . : . .... . ' •. . : .. . . . . ;. . . ... . . . ' . ~ . . . ; . 

pigment·change.or discoloration is a process of chlorophyll. 
",pv• 

degradation. ~nd/or •. t'orm~ti'on· of non-.green pigments . in plant· 
·_ . .·... : .. :. . :_.' . . .-· .· .. ··_._ ·. . . : . 

cell such as anthocyanin, carotene·s, or even Phenolic com-

pounds -~Malhotra, 1976; Gowin and: Goral, 1.977; Swieboda:. 

·1976_; Pti~kett··et~l., 197:3)-:~ ·•· I~':i:hisstudy,· chlorophyll 
·:: ,: ·, ~ .. 

content of white'. pine current year needles was decreased ... · 

after long-:term · 9zo;,_¢ ,-and .si..l.lfur · dioxide exposur·~~. . Diffe- · 

· ·rent degrees of toxicity among the same dosage: o-f sulfur 

dioxide, ozone, ·and nitrogen dioxide was observed in chloro-

phyLl mec:tsurements. Sulfur d,ioXide was found to. he the most .··.· 

toxic pollutant:" following l:>Y .ozor+.e. Under te~t c:onditions, 

.. nitrogen dioxide o:rily significantly redu.ced Ghloi-ophyll a 

content of clone I l,;. l at o. 3p . ppm. exposure. The results ·are 

consistent with other stud.ie·s in proving .· in!i~bitory . effects 

.of pollutants On. chlorophylls (Malhotra, 1976; Suwannapinunt 
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and Kozlowski, 1980; Swieboda, 1976) 

In light of other studies, such as Linzon (1971} stated 

that current year. needle was the most important to tree ·1 s 

welfare among the three ages of needles on eastern white 

pine. Swieboda (1976) ·indicated that 80% of· Scotch pine's 

needle chlorophyll was synthesized in the first year .of 

plant growth. The adverse effects of air pollutants on 

plant chlorophyll contents as observed in this study (Table 

S) could thus be at least partial contributed to the 

decrease of current year needles' photosynthesis (Figures 

21, 22, 23). 

Although the process of chlorophyll destruction is too 

·slow to account for 0 . instant depression of net photosynthesis 

as observed in daily pollutant exposures (Figures 12-20), 

there is a general agreement in the literature indicating 

that such destruction of chlorophyB .. is considered as secon-

dary plant process rather than primary metabolism like pho-

tosynthesis and transpirati.on. Substantial evidence exists 

which indicates that tissue discoloration and degradation of 

chlorophyll can only be observed in pollutant exposed plants 
- ' . . . 

after a substantial period of fumigation while the altera-
.. . . 

tion of photosynthes·is or transpiration is an instant plant 

response (Gowin and Goral, 1977; Ziegler, 1975; Hill .and 

Bennett, 1970). However, it is difficult to .illustrate the 

turning point 6f 'cellular metabolisms from primary to se<;on""' 

dary process in a dy:p,;;imic system, such as a pine needle in 
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this study .. 
.;.· 

.. . ·. 

Needle ElorigatiQn 
. . 

Poll~tan~ e~posures were found to .. reduc~ needle ;elonga:... 

·t:i.on in:: t:bis study (E'igure,s .7~1:1}. There .wa:·s rio sim~1e 
. . . . 

direct co;t:'.relation between plant pollutant sensitivity rank-
. . . . . 

imi and. its needle length. Needles of. sensitive clones may .. 

be shorter orionger than those 9f tolerant clones depending 

upon white pine clone and.pollutant treatment~ In other 

words, the length of needles among different sensitivity 
. . . . 

classes did not directiyre1ate to their pollutant sensitiv-

ity. It is very· interesting to riote that. under pollutant-. 

free conditions, sensitive clones regained. their grow.th in 

terms of needle.length much more than. those Of tolerant 
·, '. . ' 

clones as compared tC> pollutant ... treated. plants (E'i.~re 12). 

Data suggest that the inhibitory effects· of pollutant expo-
. . : . . 

·sures on. sensitive clones .were more severe thanth9se on 

t61.erant clones. 

Similar results of needle reduction due to pollutant 
. . 

.exposures have been reported by several studies. Eckert and 
. . -··. 

Houston· ( 1980) . ftimi~ated sensitive and tolerant e:astern · 

white pine cloneeto ·o.os ppm sulfur dioxide for· two hours 
. . . . 

·and found that final needle len~ths in .the end of growing. 
. . . 

season were ;i:-educed.· Althciugh differencesbetween. control 

and f).J,migated neeciles were not statistically. si·gnifi.cant, .. · 
. . . . 

. . . . ' 

all f\lmigated needles were shorter. wi·th the greatest reduc-
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tion occurring in sensitive clones. Coyne and Bingham 

(1980) investigated theresponses of ponderosa pine to ozone 

exposure in the field and reported that needles from the 

more injured trees tended to be .shorter, smaller in girth, 

and less dense than needles of less injured trees. Correla-

tion c9efficients for specific leaf weight was 0.52; needle 

length 0.38; and needle width 0.55, All 9f these parameters 

were statistically significant at p:::::o.01 level although they 

were not p~rticularly large. 

The growth of needle in each clone is believed to be 

controlled by individual genetic constituents. Any given 

environmental factor (includes air pollution) or set of ·fac-

tors are suspected to exert their influence on ne.edle elon.., 

gation only.to certain limits which would not override the 

gene control (Karnosky, 1977). The length of needles is 

thus consiqered not a reliable indexing factor to reflect· 

test white pine's sensitivity to pollutants. 

Pollutant Combinations 

In the atmosphere, many kinds of pollutants can coexist 

in different·· combination's at various ratios. Very rarely 

.·can a pollutant exist alone in the entire air mass. It is 

thus possible that those·· pollutants in a mixture may influ-

ence each other. chemically or physically in several ways and 

subsequently made the plant responses to pollutant combina-

tions different from those induced py single pollutant expo..;. 
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sure. The observed more than additive, additive, and less 

than·additi:ve effects of pollutant combination on symptom 

expressions (Figuref5 2-4), needle length (Figures 7-9), and 

needle dry weight·· ('I'able · 3) could have resulted from such 

interactions of pollutants in .the ambient air or within 
., . 

plant tissues. Th~ eff.eci::;; bf pollutant combinations as 

compared with, single pollutant exposures.were depending upon 
. . 

pollutant treatment~ white pirie clone and plant response 

measured. The effects.of pollutant c9mbinatioris can be· 

changed along with the changes of pollutant concentrations. 

For example, the more than additive effects of pollutant 

combination on foliar symptom.expression were most evident 
. . 

at low concentration treatments (Figure 2) and becoming less 

_pronounced as pollutant concentration, increased {Figures 3, 

4). Similar complE!xity of pollutant combinations on plant 

reaction has been well documented in the literature (Kress, 

1978; Tingey and Reinert, 1975; Tingey et al., 197la, 197lb, 

1973a, 1973b). The actual plant response mechanisms to pro-

longed pollutant combination exposures are probably more 

complex than we can comprehend and beyond the scope of this 

study~ No furthe.r plant physiological or biochemical res-

ponse was measured on pollutant combinations in this study. 

Plant Metabolisms and Stomatal Movements·. 

Since the.types of visible symptom and the patterns of 

lesion development induced by ozone, sulfur dioxide, and/or 
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nitrogen dioxide on white pine needles were so.similar that 

quantitative anci qualitative identi~ication.of causal pollu-

tant by plant foliar symptoms were not possible {Figures 

2;.;;;6). Furthermore, many pollutant exposures have reduced 

plant growth without the presence of visible inj'l.lrY {Tabl.es 

3, 4). It was thus necessary to determine plant physioiogi.:.. 

cal or biochemical response to pollutants in order to under-.· 

stand the mechanisms of pollutant injury and the causes of 

clonal differential sensitivities to pollutants. ·In other 

words, hidden injury of pollutants on plant growth cou,ld. be 

ilh1stratedby .such measµrements as depression of photo-

synthesis, stimulation of>respiration, and.low availability 

of metabolites which subsequently lead to the reduction of 

growth and yield, or.overallunthrifty plant appearances 

without actual lesion.s on plant surfac~:S. The understanding 

of such relationship between pollutant exposures at sub-
. - . ' ~ -. . - -.. 

. . 

lethal concentrations and its adverse eff'ec:-t:s Sn.fundamental 

p1ant meta,bol~sms certainly. wol.lid also aid immeasurably :i.n 

the est~blfshment of ambi~nt air quality standards. Among. 

many plant .reactions,. stomatal movements and assimilatory 

metabolisms were of major interest iri this study. Since 

stomata are the principle entry of carbon dioxide and gase-

ous pollutants into plant tissues .. stomatal movements play 

key r.oles in pollutant uptalies and plant photosynthesis 

which directly relate to plant growth and yield. 

·The.control plants in this.study exhibited a steady 

I 
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rate of photosynthesis and transpiration during daily six-

hour gas exchange measurements (Figures 12-20). This indi-

cates that the mid-day photosynthesis depression did not 

occur under test conditions. Sensitive clone in pollutant-

free environment.s ·regained. its photosynthesis efficiency and 

performed as well as intermediate or.tolerant clone {Table 

6). However, when exposed to pollutants, the inhibitory 

effects due to the same dosage of· pollutant were much severe 

in sensitive clone than in intermediate and tolerant clone 

(Figures 21-.23). Presented data support the view that the 

impacts of long-term pollutant exposures on white pine 

growth can be clearly reflected in the decrease of photo'."" 

synthesis and the increase of respiration during daily gas 

exchange measurements (Figures 21-26). 

A. Ozone Effects 

Ozones was found to induce net.photosynthesis (Figures 

12A, 13A, 14A) anc:l simultaneously decrease .transpiration 

(Figures 12B, 13B, 14B) during four-hour day time exposure 

in clone lI-1, III-2, and IV-2. The magnitudes of effects 

were proportional to ozone concentrations in each clone with 

the sensitive clone being suppressed the most. · Data suggest 

that the induced adver$e effects on carbon dioxic:le fixation 

may contribute to the ·.partial closure of. stomata. The clos-

ing response of .stomata would then further reduce the. total 

functional stomata1 pore~rea on a unit leaf surface basis 
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and restrict the enf lux of water vapor and the influx of 

carbon dioxide through the stornatal pores. 

The other supporting evidence of such ozone injury on 

white pine gas exchanges was based on the observations that 

net photosynthesis appeared to be decreased more. rapidly 

than transpi:r:-ation (.Figures 12A, 12B). This indicates that 

there is a rapid adverse effect on photosynthesis due to 

ozone exposure and a subsequent slow closing of stomatal 

aperture. Nevertheless, at present.time, it is still unk"'." 
- .• 

nown if the partial closing of stomata when expas.ed to ozone 

was due to passive irih:i.bitory effect or active protective 

mech~nism.after.carbon dioxide fixation process has been 

interfered with, or both. The observed.response of gas 

exchanges during po111.ltant exposure may be a compromise bet-

ween the optimum carbon dioxide uptake frotn ambient air for 

assimilation and the. pre?vention of excessive water loss. frorn 

opened stomata under test environmental conditions. 

The disproportional reductions between net photosynthe-

sis and transpiration by pollutant exposures as found in 
< • '. 

this study has been observed.and theorized by several 

researchers. McLaughlin et al. (1979) .and Coyne and Bingham 

(1980) listed two reasons for a lack of proportionality bet-

ween water vapor evolution on transpiration and carbon diox-

ide uptake on assimilation found in pollutant exposures: 1) 

the temperature dependencies of these two gas exchange pro-

cesses are different, and 2) transpiration is linearly 
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related to water~vapor concentration in leaf in~,~rcellular .· 
·. i :. . . 

Spaces but assimilatory rates follow a saturation C'.UrV'e With' 

respect to intercellular. carbon dioxide concentration.' 

Since the: o.bserved maqni~udes of :r~duction in ~tomata1 
closing could not fully account for the redti.cti9ns in¢arbon 

.· .- . ·. 
. . . .· . :· 

'dioxide assim.i.1atic>n, ,the: irtterrial physiological ·a'.nd/or bio• 

chemical inhibition of ·carbon dioxide fixation due to .ozoJ:le 

treatment i$ thus' suspected. under test. condition$~ . The . , 

·inhibitions due to the same ozone .·dosage ·w:a:s found to be· .. 
' ' 

much less in tolerant clone. than in sensitive. clone (E'igtires _ 

12, 14). These. data suggest that the internal threshold dos~ 

age :for carbon dioxide assimilation· inhibition i.s. much 
·. . . . . .. 

higher in tolera?lt clone tha.n in sensitive' clone .. 
.. , . 

·Ozone has. been reported .. to reduce. photosynthesis of 

several tree. species by ~ther stud:i,es. ?Jliiler et al. (1969) 

f.ound that phot~synthesis 'of ponde·rosa pine was reduced by 

10, 70, and 80% at cumulative ozone dose ·'of approximately 
' 

40, 80, and 120 ppm-hour, respectl.vely. ·. Me anwhi l.e 1 photo~ 

synthesis has- ]::jeen illustrated to be more' sen:si.ti ve to ozone 

injury than stomatai conquc;::tarice in field ponderosa pine 

study (Coyne and Bingham, 1980). Dugger et al. (196.2) · 

reported tha'.t 'st6ma:i;a, wer~ not the primary controlling f ac- ' . -· . ' .. ' ·. . . ~ ~ ' .. 

tors· from ozon~ injury to pinto bean, insteaci, they testi-

fied that the phy-~i~logH::al age of bean plants. along with 

intern-al bioche~i:~t~i reacti~'ns should ac:~ount for, alleviat.;. 
. . . , :.- "/ . . .. ' .~~ .. ~.: .~: : . . - . . . . ' 

irig po;i]..1~tant .injury in. th~ir, study~ All of these findings 

.. ;.·. 
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proved the similar results of ozone adverse effects on pho-

tosynthesis and photosynthetic transpiration as this study 

and are in a good agreement with presented data. 

B. Sulfur Dioxide Effects 

In sulfur dioxide exposures, a reduction of net photo-

synthesis was found in sensitive clone and intermediate 

clone at all three tested concentrations (Figures lSA, 16A). 

Such reduction was accompanied with a stimulatory effect on 

transpiration (Figures lSB, 16B). However, in the tolerant 

clone the increase of transpiration was observed along with 

a small increase of net photosynthesis (Figures 17A, 17B). 

Based upon these observations, sulfur dioxide fumiga~ 

tion under test conditions (26-32°C, 60-70% R. H., and 

21,000- 28,000 lux) seemed to stimulate the opening of sto-

matal. aperture while also inhibi te carbon dioxide fixation. 

By comparion of these two. gas exchange measurements, the 

actual degree of sulfur dioxide inhibitory effect on net 

photosynthesis could be higher than figures given primarily 

due to a coincidental wider opened stomata. 

Recovery of net photosynthesis and transpiration after 

the termination of pollutant exposures were found. in all 

three clones at all test sulfur dioxide concentrations. The 

re~overy rates varied with clone and sulfur dioxide concen-

tration. There is an indication that the greater the 

depression, the longer the time which will be needed to 
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recover {Figures 15B, l6B, 17B). Meanwhile, a quicker 

recovery of transpiration, than net photosynthesis was obs-

reved in treated plants {Figures 151 16, 17). These results 

· suggest that sulfur dioxide exposures exert more inhibitory 

effects on carbon dioxide fixation than on stomatal move-

ment. 

Similar results of sulfur dioxide adverse effects on 

plant photosyntehsis and transpiration have been reported by 

numerous studies. Ziegler (1972, · 1973, 1975) sµggested that 

sulfur dioxide could act by competing with carbon dioxide or 

bicarbonate for the binding sites on ribulose-1,5-diphos-

phate-carboxyLase. · The theory of competitive inhibition of 

sulfur dioxide on carbon dioxide fixation was later con-

firmed by .the results. fr.om. an in vivo study that showed that 

the depressed photosynthesis was fully recovered to the nor-

mal ·rates when returning to clean air after being e;Kposedto 
. ' 

low sulfur dioxide concentration (McLaughlin et al., _1979). 

The response of. r.ecovery frorn inhibited photosynthesis after 

the termination of pollutant exposures also indicated a 

reversible inhibition of carbon dioxide fixation process.in 

· which pollutant dosage was be.low the limits of permanent 

injury threshold 0 (Tingey, 1974). 

In other studies, Unsworth et al. (1972} showed t;hat 

there was a l:>rief and small increase in bean net photo-

syntl::J.esis when exposed to sulfur dioxide which was accompa-

nied by stomatal opening-. But within about 30 minutes, net 



photosynthesis began to decrease and typ:i.cally reached to 

minimum level . .afterone to two hour of exposure. The magni-

tude of photosynthesis decrease in their study was abouf.20% 

of pre.,.treatme:p.t value~ McLaughlin et al; (:J.979) observed 

that tra:p.spiratiort of kidney beans was less sensitive than 

photosynthesis to short-term (three hour) exposure of. sulfur 

dioxide. They suggested that stomatal closure was not a 

major factor in the responses observed. All of these stu-

dies along with present data suggest that carbon dioxide 

fixation process may b~ the primary site of sulfur dioxide 

inhibitory reaction. following by the movements of stomatal 

aperture. 

There was a mere pronounced adverse effect of sulfur 

dioxide exposure than ozone on net photosynthesis of clone 

ITI-2. This :indicates that physiologically clone II I.-2 is 

more sensitive to sulfur dioxide than ozone exposure. Simi.,. 

lar results of plant diJferential sensitivity to pollutants 
' ' 

have been reported by Berry (1973). 

c. Nitrogen Dioxide.Effects 
' - ' 

All of test nitrogen dioxide exposures slightly reduced 

net photosynthesis and transpirat:i.on under te,st conditions . 

. There was a trend showing that the observed decreases of net 

photosynthesis were parallel to the magnitudes of transpira.,. 

tion reduction in all clones at all test concentrations· 

(Figures 18, 19, 20). R~sults indicate that a nitrogen 
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dioxide threshold dosage higher than tested (0.30 ppm for 

four hours)· wou.ld be needed to bring about any significant 

change in photosynthesis or transpiration. Data also indi-

cate that the toxicity of nitrogen dioxide is much less than 

ozone or sulfur dioxide to white pine carbon dioxide fixa-

tion processes and the injury threshold of various pollu-

tants on white pine photosynthesis are not the same. 

These results of different modes of actions by various 

pollutants closely agree with.the findings of Bennett and· 

Hill (1974). They studied the effects of.six major air pol-

lutant on barley. and oat canopies through two-hour exposures 

with equal pb11utant c6??-cehtration. The transpiration rate 

measurements sh.owed that ozone increased leaf resistances to 

gas transfer in proportion to the amount of suppression on 

gas exchanges induced. Howe.Jer, in nit.:rogen. dioxide. expo-

sure, transpiration rate.s were not significantly depressed. 

while great reduction in carbon dioxide uptake wasobserved. 

The nitrogen dioxide appeared to inhibit carbon.dioxide 

upta:ke rates by affecting the biochemical reaction of carbon 

dioxide· fixation. In the investigations of sulfur dioxide 

exposures, they observed a.tendency of stomatal closure 

along with the depressed net photosynthesis rate. They sug-

gested that sulfur dioxide inhibited c.arbon dioxide uptake 

rates more by affecting biochemical fixation of carbon diox-

ide ih the leaf than by impending gas transfer by inducing 

stomatal closure. 
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Effects of Long-term Pollutant Exposures on Dark Respiration 

In dark period ozone exposures, plant ~ark respiration 

and water vapor evolution were not significantly affected in 

all three qlones (Figures 12C, 12D, 13C, 13D, 14C, 14D) 

except in sensitive clone at 0.30 ppm exposure where dark 

·respiration showed an 9% increase over four-hour exposure 

period while its trahspiration was ho.ld. relatively constant 

(Figures 12C, 12D). Since such increased dark respiration 

did not recover after the termination of pollutant treat-

ment, it is suspected that the increase of carbon dioxide 

evolution is not induced by dark period ozone exposure. It 

is suggested that the increase of dark respiration is du.e to 

the stimulated +;"epairing or synthetic processes that pre-

vailed in pre-clinical injured cells. 

There is some supporting evidence in the studies of 

pollutant induced plant diseases for this·rationale. First, 

cellular repair processes require many activated metabolic 

processes to provide bioligical energy in order to fend off 

the temporary injury or seal off the permanent injury caused 

by stress conditions (McLaughlin and Shriner, 1980). For 

example, activities of peroxidase, poiyphenol oxidase, phe-

nolase, and other oxidative metabolisms have been reported 

· several-fold h,igper in pollutant exposed plants (Howell, 

1974). Secondly, adenosine triphosphate (ATP) is known as 

an acid-lia.ble phosphate (Pell and Brennan, 1973). The ATP 
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is a·veryvulne:t"able target inthe event of .lowing cellular 

pH value ot de~truc.tion of cell. buffering capacity that 

. co~ncic:len"!;ly a:re f~4';-ly common in pollutant exposure cases. 
~ •• ·:. - •• ':. ·' ·_ ·:~ '.. ':: • • : ·.'. -c • ' • '·. • ••• ~ .;,' .... ~: : .... ":· •• • - • ' 

... Furth.er.more;· cfadne ha~ been. reported to: cause uri.couplinc;Lof 
. .. . . -· . . . .., .-: / . - . - .. - ' .. ~ .. . •. -

. oxidative phosphorylation \-l:hich. in tti~n increaseo. cellular . ' . . - -- ~ 

r~spiration. {Lee/ 1967,. ·1968; l?ell and·J3renn.an, · 1973). All 

of these bi6logicc:tl repair pr9cesses, breakdown of ATP 

molecule, andlincoupling of oxidative phosphorylation would 

·corisequently increase the rate of respiration in.pollutant 

·treated plants. as· observed. in this study. 
- ',. - - - .· · . .' . ···.·· . ·-- .... 

·siml.la:r·increases o:f respiration to recuperate from 
. : .' -:. .. ·. . . . . .. · . 

·temporarily po:J,.:lu:tan.t~induced iri]ury are also s~spected to 
. . -. : . 

occur i.n other: pollutant tre~tments .during or after· day~titne . .· . - - . 

exposures although they had not been monitore~·in the dark 
• ... ' 

respiration measurements .. • The time spa:ri. between termination 
' . 

' . 

·. of day-time exposures and the beginning of. dark period mea-

surements t,Yas four hours. This four-hour period might be . 

. long enough fQr tolerant clones at test concentrations and 

sensitive clones' at. lowe:r; .Pollutant concentrations to resume 

thei.r norm·a.l respiratio.ri, rate when dar,k period exposure .was .· 

l;:>egun. 
. ·. . . - .· -

In dark period sui.f~r dioxide exposures~· the oni~ sig-
- . .· . . . . 

nificant changes obs.erved. w~s a continued increase of carbon . -·· ·. . - ' .- . . ,, - : ... . . . . . '. 

'dioxide evolution in.sensitive clone at 0.30 ppm exposure 

regardless of the timing of administration of polluta~t .. ·As 

in ozone exposures,· stimul.ated metabol.ism:s for injury repair 

•"'.: 
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or ATP production are suspected. 

In the event. of lesion formation before necrosis devel-

opment in pollutant induced plant diseases, plants n,ot only 

lose. assimilatory units for carbon dioxide fixation but are 

also forced to invest some photosynthates to restore.injured 

area. If plant succeeded, it could recover .from such stress 

conditions without major Joss in plant vigor and subse.,.. 

quently resume its biomass prodil.ctiqn. I£ plant lost in 

homeostatic repair processes, they not only suffered in 

terms of biornass production but also wast,ed valuable assimi-

lates during repairing processes. Loss of photosynthate in 

repairing respiration without any visible symptoms could end 
- . ' - . . . 

up wi th .. hidden injury of diseased conditions in which· sub-

stantial amount of energy couldbe lost, particularly in the 

prolonged pollutant ex:p9sure. S.uch sublethal concentration 

of poll;utant can finally caus;e a zero growth in plants 

(Tables 3, 4). 

Based upon presented data, it is evident that there was 

an increase in.dar~·respiration·teihporarilybefore physical 

symptoms were noticed on the current year ne.ed.les. However;. 

needl°e dark respiration started to steadily decline and was 

even lower th.an pre .... treatment values after the· appearances 

of visible SYlJl.ptoms on needle surfaces (Figures 24-26). In 

long-term dark respiration measurement, data also indicate 

that as needles aged or pollutant dosage accumulated:, the 

effects o.f pollutant exposures on sensitive clone's dark 
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respiration diverged from indistinguishable patterns as at 

the early stage of exposures to significant difference among 

treatments at.the end of experiment. Meanwhile the responses 

of tolerant clones induced by different pollutant treatments 

still remained undistinguishable (Figure.s 24-26). Presented 

results tended to coincide with the theory that a higher 

dosage. of pollutant is needed to induce the same degree of 

injury in tolerant plant than in sensitive plant. 

By comparing the· Clonal responses of sulfur·dioxide 

exposures at daytime and nighttime, it is concluded that the 

stimulative.effect of sulfur dioxide on white pine stomata 

opening is .. a light-dependent reaction. 

Effects of Long~ter~ Pollutant.Expo~ures on Net 

Photosynthesis 

Apart from instant effects of pollutant exposure on gas 

e'xchanges obtained from hourly measurement (Figures 12-20), 

cummulative effect of pollutant exposures on disturbed pho-

tosynthesis was later manifested in biomass production 

(Tables 3, 4). .The rates of photosynthesis did not fully 

recover f.rom pollutant-induced depression at one hour after 

the termination of exposures. In general, the higher con-

centration of pollutants as well as the more sensitive of 

clone, usually a longer tirrie is needed to recover. This 

suggest that there is a more severe injul:'y on photosynthe.sis 

and its subsequent photosynthate production in sensitive 
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clones than in tolerant .clones. Such continued depression 

of assiznilatory metabolisms would mean less photosynthate 

prodution per leaf surface per time interval and is later 

confirmed by the significant reduction of plant vigor, 

yield, and plant productivity (Tables 3 1 . 4). Meanwhile, 

photosynthate is essential for the repair of po:Llutant 

injured cellular constituents (McLaughlin and Shriner,· 1980; 

Mann et al., 1980), a prolonged inhibition of net photo-

synthesis due to pollutant exposures would result ina 

decrease of photosynthesis efficiency and a reduction of 

available photosynthate (Taylor 1977; Vins and Mrkva, 1973). 

Throughout the experiment, premature defoliation was 

observed freguently in sensitive clones but not in tolerant 

clones. This confirmed the field observations that sensi..;, 

tive trees only have current year needle.s remaining follow-

ing low dose of pollutant exposures (Berry, 1973; Houston, 

1974) .. 

. Frein a bioproduction view point, premature defoliation 

of pine needles i.s the complete · 1oss of assimilatory appara-

tus which s~bsequently result in.biomass reduction (Tables 

3, 4). In the cases Of symptomatic tissues, the rates of 

plant rnet.abolisms are be.lieved to be largely reduced in nee-
. .. 

d1es displa;ying chronic or acute injury as compared with 

asymptomatic t:i.ssues (Figures 21 ... 23). With early manifesta-

tion of foliar symptoms.(which is a sign of chlorophyll des.;.. 

truction) and premature defoliat.ion in sensitive clones as 
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observed in these long-term.exposures, growth reduction in 

these diseased·plants could be explainedby either less 

efficiency or inability of needles to supply the amount of 

photosynthate·whic;h.is directly needed in cell repair and 

plant ···.growth .. 
' . 

Similar chronic effects of ozone and. sulfup dioxide On 

biomas productio:n in inte:tmeqiate and .tolerant clones were 
- .· - . . ·_ .. ,:, , 

also observed in long-term net photosynthesis measurements 

(Figures 22, 23). Decreased net gain of assimi1atory meta-

bolites due to pollutant exposures without visible ·i!ljury is 

thus suspected even in the tolerant clon.e (Tables 3, 4). 

Coyne and Bingham (1980) demonstrated that prolonged 

suppression of photosynthetic rates arid premature· 1oss. of · 

autotrophic tissue due to ozone exposures could pesult in 

reduced carbon accumulation per tree accompanied by reduc- .. 

tions in the piomass and surface area per needle, the spe"-

cific leaf weight, and the number of annual needle whorls 

retained. These factors contributed tothe ste.ady loss of 

tree vigor in their. study, weakening trees to the point of 

vulnerability to pathogenic organisms such as root rotting. 

fungi and bark beetles. 

Similar results.of pollution effects on white pine have 

beeri found at RAAP, Blue Ric;J.ge P(irkway in Virginia apea, and 

other places. Trees sensitive to pollutants hava.been 

reported to be more vulnerable to other biotic andabiotic 
. . . . . . . 

stresses (Skelly, 1977, 1980; Lackne:i;- and Alexander .1980; 
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James et al. , 1980; Cobb et al., 1968) . 

Closing Remarks 
. . 

'I'he differential plant sensitivity toi'pollutants have 

. been largely attributed to different genetic.constituents 

which expressed asdifferent anatomical structures, physiol-

ogical reactions, and/or biochemical functions (Levitt, 

1972; Bingham and Coyne, 1980). Trimble (1980) examined the 
' . . . 

same white pine clones as used in this study and f.ound t:P,at 

stoma numbers per needle surface area in ozone sensitive. 

clones were not significantly different from those of tole-

rant clones; The anatomical structures thus play no roles 

in white pine differential pollutant sensitivity in this. 

study. The avoidance tolerance as defined by Levitt(l972) 

·was not the case of eastern white pine toleranoe to pollu;.. 

tants since none of the white pine clones studied showed the 

response of complete stomatal closure when exposed to pollu,.;. 

tants. How~ver, the observed partial stomatal closing in 

eastern white pine induced by pollutants is to a certain 

degree of importance in the exclusion of pollutants from 

further entry .. into plant ti~sues. Other internal biochemi-
. ' 

cal. fa·Ctor:? such as cellular sensi tivit;y to pollutants and 

the integrity of cellular buffering capacity may be also 

involved in actual tolerance mechanisms by which differen-

tial sensitivities .to air pollutants resulted. In other 

words, the observed clonal gifferential sensitivities to 
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pollutants are likely to be quantitatively rather than 

. quali.tatively expressed. The existance of different bio-

chemical tolerance mechanisms which function after pollu-

tants .have entered into leaf tissues would reasonably be 

suspected. 

The data presented ihdicate that the dose of pollutant 

is certainly important in the determination of the severity 

of metabolic dysfunction and the rate of these responses. 

When sensitive clones are exposed to the same dose of pollu-

tants, rapid reaction of physic-biochemical changes are 

affected as compared with a slower reactions or no influence 

on intermediate and tolerant clones. 

It is believed that a plant population can be differen-

tiated through natural selection from its population gene 

pool to fit into air pollution stress ever since they 

encountered with this increasing environmental stress (Hou-

ston and Stairs, 1973; Karnosky, 1977; Treshow, 1968; Sin-

clair, 1969). However, the tolerance to a given pollutant 

does not mean a general toleranc~ to any other gases. It is 

evident from the present investigation that a general clonal 

sensitivity to all of the pollutants was not observed. For 

example, clone II-1 was sensitive to ozone and sulfur diox-

ide while not sensitive to nitrogen dioxide, clone III-2 was 

more sensitive to sulfur dioxide than ozone. Such results 

also indicate that different pollutant has different modes 

of injury ~ction. 
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The differential sensitivities of white pine clones to 

gaseous pollutants investigated may involve one or more of 

the following mechanisms : 1) different stomata response in 

terms of controlling pollutant entry into plant tissues 

(Figures 12-20), 2) different sensitivity of cellular const-

ituents to pollutants (Table 5), 3) different clonal inter-

nal biochemical·threshold dosage to each pollutant (Figures 

12-20), 4) different assimilation or repair efficiency among 

clones (Tables 3, 4, 6), and 5) varied recovery rate from 

temporary pollutant induced injury. From the results 

reported here, white pine clonal differential sensitivities 

to pollutants are concluded as different stomatal responses 

as well as different internal physiological reactions to 

pollutant treatments. All of these differences are attri-

buted to the mechanisms controlled by clonal genetic const-

ituents. 



SUMMARY 

A total of 10 clones of eastern white pine (Pinus stro-. 

bus L.) with three different pollution sensitivity classes 

(sensitive, intermediate, and tolerant) were used in photo-

synthesis, transpiration, and dark respiration measurements 

during ozone, sulfur dioxide, and nitrogen dioxide expo-

sures. In addition to g-as exchange .measurements, needle 

growth, vis.ible symptom expression, chlorophyll content, and 

needle dry weight of current year needles were also deter-

mined during long'.""term single pollutant or pollutant combi-

nation fumigations to discern the progress of pathogenesis 

of pollutant•induced diseases and the mechanisms of .clonal 

differential pollution sensitivity. Extensive efforts were 

conducted to systematically analyze, relate, and interpret 

the disease syndrome. The age of clonal materials was uni-

form and all plants were grown within a charcoal-filtered 

air supplied greenhouse, Plants from various clones were 

then subjected to identical environmental conditions during 

and after daily four-hour pollutant fumigations except using 

various, concent:r::ations of ozo.ne, sulfur dioxide, and ni tro-

gen dioxide. The primary goal of this study was to determine 

the clonal. plant responses to long-term, low-dose pollutant 

exposures and to investigate the relial:>ility of ·various 

plant reactions in terms of pollutant sensitivity predic-

139 
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ti on. 

Genetically contr.olled plant re·sponses to pollutants 

were found in all clones under the test conditions with var'.'" 

ious degrees. of repeatability. Clonal sensitivity to ozone, 

sulfur dioxide, and nitrogen dioxide was varied individally; 

a general sensitivity to all of the pollutants was not 

observed. 

There seemed to be.no general response patterns among 

clones to pollutant fumigations in terms of total injured 

area, types of symptoms, and needle elongation. These pararn-

eters varied from·year to year. Folia:t: symptom expression 

·was only categorically differentiated among classes but was 

confused by clona.k plant response within the same class. 

Needle length was found having the greatest variation. At 

the end of long-term exposures, needle length was not signi-

ficantly different among sensitive, intermediate, and. tole-

rant classes nor among pollutant treatments. 

Good agreement was observed among some of measured 

plant responses with respect to clonal pollutant sensitiv-

i ty; tolerant plants usually ac.companied with less i·nhibi-
,. 

tion of net photosynthesis, higher chlorophyll content per 

needle dry weight basis, and higher needle dry weight per 

fascicle length as compared to those of sensitive clones. 

During daytime exposures, pollutant sensitive clone 

exhibited greater instant inhibition of net photosynthesis 
\ 

due to ozone and sulfur dioxide fumigation than those of 
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intermediate and tolerant clones. ·rn all. three clones; 
. - ·. . . . . . . . . . 

· nitrogen dioxide· .at tE!st. concentrations did :not. sfgni·fi-. 
. . . . . . 

cantly affect carbon dloiide uptake. rli terms Of ,stomatal 
. . . ·.. . ·. . .· ' : . 

rea~tions I d~t~ suggest that oz on~ and. nitrogen diox.ide· . . ' ,. .-. . .·. . - . . ·. . . 

inhibit.ed s:tpmatal opening _during -pollutant: e~posures, sul;.. 

fur dioxide was stimulatory. During.da~k period pollutant 

exposures, no significant stoniatai change::; were ol::>SE::i:'Ved·in 

any of the clones. In: po,llutant treated plants, the rates_ · 

of net photosynthesis of senf!itive. and. inte_rmediate clo;nes 
~ . . . . 

·declined significantly. during long.;..ter1Tl ·expo.sures. Early 

stimulation of. dark re·spiration was observed i~ sensitive·• . 

. clones followed -by a dr~matic d~crease d.-uring the late 
. . ·. . 

stages of lorig.:.term ex~osures~ 
. , . 

Data demonstrate that -- the responses o.f white pin~ gas 
· .. ·. 

·exchange and otber.pho~osynthetic appa;ratus to ozone, suJ.fur 

dioxide, or.nitrogen dioxide exposures'are more proportional 

to . pollutant concentrations than physical s.ymptom• expre:s~ 

sions·or needle· length measurements. 

It is .concluded th~t visible injury and neecll~•- ~lon~a- -

ti on arE! less.' superior th~I1 gas exchange measurements I chJ.o-

ropllyJ.1; ~-onte_hti or ne'edl~ dry we'ight in providing a relia:.. 
.. · .. · . ~ 

ble _ irtd.exini:r parameter for pollution sensi ti vi ty prediction .. 

Pata suggeste that -plant physiological·. responses such·. 
. . . '· . \· . ' . . ·. . . . . . . . . · .. : 

as 9a:s e~change rat~~ O·; chlo~.ophyll: .. ~ .. content.~can .l:>e used as 
-· a,. qui-c~; scre~n:i:ng m~thod.. to determine plant sensitivity to 

p.oil'ut~nts in tr~e i~pr:ovement pr9grams, espe.cially in· situ-.· 

' , .... 

.. :; .. · 
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ations where pollutant dosage is too low to induce any Vi$i-

ble symptom .on foliage thereby preventing.the growers from 

knowing that existing ambient air caused adverse effects. 
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VARIATION IN THE PHYSIOLOGICAL PROCESSES OF 

EASTERN WHITE PINE ( PINUS STROBUS L. ) 

DIFFERING IN SENSITIVITY TO 

·OZONE, SULFUR DIOXIDE, AND NITROGEN DIOXIDE 

BY 

Yaw-Shing Yang 

(ABSTRACT) 

Ten clones of eastern white pine (Pinus strobus L:) 

representing three different pollutant sensitivity classes 
. . . 

(i.e. sensitive, intermediate, and tolerant) w13re exposeci to 

ozone, sulfur dioxide.; arid nitrogen dibxide singly, and in. 

combinations at various concentrations. V:isible symptom 

expression, needle length, and needle. dry weight of current 

.year needles were determined weekly during long-term pollu-

tant exp9sur,es ~ Orie clone of each sensitive class was 

· s.elected to study the effects of long-term exposi..tres with 
. - ' . 

ozone, sulfur dioxide, or nitrogen dioxide on photosyntlj.esis, 

trapspit;ation, ancl dark respiration.~ 
,~·, .,-. 

·Genetically controlled plant responses to pollutant 

exposures were found in ill clones With Various degre.es Of 

repeatability. A general pl,ant sensitivity to all of t;he pol-

lutants was not observed in test clones. E'oliar symptom 

expression was only .categorically differenti.ated among sensi-

tivity classes but was not distingu.i.shable in clonal response 

I 



within the same class. At the end o.f long-term exposures, 

needle length was .not significantly different (lmong ::;ensi..;. 
.- ... -.. - . ·- ' . 

)tive, .inter:rhec:liate, and t~lerant classe.s nor among pollutant . . 
' • _._, .. •• ' • • < 

.treatments. Gbod agreement was foundamong white pine gas 

exchange rates, needle qry.weight, ;;\nd chlorophyll content 

with respect to clonal sensitivity .. ·sensitive clone exhi-

bited the greatest reduction in net photosynthesis du~ to 

ozone and sulfur dioxide exposures f.ollowed by intermediate 

and tolerant 9lones. Early stimulation of dark respiration 

was induced by ozone and sulfur dioxide exposures in sensi-

tive clone followed by a. dramatic: decrease at lat.e. stages of 

long-term experiment. Nitrogen dioxide at test concentra;.. 

.tions did not.significantly reduce net photosynthesis, tran-

spiration, and dark respiration rates. There was a correla-

tion between. clonal needle dry weight, chlorophyll content., 

arid degree of its pollutant injury. Different modes of. · 

injury actions by different pollutants are proposed based 

upon presented data. 

Results support the concept that the.ranking of plant 

sensitivity to pollutants could be varied with plant response 

chosen as indexing criterion. Presented data suggest that the 

adverse effects of pollutant exposures on whi.te pine growth 

are primary due·to inhibition of net photosynthesis, less 

chlorophyll content, and high respiration rate. Visible 

injury and needle length.are concluded to be less superior 

than net photosynthesis, transpiration, dark respiration, 
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. . 

·chlorophyll· content,·. and. needle dry weight measureni~nt in 
pr~vidin•g retialbie ingexing. parameter -for wh:fte pine poll;ti~· .· 

.. ti6n s~nsitivity pr.edictio.n. 
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