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INTRODUCTION

Along withkthe developmentfof‘civiliZation;and industri;_
_alization,‘manlhas cOntinuouslykreleaSed‘variousfwaste materEd
1als 1nto hls surroundlng env1ronments -‘HoweVer,konlyf* |

‘recently has he ever became aware of alr pollutlon problem‘
.annd 1ts feedback threat to his future _Due.to.world‘weather

\patterns and‘other phy51calameterolog1cal factors, air‘pollu-a
‘tlon can. no longer be treated as a local problem "It*iskan"
1mmed1ate problem man faced in common w1thout the llmltatlon
of polltlcal boundarles | |

Every entlty of thls planet is subJected to air expoeh
L -sure. The quallty of a1r env1ronment should then be con51d-
ered very cruc1al to man, all flora fauna, and materlals.“
“Erom an"economlcfp01nt.of-view,1air pollutionvhas causedﬁpro-“

: ductiondreductionfof vegetation; and;deteriorationlof‘animal
.ylhealth and natural beauty' Between the confllcts of modern R
‘1ndustr1allzatlon and clean beautlful a1r env1ronments,

'must make dec151ons whlch are gulded by long range allowable

. air quallty standards to settle this dlspute . The goals of

this compromlse can only be achleved through a w1de range of |
”research and knowledge -on the effects of pollutants on vege-
‘tatlon, anlmals, and materlals

Vegetatlon is generally con51dered to be more sen51t1ve
to air pollutlon than animals. Strlklng plant sens1t1v1ty to

.pollutants and remarkable 1nd1v1dual variation have been
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.reported in Ceftain'speciesgi Therelare severalnadvantagesbon
» “the study offpollutanteeffectsvon plants over:the use of‘b
hinStrumental.monito;ing7of pollutants;'Because such‘reseatch
are l) eConomicallyjfeasible; 2) providing avdifect informa-v
‘“‘tionvof‘pollutant‘effects on hiolooical systen(v3)'requiflng"
bless.maintenance and attendance; 4)’by usiné'nativefplant
vspecles,'field-injury'data could be:readily'auailable ln;any
:fpant of the'wotld,'and,S)-when applying to perennial tree
| species;-a pollution history_in that region can;be recorded
" and Studied through the works. of dendrochfomatology
) Macroscoplc v151ble symptoms on 1n3ured leaf surfaces
,have served as 1mportant crlterla 1n the past in the 1dent1-
fication and evaluat;on of pollut;on injury on plants.
Recently;:an-incfeased_awareness;of subtle‘plant.thSiologi-
cal or‘biochemical responseslto pollution st:ess:has deVel-’
‘oped. This new field:of-physiological studies have provided
a better understandlng of varlous aspects of pollutant tox1c
‘effects on Vegetatlon such as’ the dlscovery and proof of
h;dden 1nJury, the revelatlon of dlfferent modes of action by
different pollutants and the'comprehens;on of various pollu-
_tant mechanlsms in plants |
| | The complex1ty of fleld pollutant dose-receptor-*esponse
_relatlonshlp is gradually dlsclosed as more constltuents-of
polluted air have been found varlous ccmblnatlon ratlos
,among these components in a glven meteorologlcal condltlon

» .have’been,det cted, aad g*eat varﬂatlons of plant response’
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ihave been determlned due to the chandes of env1ronmental fac-
‘tor;. The use of genetlcally 1dent1cal plant materlals in
environment-controlled.pollutant fumlgatlons.mlnlmlzes the
syvarlatlon of plant response that resulted from the fluctua—.
tion. of env1ronmental factors and/or the heterogenec1ty of
'vplant materlals E

The purpose of thls study was to 1nvest1gate the res—v

- ponse of ten eastern whlte p1ne (Plnus ‘strobus. L. ) clones

dlfferlng 1n pollutant sen31t1v1ty under 51mulated pollutant

o exposures and compare the data w1th fleld observatlons ThlS

/.
'study also attempted to dlscern-the,lnherent d;fferences of

, these c10nes.to”three cohmonlylexistingvgasous pollutants;
i.e. oZone,'sulfur dioxide,.and,nitrogen'dioxide; at various
concentrationsiand combinations,with;respectftovphotosyn-x”
thetic;_transpiratory;'and.respiratory rate, chlorophyll con-
”tent' degree of foliar‘injury, needle growth, and yield
Hollstlc dlsease concept ‘was emphas1zed in thls study to
_demonstrate the 1nterdependence of varlous plant responses o
.and the lmportance“ofuthls concept in the determlnatlon of -
,plant sensitivity ranklnés‘to-air pollutants.

The specific objectives of this research were by using
' genetical identical ramets from lQ}eastern white pine clones
- to 1)'continue'the determination of their,relative'sensitie ,
‘vity,toythe‘desiénated pollutants used singly‘and,in combina_,’
tion, 25 observe thevinfluence of londéterm.low‘dose pollu-v}

tant fumigation on clonal growth, 3) determine the influence
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of air pollutant fumigation‘oﬁ currehtVYear needie,chloro—
.phyll contents,-and 4) investigate the photosynthetic and
fespiratory rates of_these-clpnes,as infiuenced by ozone;

sulfur dioxide, and‘nitrogén dioxide.



LITERATURE_REVIEW'

Ever since ﬁaagen-Smlt et al. (1952) and Rlchards et al
'(1958) dlscovered that varlous anthropogenlc air components
1n.thefLos Angeles;bas1n,were phytotox1c to-plantjgrowthvln"
‘the l950is, a broad range:of research interest has‘been'sti-
mulated on . pollutlon-lnduced plant dlseases ‘3In'this review, ‘
only ozone, sulfur dlox1de, and nitrogen dlox1de related stu—_jj

dies will be included.

‘uMajoreSources of_Gaseous Pollutants

' Ozonefhas'lonq been,recoqnired as the mostdwldely-dis-.
fributed air pollutant in the.United.States (Natlonal‘Sciencef
Academy, 1978 Heggestad 1969) :The ex1stence of hydrocar- T
bons, prlmarvly from automoblle exhaust 1n the amblent air |
has been shown to dlsrupt natural photochemlcal cycllc reac-i

tlon:and raise ozone concentratlns from 0.02-0. O4vparts per

‘ mllllon (ppm) characterlstlc of natural background concentra-»e'

tlon to O 15 0. 25 ppm-.in many areas (Stephens, 1969 Rasmus-
'sen and Went 1965 Lelghton, 1961).

Sulfur dlox1de is one of the most notorlous man-madel,
pollutants to cause extenslve damage on’ vegetatlon, proper—"
ﬂtles,-and health The major source of sulfur dlox1de 1s the
"combustlon of sulfur bearlng fuel oil or coal by various
power generatlngvplants,,1ndustr1al»fac1l1t1es, and bulldlng ,
heatlng processes (Lacasse and Treshow, 1978) rr‘he natural
.=xbackground of sulfur dlox1de concentratlon 1s between O 002

?
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ppm to 0.008 ppm. In large cities, sulfur'dioxide concentrae
tion averages of'O;ZOvto 0}307ppm'have been honitored ahd":
havevbeen reported to reach 0.50-0;605ppm/0vér‘a period ofp,
hours.liIn'some European cities,:such’as London orrthe Ruhr
diStrict of'Germany, sulfur dlox1de concentratlons as hlgh as
= 1. 40 ppm to 1.50 ppm for short perlod of time has been
recorded (Mudd and Kozlowskl, 1975)

There are several oxides of nltrogen found in polluted
'air; They are occurred prlmarlly through processes that‘
1nvolved high temperature combustlon of f0551l fuels and
| organic wastes”(Woodf'1968)‘ Oxides of nitrogen-play a key»
role in photochemlcal oxidant formatlon under favor condl-
tions (Splcer, 1977) The natural background of nltrogen
_foxzdes has been less than O 1 ppm but occa51onally it has )

2exceeded 1.0 ppm as has been recorded in’ urban or 1ndustr1al
"areas (Anon, 1962) ; The hlghest concentratlon-of nltrogen
dioxide + n1tr1c oxide in comblnatlon has been reported to
:_reach to 3 93 ppm 1n Los Angeles area for a short perlod of

_time (Anon,~1962).

 Visible Injury of Air—?ollutant—Induced Plant Diseases
| Air pollutionrcauses uarlousfadverse‘effects_On'plants;
Visible‘injury on plant surfaces!is one of the nostpeasilyr
: observed manifestations;; Traditionally; Visible injuryvhas
been classified as chronic or‘acutet Chronic injury has usu—:'

ally been considered to result from'prolonged, low Concentra—
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;tion‘pollutant exposures andrhas-been.used.to describe-the~'
symptoms predominantly;considered asﬁa‘result of destructionl
'of chlorophyll and/or~chlorophyll synthesis over a longlper-t‘
iod of time ( Thomson et al., 1974). Cell death is not
| involved in'thislcatagory (Heckcand Brandt, 1977; Smith,
1974; Taylor, 1968)' | |
Chronlc ozone 1n3ury on broad leaf plants has been
observed as stlppllng, yellow1ng or bron21ng of - leaf sur—‘
faces,‘premature defollatlon,band in somepcases,a general’
r'unthrifty'appearance of entirelplant_Which resulted in
‘reduced growth and yleld Chronic ozone induced-injury to"
ﬁconlfers has been descrlbed as chlorotic mottle w1th whlte,
yellow to tan.coloratlon and loss of all but the current
year' s needles caus1ng trees to appeared tuft (USEPA l976
Heggestad and Mlddleton, 1959- Rlch 1964- Mlller,;1973)
-Chronic sulfur dlox1de injury on broad-leaf plants has
"generally been reported as shining water-soaking on leaf sur-
vfaces{ follar chlor051s or bleachlng,.1nterve1nal‘d1scoloraf"
tion, mottling, and.reduced;growth},fChronic sulfur dioride
\symptoms on conlferous trees has been. reported to be s1mllar'
to those 1n broad-leaf plants except tne lntervelnal dlscolo—:
- ration changed to tlp-burn symptom (USEPA 1976- Anon; 1982).
Chronlc follar nltrogen dlox1de 1njury on broad leaf and
coniferous plants‘has been reported as chlorotlc lesions and
- growth suppress1on (USEPA 1976). | | | |

Acute 1n1ury usually results from exposures to hlgh con-
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| centrationiof pollutant“for alrather short period of time;’v
It’alwaysminVolves cell death. Generally; the‘affectedlarea l
biS»reStricted oyba rather distinquishable line of demarcationbl
'between necrotlc and macroscoplc asymptomatlc portlons of
leaf’ tlssue (USEPA 1976)

: Acute ozone 1n3ury on broadvleaf plants generally |
.1ncludes shlnlng or 01ly water soaklng in early stages of
symptom development follow1ng by flecklng The shapeS‘of
such monofacial or blfac1al necro51s vary with ozoneldoSage
: and plant species;' In conifers,vacute_foliar'injury usuallyn
consists of tip—burn orfnecrotic banding-along the needles,
reduced terminal and annual increment‘grOWth,‘and‘needle
death (ﬁSEPA, lé?é; Mudd and Kozlowski, 1975;‘Llnzon and Cos-
tonis, 1971). | ) | |

Acute sulfur dlox1de 1njury on broad leaf plants ‘con-
slsts of water soaking, marglnal and 1nterve1nal scorch with
a distinct line between_affected'and nonfaffected:areas,ncell
death, and-suddenrpremature defollationr-fln conifers, acute-
' sulfur‘dloxide injury includes necrotic banding; tip—burn,
prematurexdefoliation;rand'cell or tissue‘death (USEPA,
1976). | |

| Acute nitrogen dioxide injury~includes'water SOaking,
rapid developmentzof irregular—shaped lntercostal-lesions,>x
.gnd defoliation. - Injury on needles:of conifers.from acute'
nitrogen-dioxide exposures are needlevtip-discoloration wnichh

progress toward the base with a distinct demarcation betWeen' |
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‘*;healthy>and~injuredmtissues;‘prsmaturejdefollatlonﬁfand:thels"
1sue death (Taylor et al 1975) i Y o : | )
| Many plants yleld characterlstlc follar symptoms to spe-;
Lfc1f1c pollutant exposures V1s1ble symptoms have thus served
uhas the markers in ‘the' 1dent1fy1ng air pollutlon 1nduced |
‘ﬂjlnjury:CUSEPA 1976 Hlll l971~'Hept1ng, 1964 1968-
-Treshow,d1975) ' In the ploneerlng stages’of alr pollutlon
finveStigatlons, the majorlty of research only dealt w1th
l';symptom descrlptlons and 1dent1f1catlon of plant threshold
lfydosages to spec1f1c pollutant Super hlgh pollutlon concenef}
ptratlons,vwhlch were not»reallst1C'under~actual fleldrcondl-g‘
rtlons, were frequently employed 1n these fumlgatlons 1n order
" to 1nduce v1s1ble follar symptoms |
Recently, substantlal ev1dence has accumulated whlch has»lt

‘»demonstrated that alr pollutants may 1nduce 51gn1f1cant plantf;'

'Fyleld losses w1thout any v1s1ble follar symptoms (Bell and

v

'ifClough~ 1973) Awareness of thls poss1ble adverse effect on .
,plant growth w1thout v151ble symptoms and the lack of ourb
-Qablllty to - establllsh a dlrect relatlonshlp between plant.
ipsen31t1V1ty to spec1f1c pollutant and 1ts assoc1ated follar

symptom express1ons research 1nterest has been shlfted from

: the determlnatlon of plant threshold dosages to plant phy—u

.slologlcal or blochemlcal responses Eor.example,'ln the mea-

| _surement'of net.photosynthes1s rate of ponderosawpine'during:_h*~ -

the course of an ozone fumlgatlon, Coyne and Blngham (1980)

l”1nd1cated that plant phys1olog1cal response was superlor to
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uthe estlmatlon of 1n3ury by symptom express1ons because it
detected functlonal 1mpa1rment before chlorotlc mottle symp-d
[.toms were v1s1ble. Eurthmore,,thls technlque prov1ded a quan-
k jtltatlve value Wthh av01ded the subjectlve Judgements neces-_
sary in the descrlblng of symptom severlty | |
The subtle effects of air pollutants on plants can be
’multlple“and slmultaneous. They»have beenvreported on vari-
ous cellularforganellesxand-cell functiOns, such as bufferingo
.capacityu(Pell,f1980;fJager-and_Klein,‘1977){ enzyne“activity'
 (Horseman and Wellburn, 1975; Ziegler, 1972,'1973,-1977),' |
*chlorophyll sYnthesis (Rao and LeBlanc l965-aPuckett et_al.,
‘ 1973), mltochondrla activity (Racker 1965 Lee, l967;’l968),
' chloroplast structure (Thomson et al. | , 1966; Malhotra,'l976;
‘Malhotra andehan, 1980), cell membrane inteqrity (Pell and
.WeissberQer; 1976), photosynthesis-(McLaugblinvet,alf, 1979,
1980; Carpon and Mansfleld 1976 Blscoe et al. 1973; Hill
‘and thtlefleld 1969 Black ‘and Unsworth 1979; Dugger_et
al., 1962), resp;ratlon (Pell and.Brennan, 1973; Srivastava
et al., l975a, 1975b), and transpiration (Throne and Hanson,
19723»Evans,u1975; Schramel, 1975; Bigqs_and.Davls,'l9803
‘Dunning‘and Heck;_l977). | |
The'metabolic effects of‘air.pollution on.plants hasf
been thorothly'reviewed,by Mudd (1975), Ziegler (1975),'ahd
‘fTingey (1974). ln this;revieu, in order to illustrate the b
‘pathOgenesis of«pollutant;induced plant“diseases; various

plantyreactions will‘be discussed in series and logically
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1nterrelated ’fHowever, 1t is 1mportant to. keep 1n mlnd thaty
‘fmany of these phys1olog1cal and blochemlcal responses may bes
llnduced 51multaneously and the actual sequence of events andn
‘mechanlsms by whlch air pollutants affect plant metabollsm

have not been fully eluc1dated

QInJury,Mechanlsms of Gaseous Pollutants

Because the dlfferent chemlcal characterlstlcs among

o sulfur dioxide, nltrogen dlox1de, and“ozone the 1n3ury

‘mechanlsms to plants by these pollutants are belleved to bef
hbdlfferent .? | N | |
Gaseous sulfur—related,and nltroden-related pollutants

- must be dlssolved w1th water 1nto 1on1c forms in order to
breact w1th cellular constltuents (Thomas et al 1956 Taylor

vet al 1975 Zlegler,‘1975) Slnce plants are capable of

;reduc1ng sulfur dlox1de and nltrogen dlox1de 1nto less tox1c

*3€forms (such as sulfate, nltrate and nltrlte) and flnally :

1w;1ncorporat1ng these 1ons 1nto normal metabollc cycles (Salls-ﬁf

B bury and Ross, 1978 Thomas and Hlll 1937 Thomas et al

,11950), certaln amounts of sulfur dlox1de and nltrogen dlox1de_

u~can thus be metabollzed and/or translocated w1thout caus1ng

f-iany adverse effects on. plant growth (Jensen, l973;<Lockyer etf_"

_ al,, 1976 Cowllng and Koz1ol 1978)
| When pollutant 1nrlux rate’ 1s ‘more than what plant can
,nultillze, further uptakes of pollutants w1ll be accumulated

ﬁ71n the vacuoles as sulfate and nltrate 'Th;s-lnstantvdynamlcfbb
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- 'plant response”at.first causes-an increase'of osmotic

Jpressure in cell sap before it tops cell capac1ty and break-
vdowns the cellular bufferlng systems (Zlegler, l975 Taylor
‘et al l975) In supportlng thls hypothe51s, Jager and

Klein (1977) fumlgated pea (Plsum satlvum L. ) seedllngs w1th ‘

- sulfur dlox1de at.O.lO 0.15 and 0 25 ppm for 18 days They |
"found that under all tested condltlons plant cellular buf-
”ferlng capac1ty to H-lons and OH—1ons was decreased

The breakdown of cellular bufferlng system can 1n1tlate

a serles of destructlve chaln reactlons 1n plant cellular»

_p-metabollsms, such as 1nact1vatlon of enzymes, destructlon of

proteln structures, loss of selectlve cell permeablllty, and' "

) decompartmentatlon of individual cells, that,flnally‘leadito
‘the dysfunctlon of cellular organelles (Pucket et al., l974~'
,Zlegler,‘1975 Srlvastava et al l975a 1975b Wellburn et
al.,'l§72) ' In other words, when pollutant uptake is beyond
plant 1nternal phy31olog1cal threshold dosage, 1rreversable
1n3ury w1ll be 1nduced and resulted in characterlstlc follar,'
‘symptoms L | | |
| The- actual phys1olog1cal threshold dosage of each pollu—‘
‘ tant to a glven plant is dependent on plant s pollutant
:absorptlon rate (Bennett et al. : 1975), metabollzatlon and
itranslocatlon rate (Garsed and Read, 1978),‘act1v1ty and con—'rd

centratlons of enzymes part1c1pat1ng in cellular repalrment

S ~(Horseman and Wellburn, 1925),'and cellular bufferlng capac-

-flty (Jager and Kleln,bl97i;nTaylor et.al;, 1975), ‘The con-
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ﬁdcentratlon and duratlon of pollutant exposure 1s thus 1mpor-.‘
v:tant in the determlnatlon of plant 1n3ury deqrees It 1s vibh
“belleved that more pollutants can be buffered at low concen—*il
tratlon fumlgatlon for an extended tlme than applylng the 7;7
hf same amount of pollutant‘at a hlgher concentratlon 1n a »

' lishorter perlod of t1me »:'i. . - ‘ _

| " For pollutant per se; itétpﬁyéotsxi£{£§ffa plantshhas:";
B been attrlbuted to l) water solublllty (Bennett and Hlll
A1973a 1973b 1974), 2) chemlcal react1v1ty and tox1c1ty
'(Evans ‘and Mlller 1972 1975, Berry, 1971 Mlller and

McBrlde, 1975 Mlller, 1973.), 3) senszt1v1ty of exposed

| b'plant tlssues (Barnes, 1972),.4) cellular repalrablllty

f(Pell l980),land 5) env1ronmental and phy51olog1cal condl- |
btlons of plant tlssues (Heck 1968 Cotrufo, 1974 Cotrufo
Lrand Berry, 1970 Dav1s and Wood 1972 l973a, 1973b) | |
| Unllke sulfur dlox1de and nltrogen dlox1de, ozone'ls an ;ff
vunstable trloxygen molecule w1th strong ox1dlzlng propertles |
Chemlcal ox1datlon 1s the pr1nc1ple 1njury mechanlsm for 3
ozone exposures.» The 1njury mechanlsms of ozone on plant

?tlssues are ‘thus con51dered to be dlfferent from sulfur dlox-‘_

’»lde and nltrogen'dlox1de Although the 1n3ury mechanlsms are o

Edlfferent among these pollutants the flnal results of thelr
'destructlon on organelle 1nteqr1ty and 1nterference on cell

metabollsms by these pollutants are 51m11ar (Mudd and Kozlow?f

"f]sk1,11975)

Ozone has been suspected to react w1th the flrst reac-
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’tlve molecule whlch 1t encountered w1th1n plant tlssues

(Stephens 1969) Wlth the ald of electron mlcrOSCOPY, Pell

‘bir.and Welssberger (1976) 1dent1f1ed that plasmalemma was the

v»prlmary s1te of ozone 1n3ury Blochemlcally, ozone can.
‘ attack cellular unlt membranes by ox1datlon of unsaturated
':fatty ac1ds 1nact1vat1on of. SH-enzymes, dlsruptlon of S= S
'vbonds or- 1rrevers1ble ox1datlon of cofactors The chemlcal
properltes and phys1olog1cal functlons of cell membranes are
thus destroyed (Chang and Heggestad 1974) / |
| ‘ Because most of known cellular blochemlcal reactlons
take-place«w1thlnsunltemembraneeenclosed-organelles (Curtlsrf
fetial.;:l97éf¥»anypdisruption orrdlsorganizatlonhof‘unitmem—:
';Bbranes“by'oaone;>sulfur dio#ide,.or'nitrogen diOglde§Will'
certainly’affect'electronrtransport systems} memhranefperme-
abilityghenaynejactivity, photosynthesis, resplratlon, tran%,l

spiration, and other plant cellular metabollsms

rA Effects on Photosynthes15»V

Many researchers have studled the performance of photo-
rsynthe51s under the 1nfluence of pollutant exposures because.‘

‘h potentlal growth suppress1ons due to alr pollutlon present a

bh'major concern (Wllklnson and Barnes, 1973)- |

Decrease of photosynthes1s has often been observed 1n B

’ﬁ*!pollutant fumlgated plants elther at sublethal or hlgh con-'

:centratlons. Bennett and Hlll (l973a) reported a threshold

‘ dosage ofgoZone as loWjas;O;Os'ppm‘to induce reductlon of net:”



photosynthesis'on barley (Hordeum satiyumeess )Jand oat

'-(A\}ena sativa L.). Miller et ';—;11 (1969) fumigated three-

year-old ponderosa pines w1th O 15, O 30 »and,0.45 ppm‘ozonef
for 9 hours daily for 30 days at theaend of experiment, net
photosynthe51s rates were reduced by lO 70, and_8§%,'respec¥

tively : For higher ozone concentration, Coyne and Bingham»

'>(1978) found .an. 18/ reduction of photosynthes1s on first- trl—'

foliated leaf stage snap bean after exposure to O. 72 ppm
ozone for four hours daily for 18 days. -
‘In sulfur diox1de exposures, Black and Unsworth (1979)

reported that net photosynthe51s of three week-old: Vicia faba

cv. Dylan was 1nh1b1ted by all tested sulfur diox1de concen-
trationsrexceeding 0.015 ppm when compared,with,control
plants.. Keller‘(l977) exposed three-year—old spruceq(giggg
agigg'(t,)ykarst,) clonesbto 0.05, 0.1, and Ol2 ppm sulfur
dioxide for 10=Weeks' After siX'weeks of 0. 2-ppm fumigation,‘v
'carbon diox1de uptake rate was decreased to 254, SO%, and 6575
.as compared to the first day of the experiment in sens1tive,
vpintermediate, and tolerant clone,‘respectively.. Such'reducedﬂ'
m‘carbon dioxide uptakes were found: long before»visible symp-
| toms appeared on;all clones. | |

‘Carpon and Mansfield (1976),conducted_anvexperiment to
expose Six-Week—old.tomato'plants (cv.‘Moneymaker) to:O,
O.lQ,:Q.ZS,'and 0.50 ppm nitric oxide=andknitrogen dioxide
.‘Singly and in combinations forv20 hours and measured the '

rates of photosynthesis.“They‘found‘thatbinhibition of pho-
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‘ tosynthesls occurred before there was any external ‘visible
elnjury, Both gases reduced net photosynthes1s to approx1-.
,mately the same extent w1th 28/.reductlon in O. 50 ppm nltrlcb
ox1de and 327 in nltrogen dlox1de. Srlvastava et al (1975a,:

l975b) exposed snap bean (Phaseolus vulgarls L.) primary

-.leaves to nltrogen dlox1de and examlned gas exchange rates.
wNet photosynthes1s and dark resplratlon were both 1nh1b1ted
by nltrogen dlox1de'concentratlons between‘l O.and‘7'0'ppm
- The degree of 1nh1b1tlon was 1ncreased by 1ncreas1ng nltrogen‘
ud10x1de concentratlons and 1ncreas1ng exposure tlme Hlll,

‘and Bennett (1970) also observed an 1nh1b1tlon of net photo-

‘ffsynthe51s by nltrogen ox1des in alfalfa and oats._ Four to

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

'“'exposed to 0. 10 ppm nltrlc ox1de,.n1trogen»dlox1de-s1ngly-and

vln comblnatlon for up to 250 mlnutes. They observed that the
‘51nh1b1tory effects of nltrogen dlox1de and nitric oxide on.
‘:net photosynthes1s of oats and alfalfa were well below those
requlred to cause v1s1ble 1n3ury There appeared to be a

threshold concentratlon of about 0.6 ppm for each pollutant

b-'l;to each plant spec1es

Phys1o blochemlcally, the observed reductlon of net pho-il'
'"'tosynthes1s by pollutant fumlgatlons can be attrlbuted to one'
-tor more of,the follow;ng factors:,l) 1nterference_between',
carbonfdioxidebflxation‘ensymes.and pollutants (Hlll and ben?
o nett,:l§7¢; Zieglerydl972; 1?73, 1975), 2) dlsruptlon of .; |

:;electronltransport_system“(Rhoads and Brennan, 1978; Chang
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':and Heggestad '1974), 3) destructlon of chlorophyll and/or

7,_chloroplasts (Malhotra, 1976 Rao and LeBlanc 1965 Thomson '_,'

v',et al,, 1974), and 4) c1031ng of stomata (Engle and Gabelman,-1
Mfel966) k l; . i:'”-" . | »_ )

* Ox1datlon was proposed by Puckett et al (1973);-heath f
(1975), and Howell (1974) as the mechanlsm for chlorophyll
destructlon in sulfur dlox1de and ozone exposures,_respec-ku
tively. Howell (1974) in hls study of ozone exposure onv;f

N

vbeans, he suggested that ozone can destroy chlorophyll molec-

'yules elther by reactlon w1th polyphenols or by destructlon of o

_fcellular'membranes Puckett et al (1973) suggested that the
flnhlbltlon of llchen photosynthesls by sulfur dlox1de was (v

;,due, at least in part to the destructlon of chlorophyll by
Qan 1rrever51ble ox1datlon process

In fleld condltlons,,Austrlan plne (gigus n&grg Arad ),»-

‘eastern whlte plne (Plnus strobus L ), Scotch pine (P il-

v”vestrlsrL ), and Douglas flr (Pseudotsug, men21es11) have

| been reported exhlbltlng dlfferent degrees of chlorophyll
_ gdecomp051tlon under the 1nfluence of polluted env1ronments

'.(Gow1n and Goral 1977) , ngher degree of chlorophyll des-gff'

'uftructlon and pheophytln content were found 1n needles of

. trees grow1ng under chronlc 1ndustr1al pollutlon as compared
:_to those grown 1n pollutlon free areas (Gow1n and Goral

1977).
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B Effects on Resplratlon '

B Be51des photosynthe51s,,resplratlon 1s the other major
=leant phy31olog1cal process commonly affected by pollutant
“exposures .

' MacDowall (1965) 1nvest1gated the stages of ozone 1n3ury

. to resplratlon on ozone- sens1t1ve tabacco (Nlcotlana tabacum

L. cv. Whlte Gold) leaves ' He observed an 1n3urlous dose of bf;

hfozone 1n1t1ally 1nh1b1ted resplratlon of fumlgated leaves
bg_before weather flecks appeared However, when v1s1ble 1n3ury@
subsequently developed oxygen uptake was characterlstlcally a

. stlmulated in treated leaves and 1n mltochondrla prepared

'”from such‘v1s1bly»1n3ured tlssues Unfortunately,sthere weref:fo

'jno dlrect ev1dence to demonstrate that the 1ncreased resplra—

**tlon in the early stages of a1r pollutant fumlgatlon was

tfelther due to the uncoupllng of phosphorylatlon or the ener- S

:l§gy-regu1red repalrlng processes, orvboth;ﬁ

nC Effects on Transplratlon
Transplratlon 1s another plant metabollsm frequently

affected by pollutant exposures (Todd and Propst 1963) Air'p'

"‘pollutants have been shown to 1nduce or suppress stomatal

vopenlng dependlng upon plant spec1es, pollutant spec1es, pol-
flutant dosage, and env1ronmental factors Although the stu-"
ilpdles of the effects of ozone and nltrogen ox1des on plant
i transplratlon were rather llmlted in the llterature, the- o

:reported studles have tended to agree that 1nh1b1tory effects
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were 1nduced by these two pollutants on. transplratlon (Lee,
, 1967 Srivastava et al | 1975a, l975b) F

Transplratlon in response to sulfur dlox1de fumlgatlons'

-have been reported to vary w1th sulfur dlox1de concentratlon, H”‘.

.relatlve humldlty, plant spec1es and plant age (Blscoe et
S al. 1973 Black and Black 1979 Mansfleld and MaJernlk
| f197o 1972)' Majernlk and Mansfleld (1970, 1972) fumlgated

broad bean (V1c1a faba L. var Wlndsor Harllngton) to various |

sulfur dlodee dosages 1n several studles They observed
?stlmulated stomatal openlng asla general broad bean reactlon
Mato sulfur dlox1de exposure ‘ A llnear pos1t1ve ralatlonshlp
.hwas found between the degrees of stlmulated stomatal openlng -
Jand 0. 25 to 1. OO ppm of sulfur d10x1de ’ They also found thatx,;v
”1n the condltlons of low relatlve humldlty (less than 40/ .
iR H at 18 C), sulfur dlox1de suppressed stomatal openlng
“whlle w1th a hlgher water vapor content in the atmosphere
‘(greater than 40/ R H._at 18°C) there was an apprec1able stl-
1mulatlon of stomatal openlng Black and Black (1979) exposed

three week old fleld bean (V1c1a faba cv Dylan) to 2- 20 ppm

'sulfur dlox1de for two hours and observed a comparable con-'

"7centra tion 1ndependent of 20 25/ 1ncrease on leaf dlffus1ve

vconductance on both adax1al and abax1al surface Such stoma—hf
1ntal openlng was assoc1ated w1th a sharp reductlon in the prog“ff
::portlon of llVlng epldermal cells adJacent to the stomata |
h Others (Slj and Swanson, 1974 Zlegler, 1975 McLaugh—

S lln et al 19/9) have proposed that sulfur dlox1de effects
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~on stonata were resulted from general changes 1n.phys1ology
of leaf tlssues rather than on guard . cells per se. Theyvsug-
gested,that thesprlmary sulfur d10x1de,effect on plant Waszat'

cytological orfbiochemical levelvrather1than stomata basis.

,lEffects of Pollutant Comblnatlons on Vegetatlon

_Recently, 1n order to have a better understandlng of
totalapotential 1mpact of‘pollutants'onvplants,.lncreased
attentlon has been dlrected toward examlnlng plant responses
under pollutant comblnatlon exposures The effects of pollu-

.tant comblnatlons on plants as compared to 51ngle pollutant

'exposures could be clas51f1ed into one of the follow1ng three =

»categorles l) more than addltlve (greater than the sum of

_the 1nd1v1dual pollutant effects), 2) addltlve (equal to the

sum of the effects of 1nd1v1dual pollutant), or.3) less than

addltlve (less than the sum of the- 1nd1v1dual effects)

It is 1mportant to reallze that several other prlpc1ples
in_addltlon to those,appl;ed 1nvs1ngle.pollutant.exposures'
are extremely critical in the‘determination of plant res-
vponses to pollutant comblnatlons. These include concentra-
'tlon, rat;o, and exposure sequence of pollutant components in
“the mikture.. For:example, Mlddleton et. al (1958) exposed .

Phaseolus'vulgarisaLf'to a combination of sulfur dioxide and

ozone With‘different ratios and observed foliar injury‘two'
hours’afterithe-fumigations.' When the‘ratio was 4:1 of sul-

fur dioxide : ozone, ozone appeared to interfere with the
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injury from sulfur‘di0xide,'atva'5-l ratio, sulfur d10x1de'y
did not 1nterfere w1th the amount of follar 1n3ury caused byl"
-,ozone,-when_the‘ratlo.was_ralsed to 6:1, both gases»lnduced,

‘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

'u_exposed N1cot1ana tabacum var Bel W3- (ozone sens1t1ve),-

vBel B (ozone tolerant),,and Consolatlon 402 to O 03 ppm ozone
and 0. 25 ppm sulfur d10x1de s1ngly and in comblnatlon for two‘
~and four hours.' No v1s1ble symptoms were apparent after sin-
'gle pollutantfexposures However, pollutant comblnatlon |
i_ treatmentycaused;ISV 94, and 127 of‘leaf areaulnjury 1n two
lhour fumlgatlon and 414, 23%, and 434 of leaf area 1n3ury in
ffour hour fumlgatlon for Bel W3 Bel B and Consolatlon, res-
bpectlvely.‘ Tlngey et al (l973b) exposed soybean (Glyc1ne
max (L‘}fMerr") cvs Hood and Dare to O 05 .ppm ozone and 0. 053
dppm sulfur d10x1de 51ngly and 1n comblnatlon for elght hours
‘a day, f1ve days. a weekcfor three weeks They observed no:
51gn1f1cant plant growth effects on O 05 ppm ozone,bor,O 05:
~and 0 20 ppm sulfur dlox1de treatments. But the pollutant
comblnatlon s1gn1f1cantly reduced top fresh we1ght root
"fresh and dry welght and_shoot-root ratlos 1n both cultl?~,'
vars. . | o

. InstreeWspecies;“Karnoskyf(1977):reported,a morerthan:ry
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addltlve effect of pollutant comblnatlon 1nduced by the

.exposure of O 05 O 20 ppm ozone and 0. 35 0 65 ppm sulfur

;'fydlox1de for three hours on trembllng aspen (Populus tremu;
'lh101des Mlchx ) symptom express1on. s ﬁ - »

| Not all studles on ozone + sulfur dlox1de 1nteract1ve

'effects on plants have ylelded data supportlve of synerglsm

hveTlngey et al (l97la, l973a) exposed radlshes to O 05 ppm
'1sulfur dlox1de and O .05 ppm ozone s1ngly and in comblnatlon

- for elght hours dally, flve days a week for five weeks They

jireported that pollutant comblnatlon reduced leaf fresh

welght dry welght and'root w1dth>to the amount»equal‘to the
- sum of the reductlons observed on 1nd1v1dual pollutant treat-l
hments However, total plant fresh welght root length and

T-root fresh and dry welght were less than the sum of the

t‘H“reductlons of s1ngle pollutant treatments In another exper-

'ylment Tlngey and Relnert (1975) exposed tobacco and alfalfaf
plants to O 05 ppm ozone and O 05 ppm sulfur dlox1de 51ngly ,sl
,yand 1n comblnatlon for eight hours a day, flve days a week
‘ for varlous tlme‘perlods f They reported an addltlve effect
fof pollutant comblnatlon treatment on the reductlons of
tobacco leaf stem, ‘and root dry welghts and a less than
addltlve effect on alfalfa follage and root dry welght mea-.‘t‘
:surements | | . | | |
vl Less than addltlve effects of ozone + sulfur dlox1de
icomblnatlons have also been reported 1n gas exchange studles,

A N
v'-Rosen et al (1978)vexposed one;year oldxlves_grapev1nes
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(VitiS'labrusCa.L ‘cv. Ives) to 0.5 ppm oZone‘andfsulfur

dlox1de s1ngly and 1n comblnatlon for two hours . They foundr
bthat ozone exposure 1ncreased stomatal re51stance by 30/ and
:sulfurvdloxlde 1nduced an 1ncrease»of 19OA aslcompared to
oontrol;plants. The ekpdsure_of’pollutant‘combination did»
'-:not significantly alter stomatal response'although‘yisible
symptoms appeared on grape leaves after the fumlgatlon. In
‘ forest tree species, Carlson (1979) fumlgated black oak, .
sugar maple, and whlte ash w1th 0. 50 ppm ozone and 0.50 ppm
:sulfur dioxide s1ngly and in comblnatlon After one week of,“
'fumigation, the rate of photosynthe51s was 52, 75, and 1004_
.at ozone. alone, 52 46 ‘and 80% at sulfur-dlox1defalone,‘and
56, 59, and 62/ at ozone + sulfur dlox1de treatment for black
;oak,'sugar maple, and whlte ash, respectlvely |
Several studles have reported more than addltlve effects
of sulfur dlox1de +. nltrogen dlox1de comblnatlon on follarlk’
f-rlnjury as well as phy31olog1cal lesponses Tlngey et al
(1971b) reported no follar injury on tobacco, plnto bean, .
tomato,~radish'5oats, and soybean ‘plants when they were |
. exposed to sulfur dlox1de concentratlons at less than 0. SOrf
‘ppm. or 2 ppm. of nltrogen dlox1de for four hours However,y,
the sublethal pollutant comblnatlon of sulfur dlox1de and
Tnltrogen dlox1de ‘at concentratlons ranglng from-O OS-O 25 ppm
V‘for each pollutant dld cause leaf 1njury on all of six plant
yspec1es Bennett et al (1975) exposed oats plnto bean,

radish, sweet pea, ‘and Sw1ss chard to 0. 125 1. O ppm sulfur
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‘_dlox1de and nltrogen dlox1de 31ngly and 1n comblnatlon (1: 1
by volume) for one and three hours " None. of the spec1es dlS-
nplayed any v151ble 1n3ury from exposure to the tested nltro-

gen dlox1de or sulfur dlox1de alone treatments at concentra-

‘_h»tlons less than O S ppm, but enhanced phytotox1c1ty of

-:mppollutants“were:observed’1n.pollutant.comb1natlon in all spe—
-lcies by lnduCingufoliar'stptoms; o - vr ;i dlv..
| For photosynthes1s performance, White et al (l974)v -

’ exposed ‘alfalfa- to 0- O 50 ppm- of sulfur dlox1de and nltrogen

ildlox1de 51ngly and 1n comblnatlon for one - and two hours
| ‘They reported an 2 3 | OA, and 9= 15/ photosynthes1s 1nh1b1- '
tlon of O 25. ppm sulfur dlox1de, nltrogen dlox1de, and sulfurv»
f‘dlox1de + nltrogen dlox1de treatment respectlvely In. their
studies, the degrees of more than addltlve effects decreased’jv'
' as 1nd1vidual pollutant concentratlon (1 1 by volume) |
71ncreased from O to 0 50 ppm.

After rev1ew of the llterature, little'is:known abouth
_the effects of ozone and nltrogen dioxide comblnatlon on
~‘plants ' Matsushlma (1971) found less than addltlve follar.

1njury on Lycoper31cum esculentum Mlll and Caps1cum frutes-'

‘cens L. when exposed to 0 4 ppm ozone and 15 ppm nltrogen '

Ydlox1de for 50 mlnutes

' B. Three-Pollutant'Combinations

There were several reports 1n the llterature concernlng

'ngabout plant responses to- three pollutant comblnatlons Fuji-
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wara ét al. (1973) reported that Cat ‘e'qu‘al "’concent"ratio.ns-, e
'ozone s1ngly 1nduced most severe follar 1nJury on pea (Plsumlr

-satlvum L. ) and splnach (Splnac1a oleracea L ) followed by

*sulfur dlodee and no effect 1f any,llnduced by nltrogen
‘idlox1de exposure The addltlon of nltrogen dlox1de to ozonef
+ sulfur dlox1de exposure had llttle effect on the follar SR
'1njury noted Relnert and Gray (1980) examlned the effects
,_of ozone, sulfur dlox1de, and nltrogen dlox1de, alone and in
-all comblnatlons at 0. 2 and O 4. ppm of each pollutant for |
'tthree and six- hours on radlsh cv Cherry Belle -Ozone

lreduced root dry welght more at O 4 ppm than at O 2 ppm

tSulfur dlox1de depressed root/shoot ratlo at both Q0.2 and O 4

w‘dppm;vhowever, 1n sulfur dlox1de + nltrogen dloxlde treatment
‘wthere was a; s1gn1f1cantly greater than addltlve depre351on of"h
”root/shoot ratlo at O 4 ppm The ozone reductlon 1n root

'1awe1ght was addltlve in the presence of sulfur dlox1de and
3n1trogen dlox1de. ; o

1 Kress (1978) has prov1ded the flrst report of forest .

f'tree responses to three pollutant 1nteractlons Hevconducted,ﬂf"*

fffumlgatlons of O 05 rpm ozone O 14 ppm sulfur dlox1de,,and

- 0. 10 ppm nltrogen dlox1de s1ngly and in all poss1ble comblna-h

"ftlons for six’ hours per day for 28 consecutlve days on see-- o
fdllngs of loblolly pine . and Amerlcan sycamore In loblolly |

,hplne, when all three pollutants were comblned the resultant .
fffollar 1n3ury was 51gn1f1cantly dlfferent from that of ozone

dalone-treatment.gHowever,'the observed effect was not s1gn1-;f



-r_flcantly dlfferent from that of ozone + sulfur dlox1de treat-.fv»""

_ gment Exposures of sycamore demonstrated that follar 1n3ury ﬂ"'

‘fwas not a rellable 1nd1cator of plant sen51t1v1ty to pollu—7
tants under these experlmental condltlons s1nce no treatment .
"was cons1stently 51gn1f1cantly dlfferent from any other |
o Treatment w1th all three pollutants produced an 45/ and 25/_fl">
,;growth reductlon on - sens1t1ve and tolerant sycamore llnes, -

7frespect1vely Slgnlflcant growth reductlons were also o
-observed 1n the ozone + sulfur dlox1de treatment where SQAt
h_and 17% growth reductlos were observed on the sen51t1ve and‘n»”

‘-fﬁQlerant 1;nes, respectlvelyr,

fEffects of Alr Pollutants on Eastern Whlte Plne

Because of 1ts w1de natural dlstrlbutlon in. the 1ndus—'\‘

':trlallzed northeastern Unlted.States,veastern whlte plne

ﬁ(Plnus strobus L ) has been subjected to more a1r pollutlonh‘

Mi 1njury thanvany other‘treelspec1esanat;verto-NorthAAmerlcan "“
fp(Gerhold 1977) lTherehave:been'severalbi‘eXte‘hssiv’e'revi'ews
l:on the senszt1v1ty of whlte plne to pollutants (Gerhold
.31977 Nlcholson, 1977) In thls reV1ew,vonly certaln aspects;:.

vpertalnlng to thls study w1ll be 1ncluded

o A Whlte Plne Follar Symptoms Induced by Pollutants
Eastern whlte plne emergence tlpburn (also called whlte

p1ne needle bllght or whﬂte plne bllght) was flrst reported

f‘; occurred 1n 1905 1n plne plantatlon 1n Concord New Hampshlrevc

"(Dana, 1908) Affected trees have been observed throughout ‘""
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'vbthe range of the spec1es on all typesbof growth env1ronments ;
'lb(such as latltude s01l type,7s01l m01sture content shade;v;?
v'jand exposure condltlons'----etc ) (Baldw1n,,l954) ' Needle“
fdlnjury on plne fasc1cles ‘was flrst shown as a yellow1sh to

fffalnt plnklsh spot located at some dlstance back from the tlpf,v

Vifof needles As dlsease progressed these spots enlarged 1ntok}v

h”)ﬁorange red bands or developed 1nto needle tlpburn along the

Qfasc;cleni Necrotlc areas were. sharply dlStlnCt from the f;v

f,fgreentbaSe . The dead tlps were at flrst p1nk1sh yellow, but

hQ3;after several days the color appeared to a brownlsh red ﬁ

*f(Dana, 1908) The sens1t1v1ty of whlte plnes to thls dlsease,

-was- later proven to be genetlcally controlled (Berry, 1961

Llnzon, 1961) The etlology of emergence tlpburn was flnallyf“

j'proven by Berry (1961), and Berry and Rlpperton (1963) 1n
“fthelr fleld studles to be amblent ox1dants

' In laboratory, Costonls and Slnclalr (1969) fumlgated

"[ four to f1ve year old potted eastern whlte plne w1th O 03 ppm_r'

ﬁd,ozone for 48 hours and 0 O7 ppm for four hours, symptoms of

‘!jcharacterlstlc emergence tlpburn 1n3ury were 1nduced on plne fQ.

‘74needles of sensltlve trees They descrlbed the 1n1t1al

V;y;macroscoplc symptoms of ozone 1nJury as mlnute, s1lver flecksa

‘rjwhlch later coalesced 1nto larger chlorotlc flecks v151ble toﬁf

' 3the naked eyes., On ozone sens1t1ve trees, only current year o

";,needles were retalned by mld-summer 1nstead of normal three

"g-sen51*1v1ty to ozone 1njury

gyears of needle age Ind1v1dual trees Varled greatly in the

y
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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 0.065hppm ozone for one hour on
'senSitive.trees'and induced tynical ozone symptoms on,neeé_
ddles. _Other reports indicated ozone concentration‘of 0.05
ppm for one hour (Berry“and Ripperton, 1963); 0.06 ppm: for
four tozeight hours'(Davis and Wood, 1972); O.l'ppm for eight_
hoursv(Berry, 1971), 0.25 ppm for four hours (Dauis'and Wood,
1973a), or O.S-l”ppm for four hours (Botkinret‘alw, 1971,
1972) was the threshold dosage for foliar injury. |

Ozone was not the only atmospheric phytotox1cant to'
eastern whlte plne Llnzon (1971) conducted a flve year
field survey and showed that eastern white pine was exten-f
51vely 1njured by sulfur fumes at. dlstance up to 25 mlles
from the smeltlng area at Sudbury, Ontarlo Affected trees
dlsplayed exten51ve follar 1njur1es'which-were exhibited ini-
tially_as;graylshégreen or whitish areas over the entire
injured portion of the needles. These lesions then pro-
gressed through color changes to reddlsh brown color Bark.»:
abnormalities, radial and volume growth losses, and mortality
lwere some of the‘further stages of decline symptoms in sensi-
tive trees. Outside thls 25 mile inner zone, plants were |
‘ subjected to 1nfrequent 1nva51ons of damage produc1ng sulfur
dlox1de fumeS‘w1th.results of llttle or no tree 1njury
'Unfortunately, durlng his experlment perlod the other major‘

gaseous pollutants, such as ozone, nitrogen dlox1de, and flo-
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'1ride, were-notfmeasured’ The symptoms descrlbed above were
thus probably from sulfur dlox1de or sulfur dlox1de and other-?
fgpollutant_comblnatlons, |
 Based on "-artific‘i’alt eﬂ-'xposures,? ‘C‘o'stoni.sv'(‘197io v1'971,__
1973) descrlbed the symptom express1ons of sen51t1ve,
'1ntermed1ate, and tolerant eastern whlte plnes to sulfur
dlox1de exposures Current_year needles of,sens1t1veptreesl
'_betWeen'four.to‘flve;weeks‘old‘Werevacutél? injuredlby_éulfur‘,'
- dloxideratidosaqes ranglng fromfb'O4QO:O6uppmvfor‘one'hour to
VO :10-0. 20 ppm for two hours : Acute sulfur dlox1de 1njur1es
: 1n1t1ally appeared as collapslng or sllghtly sunken of
':;affected needle tlssues on: stomatal bearlng faces of the nee-“
t‘dles. Necros1s of.needle‘tlssues progressed-from the‘polnt k.
of 1n1t1al 1n3ury to the base of needles "In acute 1nJury,
all needles 1n a fasc1cle were usually not equally affected
by sulfur dlox1de exposure nor ‘was the 1n3ury always unlform
;flfrom fasc1cle to fasc1cle or from tree to tree., It was very‘v
icommon to flnd all stages of les1on development on a glven
-dplant .AIn the late stages of acute sulfur dlox1de 1n3ury,;f
:fnecrotlc bandlngs w1th dlstlnctlve demarcatlon llnes betweenl

.'healthy and affected tlssues were very common : Dead tlssues_;i

_turned to reddlsh brown Severe premature defollatlon mlght‘«l B

“70ccur later
Chronlc sulfur dlox1de 1n3ury on eastern whlte plne has
igibeen reported by Berry 1n 1964 whlch 1ncluded qeneral chloro-'y'

's1s of entlre needle length scattered plgmented necrotlc :
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-lesion, premature defoliation, and'unthrifty'appearance of
| entire plant (Berry, 1964). |

Differences invthe development'of white pine foliar
injury induced by sulfur dioxide- and ozone was microscopi-
'cally distinguishable w1th1n the first 24 hour after 1n3ury
“onset (Houston, 1974; Costonis, 1970» 971) After the first'
72 hours of lesion development it is Very'difficult to dis—
tinguish between les1ons induced by either pollutant Like»
ozone injury, eastern white pine varied greatly in their sen-u
sitivity to’sulfur diOXide; : |

There were, several other studies concerning about the :
’threshold sulfur diox1de dosage 1n 1nduc1ng VlSlble symptoms
'von'white pine needles- Berry (1973) reported 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 O. 03 ppm for'one hour (CostOnis, 1971), and O. 025 .
ppm for six hours (Houston 1974) have been reported to
injury extremely sensitive clones of eastern white pine.

Published 1nformation on nitrogen_ox1des effects on
eastern white pine:has not beenvextensive, Skellyfet al.
(1972) examined symptom expressions of eastern white pine
located near a point source of sulfurvdiOXide and nitrogen
oxides. At their research‘site, the highest'one—hour nitro?'
gen oxides concentration-in the’anbient air has been recordedf
greater than 0.585 ppm and the highest two-hour sulfur diox~.

ide concentration was O. 690 ppm at 400- 600 yard downWind
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monitorlng statlons from.the 1ndustr1al plant They‘reportedwl-
wthat eastern whlte plne seedllngs 1n that area exhlblted ) |
dsymptoms as. tufted needle growth w1th severe needle tlp-burn,j

_achlorotlc mottle, and stunted growth The tlp-burn was dh

‘ _expressed as a very dellneated area of orange colored tlssue

'YA strlklng tree to tree varlatlon on pollutlon sen51t1v1ty
was noted on observed trees w1th 64 exhlbltlng symptoms

'fapproachlng the class1c chlorotlc dwarf condltlon and 20/

_llcon51der1ng to be free of any - symptoms of air pollutant

"effectsv Although poss1ble pollutant comblnatlon effects
fwere not measured in thls study,-lt was very llkely to be -
‘dlnvolved in this case. | | |

Nlcholson (1977) exposed two year old grafted white- plnef
to 0.10 and 0.30 ppm nltrogen dlox1de for six. hourS' Chlo-
rotic spot, chlorotic-mottle; and necrotlc tlp burn were i
»»laccountedvfor thefmajorityfof.V1s;ble 1n3ur1es on_needle‘sure~‘

'faces,

B Effects of Pollutant Exposures on Whlte Plne Photosynthes1s'

Botkln et al (1971) exposed branches of eastern whlte
'fpine-toto 9 to.l O'ppm.ozone.for three hourS'and found that-f
-net photosynthes1s was reduced by approx1mately 80% Recov-_ |
';ery phenomenon was observed after ozone treated plants werevf”
Tonce agaln placed 1nto ozone free air: In the follow1ng

year, Botklniet,al. (1972) reported that ozone threshold dosefy

,age on whitedpine~net‘photosynthesls'suppress1on was approx;f.‘
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mately 0.50 ppm for a minimum of four hours Above this
dosage, three categories (sensitive 1ntermed1ate ,and tole-:_
rant) of ozone sens1t1v1ty were detectable in white pine
plants. In 1ntermedrate and ‘tolerant clones, suppress1on of,b’
:rphotosynthe51s was’ rever51ble 1f an ozone free recovery per-
iod was made poss1ble They also reported that the v1s1ble
symptom express1on on current year white pine needles was not
a good.: index for the timing or the severity of ozone induced “
: photosynthetic suppress1on.» 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 age.
In 0.15 ppm treatment ozone had a more conSistent depress1ng
- effect on photosyntheSis Among measuredvresponses, the most
';cons1stent effect of ozone on white pine seedlings was the’
stimulation of resplration It was almostgdouble the control
orates at the 36th day and nearlyv40% higheryat'the 77thﬂday
of fumigation. .l ». N | “
McLaughlin et al. (1979) labelled foliagegof‘three
- different.pollution sensitivity classeslof fielddgrown_east?:.
' ern white pine trees:with,isotopiCdcarbon:dioxide-14 four
‘ -times during the'growing season underﬁthe influence of

:ambient air pollutant,'?articularly ozone.g,Photosynthateﬂf.

allocationvpatterns indiCated that contribution of photosynte,!“‘

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

' process was most rapid in tolerant trees which retained nee—



dles from two prlor years and least s1gn1f1cant 1n sens1t1ve';>
trees. There were no distinct differences 1n foliar reten- B
thtion of 1“C between these three sens1t1v1ty classes ) Gener-ff
| ally,_higher levels of transfer of 1"C from foliage 1nto
branches were noted in the tolerant trees throughout the_
’ grow1ng seasonr They 1nd1cated that growth limitations 1n
'sens1t1ve trees were a function of pollutant—induced reduc-,h'
tion in photosynthate availability which resulted from
‘reduced needle length and premature defoliation |

In the field study of chronology of eastern white pine
.chlorotic symptom development among three pollutant sens1t1v~-
ity classes during~an entire growing.season, Mann et al.
(1980) repovrted that o dif‘fer"encess in photosyntheticb'rates
were‘observed hetween-diseased and healthy'trees7although |
total chlorophyllvcontent was different They suggested that
vdecreased growth as ev1denced in" shoot elongation ‘and v1gor
of chlorotic trees appeared to be related to premature defol-v
fiation‘and retention of ‘a reduced quantity of photosyntheti-b
cally active tissue rather than to a reduced photosynthetic
Leff1c1ency of the ex1st1ng needles

Eckert and_Houston (1980) eXposed-white‘pine ramets Withw :
0705 ppm'sulfur dioxide for two hours;"Thesratesiof'photo?w
synthesis in sensitive anditolerant clones were'depressed |
'51gn1f1cantly below control plants Photosynthes1s rates in
sen51t1ve clones were decreased to a greater extent (274)

“than in tolerant clones (10/) during two hour fumigation



‘”fNeedle length of sens1t1ve and tolerant treated plants at the7y
p;end of the grow1ng season were found shorter than control
”pneedles They suggested that substantlal loss of photosynt-
hhate productlon whlch resulted from supressed photosynthes1s'
'leght attrlbute to needle length reductlon “in apparently

k tolerant as. well as sens1t1ve whlte plnes durlng sulfur dlox-f"

» rde-fumlgatlons;

1.C Effects of Pollutant Comblnatlons on Whlte Plne

| Whlle studles were solv1ng whlte plne needle bllght 1n 1‘

*;gthe late 1950 s, work was also belng 1n1t1ated 1n Ohlo in

:1959 by Dochlnger to determlne the cause of chlorotlc dwarf
A'“Chlorotlc dwarf was flrst descrlbed by Sw1ngle (1944) 1n:71
'hwhlte plne plantatlons throughout Ohio s1nce 1936 Sw1ngle
v?'(1944) in hlS orlglnal report stated that the chlorotlc dwarfl,,

fcondltlon was very s1m11ar 1n some respects to wh1te plne

:Hf;bllght as descrlbed by Spauldlng (1909). . Trees w1th chlo-

'rotlc dwarf dlsease were characterlzed by stunted tops and

froots, short and mottled needles, and prematurerdefolratlon-
ﬁ;On genetlcally sen51t1ve trees fnew needles emerged normally

Tbut soon became llght green color and mottllng w1th chlorotlchl
h”spots As dlsease progressed needles often yellowed by -
"bearly season as chlorotlc flecks or mottllng coalesced. fThe_gl

eolder needles turned prematurely yellow and were shed before _7'

‘i,,;.the current needles reached to full development

Flve years after thelr 1n1t1al work ‘a comprehensive -



'»ft‘report on the etlology of eastern whlte plne chlorotlc dwarf

fh‘was made by Dochlnger and Sellskar (1970) They showed that

typlcal symptoms of - chlorotlc dwarf dlsease could be 1nduced :
:from the 1n3ury of gaseous pollutants upon the follage of

: genetlcally sens1t1ve whlte plne clones by 0. 10 ppm ozone andf
sulfur dlox1de slngly or in comblnatlon (Dochlnger and Sells--

.kar, 1965, 1970},f When senstlve trees were protected 1n.

'charcoal-filtered chambers, the 1n3urlous effects of alr pol-f‘:

\.,lutants were completely recovered but not 1n non—flltered

'-chambers The typlcal symptoms of chlorotlc dwarf 1nduced by’

‘-the exposure of 0 025 ppm sulfur dlox1de and 0 05 ppm ozone

. was later reported by Houston (1974) : lee whlte plne

f"bllght veastern whlte plne showed a w1de range of dlfferen-

“’_tlal sen51t1v1ty to chlorotlc dwarf (Dochlnger and Sellskar,

‘ 1970 Dochlnger and heck 1969)

'» Response of eastern whlte plne to ozone + sulfur dlox1deiﬂiﬁbb

‘ imlxtures has been reported to be more than addltlve by _~?d
f.Dochlnger and Sellskar (1970), Banfleld (1972),;and Houston
"(1974) based on follar 1n3ury evaluatlon._ Costonls (1973),
_'however, observed a. less than addltlve effect at lower pollu-“f'
tant dosages o | |

In the mlxture of ozone and nltrogen dlox1de, Nlcholson ‘

| (1977) fumlgated 12 grafted whlte plne clones to O. 10 opm jj fvptbﬁf

ozone and 0. 30 ppm nltrogen dloxmde Sanly and in comblnatlon

’ffor 31x hours The most prevalent symptoms were chlorotlc

imottle, necrotlc tlp burn,' and plgmented'bandlng. The;sens1~ujlo5
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:tivlty,rankings of‘these-clones‘were;found;generallyhconsis;l
ftentlbetWeen“theQeyaluationsyofivlsible lnjurylandfthe mean"J
- needlevlethh of'the currentbyear needles' ﬁawevef7'£h§7
'vranklngs of these clones obtalned from art1f1c1al env1ron¥f
ﬂment controlled fumlgatlons were sllghtly dlfferent from

‘fleld ranklngs

1“3Research at Radford Army Ammunltlon Plant

A serles of studles have been conducted in’ tne forestedvr;

varea surroundﬂng the Radford Army Ammunltlon Plant (RAAP) as]f

‘ well as supported studles belng conducted 1n laboratory ‘The-Q

RAAP 1s 31tuated in a forested geographlc bowl and is 1so-5
L lated from other maJor air pollutant sources w1th a known
’hlstory as ‘a p01nt source of- pollutant emlss1ons 1nto the‘
surroundlng areas Because of the characters of nltrogenous-
ammunltlon productlon and the self supplled coal—burnlng'

electr1c1ty systems at RAAP along with the known ex1stance of'

'_ ozone in the amblent air of thls reglon of the Unlted States,?

all three maJor phytotox1c a1r pollutants (1 e. ozone, sulfur .
“ dlox1de, and nltrogen dlox1de) are presented w1th varylng ‘ |
"degrees~1ngthevamblent‘atmosphere at th;s;fac;llty, »
S Eastern‘white pine was chosen as‘the»majorjindicator
I*_spec1es for studylng pollutant abatement at RAAP after con-
.’v51deratlon of the follow1ng facts 1) this spec1es is.
1nd1genous to th e area and fonnd abundantly w1th1n the 1ns-

tallatlon 2) 1t has been shown in prev1ous studles to exhl-‘
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‘ bitistrong‘correlation between‘average"whitelpinetannual
dincrenent growth andeAAP production‘rates,.B) this speoies
;has shown great‘variation.in alr'pollutant sensitivity on a-
clonal ba51s, but 1nd1v1dual trees have responded w1th a hlgh”v
‘degree of unlformlty, and 4) thls spec1es can be clonally
vpropagated to 1nsure unlform genetlc characterlstlcs
Skelly et'al (1972) conducted helght growth studles in

a 13 year-old stand of whlte plne at RAAP. Macroscoplc
asymptomatlc trees as well as chlorotlc dwarf trees were
lncluded in their studies. They used a 51mple llnear regres-
y51on analys1s to evaluate the relatlonshlp of white pine
annual radlal 1ncrement.growth to annual RAAP productlonvlevé
els (an 1nd1cator of air pollutlon concentratlons) A s1gn1—d
‘flcant 1nverse relatlonshlp between plant growth and alr pol-
.lutlon concentratlon-was»found 1n whlte-plne and such f"
flndlngs were the ba51s for contlnued studles In the fol-
‘low1ng year, Stone‘andeSkelly‘(1973 1974) studled ‘the annualxs}
rad1al>1ncrementugrowth;in a‘mixed whlte‘plne‘and‘yellow pop-v’

lar (Liriodendronatulipifera'L ) stand. A>Signifioant nega-,'

; tive relatlonshlp between plant growth and RAAP coal burnlng ;j
load was: agaln found 1n these studles Phllllps et al |
(1977a, 1977b) extended 31m11ar types of observatlons 1nto

“threevlob olly plne stands u51ng multlple llnear regresslon

,analy31s w1th plant annual radlal 1ncrement growth as: depen--e7

"Afldent varlable and annual RAAP productlon levels, total annualo“"b

*:;raﬂnfall annual seasonal ralnfall and plant age as 1ndepen-a
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dent variables to_eValuate pollution impact on plant growth.
~A significant_(P#O;Ol) inyerse.relationship was demonstrated
in two of three stands,examined-with_regard_to plant.growth
and previous production history’at RAAP.y,The'third.stand‘was'
sufficiently depreSSed in'growth due to its proximal‘location
to pollutant sources so that growth dlfferences could not be :
deflned Phllllps et al (l977a) also re-evaluated the white
pine stand whlch was studied by Stone and Skelly (1973) in an
"effort to 1dent1fy growth reductlon 1n trees- dlfferlng 1n
.-pollutant sens1t1v1ty. Four classes of follar symptom
V‘express1on were used to . categorlze the sample trees for com-
:puter analys1s of thelr respectlve growth rates 1n response
‘to thelr prev1ouslexposure to pollutants '-Analy31s u51ng
_regress1on analy51s revealed that there was no 51gn1f1cant
growth rate differences between symptom classes and produc—'
:tlon peaks, i.e. the growth of macroscoplc asymptomatlc trees”
.was reduced as much as trees w1th symptoms durlng the tlme of
sampllng.

Later work reported by.Nicho‘lson ("'1'9_77) vindicated. that
.growth.in this white‘pine stand has continued to increase‘
-,81nce 1972 as a result of reduced rates of productlon and
iconcurrent efforts 1n pollution- abatement of the major
sources of sulfur-dlox1de-and n1trogen-ox1des athAAP.
Nicholson (1977) used selected‘white pines from previously
studied stands as3ortets for the propagation of ¢ibﬁa1'1inesv

of differing sensitivities to ozone, sulfur dioxide, and»



:rnltrogen d1ox1de Grafts were made u51ng 2: O root- stock and
. scion from 12 ortets of whlte pine grow1ng at RAAP. The 12
hortets represented four symptom severlty classes (3 ortets/

.class) as class1f1ed by Phllllps et al. (1977a 1977b) rang-r,

ing from trees w1th greater than 25/ of thelr crowns exhlblt-”."

"1ng necrotlc tlp burn to those with healthy crowns Flve~?
ramets/clone were used in each s1x hours treatment of l)
ozone 0.10 ppm, 2) ozone 0.30 ppm, 3) nltrogen dlox1de 0. 10
'ppm, 4)cn1trogen'dloxldezo.30 ppm, 5) ozone O lO + nltrogen
dioxide:o.lo'ppmy_6)joioneao;lor+‘n1trogen d;oxlde 0.30 ppm,.

rand;7)/control.' All rametsVWere returned to charcoal#file |

'*.teredmgreenhOuse:immediately after treatment.o Ramets were

'evaluated prlor to fumlgatlon and then two, seven,_and 14 f
days thereafter for v1s1ble symptoms Analys1s of varlance
showed thatrthere were_slgn;flcant dlfferences at P=0.05"
level between clones,,classes; and treatments : After 14
days, three of the 12 clones tested showed the more than
'addltlve effects of ozone + nltrogen dlox1de in treatment 5
2land seven clones showed the same reactlon in treatment 6.
Recently, Skelly and Yang (1980) re- examlned the radial
l‘lncrement growth of 50. eastern whlte plne grow1ng in the same‘}
vplne stand as an update and re-evaluatlon of prev1ous stu- |
-‘dles,i A 51gn1f1cant (P =0. 05) negatlve relatlon was found 1n
multiple.llnear~regress10n tests with annual 1ncrement,growth;ﬂ
as the dependent’varlable and‘annual seasonal rainfall;ftotal,f

annual rainfall, tree age, and annual coal consumption in
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_RAAP power houses (asba‘surrogate for pollutlon)ras the 1nde-
:pendent varlables Such latest results uphold the prev1ous
:studles regardless of the pollutant concentratlon fluctuatlonf
©in the recent years L | ‘b
. In a contlnued effort of developlng eastern whlte plne
as a b101nd1cator for air pollutant monltorlng and problng
-the" mechanlsms of plant tolerance several thSlOloglCal-bld—:;
chemlcal studles were conducted us1ng art1f1c1al env1ronment—
‘controlled fumlgatlons Epldermal characters of ozone-sen51-fi
tive and ozone- tolerant whlte pwne clones were
mlcroscoplcally examlned by Trimble (1980) The mean value
of stoma number per unlt needle area was ‘not 51gn1f1cantly
dlfferent (as 51 stomata per unlt area of sen51t1ve clone to‘
53 stomata per unit area of tolerant clone) between clones‘y

regardless ofvtheiriozone sensitivity;



MATERIALS AND METHODS

Plant Materials'

The eastern whlte plnes (Plnus strobus L. ) used in thls "°

study were vegetatlvely propagated from lO dlfferent ortets
These ortets were located 1n a natural uneven aged mlxed
- stand of conifers and hardwood s1tuated on a sharply sloplng ff
- northeast exposure w1th1n Radford Army Ammunltlon Plant
| r(RAAP) boundary |

| The sens1t1v1t1es “of these ortets-to alr pollutlon have':U'
been prev1ously clas51f1ed 1nto four classes based upon crownn
'v151ble symptom expre551on, v1gor, and shape';n the f;elds
(Phillips et al., 1977a, 1977b). ;lTheisyﬁptomyséyerity» |
"classes’Were.deflned as follows‘ class I =~greater'than 25%
b‘of the crown exhlbltlng necrotlc tlp-burn, Class II-= less‘
“than ZSA of the crown exhlbltlng necrotlc t1p burn, ClaSs_Ill'
= crown chlorotlc but not necrotlc, and ClaSS‘IV =.crown
‘exhlbltlng no symptom. |

. In March of 1978 and 1979, scionwood:was’collected‘fron

designated-ortets Atvthis time, terminal buds-were still

butftlght and no 1nd1cat10n of emlnent bud break was observed

The scions were cut from the outer edge of upper crown to
av01d the shaded poor.growth-and to provlde sclonwood‘w1thv ‘
.‘aplcal domlnance iThe'scionsvwereiimmediatelyfsealed in

h*plastlc bags, transported and storedtinva_cold room (5°C)
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untll needed for graftlng Each year S graftlng process was'
fcompleted w1th1n l 5 months after sc1onwood collectlon

‘ Two—year—old eastern whltetplnevrootstocks-were_obtainedr
from Virginia‘DiVision of Forestry Nursery athrimora}'VA.
Seedllngs were potted one- year prlor to graftlng in O 9- llter]
black- plastlc pots contalnlng Spasoff soil mlxture, a 2 2 l
v/v ratlo of Weblite (an expanded-shale product of the-Weh-
ster Brick Company;'Roanoke,VVA‘24016), VermiCulite; and
peat. One gram of Osmocote 14-14-14 (N¥P5K);slowlrelease'
'fertilizer'(Sierra'ChemicalYCOmpany; Milpitas, CA 95035)vwas'
added tolsoiIVSurface of eachfpotfafter'pCtting; lThereafter,
One gram‘offOsmocote was applied'to each plantfevery'six to
,seven monthsfthroughout the ekperimental period.i A

The newly potted plne seedlings were kept in charcoal—

'filtered air supplled greenhousel‘ Onevyear’later follow1ng a
cthe successful establlshment of root system, V1gorous see- :
dllngs were selected for use as: rootstock in the graftlng‘
program Current year ] termlnal bud from prev1ously»
descrlbed sc1onwoods was grafted to these rootstocks accord—-f'

ing to the s1de veneer method (Hartmann and Kester,»1975)

" . Due to the large demand for genetlcally unlform plant materl-;o

als, 250 to 300 sc1ons from each ortet were grafted each
' year; Newly grafted ramets were moved to charcoal flltered
greenhouse and kept under mist for four to six weeks,' Suc-

' cessfully grafted ramets were held in the same greenhouse

durlng that summer and fall Thevaere then>transfered;to an 1;t,f
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“}outdoor.cold-frame-in’the winter to promote natural dormancy*

ufbut w1th protectlonvfrom w1nter stress ' Thus, grafts were

prepared one’ year ahead of fumlgatlon to ellmlnate most pos-»“usf

:‘31ble effects of graftlng 1n3ury
In the follow1ng mld Aprll grafted plants were once
‘agaln placed 1n the greenhouse to 1nduce unlformed bud breaksﬁl

 and shoot elongatlon Dormancy was broken 1n the greenhouse'

”‘.b3w1th a reglme of 20°C 30 C nlght day temperature,-SS 70/

‘relatlveﬂhumldlty, and 14 hour photoperlod The.greenhouse
was equlpped w1th hlgh pressure sodlum lamps (Harvey Hubbell -
.';I‘ nghtlng D1v1s10n, Chrlstlansburg, VA 24073) prov1d1ng f

»supplemental llghtlng of 21 OOO 24 OOO lux and 330 360
.uE/mz/sec ¥ In the summer, greenhouse was shaded to prevent
]vthe occurrence of hlgh temperatures Throughout the study,
plants were watered to saturatlon one hour before and after
'dally fumlgatlon.‘ “ | |

| Generally, two weeks after plants were. moved 1nto green—;f

house the 1n1t1at10n of bud break was noted The ramets of

the same clone w1th the ‘same date of bud break were separated j

°yfrom clonal pool as a group and later randomly ass1gned to
':pollutant treatnents ‘ At the time of the beglnnlng of fuml- |
‘:~gatlon, current year s needles were 21-25 days old o
In71979 fumlgatlons were undertaken to determlne theh
;relatlve clonal sen31t1v1ty of eastern whate plnes to a1r
‘,;pollutants as 1nd1cated by changes in- symptom express1on,n

.needle growth, and needle dry welght These fumlgatlons were



.:Wftlncluded in’ four sets 1) 0. 05 and 2) O 10 parts per mllllon

,(ppm, V/V) ozone.‘sulfur dlox1de,'and nltrogen dlox1de s1ngly}:y

oand 1n all poss1ble comb1nat10ns,/3) 0. 10 O 20 and O 30 ppmi"

5tfozone alone,:and 4) O 10, O 20 :and O 30 ppm sulfur dlox1de

"‘,alone (Table 1) Each set of fumlgatlon was conducted four’

hours dally for 35 consecutlve days The set of O 05 ppm yf
"fumlgatlon and ozone alone fumlgatlon (1 e 0. 10 O 20 d'

JO 30 ppm) were carrled out dally between 0800 1200 hours

"'The other two set of fumlgatlons were conducted between

V714OO 1800 hours. Control chamber recelved only charcoal fll-f1
’rtered air w1th O ppm of pollutant Except for dally four

' hour fumlgatlon, plants were malntalned 1n the charcoal fll-.f

:'ftered a1r supplled greenhouse

In 1980 four dlfferent sets of fumlgatlons were admln-
flstrated - They Were l) O lO ppm ozone, sulfur dlox1de ahaj;_,

nltrogen dlox1de 51ngly and 1n all comblnatlons and O 10

~0.20
';féenfdlox1de aloneu(Table 2) These fumlgatlons were conducted7:'
ifour hours dally for 50 consecutlve days The fumlgatlon ff,

’pprocedures were the same ‘as in 1979

fiand 0. 30 ppm 2) ozone,;3) sulfur dlox1de, and-4) nltro-~7'°“'b

The studles were statlstlcally constructed as a random-n7fw"

‘”]_1zed blocx des1gn Treatments were randomly dlstrlbuted f755'

,7dally among Contlnuous Stlrred Tank Reactor (CSTR) chambers'ﬁf}Q

“51n order to mlnlmlze chamber effects For each treatment

B v_the four ramets of each clone were randomly placed in eacn of

'7the four quadrant sectors of each CSTR chamber on a dally
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basis to minimize any differences within chamber; Due tovthe
limited availabilitykof clonal materialshfrom all”ortets,‘the
specific‘clones[uSed'in these fumigations were not identical:

 (Tables 1, 2). In total, 10 clones were used in this study.

F,Fumication Fac1lit1es and Procedures ‘
| ' Twelve CSTR chambers deSiqned by Heck et al. (1978) were_:
_used for~1ndoor env1ronmentfcontrolled laboratory fumigatioh
purposes. Lighting,vrelative<humidity, and temperature in
CSTR chamber were ihdependently'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/mz/sec photosynthetically actiue radiation
(400 700nm) (PAR) at plant height w1thin all chambers. Lightfv
‘was measured With a photon and quantum sensor (Lambda Instru-
‘,ment Corporation, Lincoln, NE 68504) throughout all 12 cham-
bers.A Humidity was produced.byia steam generator (Sussman
Hot Shot Electric Boiier, Automatic Steam Products Corp., |
'Long Island, NY?lllOl) which Was’equipped with adjustable
‘valvesr The relative humidity within CSTR Chambers during
fumigation was maintained between 60-70%. Chamber air temp-
erature‘duringrthe same period was 28-32°C. Relative humid-
- ity and temperature were monitored’by Abbeon Relative‘Humid—

ity_and Temperature Indicator Model M2A43 (Abbeon Calibration



- Table 1. Fumlgatlon program of eastern whlte p1ne (Plnus-

strobus L. ) in 1979*

Clone

0

A - Pollutant
Treatment*#* ‘concentration  used
--- ppm ---
O35 505, NOy, . 0.05 I-2,
- 05+80,, 03+NO,, S0,+NO,, ‘1;41, I1-3,
CK. | IV-2.
- SOz,'NOZ?F o 0.10 S I-1,
;03+502+N02,’ | ' III 2, III#B,
CK. CIV-1.
: 03' 0.00 ,Ifsf'xfg,
0.10 11-1, 1I-3,
0.20 I11-2, III-3,
0.30 Iv-1, IV-2.
so2 0.00 I-3, 1-4,
o 0.10 I1-1, I1-3,
0.20 111-2, III-3,
0.30

Iv-1, IV-2.

*Pumlgatlons were. Conducted four hours daily for 35 consecu-

tive days.

*%*Four observations per treatment.
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Table 2. Fumigation program of eastern white'pine~f?iﬁﬁs.
stToBus L. ) in 1980* . ‘ o

Pollutant Clone

Treatment®* concentration = used

-- ppm --
0., S0,, NO,, | 0.10 o I-1,
0,+S0.,, 0,+NO,, SO,+NO I1-1, II-3,

3 2° 73 2 T2 T2

0,+S0,+NO I11-2, I11-3,

37900 | | |
CK. Iv-1.
3 0.00 11-1,
0.10 | I11-2,
0.20 Iv-2.
0.30
50, 0.00 o II-1,
0.10 | I11-2,
0.20 o IV-2.
0.30 o
NO,, 10.00 o II-1,
| 0.10 | I11-2,
- 0.20 o IV-2.
; |

.30

*Fumlgatlons were conducted four hours dally for 50 conse-
cutive days.
**Four oﬁsnrvatlons per- treabment
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'ffIncv Santa Barbara, CA 93101) Temperature and relatlve‘

fhumldlty were:, also determlned perlodlcally w1th dry bulb wet

pbulb hydropsychrometer and recorded by Speedomax Compact Mul—i,;:

T't1p01nt Recorder Model 547 (Leeds and Northrup, North Wales,
 PA 19454) I R |
‘ The a1r pass1ng through these chambers was flltered ‘with
”'actlvated charcoal to remove nltrogen ox1des sulfur dlox1de,*.7

ozone, and other 1mpur1t1es Pollutants were added to thls

‘flltered alr from 1nd1v1dual sources and adjusted by rotome-,”'i

: ters to the de51red concentratlon 1n each chamber In 1980,’
a COll coollng unlt was added to the alr 1ntake system Theffi
glntaklng a1r was passed through coollng c01ls prlor to the

“charcoal fllters in order to decreased temperature ln the

.WCSTR chambers durlng summer months

‘, Alr pollutant concentratlons (v v) 1n each CSTR chamber.A.
»were contlnuously sampled at 50 cm helght above the cnamber -

”floor and then passed through an auto sw1tched solen01d sys-*

_ tem which were connected to three dlfferent monltors ipThexH’fﬁvu

'*1concentratlons of each pollutant were recorded by Speedomax*'
fModel H Recorder Th1s setup prov1ded a: 51multaneous monl-w
ltorlng of three dl:ferent pollutants at each chamber at anyl,k
.ngven tlme | o

| y Ozone was gener ted by a Welsbach Laboratory Ozonator
| Model T 408 (Welsbach Ozone Systems Corporatlon, Phlladelp-f“v

"uphla,,PA 19129) The ozone enrlched air was carrled by O 64‘

lc tellon tublngs to lO 16 cm ducts supplled w1th charcoal?
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"”uflltered alr Just prlor to the entry 1nto CSTR chambers _yA ,ISM'T

""frotometer was 1nstalled in each teflon llne to fac1lltate:<"

‘Tﬁcontrolllng ozone flow : Ozone concentratlons could also be

'f-5;ad3usted by regulatlng voltage output rheostat on the ozone

f_generator The ozone concentratlons were monltored by a’ Bene

fdlx Model 8002 Chemllumlnescent Ozone Analyzer (Bendlx Pro-fb'vn

"_cess Instruments D1V1s10n Lew1sburg,,WV 24901) -In the

b'flrst year (1979),'ozone monltor was callbrated by a known :

b‘a‘source of ozone generated by a Bendlx Model 8852 Dynamlc .

f'Callbratlon System L In the second year (1980), the same

"_”~ozone monltor was callbrated by a Photocal 3000 Automated

: Ozone Callbrator (Columbla Sc1ent1f1c Industrles, Austln, Tx
78766) Both callbratlon procedures were performed us1ng
'-three to flve data p01nts follow1ng the callbratlon proce-‘
Udures recommended by the Unlted States Env1ronmental Protec-
| ftlon Agency (USEPA) | e |
'. Sulfur d10x1de was obtalned as commerc1al hlgh-pressuredf
.'bottled gas dlluted 1n nltrogen (1 OBA»sulfur ledee pur—“‘
'1ty) It was dellvered to each CSTR chamber by teflon tublngfilb
'Sfand 1ts flow was controlled by a serles of rotometers :yThe

‘usulfur dlodee concentratlons 1n 1979 were monltored by a‘”"

’”';Meloy Sulfur Dlox1de Analyzer Model SA 285E (Meloy Laborato-r't'

'Jffgpermeatlon tubei~

"ries, Inc Sprlngfleld VA 22151) whlch was callbrated w1th R
tbe Bendlx Dynamlc Callbratlon System u51ng a sulfur dlox1de

zIn 1980 the sulfur dlox1de concentratlons |

f_*were monltored by a- Pulsed Fluorescent Amblent Sulfur Dlox1def.'
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Analyzer Model 43 (Thermo Electron Corporatlon, Envzronmentalh
vInstruments D1v151on, Hopklnton, MA 01748) Wthh was call-~':
brated as 1n the 1979 procedures |
Nltrogen dlox1de was supplled by 1ndustr1al hlgh pres-’ f
‘sure bottled nltrogen dlox1de gas bottle dlluted in elther

'nltrogen or alr (l 05/ nltrogen dioxide purlty) The nltro-

Lj”ygen dlox1de concentratlons were monltored w1th ‘a Bendlx Model'

'.8101B NO NOZ NOx Chemllumlnescent Analyzer For the flrst

5]year s fumlgatlon the callbratlon of monltor was done w1th

q"the Bendlx Dynamlc Callbratlon System u51ng a nltrogen dlox-’

'1de permeatlon tube ‘ In the second year, the same-nltrogen‘p
-dlox1de monltor was modlfled accordlng to new. USEPA 1980

'requlrements and callbrated as the flrst year ] methods

Measurement of Parameters.

Inh1979 foliar‘symptom'expressionsfand:needle'length’oft
current year needles were measured weekly durlng the 35 day ij
”fumlgatlon perlod All fasc1cles on the new growth were
visibly’ evaluated for pollutant 1nduced symptoms.‘ Injury-was
,hrecorded as the percent of total needle area symptomatlc
The total 1n3ured area was counted as a comblnatlon of chlo-
"rot;cvspot, chlorctlc band, necrotlc_spot, neqrotlc band,
tipéburn, andsany other pollutant inducedtsymptoms.' Needle
;length was determlned by the average of the oldest 10 fasc1-l>a
cles (the lowest part of the current year s growth)

“In l9/9,'needle dry welght of three chosen clones were
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measured at theyend‘of,3$'days,fumigation. ‘The:five oldest.
,_fasclcles‘of:mainishootof‘each‘treatedlplant'were‘sampled
for thls purpose :Theidry weight of these‘fascicles was mea- -
sured w1th a Mettler 3- dlgltal Electronlc Balance Model PT
320 after freeze drylng fresh tlssues for 24 hours w1th a
f ~Labcones Freeze Dryer—S Model 75050 (Labconco Co. Kansas
City, MO 64132) S " |
In 1980 the foliar symptom express1on and needle length
of current year needles in the set of O 10 ppm fumlgatlon'
were measured weekly and at. the end of 50-day fumlgatlon
Net photosynthes1s, photosynthetlc transplratlon,‘dark respi-Q
ratlon, dark resplratory-transplratlon, and chlorophyll coh-
'tent of current year needles were measured at 10 days 1nter~'u
val durwng the fumlgatlon of O lO O 20 and 0.30, ppm ozone-
»alone, sulfur dlox1de alone, and nltrogen dlox1de alone
:‘ Needle dry welght of treated plants at the end of fumlgatlon

,v,was determlned follow1ng the ‘same methods as 1n 1979

Gas exchange rates of current year needles durlng daily - .

dfour hour exposures were measured w1th an Infrared Non-dls-
per51ve Dual-gasw(l.e,‘carbon dioxide and‘water vapor) Ana-
vlyzer (IﬁGA) Model ARdGOOR (Anarad,‘Inc., Santa,Barahara;.gA
ﬂ93105); fAt;each'sampling:day,_the main'branchlet:of current
year'srgrowth was'encloseddwithin a glasS'minichamber'which
wasﬂmOdified'from one-liter‘Pyrex‘beakerdwith‘tWo’O.64 cm -

l; b. air outlet arms. -~ Gas exchange measurements were made

' zero hour pr;or to, hourly, ‘and one hour after;dally four-
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hhoﬁf pollutantuekposures ’ Plants were returned to greenhouse‘
‘.one hour after the termlnatlon of dally pollutant exposure

There were three measurements of each clone in each treat-
ment. The mlnlchambers were s1tuated on top of two pleces off
‘styrofoam and mounted on a r1ng stand w1th1n CSTR chamber
’";:The detail setup of thls mlnlchamber and flow chart of gas
fvflow were 1llustrated in Flgure l
Slnce the mlnlchamber de51gn was an alr sealed compart;
pment w1th open flow system (Wolf et al 1969) the loose"
seam between two styrofoam pleces and the bottom air 1nlet
arm of mlnlchamber were. necessary in order to provide. the
'fentrance of needed air for ‘gas exchanges 1n the mlnlchamber.
_Alr was w1thdrawn separately at the same rate w1th dlaphragh
.pumps from top air outlet of mlnlchamber (as the sample alr)
and from CSTR chamber (as the reference a1r) The alr from
these two llnes was connected to IRGA after pass1ng through
"rotometers for dlfferentlal carbon dlox1de and water vapor .
“measurements | |
The flow rate of sample and reference llne -was set at
1.2 llter/mlnute as compared to approx1mately O 9 llter net
‘l(volumn~of mlnlchambervafter conflnement-of s1ngle~p1ne bran?
?chlet Such flow rate was determlned experlmentally 1n thls
flstudy to be suff1c1ent to ensure. that the rate of photo-
hvsynthe31s and transplratlon w1th1n mlnlchamber was not llm—'
TVlted by dlffus1onﬁthrough unstlrred‘alr»;n the.chamber; Pole_

©_“lutant concentrations and temperatures in the minichamber
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B:Ring Stand ' G:.AirSampling Ports ' K: Reference Line -
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_ Flgure 1. Schematlc Diagram_ of Apparatus and Flow Chart of Gas Flow for Measurmg/ ,

: Photosynthesw and Transplratlon
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',were tested agalnst the condltlons in the CSTR chamber Theyd!

‘v"were 0.01 ppm lower and 0.1° hlgher than CSTR s when the

”yozone concentratlon and alr temperature in CSTR were 0. 30 ppm».;
ﬂyand 32° C respectlvely | s

The addltlon of manlfold 1nstallat10n in thls study
't(Flgure 1) w1th a. larger dlaphragh pump draw1ng alr from:
funmeasurlng mlnlchambers at the ‘same flow rate as measurlng
m;nlchamber,tremendously 1ncreased-the number ofameasurementsbb
1within each7time?unlt. - The measurements on IRGA waS»tran-,,
smltted to a dual pen recorder Conver51on of these data to
v‘the callbrated results was done by modlfylng w1th the stan-
| dard curve of each gas. |

For the calculatlon of photosynthe31s and transplratlon‘

i rates total needle area of each branchlet enclosed in m1n1—

o chamber durlng gas exchange measurements was’ obtalned by mul-f
'tlplylng needle length by perlmeter ' Perlmeter.was calcu- .‘
*lated by assumlng that a five- needled fasczcle approx1matedva
solld cyllnder (Kozlowskl and Schumacher ‘1943 Madgw1ck
>l964 Wood 1971) Taper only occurred at the extreme fascl-
_cle tlp and was treated as negllglble on surface area calcu-i;
f lation. . Fasc1cle radll were obtalned by measurlng needle -
':cross sectlons W1th a Spenser Hemacytometer _Actual needle
: ‘length and numbers of needles of each branchlet at each mea—ll’
A‘surement were recorded and averages were. obtalned ﬂ
The des1gns of sucn alr sealed mlnlchamber allowed con-'

A e

”tlnuous recordlng of small rapld ‘luctuatlons and changes 1n57'
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photosynthe31s and transplratlon rate w1th cons1derable accu-
racy (Sestak et al 197l)ra,It also prov1ded‘a leak- and_fV
damage-free m1cro~environment for gas:ﬁeasurenents, A'slmi—
vllardchamher hasvbeenxusediin'field for cerealshand grassesa
hphotosynthesls studiescand.waS»proveﬁ-particularly usefu;,
'becausefits qulck;vsinplevgasvexchange measurementsh(WOlf-et
‘al)( 1969). - | | | |
Ja?;i'TheTrateshof‘dark:respiationvand dark respiratoryvtran-'
‘spiration weredmeasured folloWinc the;same procedures[asvin
photosynthesis andgphotosynthetic'transbiration but at_dark
periods (2200-0460 EST). These measurements Werertaken at
10-day intervalS~frOm-the same branchletlbut'five days before
photosynthesis measurements. ~At ‘each sampling date,'day;time
exposures}were terminated'at»hourvl900 | Plants>Were moved
once again from greenhouse and exposed to de51gnated pollu;‘
”tant concentratlons from hour 2300 to hour 0300 in the fol-
low1ng day. The'CSTR chambers were ‘kept in darkness‘by-seal-
ing off any poss1ble leaks of - what in CSTR chamber room. |
Chlorophyll content of current year needles ‘was measured.
every: 10 days durlng 50~ day fumlgatlon followed the proce- }
dures of Vernon (1960): Two grams ofvfresh needle segments'
“was‘homogeniZed}uith an ani;miXer (lVan‘Sorvallllnc.}‘New-

town;_CT 06470) in 80% coldﬁacetone-forlSElO minutes in dark-.

"bress and under low temperature The extract was. filtered

through Whatman number one fllter paper and collected 1n an

'lOO ml volmetrlc flask -The flltraterwas then re-extracted



H_follow1ng the same method tw1ce w1th 80/ cold acetone 1nfff'”r3'

a;Omnl mlxer for three mlnutes ' New extracts were comblned
with the flrst extract and centrlfuged at 5 OOO rpm for flve

fmlnutes The supernatant was poured 1nto a volmetrlc flask

- ,and made up to 100 ml volume wlth SOA acetone and stored 1n o

.darkness, ‘The absorbance of thls solutlon between 400 700 nm tf'”

'wavelength‘was measured w1th a Unlcam SP 800 spectrophotome—f’
B ter (Unlcam Instruments lelted Cambrldge, England) Allll.‘
'*_absorbance readlngs‘were corrected for 1nd1v1dual cuvette
'iabsorbance The concentratlon of chlorophyll a h; and a +»d

‘b, were determlned by Follow1ng the formula qlvenvby Vernonh
lg(1960) |

‘chlorophyll a (mg/llter) 12 7 (A663) —ﬁ2 69 (A645)ﬂ'

chlorophyll b (mg/llter)

22 9 (A645) -~4 68 (A663)
‘:;where A663 1nd1cated the amount of absorbance at 663 nm- and"fr"

«LA645 1nd1cated the amount of absorbance at 645 nm
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f A Follar Symptoms Induced by Ozone:

o Vlslble symptoms 1nduced by ozone on eastern‘whlte plne
‘current year needles ranged from general chloros1s, plgmentedv_
‘tmottllng,_necrotlc bandlng to necrotlc tlp burn Mottllng

: Varled from yellow,ired to tan color dependlng on whlte plne

'clone and stage of symptom development 8 The predomlnant

‘symptoms resultlng from low—dose ozone fumlgatlons were plg—u;:'

‘mented mottllng and necrotlc tlp burn Premature defollatlon.'

"only occurred 1n the very sens1t1ve cloney.

: Ozone 1njured areas were categorlcally dlstlngulshable
h’1n each test fumlgatlon set among sensltlve (class I and II),dfll

llntermedlate (class III), and tolerant (class IV) classes'

"’;yregardless of pollutant treatments (Flgures 2 3, 4 5)

'\'Sen51t1ve clones always exhlblted more severely 1n3ured nee-'f

'wdles than 1ntermed1ate and tolerant clones In 1979 ,thef

o yexposure of O 10 ppm ozone for 35 consecutlve days (Flgure 3)if~'””

L

\‘caused more follar 1nJury than O 05 ppm exposure (Flgure 2)f

u]However,fsuch a p051t1ve relatlonshlp between ozone dosages7

w:c,and symptom expres31ons was less obv1ous when ozone concen-

‘j_tratlons were above O lO ppm (Flgure 5)

A PLB Follar Symptoms Induced by Sulfur DlOdeé'u

Sulltr dlox1de 1nduced v151blersymptoms on whlte olne
'vcurrent year needles occurred as elther yellow1sh chloros’s, '

57
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vchlorotlc mottllng,'pigmentedbmottllnqtrancing frdﬁ]yellow;‘c
pink/ red; browh to‘tan,.necrotic banding; necrotic tipeburng
1 or premature defoliationa:.In-general these symptoms were'
1nd1st1ngu1shable from ozone 1nduced symptoms except in the E
‘early stage of symptom development.’ At that tlme _symptoms-dﬂ
of sulfur dioxide exposure were predomlnately chloros1s or
chloros1s related dlscoloratlon whlle necrotlc symptoms were'f“
prevalent 1n ozone exposures. “At the end of four hours
daily, 35 day long fumlgatlon,‘more severe follar 1njury was
ylnduced by 0.10 ppm sulfur dlox1de both on sens1t1ve and |
;ntermedlate clones when compared w1th;0,05.ppm sulfur dlox—
_ide treatment (Eicures'z,‘3)s‘iNo symptoms were-yisihlefon
‘tolerant”clones fOlloWing'any’of-thebaboye exposures.

When sulfur'dioxide concentratlons were increased to:!

. 0.10, 0.20, and_O.BO ppmx(Figure 6),ﬂthe types of symptoms
were the same as those.induced‘by‘lower concentrations;(Fig—'
Ures 2,73, 4); however, thejtotal.injured areas were not pro-
portional to pollutant concentrations used (Figure 6). For
clone IVel, the only:symptomfobserved was necrosis of‘S% of

the;surface area at the'end of 0.3 ppm,ekposure (Ficure 6);

C. Foliar Symptoms Induced by Nitrogen Dioxide”

vNitrogen-dioxide alone at the concentrations=testedf
o (Tables 1, 2) rarely caused visible symptoms on whlte plne
current year needles. - Among six tested olones, clone II -3

was the mest sensitive clone to nitrogen dioxide exposuret
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'followed by clone I-1 (Flgures 3 4)1ijifteen and flve
<;percent of surface areas, respectlvely, ofbthese”two‘clones
were 1njured by O 10 ppm nltrogen dlox1de at the end of
l_experlment They were the only two’ clones exhlblted follar
_‘1n3ury that resultlng from nltrogen d10x1de treatment.}'{
Nltrogen dlox1de 1nduced symptoms were characterlzed by mot—-
tllng, necrotlc bandlng, or necrotlc tlp—burn 'None of the
tested clones had any nltrogen dlox1de related symptom at

~0.05 ppm exposure (Flgure 2):

_D Tlmlnq of The Flrst V1s1ble Symptom
Symptom development on plne needles 1nvolved an 1ntens1~t

»Jflcatlon of the: flrst v151ble symptom throughout the entlre

'»experlment'perlod Inltlal mlnor le51on mlght become dra— »V

”matlc dlscoloratlon by color changes or coalesce the affected

Tarea to-a severe 1n3ured area Generally speaklng, the flrst; £

ozone or. sulfur dlox1de 1nduced v151ble symptom on sens1t1ve
' clones was observed between 0-2 weeks at 0.05 ppm exposure.
and O 1 week at 0. 10 ppm exposure after the 1n1t1at10n of
;fumlgatlon. When concentratlons hlgher than 0. lO ppm were
'used macroscoplc symptoms were v151ble at the flrst week -

’ after the beginning of treatment - Eol_lntermedlate sensltlve
clonesﬂithe flrst pollutant related symptom was notlced at
2-3 weeks at.O»lO ppm and 1-2 weeks at-concentratlons-hlgher‘
'than 0. 10 ppm after the flrst day of fumlgatlon No”vlslble7

1n3ury was lound in 1ntermed1ate and tolerant clones exposed i



: to’O;OSIppm pollutants (Figure 2) Pollutant comblnatlonsL
in most cases, 1nduced the first follar symptom several days

earller than s1ngle pollutant treatment

E. Follar Symptoms Induced by Pollutant Comblnatlons'

The types of symptoms caused by pollutant comblnatlons

’ of‘ozone- sulfur dlox1de,vand/or nltrogen dlox1de Vlrtually
‘.1ncluded all. types of symptoms 1nduced by 1nd1v1dual pollu- ,1
~ tant. Pollutant comblnatlons elther caused less than addl-'
_tive,'addltlve, or more than addltlve effects 1n-terms of
total 1n3ured area dependlng upon specles of pollutant pol—:
lutant concentratlon and clone of eastern whlte plne (Flg—l

. ures 2 4) In general more than addltlve effects were
4more common in intermedlate clones and tolerant clones ( such,‘
aS‘clonenIII-S in Flgure 3 ‘and clone III 3 and VI 1l in Flg-‘A
ure’4):' Howeyer, clone III-2 exhlblted less than addltlve,‘»:
;effects at ozone + sulfur dlox1de, sulfur dlox1de + nltrogen

dlox1de,-and ozone + sulfur dlox1de + nltrogen dlox1de expo-.’

’ ”sures whlle exhlblted more than addltlve effect at ozone +

bnltrogen dlox1de exposure (Flgures 3 4) For sen51t1verlf’
‘clones pollutant comblnatlons prevalently caused less ‘than
,addltlve effects elther at 0. 05 ppm or. O lO ppm concentratlon"
,(Flgures 2 ‘3, 4) The more than addltlve effects of pollu-‘h

tant comblnatlon on sensltlve clones was only found in clone o
I1-2 at O 05 ppm ozone + sulfur dlox1de and sulfur dlox1de + 7

nltrogen dlox1de exposures (Flgure 2), andnln.clone I-1 at



..:f'O 10 ppm ozone + nltrogen dlox1de eXpOSure'(Flgure 3) 'bﬁé'lpew

’“?;j?addltlve effect of pollutant comblnatlon on total 1njury areajfl“f;1

" ‘7 11)

’;fwas found 1n clone II 1 at 0 05 ppm sulfur dlox1de + nltpogenfﬁult“

,,jfdloxlde (Flgure 2) and 1n clone II 3 at O 10 ppm Ozone +;ﬂ3235 o

‘anltrogen dlox1de treatment (Flgure 4)

d;fNeedle Elongatlon Affected by Pollutants

Under pollut;on-free env1ronments, the growth of currentipy,,lb

' @year needles of

'hlte plne clones were very 31mllar (Flguresvf

When exposed to,ozone,vsulfur dlox1de, and/or nltrogen

:dlox1de 31ngly at chron’c concentratlons plant responses

lxjgvarled W1th pOllutantVSPeCleS, whlte plne clone, and pollu~dh

*; tant dos'ge The suppress1on of needle growth due to pollu—ly

g,ﬂtant fumlgatlon was more ev1dent 1n sen51tlve clones than 1nv‘1iwh;‘

\olerant—clones (Flgure 9) Such response

ﬂlntermedlate or‘

lotlwas espec1ally obv1ous w1th hlgh pollutant concentratlonSzQ?fff:,:

V'ﬂi!(Flgures lO

. Based on needle lenqth meas rements,,clonerxr

O;Ow) to ozone exposure clone IV 14kf77if

».".i""t° sulfur dlw,.:.x'ide_ (Flguref 8), and‘ clone 1-2, II-3, and III 2,

;on except there was an adverse effect

“f;35 days fumlga;:

; The benef1-~

ﬂfclone II 3 due to O lO ppm exposure (Flgure 9‘




kuc1al effect of chronlc pollutant exposure on. needle growth
was found in clone III 3 at 0.05 ppm sulfur ledee fumlga—'ﬁt
rtlon (Flgure 7) | |

When fumlgatlon perlodeas extended from 35 days‘(ln.:
I1979 experlment) to 50 days (1n 1980 experlment),‘thevlnhlbi—e‘
tory effect of O lO ppm ozone alone was agaln observed in

clone I-li “and sulfur dlox1de alone on clone II 1 and II 3

o d(Figure 9). { Nelther clone IV l nor clone III -2 exhlblted :

sens1t1ve reactlons to sulfur dlox1de alone and ozone alone
' exposure,;respectrvely, as.1n7l979r In nltrogentdlox1dei
exposures, ﬁone of the needle*lencth’of,testedtclones was
found different frombcontrols (Figure 9). d

At hlgher concentratlons (i.e. O 10 O 20 andbo;3ozppm)_o
of s1ngle pollutant exposures,-oionea51gn1f1cantlyfreducedb |
needle length in clone II-1 at 0.20 and O 30 ppm,:and‘CIone>
II 3 at 0. 10 and O 20 ppm concentratlon (Flgure 10) at the,'
~end of a four hour dally, 35 consecutlve days fumlgatlon iInEId
;Ilntermedlate clones. the only s1gn1f1cant decrease of needle- |
';length due to above ozone. treatments was. found 1n clone I1I~- 2,w
at 0. 30 ppm concentratlon . |

Exposure to 0.10, O 20 and 0 30 ppm sulfur d’ox1de s1g4;f'

'_ nlflcantly reduced needle length by 1/4 to 1/3 of control

fplants in clone I- 3 I 4, II- l and I1-3 (Flgure ll) at the
end of long—term fumlgatlon ’Sulfur dlodee~caused decreasesr
kln needle length on clone I1I- 2 and III -3 but only the sup-

'llpre531ons at O 10 ppm on clone III 2 and O lO and 0 20 ppm
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7‘fon clone III 3 were statistically s1gn1ficant (Figure ll)

‘ In clone IV-l and IV 2 none of ozone ‘nor sulfur diox1de ;{

::treatments (up to 0. 30 ppm) s1gn1f1cantly (P O 05) decreased
:needle length at the end of a 35 consecutive day fumigation
d(Flgures 10, '11); | |

In pollutant combinations,‘no benific1al or adverse.N
'effect of 0.05 ppm pollutant combination was found in needle
velongation of clone II-l II%Snvand IV 2 Significant reduc-
tion of needle length was. observed in clone -2 by ozone}+
“nitrogen diox1de and in clone III 2 by sulfur diox1de +
nitrogen diox1de exposure (Figure 7). | .

All ‘pollutant combinations induced s1gn1ficant reduc—'
tions in needle length:in clone-IIe3 and III~2.at;O;05 rpm
1"concen’(:ratio’n (Figure 8)thoweVer,_only the reductions in‘
clone‘I—l for”ozone‘+'sulfur dioxide~and'clone‘IV-l»forrozoneU"

*+‘sulfur.diokide +'nitrogen dioxide treatments were statisti+

v cally 51gn1ficant (Figure 8)

Ingl980, at the end of four hours daily, 50 conSecutive
days ekposurenat:O,lO ppm concentration, all of pollutant
ﬁconbination exposures"(i.er ozone'+,sulfurndioxide,h020ne +
nitrogenidioxide,‘sulfur dioxide + nitrogen dioxide, and
ozonek+ sulfur_diokide +_nitrogenidioxide) Significantly
ereduced-needle‘length in clOne I-1, 'f:-l, and II-3 (Vigure 9).
when compared With control Triple pollutant combination
’_s1gn1ficantly reduced needle: length in: clone I11-2 and III 3

vby the end of 50 day exposure None of pollutant combination



'exposures s1gn1f1cantly affected needle growth 1n clone IV l o

©at P—O os level (Flgure 9)

ngeedle Dry Welght
The average needle dry welght of three chosen clones

flfafter been exposed to O lO ppm ozone, sulfur dlox1de land/or f=”

ilnltrogen dlox1de for four hours dally for 35 consecutlve daysﬁf:a

- »was»presented 1n Table»3 In clone II l all pollutant-

'ltreated plants had less blomass productlon than controls

:The maxlmum reductlon of blomass was :ound 1n ozone + sulfur» -

d10x1de comblnatlon treatment Ozone alone 'sulfur dlox1de
-alone, and ozone + sulfur dlox1de + nltrogen dlox1de comblna-
'tlon exposure caused slgnlflcant (P O Ol) blomass reductlon

cin, thls clone (Table 3)

In clone III 2 .nltrogen dlox1de alone,»ozone + nltrogenuf'

»,Ifdlox1de, and sulfur dlox1de + nltrogen dlox1de exposure did -

T~”not cause. statlstlcally s1gn1f1cant changes 1n needle dry

vifwelght as. compared w1th controls Trlple pollutant comblna--?

' tlon was found at 54 level s1gn1f1cance whlle ozone alone,

”'sulfur dlodee alone,_and ozone + sulfur dlox1de exposures at o

l/ level s1gn1f1cance 1n caus1ngneedle dry welght reductlon
in clone III 2 (Table 3).. 7 = |

None of the pollutant‘treated plants werewobserved to }
vlhave ’ess blomass productlon (P-O 05) than controlled fumlga-,?(

 tien in clone IV 2 (lable 3)

"In the hlgher dose of s1ngle pollutant (1 e. ath;lOffwf‘-V .



»0'20 and O 30 ppm concentratlon), ozone s1gn1f1cantly
'reduced needle dry welght 1n clone II l at all three concen—

ytratlon In~contrast only O 10 ppm and O 20 ppm Ozone expo- o

ssures 1n clone III 2 and O zO ppm 1n clone IV 2 1nduced sta—-?»'“

dtlstlcally s1gn1f1cant blomass reductlon (Table 4) \.heiﬂ.,. o
H~fum1gatlon of O 30 ppm sulfur dlox1de s1gn1l1cantly causedb
fneedle dry welght reductlon 1n all three clones as well as'
ﬁO 20 ppm in clone II 1 and O lO ppm in’ clone III 2 Under

pthe same pollutant dosage,'nltrogen dlox1de only v'educed nee-ﬁ

:’,‘dle blomass productlon in clone II 1 at O 30 ppm exposure

fNo other 51gn1f1cant blomass changes were observed at any of

hnltrogen dlox1de test dosage 1n all test clones (Table 4)

:Chlorophyll Content

Rresults of chlorophyll determlnatlon at the end of

L -“’50 day exposure perlod 1nd1cated that both chlorophyll a and N

A'f‘chlorophyll b were reduced 1n plant tlssues at all ozone and d

fsulfur dlox1de tested concentratlons as well as 1n O 20 and

"fO 30 ppm nltrogen dIOdee GXposures (Table 5) i The reductlonl‘”v

aof chlorophyll content due to pollutant fumlgatlon was more

‘severe in: sulfur d10x1de and ozone exposures than 1n nltrogenj;;.hf

,wdlox1de exposures Stlmulatory effect of nltrogen dlox1de onff
'chlorophyll content was found 1n O 10 ppm exposure However |

'7_when the concentratlon of nltrogen dlox1de was 1ncreased

fbbeneflc1al response was no longer observed and adverse effectﬁu.~=-w

.became ev1dent although the effect was not statlstlcally slg~'jd:711
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nlflcant Sulfur dlox1de slgnlflcantly decreased chlorophyllp '

B fa and b concertratlons in- all three clones at O 30 ppm con—
) 'centratlon, in contrast only clone II-1 and‘III—Z were

affected by the same dosage of ozone (Table 5)

_Net'Photosynthesis Affected«by_Pollutant'Fumidations
| ‘Slnce several pollutantptreated Clones exhibitedrreduce _
'.tion‘in needle 1ength‘or biomass production wlthogt Visible-
foliar symptoms (Figures 2-6; Tables 3,4), plantdphotosynthe4~
; sls, the priciple assimilatOry.metaboliSm'in vegetatlon,kwas )

monitored to determine the impact”oflpollutants on this pro- f”

cess.

A Effects of Ozone on Net Photosynthe81s

In clone;II—l (§ens1tlve”clone), there was a reductlon
of net photosynthesispWithin the first hour,after‘the begln-
fning of ozone exposure - The magnitndevof suchlreduction was
proportlonal to ozone concentratlons 16-19%1decrease»for
0;30 ppm, 8-12% for 0. 20 ppm,‘and 5 7% for O 10 ppm (Flgure
leA). Following the termlnatlon of ozone exposures ‘net pho-
,tosynthes1s recovered at varlous ratesl‘ In general, the“
higher the oZone concentration'duringifumigation,tthe longer
the tlme needed to recover from ozone 1nh1b1ted carbon diox-
ide ass1mllatlon, In none of the treated plants dld net pho—
toSynthesis»attain pre-treatment‘rates_at~one‘hour‘after,the
termination:oﬁ;ozonation, o

Similar inhibition of netiphotOSYnthesis'resulting”from 2
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“ozone exposure was observed 1n clone III 2 (1ntermed1ate sen—f

51t1ve clone) and IV 2 (tolerant clone) ’ However,:the degreeﬁffx

of reductlon was much less than 1n clone II l The lowest

rate of carbon dlox1de uptake durlng four hour ozone exposurejp,‘*

was 92/:of pre-treatmentrvalue at.O 10»ppm,"90/.at O 20 ppm-
T£88/ at 0. 30 ppm 1n clone III 2 (Flgure 13A), “and. 984 at O 10
ppm,‘964 at_O;ZO'Ppm, 93/ at O 30 ppm 1n clone IV 2 (Flgure o

. 14A), respeCtively;

vB Effects of Sulfur Dlox1de on Net Photosynthe51s

Dally exposure to sulfur dlox1de decreased net photo-

synthes1s in clone II l III 2 and IV-Z The maxlmum 1nh1- o

} b;tlon of carbon dlox1de uptake durlng dally four hour fuml-[fﬂ’u‘T

gation inhclone II 1 was 7%, 13/ and 28/ at O lO O 20 _and ”;;:

T;Q.SQ;ppm} respectlvely (Flgure 15A) The correspondlng flg- -
‘AuresJWereh3%, 114, and 19/ in clone III 2 (Flgure 16A), and |
ﬁZ%! 42%;»and -4/ 1n clone‘IV 2 (Flgure 17A) Net photo-~"E
: sYntheSiscgenerally reached to 1ts lowest p01nt after the f

»firStgtwo hours of fumlgatlon and then malntalned a. constant f‘
rate durlng the remalnlng hours of dally fumlgatlons _lA,.‘ G
v:recovery response of net photostnthes1s was. observed afteriht

'Lpollutant exposures ended

e Effects of Nltrogen Dlox1de on. Net Photosynthe51s
Four hour nltrogen dlox1de exposures resulted 1n sllght

-}decrease ol net pho;osynthes1s 1n clone II l and III -2 (Flg—x:“

ures'lsA,;lgA) The max1mum reductlon as obeerbed at exposureh:hwifﬁ



‘of O{ZO'ppm‘and d.3dvppm concentration was-8% anva%,frespec?f
tlvely 1n clone II l -and 8/ 1n clone III 2 for O 30 ppmi”
!exposure No reductlon in the rate of net photosynthe51s vas:

:observedlln clone IVfZQat any nltrogenﬁdloxrde‘concentratlonvi

TranspirationlAffected by Pollutants‘ .

.;A Effects of Ozone on Photosynthetlc Transplratlon

In clone II- l there was a l-24,-3-44, 4 84,:and 7 ll/
“'reductlon of transplratlon durlng four hour ozone exposures

vat 0, O. lO O 20 and 0.30 ppm, respectwvely (Flgure lZB)

. None of the test plant showed a complete stomatal c1051ng due":"

to ozone treatment- Recovery of partlal 1nh1b1ted stomata
~ opening occurred after the termlnatlon of pollutant exposure :
(Flgure lZB) |

Durlng ‘the same four- hour ozone fumlgatlon, thelmakinum

reductlon 1n photosynthetlc transplratlon was 27 of the pre-:
htreatment value in control plants, 6/ at O lO ppm, 7 at O 20

prpm, lO/ at 0. 30 ppm in clone- I1I- 2 (Flgure lSB) as. compared
to OA, 24, 4%, and 74 accordlngly 1n clone IV 2 (Flgure 14B)»
. Recovery of transplratlon was also notlced in clone III 2 and

"IV-Z at one hour after the end of ozone exposure

'B._Effects of Sulfur DioXide'on_PhotoSYnthetic'Transpiration

,Eumigationvwith-sulfur dioxide increasedrphotosvnthetic

transpiration in;all_three clonesrunder testfconditions‘(Fig— S

ures 15B, 16B, 17B). The magnitude of transpiration increase
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":varled w1th clone and the concentratlon of sulfur dlox1de

Transplratlon rate of clone II l was 1ncreased 7/ at

_O 30 ppm, 4/ at 0.20 ppm and,27 at 0. lO ppm after one hour~’fi'” X

ffﬂof sulfur dlox1de exposure (Flgure lSB) Recovery of tran- Ij'”\

“7sp1ratlon at O 30 ppm exposure was found to be more dramatl-_frVVf

v.”cal than at the other two concentratlons in thls clone { How_fb,ﬂ;,

ever,fnone of tested concentratlons resulted 1n full recoveryo” N

l;of photosynthetlc transplratlon in clone II l at one hour SRR

'n»fafter termlnatlon of pollutant exposure Slmllar stlmulatoryrft'”‘

3 ci”effects of sulfur dlox1de on transplratlon was found 1n clone:ﬁ,

1“.55111 2 (Flgure 16B),“and clone IV 2 (Flgure l7B) Such

jlncreased,rateﬁ were 2/ 4/ and S/ 1n clone IIINZv

;ﬁ44,_and 44ﬁ1nvclone IV 2 for O lO O 20 and O 30:ppm sulfur R

’hdlox1de »respectlvely

‘iuJC Effects of Nltrogen Dlox1de on Photosynthetlc |

o Transplratlon

All nltrogen dlox1de exposed plants exhlblted a decreasefyy

' of photosynthetlc transplratlon durlng four hour exposure

{fregardless of clone and pollutant concentratlon The max1mumd_-*

"f‘depres51on observed was 4/ 74, 94 1n clone II l 44, 104, /;ff:”ii

. 1n clone III 2, and SA, / 8/ 1n clone IV-2 for 0. lO O 20

QL‘and O 30 ppm nltrogen dlox1de, respectlvely (clgures 18B

d19B ZOB).T Recovery of transplratlon was notlced 1n every

o treatment after the termlnatlon of nltrogen dlox1de exposure ‘@f

T ecovery rates varled w1th pollutant concentratlon and clone
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-‘Dark'Period Gas Exchanges Affected by‘Pollutant Egposures

In'this study,_the procedures for carbon dioxide and -
l:water'vapor evolution measurements at night were the-same‘as
vthose inblight,environments ‘Plants were kept in’darkness

- for four hours before dark resplratlon was measured At each.

ysampllng day, they were exposed to de51gned pollutant concen-

tratlon from hour 2300 EST to hour 0300 in the follow1ng day.

A. Effects of’Ozone‘onADark Gas Exchange Rates

l Responses of dark resplratlon and. transplratlon to ozone
'ekposure were presented in Flgures 12C-D, 13C-D, and 140 D -
vfor‘clone lIel, ITI-2, and IV-2; respeCtively.

| There was an increaSesof,darkvrespiration inlclone'IIfl
yat'all test ozone concentrations. The highestfrate'occurred
during a four-hour eXposure was_103%, 106%,  and 10§%}ofupre—:
,treatment value for O 10, 0. 20 ..and 0.30 ppm ozone, respece=
‘tlvely No recovery of dark resplratlon ‘was notlced at one :
ghour after the termlnatlon of dark perlod pollutant exposure.
A 31multaneous 1ncrease or decrease of water vapor evolutlon
in clone II--'I was measured along w;th_above dark resp;ratlon
dependlng'upon ozone conCentratlons (Figures IZC, D).
| lIn clone;IIl-z, similar‘increase‘of dark-respiration and
‘ﬁvarlable changes in transplratlon were observed under’ the
same{ozone exposure;* Durlng four hour exposure perlod none
‘of’thefhourly‘measurement of carbon dioxide and water vapor

bevolution'exceeded 5% of pre—treatment value at 0.10 and 0.20
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-ppm.exposure . It wastery interesting to.note‘tnat.dark”resf
plratlon of clone III 2 at O 30 ppm ozone exposure contlnu—
ﬁously 1ncreased (4% hlgher) over the test perlod while 81mul-7:
taneous transplratlon measurement decreased (SA-lower) i
(Figures 13C, D). ” |

fzﬁ clone IV42, the changes‘of these two gas exchanges;
due to ozone‘exposure within the same fOurfhour period were
leSs than 5%.of:pre-treatment_value at O.ld and O,ZO.ppm'conF
'centration;'fAt 0.30 ppm concentration; 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

'Tnere were‘no significant changesvof carbon dioxide and =
water'vapor,evolution due to”suifurvdioxide exposuretat 0,10;
0.20, and 0.30 ppm in clone II—l (Figures 15C, D) , III-2
(Figuresf16C'ij,band IV-2 (Figures.l7C' D)'undef dark:condi—

tlon except at the exposure of 0 30 ppm ozone on clone II 1.

- A contlnued 1ncrease (up to 94) of carbon d10x1de evolutlon‘

was obsered.at the end of four hour fumlgatlontln thls

clone.

g.vEffects of NitrogenpDioxide'on’Dark»Gas EXchange"Rates

Exposure oF whlte plne to nltrogen dlox1de at 0. 10
0.20, and O 30 ppm Ior four hours under dark condltlon

exerted no 51gn1f1cant changes on darx resplratlon and water o
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'hvapor evolutlon on clone II 1 (Flgures 14C D), IIléZ’

;(Flgures 19C D), and IV 2 (Elgures ZOC D)

dEffects of Long-term Pollutant Exposures on Net Photosyn-"

e Durlng the 50 day-long experlment (four hours dally);if7'
'inet photosynthes1s of test plants were measured at lO daysf‘h””
flnterval»f At each sampllng day, rates of photosynthes1s were

”,)determlned one hour prlor to hourly durlng, and;oneahpur;‘

' ,after dally four hour pollutant exposure fThere'werélsik”J

"_measurements obtalned from each plant - The average of these*>‘N

>51x values was calculated and referred to the flrst day s gﬂ7f';’

_'pre treatment value in. order to relate the growth pattern ofﬁuh
'reach whlte plne clone under the 1nfluence of pollutant expo—ilft
'isures | S o
The relatlve patterns of net photosynthe51s of sen51-‘ﬁxl
fﬁ‘tive 1ntermed1ate 'and‘tOIerant‘clones ln'pollutant-free-"

Venv1ronments were very s1mllar throughout the experlmental

, perlod (Flgures 21 23), started at 100/ 1n an arbltrary scaleufz

as~pre-treatmentuvalue, the’net photosynthes1s steadlly
‘ alncreased durlng the flrst 4 5 weeks of experlment to 1ts

:peak Peak photosynthe51s rates varled w1th clones, 1964,

1884, and 210/ belng the hlghest rate observed in clone II-1, Tl' T

b‘,lII 2 and IV 2 respectlvely Follow1ng the net photosynthe-;f“

‘uvs1s rate reached to 1ts max1mum, 1t~e1ther;stablllzed'or.gra—j;l3h5~

ldually decreased»dur;ng-the remalnder‘offthegexperiment.
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A» Effects of Long-term Pollutant Exposures. on Clone'

II l Net Photosynthes1s

Involone IIfl net’ photosynthetlc rates of 0. 10 ppm

ozone;’and 0.10 and O.20rppm sulfur dlox1de treated plants
. increased slightly‘to 130fl40% of the pre-treatment:ualue
within theffirst ZOldaYS'of exposurevand thenlleveled off fOr
the rest of experlment perlod (Flgure 21) The. net photo-
'vsynthe51s of 0. 20 ppm ozone treated plants 1ncreased 1n the

hflrst 10 days of exposure (to 120%) and then contlnuously

_ decreased‘unt;l the.end of SO—day exposure (F;gure:Zl);» he

'nost‘evident"responsehof clonehlIel due to ozone and sulfur
o diokide alOnefexposure'Was atv0f30 ppm; a significant |
' 'deerease ofdnet;photosyntheslspwas‘observed'in.the later part
. of experiment.'lt was even lower than pre-treatment values.
“-Resultes indicats‘that-regardless of cOntinuoquneedlelelonfa
vgation.over‘time).netrphotosYnthesis gradually declined in
olonerllél due-tohoZone'or sulfur‘dioxide'treatment"(Fiqure
21). | | -

' The,effeots;of nitrogen dioxide_exposureeonbclone II-1
Jfldngeterm netbphotosynthesls was not Slgnlflcantly dlstlngul-
shable froﬁ‘controls at O;lOappm and‘O 2o ppm exposure. In
"contrast there was a suppress1on or_net{photostnthesisirate'
(20/ as. the max1mum) due to O 30 ppm- nitrOgen~dioxidele3po-

sure:w1thout v151ble-symptoms (Figure 21).
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- B Effects of . Long-term Pollutant Exposures on Clone1 =

ITI 2 Net Photosynths1s E

In the clean air treated plants of clone III 2 the pat-,
_terns of net/photosynthes1s over the»SO—days-were very much -
valiken(Figure-ZZ) : Peaks of photosynthetlc rates were

: observed on the 30 40th day after the 1n1t1atlon of fumlga-b

S tlon and ranged from 17O 188/ of the pre treatment value

The max1mum rate of photosynthes1s monltored in the
: ozone treated plants was 158/ of pre- treatment value on the »“
"40th of the?experrment in 0.10 ppm_exposure, 1367 on the SOth
»day-in O,beppmyiandu1527 on the 30th day‘in 0;30 ppm,expo-t
tsure, respectlvely At the end of 50- day experlment net
vlphotosynthes1s was’ 1544 of pre treatment value 1n controls,b

1484 in O, lO ppm,'136/ 1na0»20 ppm, and 126/ in. O 30 ppm

'::ozone-exposure, respectlvely (Flgure 22)

- In sulfur dlox1de exposures, net photosynthes1s rate of )
“clone III 2 was 116/ 1534, 1744, 1734, and 168/ of pre—a |
‘:treatment,value in pollutant—free treatment> 1254, 1474,
’YI66%, 164%;‘and 152/ 1n 0. lO ppm exposure 1294, 143%, 1514,

";1464, and 140/ 1n O 20 ppm exposure, 1144; 1294,»132%, 122%,'
'land 114/ 1n O 30 ppm exposure at the lOth 20th 30th 40th ‘

b,and SOth day of fumlgatlon respectlvely (Flgure 22)

In clone III 2 no 51gn1f1cant stlmulatory or 1nh1b1tory B

'effect of net photosynthe51s was found in’ the flrst 30 days

. of nltrogen dlox1de fumlgatlon However,;net PhOtOSYnthe°1s

",rates of pollutant treated plants decllned in the later part
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'of'longeterm pollutantfekposuretf Thls was espec1ally ev1dent‘f
;1n the hlgh nltrogen dlox1de concentratlon treatments (Flgure;
22).. At the end of 50 day experlment photosynthe51s was .
181%, 1744, 1544, and 161/ of pre treatment value for 0.0 f‘
lpﬁm/}leQgppm; 0. 20 ppm,’and O 30 ppm nltrogen dlox1de ﬂ'm

treated,plant respectlvely (Flgure 22)

c. Effects of Long-term Pollutant Exposures on Clone:“

IV—2 Net Photosynthes1s EE

| Net photosynthetlc rate of clone IV 2 was llttle 1nflu--

enced by pollutant exposure when fumlgated w1th the same dose S

of pollutants as- clone II- 1 and III 2 (Flgures 21- 23) el
_patterns of net photosynthe51s throughout the entlre test
v‘-perlod in pollutant free and pollutant treated plants were
1very 51mllar 1n‘clone'IV52 regardless‘of pollutant specles
and pollutant'dosage.-fét certain stages of fumidation, net
photOSynthetic rates;Were even'highervin’pollutant;ekposed
‘plants than.in*controls‘l The lowest rate of photosynthes1s
was found on. the 20- 40th day after beglnnlng of ozone expo-
sure, whlle in sulfur dlox1de exposure it was occurred on the'
_30-50th~day There was no. dlstlngulshable dlfference due to
: nltrogen dlox1de exposures on net photosynthes1s of clone .

- IV- 2 (Flgure 23).

Effects of Long-term Pollutant Exposures on Dark Resplratlon’

In clone II 1 the max1mum dark resplratlon of clean air

“treated plants was - found between the 10-30th day after the :
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-heginning of'exposure These values ranged from llO/ to 126/
of the pre treatment values (Flgure 24) : Slm;lar-patterns :
‘were also observed in clonevIII-Z (Flgure-25),'and'clone:IV-ZV
(Figure 25).“ . | B | |

-Dark,respiration‘of cloneIII;l was-foundhto‘steadily
hdecrease'due to all'testﬂozoneyconcentrations.overplong-term;_'
‘exposures.:Respiration”was 87%, 71%, and_60% of.firSt‘dayTs
prestreatment valuerfor O‘lb_ppmi O 20 ppm, and OI30.ppmg

Vrespectlvely at the end of 50- day exposure (Flgure 24)

An-early increase of dark resplratlon was found in clone‘:~

II 1 resultlng from O 30 ppm sulfur dlox1de exposure Thls
"{ 1ncrease was- followed by a dramatlc decllne after 10- 20 days :f
of exposure (Flgure 24) The same type of response of an |
early increase followed by a. steady decrease in dark resplra—
f‘tlon was also observed ;n clone II-1 1nduced byv_0.30;ppm .’~
h/fnitrogen dioxidevexposure),although,theyrate offincreaselwas"
fnot'as-great'as in sulfur dioxlde:treatment: |
There was no slgnlflcant dlfference on dark resplratlon
1nduced by O 10 ppm sulfur dlox1de and 0. lO ppm and O 20 ppm‘
nltrogen dlox1de exposure 1n clone II 1. All of these treat-f
;ments exhlblted nearly 1dent1cal dark resplratlon patterns as
that of control plants (Flgure 24) It is very 1nterest1ng h
-~ to note that the patterns of dark resplratlon in clone II-1
durlng the long-term pollutant exposures was 1n the" agreemento‘
w1th net photosynthesls measurements (Flgures 21 24)

In.clone III-2, ozone and nltrogen dlox1ce exposures had:’,'
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no significant effects‘on_dark“respiratiog., However,'daily .
’ex'po'svur'e of 0.20 aha 0.30 ‘ppmt'sulfur"d”io}iizdebinduced an early
_1ncrease of dark resplratlon 1n clone III 2 (Flgure 25) |

: Durlng 50 day-long monltorlng perlod the dark resplra-
‘tlon of pollutant treated plants had s1mllar patterns as
those of control plants 1n clone IV 2 (Flgure 26) However,
. there was a constant sllght decrease rate of dark resplratlon
in pollutant treated plants as compared to controls, expe- |
c1ally at the hlgh pollutant concentratlon exposures l Such .
t_decreases of dark resplratlon were not ev1dent in the flrst |
' 20 days of fumlgatron and.became dlstlnct‘at1the:end of

’long-term-exposure.(Eigures26).
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EASTERN WHITE PINE CLONE

5 N 302 N e &
o  POLLUTANT TREATIENT o

- Fig. 2. Percent of chlorosis, mottllng, and necrosis symp-

'~ toms on current year . eastern white pine needles after: fuml-'-"

gated with 0.05 ppm of pollutants for 4 hours daily for 35
, consecutive days. Total pie area is 100%. (. [E= chloros1s
~or mottling, WEEEMM necrosis, and (] unaffected ) "
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Flg 3. Percent of chlor051s mottllng, and necr051s symp-‘
toms on current . year eastern white pine needles’ after fuml-
~gated with 0.10 ppm of" pollutants for 4 hours daily. for 35

‘consecutive days. Total pie area is 100%. ( FEEg. chlor051s~,\7

_oramottling;.gﬂg!fnecr051s and E::j una:fected )
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=F1g 4. Percent of. chlor051s mottllng and necr051s symp-

. toms on current year eastern white pine needles after fumi-
 gated with O. 10 ppm of pollutants for 4 hours daily for 50

. consecutive days. Total pie area is 1007%. ( e chlor051s
or mottllnq uﬁpr4ne;3051s _and [::j unaffected ) :
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‘Fig. 5. Percent of chlorosis, 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 consecutive days. Total pie area is 100%. ( E=2
PN necrosis, and ] unaffected.)
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,,Flg 6. Percent of chlor031s, mottllng, and necr031s symp-
toms on current ‘year. eastern white pine needles after fuml—”
gated with 0.10, O. 20, and 0.30 ppn - sulfur d10x1de for 4

( E=m= chlor031s or mottllng, g!.g necr051s, and unaf-
:&cwd) ‘ , s - nd [ uns

hours daily for 35 consecutive days. Total pie area is 100/».»=a:ﬁ
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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.

POLLUTANT TREATMENT

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.



EASTERN WHITE PINE CLONE

11-1
I1-3
[11-2

I11-3

V-1

(mm)
120

120t

60

120
60

120
60

120:
) 60

120
60

84

- _be 2 ab c ab abc 2
abc d a ab cd bed cd  abed
I c b b b d be b a
r__
[ b be 2 be b c bc a
: ab ab a T - a b 'abv
- ab b ab ab a ab b a
O3
+
6 0z 0 W
+ + + +
03 SOZ, NOZ 802 NOZ N02 NOZ CK
POLLUTANT TREATMENT

- 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“bine

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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rFig. 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. 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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: Flg 18 Effect of nitrogen dioxide on A) net photosynthe-
sis, B) photosynthetlc transpiration, C) dark respiration,
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clone II-1. Hour 5 represents the first hour after the ter-
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Elg 20 Effect of nltrogen dlox1de on A) net photosynthe-'
B) photosynthetlc transplratlon, C) dark resplratlon, _
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Table 3. Average dry weight of eastern White pine fascicles
after fumigated with 0.10 ppm ozone, sulfur dioxide, and/or
nitrogen dioxide for 4 hours daily‘fqrv35 consecutive days.

103

CLONE
- Treatment I1-1 I11-2 IV;Z
-~ mg/mm fascidle-—n~—

0, 375%% 412%% 573
50, 370%* 476%% 579
NO, 507% 569 602
05+ S0, 331R% 4784 583
03'+ Ndz gog 531 616
50, + NO, © 488% 529 572
05 + SO, + 422%% 516% 6io

Control 522 570

622

1

based on Duncan's new multiple range test.

“Values represent mean of 20 observations with *5% and **13%
significant difference from control treatment in each clone
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Table 4. Average dry weight of eastern white pine fascicles

after fumigated with 0.10, 0.20, and 0.30 ppm ozone, sulfur

dioxide, or nitrogen ledee for 4 hours daily for 50 conse-
cutive days.. .

CLONE
Pollutant

Treatment concentration I1-1 I11-2 IV-2
--- ppm --- -----mg/mm fascicle ----

04 | 0.10 424 %% 454% 478
0.20 430%  450% 442%

10.30 381%% 472 468

s0, | 0.10 445 449% 469

0.20 C 437% 467 467

0.30 402%% 411%% 440%

NO, 0.10 458 474 483

0.20 450 460 462

0.30 441% 473 453

Control 10.00 450 . 478 474

L . : .
“Values 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 5. Chlorophyll cohtenf of eastern white pines after exposed
to ozone, sulfur dioxide, or nitrogen dioxide for 4 hours daily
for 50 consecutive days. ’ : :

CLONEL

II-1 CIII-2 v IV-2

Chlorbphyll Chlorophyll Chlorophyll

Pollutant

Treatment - concentration a b . a b a b

--- ppm --- --- ‘ug/g needle dry weight -~-
o 0.10 94 43 97 41 . 94  39%
0.20 ~80%* 38 89 40 98 - 42

0.30 76%%  34% 78%  33%%x g5 43

s0, 0.10 | 92 39 98 42 96 43
0.20 g1%% Z4% . BE* 37 90% 41
0.30 64%%  20%%  73k% - 31k% gy 38*

NO, 0.10 106 47 104 45 111 51
| 0.20 94 40 97 43 101 45
0.30 88% 39 91 41 94 42

Control ©0.00 101 43 98 44 107 45

1Vaiues 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. :
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Table 6. Rates of net photosynthesis and dark respiration
- of eastern white pines at the beclnnlng of 1ong term pol-
- lutant fumlgatlon

, : _ Dark
Clone ' Photosynthesis ~  respiration

=== mg:COZ/g'needle»dry weight/hr -——-

I1-1 50 2.0
-z B L
V-2 o 4.s | 1.7

1Vaers represent mean of,9'ob5ervations. ’



DISCUSSION

Plant Culture Practice and Fumigation Facility

| Varlous plant and env1ronmental factors have been shown
imwto have consp1c1ous effects on plant sen31t1v1ty to pollu-

| tants (Heck 1968; Heck and Dunnlng, 1968) In this.study,
all physlcal envlronmental factors such as temperature,
relative humidity, irradiance, timingbof daily fumigation,
'monitoring’facilities, and plant growing media were mainf -
,tained as uniform as possible'among treatments. Vegeta—
tlvely propagated clonal white plnes of similar age were
'used in each set of fumlgatlons in order to minimize any

possible varlatlon due to blologlcal_systems. "Plant diurnal

endogenous rhythmsIWere suspected to occur during»experimen-

tal periodsf(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 variationshdue to suchrrhythns have been substane

tial reduced.

Simultaneous pollutant exposures in 12 identical Conti-

nuously Stirred Tank Reactors (CSTR)'presented uniform tests
to be statisticallygcomparable. ‘The dual-gas infrared ana-
lyzer, the function of minichamber, and the manifold sam-
pling system greatly increased work capacity, accuracy,iand
.efficiency in.gas exchange measurements.

Through repeated use of the same branchlet of tWo—year—

107
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old grafted whlte plne whlch was fltted perfectly 1nto
Hmlnlchambers w1thout s1gn1f1cant overshadow or contact w1th
.hthe chamber walls ’ the 1ntracrown varlablllty of photo~ f
synthes1s; transplratlon, resplratlon, and chlorophyll'conev .
. tent as observed w1th fleld grown trees (Wood 1971) was -
"thus not of cons1deratlon | | |

Based on the results of short term, hlgh dose pollutant.

'.'fumlgatlons, 1t is very easy to overstate or to pro;ect I

plant responses to pollutants whlch derlved from sudden dra—;f
matic phys1olog1cal changes ; The long-term, low concentra—i';
(tlon fumlgatlons certalnly av01d thls and prov1de adequate

time for researchers to discern normal plant responses to

"alr pollutants under the pollutant concentratlons that oftenlfl

B occur in the amblent air. Thls 1s espec1ally 1mportant when :
“hthe sens1t1ve age of‘a glven plant spec1es is unknown (Dav1sl‘
‘and Wood 1973b) For example,'ln-thls study, the effects
of-béone, sulfur dlox1de,.and nltrogen dlox1de at O 10 and :JA B
- 0. 20 ppm concentratlons on clone II 1 photosynthe51s were f:'

»not dlstlngulshable from controls 1n the early stages of

‘;fpollutant exposure (Flgure 21) f However,.at late stages of

*experlment pollutant treatments manlfested 1nh1b1tory

i effects on net photosynthes1s at all ozone and sulfur dlox-i

u}_ lde concentratlons,_and at O 30 ppm nltrogen dlox1de expo-v'f s

'sure (Flgure 21) The long—term monltorlng ol growth pat-*
5+erns of labe=led branchlet is thus proven to be espec1ally

.fvaluable 1n terms of pollutlon effects on plant metabollc [f‘t"

vy
N\
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rates and 1ts»subsequent growth 1mpact

f The type of response selected as crlterlon for plant
sen51t1V1ty 1ndex1ng to pollutants has been proven to- be m
1mportant 1n:the determlnatlon of 1ts results (Heagle, 1979
- ;Ward l980) For example,‘Heagle (1979) studled the rela-
"ltlve sens1tv1ty ranklngs of four soybean cultlvars to
ichronlc and acute ozone exposures by u51ng varlous 1njuryb
and growth responses as monltorlng crlterla Hemconcluded :
that the:ranklngs of soybean‘cultlyars for sensltiVity tod’b
t,osone'éXPOSure’WéSydependent on&ozone-dose;as”well as‘res-
_ponse selected as'the measure of sensitlylty The ranklngv
of cultlvar obtalned by exposure to chronlc doses of ozone
was often;d;fferent from-that obtained bytexposureyto~acutel'
"doses, 'Rankings based on growth effects werefusually"diffeQ'
rent from those basedbonifoliarllnjury;*pSimilar resultsr‘
, werebobservedvin this'study. Based on follar symptom
;expressionS, clone I11- 2 was more tolerant to ozone and sul-
fur- dlox1de than clone II 1 at 0.10 ppm concentratlon (Flg-'”i
ures 3 4),'howeverf such ranklng was less d;stlnct as pol-
‘lutant concentratlon 1ncreased (Flgures 5, 6). ”Accordingvto‘
needle length measurements, clone II-1 was ranked less sen- p‘
'51t1ve to ozone exposure than clone III 2 (Flgures 8, 9)
‘however, the same sen31t1v1ty ranklng was not observed 1n tl
the”éas~exchangermeasurementso(Elgures 12, l3)._;These;f1nd€n:u‘
ingsvwell.demonstrated'therriskpand thevllmitedfvalue:ofy. |

~plant sensitiyity.ratings which only relied on a single
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mplantyresponseeu;thout\takiné the-conslderation,ofother’
responses | ‘ | | | |

In thls study,.several plant responses were measured
’ durlng long-term pollutant exposures 1n order to prOJect the
'pathogene51s and tolerance mechanlsms 1n whlte plne pollu-

.tant-;nducedidlseases e Measurements of‘photosynthetlc;’res-’

“"dpiratory, and transplratory rates would 1nd1cate stomatal

- behav1ors whlch prov1de the 1nformatlon of pollutant uptake

rates and plant_ass1mllatory rates;' Chlorophyll content and
:’.néedle‘dry‘Weight were alsofmeasured in order to assess

'direct.impaCt,of;pollution exposures on'plant growth,

]Symptom Expres31ons

‘ In.l979 conventlonal screenlng.tests for 1dent1fy1ngyi
'plant sen51t1v1ty to pollutants were'carrled out at pollu—rw
tant concentratlons lower than then Natlonal Amblent Alr
":Quallty Standard »Spec1al attentlon’was.pald*to-clonal'2*

:growth 1mpact caused by s1ngle pollutant or varlous pollu—

”yutant comblnatlon exposures . | |
| Phy51cal v1s1ble symptoms 1nduced by ozone on current
' year S - needles were chloros1s, plgmented mottllng, necrot;c
bandlng and/or necrotlc tlp-burn (Flgures 2, 3, 4 5) | They
'varled with pollutant-dose, whlte plne clone, and stage ofg
‘symptom development Such observed ozone 1nduced symptoms'
were very 81m11ar to other studles conducted in: art1f1c1alyy

fum;gatlons‘(Berry and Heptlng, 1964;‘Berry'and Rlpperton;_:
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'1pl963 Costonls and Slnclalr 1969)

| The relatlonshlp between ozone dosage.and symptom

: _expre531on w1th a s1ngle llnear pos1t1ve relatlon was not
" observed elther on clonal or sens1t1v1ty class ba51s (Flg-
':ures_z,-é; 4 5) Obv1ously, there-was more than one varlaebd

ble ( i.e. pollutant concentratlon ) affectlng the resultsr

7v7'of follar 1n3ury in- th1s study Thelproportlonalslncrease

',rate_ofxplanti;n;ured-area waszmorelrapid;in'iower concensf’
 tration exposuresr(Eigures‘Z;f3, 4)‘than"in higher'concen%
tratlon (Flgure 5) |

Sulfur dlox1de 1nduced symptoms ranged from chloros1s,
chlorotlc mottllng,_plgmented:mottllng;‘necrotlc”bandlng toi’
necrotic tipeburn_(figures 2}V3;>4):6).v“They were»undistin- :
»vguishable.fromwozonerinduced'symptoms except indthe‘early”l” ‘
~ stage of‘symptomtdevelopment or on-the,clone.that wasISenSis: N
tiVe.to sulfurbdioxidefbut not-to ozone |

The same dosage of sulfur dlox1de caused more follar'
1njury on test clones than ozone (Flgures 2 -6) except in

_clone I-l,whlch,was hlghly ozone sens1t1ve. These results

‘are in good agreement w1 th those of Bennett and Hlll (1973a,*“”

- a plant can0py, sulfurldiOXide was’found'to be takenkup 1.7
b_ tlmes faster than ozone 1n alfalfa canopy ' ngher-water’

'tsolublllty of sulfur dlox1de than ozone at 20°C and 1ts

otox1c property to Dlant at hlgh concentratlons were cons1d-:b

ered as major factors of sulFur dlox1de in cau51ng ‘more sev-



‘ereﬂlnjury tobplant:growthlthan ononeg(éennettland:ﬂill,‘v
1973a, ‘l‘9‘73b’)t.“iﬁThe -‘grééft‘er i‘njurio'us potential of ',sulfuf*
d10x1de than ozone on eastern whlte plne has’ been prev1ous

1'reported by Houston (1974) and Costonls (1970) However,

' v:Berry (1973) 1n hlS study of whlte plne seedllng sens1t1v1ty E

'.1to ozone and sulfur dlox1de at 0.25 and O 50 ppm concentra-;,"

'tlons reported a reverse result leferent gene pool of
. plant materlals and plant age in Berry S materlals are sus-~,%
'-pected at thls moment as the cause of confllctlng conclu-i

”;:51ons In thlS study, the dose response relatlonshlp bet-]v

”ﬂffween test sulfur dlox1de concentratlons and follar symptom

d‘lnductlon was llke ozone exposures ‘no s1mple llnear pos1-

‘ tlve relatlonshlp could be concluded by us1ng 1n3ured area-»'g

k as aivarlablezto.predlctzpollutant concentratlons (Flgures.~

2,3, 4 8).

Follar 1njury 1nduced by nltrogen dlox1de 1n tested

“clones was not expected as compared to ozone ‘or sulfur leX— RS

’hlde exposures None of tested clones showed any pollutant

| 1nduced symptoms by 0 05 ppm nltrogen dlox1de at the end of

’r'four hours dally for 35 consecutlve days exposure (Flgure

2

'.4)3 Only two out of 51x clones showed v1s1ble symptom .

o 1n3ury at the end of O 10 ppm long term fumlgatlon (Flgures g'b

'“3, 4) The average follar 1njury in. these two clones was.

’hh 1ess than lOm.f Such 1nab111ty of nltrogen leX de to 1nduceufj“

’Iollar symptoms on whlte plne was con51stant even follow1ng -

‘vh'pollutant dosage belng ralsed to O 30 ppm for four hours
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:dailyrfor‘SO consecutive“daYS' These results agree closely :

with those obtalned by Bennett and H111 (1973a l973b) in S

f'thelr work w1th adverse effects of pollutants to plant
.growth ‘ They found that at the same dosage of nltrogen ;d}‘}”~
fhdlox1de sulfur d10x1de,-and~ozone, nltrogen dlox1de was the'
ileast tox1c to alfalfa photosynthe51s
All of the clonal materlals w1th dlfferent pollutant
sen31tlvlty:de5fgnatlon usedgln;th;s studyowere_classlffed.

.based ‘upon foliarssympton eXpreSSion-‘needle‘lengthv‘and’

e crown appearance of ortets 1n the field (Phlllpls et al

T1977a, 1977b) Ev1dently such plant sen51t1v1ty class1f1ca-,v

ffltlon was only applled to amblent pollutlon in general w1th- ‘

_,'out any spec1f1catlon to pollutants : Results of thls study

'-1nd1cate that such whlte plne dlfferentlal sens1t1v1ty rank—.

1ng was not as obv1ous in nltrogen dlox1de exposure as those S

'1n ozone or sulfur dlox1de exposures The tolerance of whltevd
fplne clones to nltrogen dlox1de was proven to be more common :
athan to ozone and sulfur d10x1de Presented data also sug- -

gest that the test nltrogen dlox1de dosages were not ade—'

quate to exert follar 1njury on most of test clones 1f they_Vj f’

hwere sens1t1ve to nltrogen ledee
Early a1r pollutlon studles suggested that common
vnltrogen dlox1de concentratlons 1n the amblent air were

unllkely to cause v151ble plant 1njury 1n fleld condltlons'

’.*(Hlll et al. 1974), excludlng cases of acc1dental nltrogenf”"”

"“;jdlox1de release from 1ndustr1es.l Many of the conxlrmed
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nitrbgen dioxidé induced foliar symptoms on plants fequired
a threshold concentration higher than bne ppm (Middleton et
al., 1958; Taylor, 1968, 1973, 1975; Heck, 1964). However,
recenf studies have indicated that nitfogen oxides alone
_could'become phytotoxi& agents even at low concentrations.
Moreiimportantly, nitrogeh oxides could act moré-than-addi—
tivelly with sulfur dioxide both in pphm concentration to
affect plantsgrowth.(qusman and Wellburn, 1975; White et
al.,-1974;'MacLean et al., 1968; Thompson et al., 1970,
1971, 1972; Taler and Eaton, 1966). In this study, the
more than additive effeéts of nitrogen dioxide with‘suifur
diqxide on foliar injury were observed in clone I-1, III-2,
and III-3 (Figure 4). A similar kind of more than additive
effects between nitrogeh dioxide and ozone were observed in
clone I-1, II-1, and III-2 (Figure 3). However, it is
 importént to poiﬁt out here that such more than additive
effects between nitrogen dioxide and other pollutants on
fdiiar injury werefnot constantly observed throughout this
study (Figures 2-4). For example, the effe&tS‘of nitrogen
dioxide + ozone on clone II-1 and II-3 foliar injury was
~less than additive (Figure 2).

vTheré was a substantial variation in clonal visible
fdliér 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 experimént and from year to

year. However, there was still a consistent significant
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difference in'symptom ékﬁressions among three different‘pol-
lution sensitivity classes. Clones in sensitive class were
‘consistently injured more frequently and more séverely than -
those in intermediate c¢lones or tolerantbclones.vvFurtherg
tests demonstréted that the classification based upon field
Vmorphological characters generaliy matched well with phy-
siological and yiéld response as measured by net photo-
syntheéis‘and'neédlé dry weight, respectively (Figures
'21-23; Table 3). The only major>contradiction was found in
intermediate clones following nitrogen dibxide exposures
(Figurés 18, 19, 205.

| ‘Therevwas a significant difference among clones in the
timing of/the appearance of the first visible symptom on
needle surfaces in this_study.‘,Génerally speaking, they
appeared‘after a 12-56 hours of ékpééufe at 0.05 ppm concen-
tration and a 8-28 hours at 0.10 ppm concentration in éenéi-
tive clones. In'intermediaté clones, the appearanée of
chlorosis or necroﬁic symptoms on ﬁurrent yéar needles was
week(s) later than those in sensitive clones and'accompanied
by less severe injury. In tolerant cl§ne, none of the pol-
lutant-induced symptoms was observed at the end of long-term
fumigations (Figuré 2). Such lag phase in symptom expres-
sion in‘tolerant clones may suggest that a higher internal
pellutant threshold dosage is functioning in tolerant
clones.

i

Literature data concerning the sensitivity of eastern
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.White pine to ozone, sulfur dioxide, or nifrégen dioxide
were fragmentary and often contradictory. For example, Sin-
. clair (1969) reported thét'sensitive white piﬁe was injufed
aftef exposed to 0.06-0.08 pprm 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 fof eight
hours (Berry, 1971), 0.25 ppm for four hours (Davis and
Wood, 1972), and one ppm for four houfé (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)
suspécted one-hour highest nitrogen oxides concentration at
0.585 ppm combined with other pollutants was the cause of
white pine disorder in the field. 1In this study, even under
uniform culture practices and the use of clonal‘plént mater-
ials, pollutant sensitivity of différeﬁt clones still exhi-
bited a g:eat degree of variation. These results clearly
démonstrate 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
coculd 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 experlments, 2) the dlfferent 1ndex1ng crlterla used as-

‘lpalameters to Judge plant sens1t1v1ty, 3) the dlfferent pol-'.rj"

‘lutant exposure concentratlons duratlons, and tlmlngs of
iexposures, 4) the varlatlons in plant materlals,‘such as
physiologlcal~age and.culture_practlce, and~5)~the»differentd‘
rfexperlmental de51gns, instrunentations andicallbration‘y”h

*procedures in pollutant fumlgatlons

4

Chlorophylllcontentﬁ |

Air pollutlon caused chlorosls, pignented mottling;sor
necros1s in many plant spec1es Blochemlcally speaklng,'
"plgment change or dlscoloratlon 1s a process of chlorophyll
.fdegradatlon and/or formatlon of non-green plgments 1n plant
cell such as anthocyanln,'carotenes,.or even phenollc com-.
- pounds (Malhotra 1976 Gow1n and Goral 19771‘Sw1ebodaqf

'f;1976 Puckett et al 1973) g In thls study,vchlorophyll

“‘.content of whlte plne current year needles was decreased

after long-term ozone and sulfur dlox1de exposures lefe- o

'«rent degrees of tox1c1ty among the same dosage of sulfur _

d10x1de, ozone,'and nltrogen d10x1de was. observed in chloro-~-"

phyll measurements. Sulfur d10x1de was found to be the mostlf'

‘s‘tox1c pollutant Follow1ng by ozone Under test condltlons,id
.:nltrogen d10x1de only 51gn1f1cantly reduced chlorophyll a
,content of clone II l at O 30 ppm exposure . The results~are’
; con51st=nt w1th other studles 1n provzng 1nh1b1tory effects“

Lof pcllutants on chlorophylls (Malhotra, 1976; Suwannaplnunt



vand Kozlowskl, léadthSwleboda,.l976)

In llght of other studles such as Linzony(197l)iStated‘
‘that current year needle was the most important to’tree'sv
welfare among the three ages of needles on eastern whlte 3
pine. Sw1eboda (1976) 1nd1cated that 80% of Scotch plne s
needle chlorophyll was synthes1zed in the flrst year of
plant growth The adverse eflects of a1r pollutants on
plant chlorophyll contents as observed in thls study (Table
5) could thus be at least partlal contrlbuted to the
vdecrease of current year needles photosynthes1s (Flgures
21 22, 23).

Although the process of chlorophyll destructlon is too

'slow~tovaccount-forwlnstant depres51on of net<photosynthe51Sw~

as observed in dally pollutant exposures (Flgures 12 20),;,

there is a general agreement in the llterature 1nd1cat1ng

.that such destruction of chlorophyll is considered‘aS‘secon-_'

dary plant process rather than prlmary metabollsm like pho-

'"tosynthes1s and transplratlon Substantlal ev1dence ex1sts

whlch indicates that tlssue dlscoloratlon and degradatlon of:,'

chlorophyll can only be observed in pollutant exposed plantsn
after a stbstantlal perlod of fumlgatlon whlle the altera-:

"tlon of photosynthes1s or transplratlon is an 1nstant plant

"i'response (Gow1n and Gora-, 1977; Zlegler, 19754 Hill and o

'Bennett; 1970). However, it is difficult to illustrate the.

5turningvpoint offCellular metabolisms“from_primaryvtovsecon-

- dary process in a dynamic system, such as a pine needle in



‘119

 this study.

- NeedlefElongationb

Pollutant exposures were found to reduce needle elonga-

'f”;;ftlon 1n thls study (Flgures 7 11) There was ‘no- 51mple

dlrect correlatlon between plant pollutant sen51t1v1ty rank-

_blng and 1ts needle length Needles of. sen31t1ve clones may

be‘shorter'or longerrthan those of?tolerant clones depending’_p

ifupon whlte plne clone and pollutant treatment lnhother
words, the length of needles among dlfferent sens1t1v1ty :
‘classes did not dlrectly relate to thelr pollutant sens1t1v-"
uity, It is very 1nterest1ng to note that under pollutant-
‘Afree condltlons, sen51t1ve clones regalned thelr growth in
1terms of needle length much more than those of tolerant
clones as compared to pollutant treated plants (Flgure 12)
'Data suggest that ‘the 1nh1b1tory effects of pollutant expo—
’sures on. sens1t1ve clones were more severe than those on |
’tolerant clones :

| Slmllar results of needle reductlon due to’ pollutant .
.exposures have been reported by several studles | Eckert and
Houston (1980) fumlgated sen51t1ve and tolerant eastern ,
whlte plne clones to 0. 05 ppm sulfur dlox1de for two hours
1and found that flnal needle lengths in the end of grow1ng
;‘season were reduced;, Although dlfferences between control
and fumigated'needles were_not'stat;stlcally‘s;gnlflcant,

, .,all;fumigated needles were,shorteriwithwthe greatest reduc-



‘tionooocurringvin‘sensitlve'clones :éoyne and'Blngham
(1980) 1nvest1gated the responses of ponderosa plne to ozone't‘
exposure in the fleld and reported that needles from the:‘
'more 1n3ured trees tended to be shorter smaller 1n glrth

'ﬁand less dense than needles of less 1n3ured trees Correla—’d

tion coefflC1ents for'spec1f1c leaf welght'was O Szftneedle o

.length O 38 _and needle w1dth 0. 55 : All of these parameters
were statlstlcally 31gn1f1cant at P—O 01 level although they”
were not partlcularly large |

. The growth of needle in each clone is belleved to be
controlled by 1nd1v1dual genetlc constltuents;‘ Any glven
enyironmental faCtor~(inoludesaair pollution)‘or‘set ofufao—
torsiare SuspeCted to exert their influenceion needlebelon—
gatlon only to certaln llmlts whlch would not overrlde the ,
. gene control (Karnosky, 1977) The’ length of needles is
f,thus cons1dered not a rellable 1ndex1ng factor to: reflect‘

. test whlte plne s sens1t1v1ty to pollutants.

-“Pollutant'Combinations

| In the atmosphere many klnds of pollutants can coex1st
’1n dlfferent comblnatlons at various ratlos Very rarely |
_can a pollutant ex1st alone in the entlre alr‘mass ,It is
nthus p0551ble that those pollutants in a mlxture ‘may 1nflu—
- ence each other chemlcally or phys;cally-ln,several waysvand '
suhsequently‘nade the plant responses.to‘pollutant oomhina—'

tionS'different from‘those'inducedvby single‘pollutant‘expo-
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: sure’ The observed morelthan addltlve,vaddltlve;iand less
bthan addltlve effects of pollutant comblnatlon on symptom 1f':
_express1ons (Flgures 2 4),ineedle length (Flgures 7 9),vand

lneedle dry welght (Table '3) could have resulted from such

[;nteractlons of pollutants 1n the amblent air or w1th1n'

'Qpplant tlssues The effects of pollutant comblnatlons as

"ncompared w1tn s1ngle pollutant exposures were dependlng upon"f
rpollutant treatment- whlte plne‘clonerand plant response ;b '
'measured-r The effects of pollutant comblnatlons can be
: changed along w1th the changes of pollutant concentratlons

For example,,the more than addltlve effects of pollutant

comblnatlon,on follar symptom express1on were most ev1dent

’at low concentratlon treatments (Flgure 2) and becomlnq less5pl.

:pronounced.as pollutantrconcentratlon-1ncreased1(F1gures 3,
"4)’b Similar"compleXity of pollutant combinationszon plant
“reactlon has been well documented 1n the llterature (Kress,

1978 Tlngey and Relnert 1975 Tlngey et al 1971a, 1971b

1973a, 1973b) The actual plant response mechanlsms to pro-lQ

'longed pollutant comblnatlon exposures are probably more’
‘.complex than we can comprehend and beyond the scope of thws
’lstudy No further plant physlologlcal or blochemlcal res-

-}ponse was measured on pollutant comblnatlons 1n thls study

Y'Plant Metabollsms and Stomatal Movements

Slnce the types of v1s1ble symptom and the patterns of

les1onwdevelopment lnduced by ozone, sulfur dlox1de, and/or
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'anltrogen dlox1de on whlte plne needles were so 51mllar that -
t‘quantltatlve ‘and qualltatlve 1dent1f1catlon of causal pollu-
"tant by plant follar symptoms were not poss1ble (Flgures
‘»2—6) Furthermore, many pollutant exposures have reduced
,plant growth w1thout the presence of v1s1ble 1n3ury (Tables f
'3, 4). It was thus necessary to determlne plant phys1olog1-
cal'or blochemlcal response to pollutants in order to under—;
- stand. the mechanlsms of pollutant 1njury and the causes of :
‘clonal dlfferentlal sens1t1v1t1es to pollutants In other y*“
"words, hldden anury of.pollutants on;plant:growth'couldtbes
illuStrated by suchrmeasurements as depression of.photoei'

synthes1s,‘st1mulatlon of resplratlon, and low avallablllty

. of metabolltes whlch subsequently lead to the reductlon of "

growth and yﬂeld or | overall unthrlfty plant appearances"

w1thout actual les1ons on: plant surfaces The understandlngf“'

‘of such relatlonshlp between pollutant exposures at sub- f

"y‘lethal concentratlons and 1ts ‘adverse effects on fundamental

rﬁplant metabollsms certalnly would also ald 1mmeasurably in.
;the establlshment of amblent a1r quallty standards Among .
'many plant reactlons,rstomatal movements and as51m11atory
- metabollsms were of major 1nterest in thls study Slnce.
hSoomata are the pr1nc1ple entry of carbon dlox1de and gasee
1}ous pollutants 1nto plant tissues. Stomatal movements play
ikey roles in pollutant uptakes and plant photosynthesls -
' :_Wthh dlrectly relate to plant growth and yleld .

| The control plants in this. study exhibited a steady
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rate of photosynthes1s and‘transplratlon durlng dally s1x-;'
hour gas exchange measurements (Flgures 12 20) Thls.lndl-'
'cates that the mld-day photosynthes1s depress1on dld not
”occur under test- condltlons ’ Sen51t1ve clone in pollutant-
free env1ronments regalned its photosynthes1s eff1c1ency and
'performed as well as 1ntermed1ate or tolerant clone (Table
"6)- However, when exposed to pollutants the 1nh1b1tory '
'heffects due to the same dosage of pollutant were" much severe'”‘
‘1n sens1t1ve clone than 1n 1ntermed1ate and tolerant clone
»(Flgures 21-23) Presented data support the v1ew that the
1mpacts of long—term pollutant exposures ‘on whlte plne |
growth can be clearly reflected 1n the decrease of photo-’
_‘synthesls and the 1ncrease of resplratlon durlng dally gas

exchange measurements (Flgures 21~ 26)

“A.. Ozone Effects

Ozones was found to 1nduce net photosynthe51s (Flgures
12A, 13A,714A)‘andrs1multaneously;decrease.transplratlon. C
,(Eigures lZB,'lSB,’léB) during fOur-hOuridayltime;exposure:
in. CIone II-l ulIleZ and”IV-ZQ *The'magnitudes of3effects
‘were proportlonal to ozone concentratlons in each clone w1th-'
fthe sen31t1ve clone belng suppressed the most : Data suggest:’
that the 1nduced adverse effects on carbon dlox1de flxatlon
omay contrlbute to the partlal closure of stomata ‘ The clos-
J71ng response of stomata would then further reduce the total

functﬂonal stomatal pore area on a unlt leaf surface basls
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' mand restrlct the enflux of water vapor and the 1nflux of
‘carbon dlox1de through the stomatal pores

| The other supportlng ev1dence of such“ozone 1n3ury.on ;t-
‘whlte plne gas- exchanges was based on the observatlons thatf
net photosynthes1s appeared to be decreased more rapldly v
';than transplratlon (Flgures 12A 12B) ThlS 1nd1cates thathfh
_there is a rapld adverse effect ‘on photosynthes1s due to o

ozone exposure and a subsequent slow clos1ng of stomatal

”;;aperture Nevertheless, at present tlme, 1t 1s stlll unk-

“nown 1f the partlal clos1ng of stomata when exposed to ozone o,

was due to pas51ve 1nh1b1tory effect or actlve protectlve oo
mechanlsm after carbon dlox1de flxatlon process has been R
1nterfered w1th or both The observed response of gas"

' fexchanges durlng pollutant exposure may be a compromlse bet-ta

. ween the optlmum carbon dlox1de uptake from amblent alr for T

asslmllatﬂon and the preventlon of excess1ve water loss from};f.*

r‘opened stomata under test: env1ronmental condltlons

The dlsproportlonal reductlons between net photosynthe-
_51s and transplratlon by pollutant exposures as: found in _"

:, thls study has been observed and theorlzed by several

'researchers MCLaughlln et al. (1979) and Cane and Blnghamjﬁffw”

(1980) llsted two reasons for a lack of proportlonallty bet- o

_ween water vapor evolutlon on transplratlon and carbon dlox-:f.;:[f

ide uptake on- ass1mllatlon found in pollutant exposures l)

‘the temperature dependenc1es of these two gas exchange pro-' [

‘cesses are dlf erent and. 2) transplratlon is llnearly
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vrelated to water-vapor concentratlon in 1eaf 1ntercellular

spaces but as51mllatory rates follow a saturatlon curve w1th",m

respect to 1ntercellular carbon dlox1de concentratlon

' Slnce the observed magnltudes of reductlon 1n stomatal .

‘:c1051ng could not fully account for the reductlons 1n carbon, .

-dlox1de a551m11atlon, the" 1nternal phys1olog1cal and/or bio-.
chemlcal 1nh1b1t10n of carbon dlox1de flxatlon due to ozone
| treatment 1s thus suspected under test condltlons . The,“bﬂ

'1nh1b1tlons due to the same ozone dosage was found to be

much less-ln tolerant clone‘than 1n'sens1t1ve clone (Flguresiff-

.'12 14) These data suggest that the 1nternal threshold dos- -
age for carbon dlodee a551m11at10n 1nh1b1tlon 1s much
' hlgher 1n tolerant clone than in sen31t1ve clone

Ozone has been reported to reduce photosynthe51s of

: nseveral tree spec1es by other studles Mlller et al (1969)‘

- 1nternal b:!.ochem..'Z

found that photosynthes1s of ponderosa plne was reduced by
’10,'70,_and,804 at cumulatlve ozone_dose of approxrmately B
20, 80"and1120 ppm—hour, reSpectivel?l'1Meanuhile; photoev
synthes1s has been 1llustrated to be more sen51t1ve to ozone
1n3ury than stomatal conductance 1n fleld ponderosa plnevu
study (Coyne and Blngham, 1980) . Dugger et al (1962)'
hreported that stomata were not the prlmary controlllng fac—:
: tors from ozone 1n3ury to plnto bean, 1nstead 'they testl-

fled that the phy31olog1cal ‘age of bean plants along w1th

%l'reactlons should account for allev1at- o

7’ng pollutant 1njury in. thelr study | All of these flndlngs°
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proved the similar results of ozone adverse effects on pho-
tosynthesis and photosynthetic transpiration as thisrétudy

and are in a‘good‘agreement with presehtéd data.

B._Sulfur Dioxide Effects

In éulfurvdioxide exposures; a reduction of net photo-‘
synthesis was foﬁnd in sensitive clone énd intermédiate
~ clone at all three tested concentrations (Figﬁres 15A, 16A).
.Such,reductionvwas accompanied with a stimulatory effect on
transpiration (EigureSQISB, 16B). However, in the tolerant
cione-the increase of franspiration was observed along with
a small increase of net photosynthesis (Figures 17A, 17B).

.Based upon theée'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 inhibite carbon dioxide fixation.
By comparion of these two gas exchange measurements, the-
actual degree of sulfur dioxide inhibitofy effect on net
photosynthesis could be higher than figures given primarily
due to a coincidental wider opened stomata.

Recovery of net photosynthesis.and‘transpirétion after
the termination of pollutant exposures were found in all
thrée clones at all test sulfur dioxide concentrations. The
regovery rates varied with clone and éuifur dioxide concen-
tration. There i1s an indication that the greater the

- depression, the longer the time which will be needed to
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recover (Flgures lSB 16B l7B) dMeanwhiley_a qulcker

_recovery of transplratlon than net photosynthes1s was obs—
reved in treated plants (Flgures 15».16 fl7), These results
;suggest that sulfur dioxide exposures exert more 1nh1b1tory

effects on carbon dlox1de fixation than on stomatal move--

ment.

Similar results of sulfur dioxide adverse effects oh'.‘

_ plant photoSyhtehsis and transpiratioh have beehfreportedlby‘

numerous studies. 'Ziegler (1972, 1973, 1975) suggested that>»‘

sulfur dlox1de could act by competlng with carbon dlox1de or

blcarbonate for the blndlng sites on rlbulose-l 5= dlphos--
phate-carboxylase‘» The theory of'competltlve~1nh1b1tlon of,l
_sulfur dlox1de on carbon dlox1de flxatlon was later. con-’
’;flrmed by the results from an 1n vivo study that showed that
zthe depressed photosynthes1s was fully recovered to the nor-
mal“rates when,returnlng-to clean air after belng exposed-to»"
vlow sulfur dioxide concentration‘(McLaughlin et al. "1979)
Thetresponse of recovery from 1nh1b1ted photosynthesls after
the termination of pollutant exposures also 1nd1cated a
.revers1ble 1nh1b1tlon.ofucarbon dioxide flxatlonbprocess}in'
which pollutantbdosage was beloW»the limfts of»permanent‘
injury threshold ‘.(Tingey, 1974). |

In otherlstudies, Unsworth etbal.u(lé72) showed that
there’was'a brief and small increase ihvbeah net photo-
:“syhthesis when exposed to sulfur dioxide whichbwas’accompaf

o - nied by stomatal Openinq, But within»about 30 minutes, net



photosynthesms began to decrease and typlcally reached to -
pmlnlmum level after one to two hour of exposure The magnl-
tude of photosynthe51s decrease 1n the1r study was about 204‘
of pre-treatment value 1 McLaughlln et al (1979) observed
x’that transplratlon of kldney beans was less sens1t1ve than
g photosynthe31s to short term (three hour) exposure of. sulfur:
dioxide. They suggested that stomatal closure was not a “,T
major factor in the responses observed | All of these stu-i.”
diestalong'with:preSent data»Suggest‘that,carbon.d;ox1de
fixation process may be the priﬁarylsite’of.sulfur dioXide
inhibitorv reactionffollowing by the»movements ofdstonatal
.aperture»lb | : H | |

There was. . a more pronounced adverse effect of sulfur
leox1de exposure than ozone on. net photosynthe31s of clonev
I1I-2. ‘ Thls lndlcates that phys1olog1cally clone III-2 is
more sens1t1ve to sulfur dlox1de than ozone exposure ‘ Slml-'“
lar results of plant dlfferentlal sen51t1v1ty to pollutants

Hhave been reported by Berry (1973)

C._Nitrogen Dioxide EffeCts

All ol test nltrogen dlox1de exposures sllghtly reduced
inet photosynthes1s and transplratlon under test condltlons |
'Tnere was a trend show1ng that the observed decreases of net»
photosynthes1s were parallel to the magnltudes of transplra-
tlonlreductlon;ln all clones,at allatest_concentratlons;1

"(Eiguresvls,.lQ, 20),"Results‘indicate that a nitrogen>
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‘dlox1de threshold dosage hlgher than tested (O 30 ppm for
~four hours) would be needed to brlng about any s1gn1f1cant

.'change in photosynthe51s or transplratlon ‘Data-als0»lnd1e
:cate that the tox1c1ty of nltrogen d10x1de 1s much less thanvﬁ

.ozone or sulfur dlox1de to whlte plne carbon dlox1de flxa-fo*

tlon processes and the 1n3ury threshold of varlous pollu-"

‘tants ‘on whlte plne photosynthe51s are not the same

| These results of dlfferent modes of actlons by varlous

‘_pollutants closely agree w1th the flndlngs of Bennett and

| Hlll (1974) They studled the effects of six. major air- pol— ';l‘

lutant on barley and oat canoples through two hour exposures}
w1th equal pollutant concentratlon , The~transp1ratlon rate
measurements showed that ozone 1ncreased leaf re51stances to«vi
. gas transfer in proportlon to the amount of suppres51on on |
ﬁigas exchanges 1nduced. However, 1n nltrogen dlox1de expo-
.;sure. transplratlon rates ‘were not s1gn1f1cantly depressed
‘ while great reductlon 1n carbon dlox1de uptake was observed
The nltrogen d10x1de appeared to 1nh1b1t carbon dlox1de
uptake rates by affectlng the blochemlcal reactlon of carbon-:'
:dlox1deyf1xatlon. In’the 1nvest1gatlonSJof sulfur dlox1de‘
'exposures, they observed a. tendency of stomatal closure "
”-along w1th the depressed net photosynthes1s rate They suge'*
| gested that sulfur ledee'lnhlblted carbon d10x1de uptake
-vvrates more by affectlng blochemlcal flxatlon of carbon dlox—
:1de 1n the leaf than by 1mpend1ng gas transfer by 1nduc1ng

stomatal closure..
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v’Effects of Long-term Pollutant Exposures on Dark Resplratlon'

: In dark perlod ozone exposures. plant dark resplratlon .
'.pand water vapor evolutlon were not s1gn1f1cantly affected in
all three clones (Flgures 12C, lZD, 13C, 13D, 140 14D)
leXCept in'sensitiverclone at‘0’30 ppm exposure where dark
'resplratlon showed an 9/ increase over four hour exposure
perlod whlle 1ts transplratlon was hold relatlvely constant
| (Flgures 12C, lZD). ‘S;nce such 1ncreased dark resplratlon
didtnot recovervafter the terminationdof pollutant treat-
ment, it is suspected that the increase of carbon dloxidel
~ evolution is not inducedfby dark period.osone eXp0surel Itl
is suggested that the~increase.0f darkfrespiration'is due to
dthe'stimulatedfrepairingfor:synthetic processes that:pre-
vailed in‘pre-clinical injured cells. |

There is some supporting ewidence in the‘studies of‘
pollutant induced plant diseases for thls ratlonale : First,
cellular repalr processes requlre many actlvated metabollc
processes to prov1de blollglcal energy in order to . fend off
the temporary 1n3ury or seal off the permanent 1n3ury caused
by stress condﬂtlons (McLaughlln and Shrlner, 1980) ‘Forv-
example, 'act1v1t1eS'of perox1dase polyphenol ox1dase phe?
nolase, and other ox1dat1ve metabollsms have been reported
gtseveral fold hlgher in pollutant exposed plants (Howell
«El974l f Secondly, adenos1ne trlphosphate (ATP) is known as’

an'acidfliable phosphate (Pell and Brennan, 1973). The ATP
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- is a very vulnerable target in the event of low1ng cellular

'pH value or destructlon of cell bufferlng capac1ty that

’””c01nc1dently are falrly common 1n pollutant exposure cases

'7égaFurthermore,bozone has been reported to cause uncoupllng of

f'ox1dat1ve phosphorylatlon whlch in turn 1ncreased cellular"

.resplratlon (Lee,:1967,_1968-u2ell and~Brennan, 1973) ‘All»h'

L of these blologlcal repalr processes breakdown of ATP

“fr_molecule, and uncoupllng of ox1dat1ve phosphorylatlon would

'consequently 1ncrease the rate of resplratlon in. pollutant
»treated plants as observed in this study |

Slmllar increases of resplratlon to recuperate fromr
;temporarlly pollutant-lnduced 1nJury are also suspected to
_occur’1ngothergpollutant.treatmentsadurlngror after day—tlme if
’exposures:although theyrhad not been monitored;in,the dark

resplratlon measurements The'time‘span‘betWeen termination»’

o of day—tlme exposures and the beglnnlng of dark perlod mea-

' surements was four hours. Thls four hour perlod mlght be
_long enough for tolerant clones at test concentratlons and
sen51t1ve clones at lower pollutant concentratlons to resume
-thelr normal resplratlon rate ‘when dark perlod exposure was
,‘begun v : . _ R

’; In dark perlod sulfur dlox1de exposures, the only sig-

_ nlflcant changes observed was a contlnued 1ncrease of carbon
‘dlox1de evolutlon 1n sen51t1ve clone at O 30 ppm exposure k'
regardless of the tlmlng of admlnlstratlon of pollutant As

in ozone-exposures,‘stlmulated metabollsms for 1njury repalr



132L_

or ATP productron are suspected
| In the event of les1on formatlon before necr051s devel-v
: opment 1n pollutant 1nduced plant dlseases plants not only i
tlose as51mllatory unlts for carbon d10x1de flxatlon but are
also forced to 1nvest some photosynthates to restore 1n3ured
varea. If plant#succeeded it could recover from such stress‘
condltlons w1thout major loss in plant v1gor and subse—'.
'quentlygresumehlts blomass productlon If plant lost in:
homeostatic repafrbprocesses 'they-nOt only suffered in
terms of blomass productlon but also wasted valuable a551mi-
"lates durlng repairing processes Loss of photosynthate in
repalrlng resplratlon w1thout any v151ble symptoms could end
‘,up w1th hldden 1nJury of dlseased condltlons in which sub- )
stantial amount of energy could.be lost,.partlcularly 1nzthe
' prolonged‘pollutant exposure." Such”sublethalpCOncentrationo
of,pollutantdcan finally'cauSe a‘Zero;QrOWthgin_plants
(Tables 3, 4). | | |

| Based upon.presented data,“it is.evident»that theredyas
an lncrease ‘in dark resplratlon temporarlly before phy51cal
symptoms were‘notlced on the current year needles However,-
‘needle dark resplratlon started to steadlly decllne ‘and was
even‘lower than pre-treatment values»after the-appearances
‘of v1s1ble symptoms on needle surfaces (Flgures 24 -26). In
long-term dark resplratlon measurement data also 1nd1cate
that as needlesvagedror pollutant dosage accumulated' the

sefrects of polluta‘t exposures on sen51t1ve clone's dark
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resplratlon dlverged,from 1ndlst1ngu1shable patterns as. at

”Jthe early stage of exposures to 31gn1f1cant dlfference amongﬁ‘f75?'

_treatments at ‘the end of experlment Meanwhlle the-responses

of tolerant clones 1nduced by dlfferent pollutant treatments=v‘

Stlll remalned undlstlngulshable (Flgures 24 26) Presented:

",.results tended to c01nc1de w1th the theory that a hlgher

' ,dosage of pollutant is needed to 1nduce the same degree of

1n3ury in tolerant plant than 1n sen51t1ve plant

By comparlng -the- clonal responses of sulfur dlox1de
: exposures at daytlme and nlghttlme, 1t is. concluded that the
lstlmulatlve effect of sulfur d10x1de on whlte plne stomata

_openlng is a llght—dependent react;on.

"; Effects of Long-term Pollutant Exposures on Net

ffPhotosynthes1s

_ Apart from 1nstant effects of pollutant exposure on gas‘.
,5exchanges obtalned from hourly measurement (Flgures 12 20),_'"'
fcummulatlve effect of pollutant exposures on dlsturbed pho-7
lutosynthe51s was later manlfested in. blomass productlon fL‘
(TableSvB» 4) ; The rates of. photosynthes1s d1d not fully
' recover from pollutant-lnduced depress1on at one hour afteri
frthe termlnatlon of exposuresl, In general the hlgher con-
centratlon of pollutants as well as the more sens1t1ve of
:pclone -usually a'longerntlme ls needed.to recover . This
,A‘suggest that there 1s a-more severe 1njury on photosynthes1s -

'and 1ts subsequent pnOtosynthate productlon 1n sens1t1ve
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clones than in tolerant clones tSuch'continued’depression.
of ass1m11atory metabollsms would mean less photosynthate H
produtlon per:leaf surface per time 1nterval and‘ls later
'confirmed by the'significantvreductionrof plant.vigor)t
yield, and plant product1v1ty (Tables 3, 4). V~Meanwhile,
photosynthate 1s essentlal for the repair of pollutant
1njured cellular constltuents (McLaughlln and Shrlner, 1980;'
Mann et al., 1980), ‘a prolonged 1nh1b1t10n'of net photof,
synthesis,due'to pollutant exposures would result in a
decrease of photoSynthesisbefficiency»and a reduction of
available photosynthate (Taylor l977- Vins and Mrkva) 1973).

Throughout the experiment, premature defollatlon was.
observed freguently in sens1t1ve clones but not in tolerant
clones,. This conflrmed the'fleld observatlonsgthat sehsi- -
tive trees_only'have current year,needles,remaining follom—‘
ingilow‘dose‘of‘pollutant exposures (Berry,'1973;dHouston,,'
.1974) | | | o |
From a bloproductlon view p01nt premature defollatlon
" of pine needles 1is the complete loss of ass1m11atory appara-
tus whlch subsequently result 1n blomass reductlon (Tables
':3) 4). In the cases of symotomatlc tlssues, the rates of |
plant metabollsms are belleved to be largely reduced in nee-
dles dlsplaylng chronlc or- acute 1n3ury as compared w1th
vasymptomatlc tissues (Flgures 21-23). Wlth.early manlfesta-e
tiontof.foliar symptoms:(which iS'a,sign of.chlorophyllbdes-

truction) and premature defoliation in sensitive clones as
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“robserved 1n these long—term exposures growth reductlon 1n;tf"

these dlseased plants could be explalned by elther less

S efflclency or 1nab111ty of needles to supply the amount of

Mkpplant growth

v:iphotosynthate wh1ch 1s dlrectly needed in cell repalr and

Slmllar chronlc effects of ozone and sulfur d10x1de on f
blomas productlon 1n 1ntermed1ate and tolerant clones were

also observed in long-term net photosynthe51s measurements .

(Flgures 22 23) Decreased net galn of asslmllatory meta--if"v

,T;bolltes due to pollutant exposures w1thout v1s1ble 1n3ury 1sf“7
Vthus suspected even 1n the tolerant clone (Tables 3, 4).
Coyne and Blngham (1980) demonstrated that prolonged
’-suppress1on of photosynthetlc rates and premature loss of
_autotrophlc tlssue due to ozone exposures could result 1n f”
reduced carbon accumulatlon per tree accompanled by reduc-g
;itlons 1n the blomass and surface area per needle, the spe-ji’
‘c1f1c leaf welght ‘and the number of annual needle whorls uf‘:l
;retalnedr‘ These factors contrlbuted to the steady loss off :
'ftree v1gor 1n thelr study, weakenlng trees to the p01nt of;p
ﬁvulnerab1llty to pathogenlc organlsms such as root rottlngr

ffungz and bark beetles

Slmllar results of pollutlon effects on whlte p1ne have'ff’”m

been found at RAAP Blue Rldge Parkway in Vlrglnla area "anddff
, other places Trees sen51t1ve to pollutants have been
'reported to be more vulnerable to other bloth and ablotlc

stresses,(Skelly,-l977 1980 Lackrer and Alexander 1980
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~ James et al., 1980; Cobb et al., 1968).

C1051ng Remarks

The dlfferentlal plant sens1t1v1ty td"pollutants have '

o ',been largely attrlbuted to dlfferent genetlc constltuents

whlch expressed as. dlfferent anatomlcal structures, phy51ol-

'oglcal reactlons, and/or blochemlcal functlons (Lev1tt

‘1972 Blngham ‘and Coyne, 1980)'~ Trlmble (l980)texamlned thef:"

: same - whlte plne clones as used in thls study and found that .

stoma numbers per needle surface area 1n ozone sens1t1ve
clones were not s1gn1f1cantly dlfferent from those of tole-f
rant clones The anatomlcal structures thus play no. rolesv
‘ln whlte plne dlfferentlal pollutant sen51t1v1ty in thls
study : lhe av01dance tolerance as deflned by Lev1tt (1972) -
-bwas not the case of eastern whlte plne tolerance to pollu-
:tants since none of the whlte p1ne clones studled showed the
'response of complete stomatal closure when exposed to pollu-
tants However,{the observed partlal stomatal clos1ng 1n

eastern whlte plne 1nduced by pollutants 1s to a certaln H

-fdegree of lmportance 1n the exclus1on of pollutants from

*further entry 1nto plant tlssues l Other 1nternal blocheml-
ljcal factors such as cellular sens1t1v1ty to pollutants and
‘the 1ntegr1ty of cellular bufferlng capac1ty may be also-
1nvolved 1n actual tolerance mechanlsms by whlch dlfferen-'
btlal sens1t1v1t1es to air pollutants resulted- In other

words, the observed clonal erentlal sens1t1v1t1es to
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.poliutants,érevlikely to be quantitatively rather than
_qualitatively expressed. The existance of different bio-
‘chemical toléfance mechanisms which function after pollu-
tants have entefed intdbleaf‘tisSﬁes WOuld reasonably be:
sﬁspecféd. |

‘The data presented indicate that the dose of pollutant
is certainly important in the determination of the severity
of metaboiic dysfunction and the raﬁe of these responses.
When sensitive clones are éxposed to the same dose of pollu-
tants, rapid reaction of physio-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 pollut;on stress ever éince they
encountered‘with this increasing environmental stress (Hou-
ston and’Stairs, 1973; Karnosky, 1977;vTreshow, 1968; Sin-
clair, 1969). Howevér, the tolerance to a given‘pollutant
does not mean a general tolerance to any other gases. It is
evident from the present investigation that a_general cional
sensitivity to'aiikof the pollutants wasvnot observed. For
‘examplé, ¢clone II-1 was'%ensitive to ozone and suifur diox-
ide while not sensitive to nitrogen dioxide, cloné III-2 was
more sensitive to sulfur dio#ide than ozone. Such results
also indicate fhat'different pollutant has diffefent modes

of injury action.
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The differential sensitivities of white pine clones to
gaseoue pollutants:intestiqated may involve one or more‘of
the following.mechanisms :'l) differentvstomata.response in
terms of controllingapollutant entry into,plant tissues
(Flgures 12-20), 2) differentnsensitivity of cellular const~-
: 1tuents to pollutants (Table 5), 3) different olonal inter—'
nal blochemlcal threshold dosage to each pollutant (Flgures
12-20), 4) dlfferent ass1mllatlon or repair efficiency among
clones (Tablesv3, 4, 6), and'5);varied recovery rate‘from
‘_temporary‘pollutant,inddced'injury.‘ From the feeults
>reportedvhefe}'white pine clonalldifferential sensitivities
' to‘pollutahts;are concluded as different stomatal responaes;
as'well as different internal physiological reactionsvto
pOllutantltreatments; All of these differences‘are attfl—”
buted to‘the meohanismsdcontrolled'bynclonal genetio“conet-

ituents,



SUMMARY

A total of 10 clones of eastern whlte pine:- (Plnus stro-»d

‘bus L. ) with three dlfferent pollutlon sen51t1v1ty classes
:(sens;tlve, 1ntermed1ate,‘and tolerant),were used in photo-
synthesis, tranSpiration, and dark'reSpiration5measurements
'during ozone, sulfur'dioxide and.nitrogen diokide eXpo-
sures In addltlon to gas exchange measurements needle‘b
growth, visible symptom expression, chlorophyll content, and
needle dry WeiGht of current yearvneedles were‘alsotdeter-l
mined~during longeterm single'pollutant or'pollutant combi-
natlon fumlgatlons to. dlscern the progress of pathogenes1s
of pollutant-lnduced dlseases and the mechanlsms of clonal
‘dlfferentlal pollution sensitivity. Extens;ve~efforts were .
conducted to systematically analyze, relate) and'interpretk
 the disease.syndrome; The age of clonal materials was uﬁi—l;
form and‘all plants were grown within a charcoal—filtered'b
’air'supplied greenhouse“Plants from'various clones;were‘
‘then subJected to 1dent1cal env1ronmental condltlons durlng
and after dally four hour pollutant fumlgatlons except u31ng.’

.varlousiconcentratlons-of ozone, sulfur dlox1de 3and nltro-

'gen"diOXide The prlmary goal of thls study was to determlne r,,

the clonal plant responses to long—term, low—dose pollutant
vexposures and to 1nvest1gate the rellablllty of varlous

“lplant reactlons 1n terms of pollutant sens1t1v1ty predlc—

139



140
'ation. -

Genetically controlled“plant‘responses'to:pollutantsi

were. found in all clones under the ‘test condltlons w1th var-f“"

ulous degrees of repeatablllty : Clonal sens1t1v1ty to ozone,u-

‘sulfur dlox1de vand nltrogen dlox1de was varled 1nd1v1da11ybﬁws_m

a general sen51t1v1ty to all of. the pollutants was not
observed |

There seemed to be no general response patterns among

",d,clones to pollutant fumlgatlons 1n terms of total 1nJured

v‘area types of symptoms, and needle elongatlon- These param-*gfyi,

"ﬁ;eters varled from year to year.z Follar symptom express1on

‘utfwas only categorlcally dlfferentlated among classes but was .

v_confused by clonal plant response w1th1n the same class

o Needle length was found hav1ng the greatest varlatlon.ﬁ At

the end of long-term exposures, needle length was not s1gn1-A"

flcantly dlfferent among sens1t1ve 1ntermed1ate,‘and tole-',}fy;

rant classes nor among pollutant treatments
Good agreement was observed among some oflmeasured ,-
.plant responses w1th respect to clonal pollutant sens1t1v-:ldt
“1ty, tolerant plants usually accompanled w1th less 1nh1b1-

ftlon of net photosynthe51s, hlgher chlorophyll content perﬁ

'”hjyneedle dry welght bas1s, and hlgher needle dry welght per xi

“fasc1cle length as compared to those of sens1t1ve clones
Durlng daytlme exposures, pollutant sens1t1ve clone'
exhibited greater 1nstant 1nh1b1tlon of net photosynthes1s g

due,to ozone and sulfur dioxide fumlgat;onrthan_those of



g 1ntermed1ate and tolerant clones In all three clones,

*nltrogen d10x1de at test concentratlons d1d not s1gn1f1-

. ?cantly affect carbon dlox1de uptake In terms of - stomatal

o reactlons, data suggest that ozone and nltrogen dlox1de

vr-'lnhlblted stomatal openlng durlng pollutant exposures, sule’

fur d10x1de was stlmulatory Durlng darkvperlod,pollutant :
:exposures, no 51gn1f1cant stomatal changes were observed 1n.b‘
: any of the clones ‘vIn pollutant treated plants, the rates
‘_of'netfphotosynthes1s of sens1t1ve and 1ntermed1ate_clones‘r.l
hldecllned s1gn1f1cantly durlng long-term exposures Early
stlmulatlon of dark resplratlon was observed in sen51t1ve3
.clones followed by»a dramatlc decrease'durlng‘the lated‘g
stages of long-term exposures . | | |

Data demonstrate that the responses of whlte plne gas
"exchange and other photosynthetlc apparatus to ozone,'sulfur
1d10x1de, or nltrogen d10x1de exposures are more proportlonalhf
‘to pollutant concentratlons than phys1cal symptom expres-l “
{slons or needle length measurements._: o |

It 1s concluded that v1s1ble 1n3ury and needle elonga-

v-tlon are less superlor than gas exchange measurements, chlo—"

‘rophyll content ‘or needle dry welght 1n prov1d1ng a:- rella-
ble. 1ndex1ng parameter for pollutlon sens1t1v1ty predlctlon.hf
- Data suggeste that plant phys1olog1cal responses such
g‘as gas exchange rates or chlorophyll content can be used as
ra. qulck screenlng method to determlne plant sen51t1v1ty to‘"r

-pollutants in tree 1mprovement programs, espec;ally,;n‘sltu—‘
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atlons where pollutant dosage is too low to induce any visi-
ble symptom on follage thereby preventlng the growers from

' know1ng that ex1st1ng amblent air caused adverse effects. ,
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% VARIATION IN THE PHYSIOLOGICAL PROCESSES OE“D_.ff¥

EASTERN WHITE PINE ( PINUS STROBUS L. )f
. DIFFERING IN SENSITIVITY To

g:-';OZONE SULFUR DIOXIDE AND NITROGEN DIOXIDE:"
I 'Yav“shiﬁé.yang»f
L ( ABVS$RA¢T )

‘l Ten clones of eastern whlte p1ne (Plnus strobus L )

i representlng three dlfferent pollutant sens1t1v1ty classes: o

'(i,eﬁ sens1t1ve, Intermedlate, and tolerant) were exposed to_f

‘__onne, sulfur dlox1de,'and nltrogen dlox1de SIngly, and in-

. comblnatlons at Varlous concentratlons VlSlble symptom

.jexpress10n, needle length and needle dry welght of current J’

. year needles were determlned weekly durlng long-term pollu-

'-~tant exposures One clone of each sens1t1ve class was

lselected to study the effects of long-term exposures w1th

”ozone, sulfur dlox1de, or nltrogen dlox1de on photosynthe51s/

1;L%transp1rat1on,.and dark resplratlon.‘
Genetlcally controlled plant responses to pollutant

juexposures were found 1n all clones w1th varlous degrees of

Erepeatablllty A general plant sen51t1v1ty to all of the pol—pgffi*

z‘lutants was not observed In test clones Eollar symptom_fo{

expresslon was only categorlcally dlfferentlated among sens1-‘

jthlty classes but was not dlstlnguﬂshanle in clonal responsel~°



h.owithlnfthe'sanefclass At the end of long—term exposures,?

’ffneedle length was not s1gn1f1cantly dlfferent among sens1-:>

'Eftlve, 1ntermed1ate and tolerant classes nor among pollutantjtp.'f

'*f-treatments Good agreement was found among whlte p1ne gas *w'

ll’jexchange rates needle dry welght ’and chlorophyll content

‘.;,w1th respect to clonal sens1t1v1ty Sens1t1ve-clone exh1~ ok

s

blted the greatest reductlon in net photosynthes1s due to :

Ahﬁozone and sulfur dlox1de exposures followed by 1ntermed1ate

- and tolerant clones Early stlmulatlon of dark resplratlon"

- was 1nduced by ozone and sulfur dlox1de exposures 1n sens1-"

ftlve clone followed by a dramatlc decrease at late stages ofw'

| ,rlong-term experlment Nltrogen dlox1de at test concentra-v’

'»tlons dld not s1gn1f1cantly reduce net photosynthes1s, tran-fl
,splratlon, and dark resplratlon rates There was a correla-,u~

vtlon between.clonal needle dry welght chlorophyll content

':;;and degree of its pollutant 1njury leferent modes of

rlnjury actlons by dlfferent pollutants are. proposed based
»upon presented data | } .. | _
Results support the concept that the ranklng of plant
'h‘sen51t1V1ty to pollutants could be varled w1th plant response -

chosen as 1ndex1ng crlterlon Presented data suggest that the»

ijadverse effects of pollutant exposures on whlte plne growth R

1are prlmary due to 1nh1b1tlon of net photosynthes1s, less

'chlorophyll;content and.hlgh:resplratlon'ratev VlSlble~«

7h.,1n3ury and needle length are concluded to be less superlor

‘than net pnotosynthes1s, transplratlon, dark resplratlon



- chlorophyll content and needle dry welght measurement in o

prov1d1ng rellable 1ndex1ng parameter for whlte plne pollu—~‘.f

tlon sens1t1v1ty predlctlon
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