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THE CENTER FOR AIR ENVIRONMENT STUDIES

Recognizing the interdisciplinany nature of problems involving the
interaction of man and his ain environment and the necessity fon inter-
college cooperation in efforts to seek solutions to these problems, The
Pennsylvania State Univernsity established the Centen forn Aln Environment
Studies 4n 1963. Onganized as a unit of the Imstitute gor Science and
Engineening within the Intercollege Research Proghams and Facilities, Lt
draws on the resounces and talents of many departments. Faculty membesrs
" aggiliated with the CAES hold joint appointments with academic departments;
such as, Engineerning, Plant Pathology, Chemistrny, Forestry, Environmental
Health, Veterinany Science, and othens. There are additional faculty
memberns who arne associated with the Centen through research projects alone.

The Centen forn Ain Envinonment Studies fosters intercollege and An-
tendepartmental cooperation and maintains a broad, §Lexible approach %o
ain pollution research. The nature and direction of this research -
supported by federal and state governments, Lndustry, and the Universdity -
neglects the personal intenests and abilities of the faculty and staff
and nesponds to known problem areas. Typical areas of hresearch are:
studies on Zthe.blological effects of airn pollutants on animals and vege-
tation; development of species resistant to specific pollutants; studies
of combustion processes Leading to Lowen contaminant emissions; deter-
mination of best methods of collection and sampling devices; research
into small particle behavion; fundamental techniques of particle contrhol;:
and fundamental neseanch on the chemistny, photochemistry, and atmospheric
neactions of atrborne contaminants .

Reflecting the demand fon atmospheric quality and the need gfon per-
sonnel with varying degrnees of education, thaining, and specialization;
several ain pollution trhadining proghams have been initiated at the Uni-
versity unden the auwspices of the Centen. As an intencollege unit, the
CAES does not grant degrees non offer any cowrses of Ats own; howevenr,
ain pollution courses are taught Lin many academic departments o4 the
Undivernsity by CAES associated faculty membens. These cowrses are sup-
ported by the Centern through the administration of student thaining funds
and through the provision of ghraduate assistantships. 1In an effornt to
expand the offernings in the. gield, an interdisciplinary Environmental
Pollution Contrnol Mastern's Degrnee Program was established in 1971 by the
Graduate School and a numben of the degree candidates conduct research
unden the direction of faculty associated with the Center. In addition
to resddent insthuction and in nesponse to external requesits, public ser-
vice instructional programs have been initiated through the Center. One
example £5 the Visible Emissions Training Proghram offered by the Centern
and coordinated with the Bureau of Ain Pollution and Noise Control of the
Pennsylvania Department of Environmental Resources. Since gederal Legis-
Lation mandates that smoke inspectons be certified at s4x month intervals
fon thein ability to estimate visually the density of plumes emitied from
stacks on vents, this Program serves as the certification procedure $oi
Pennsylvania Department of Environmental Resouwrces employees as well as
gorn Andustrnial, state, and federal personnel.
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I. Introduction

Thére:is‘an incréaéing trend to locate fossil-fuel electric generating
stations in rural éreas. These sfations emit 1grge quantities of air
pollutants capabié 6f.causing serious alterations to the surrounding
A envirohment.' The major'phytotbxic.air pollutant emitted‘is sulfur dioxide

(SOZ)' In oﬁr bropositiop to the (now) Department-of Energy wé proposed
that the best way to predict the potential impact of new or'expanded
éourcgs in rural areas wogld Be to develop a compﬁﬁer modgl to simulaté'
.and predigt SOZAinjury to vegetation. The pfoposed simulator would provide
valuable input information forltasks such as site selectién and éompilation
of envi:onﬁental impact statements. Such a model would also-prdvide data -
to management opgratorS'fdr the regu;ation of emiséions;.e.g., the
reduction of emissions during periods of high hazard conditiéns and the
burning of higher gglfur fuels. in low hazard situations. The model would
alsd_aid in our'bééic-nnderstanding of Ehé complex interactions which
influence plant susceptibility to air pollu;ion} Data for model develop%
ment and verification would be gleaned from existing literature and from
controlled laboratory éxpoéures. Input to the model wpuid consist of
Biological and physical data and.thé output woﬁld inclﬁ&e the ﬁrobability
of SOé injuring QegetationAneér existing or pfoposed sites;‘ The modél
would be validatéd using é-field situation. Details of the proposed
researéh may be found in the original proposal.
Ihis report presents thé results obtained during the fifst year of

the project (August 1, i977 to July 31, 1978). Portions of the research
were initiated prior to the aétuél recéipt of the Department of Energy
(D.Q.E.) c&ntract. Upon receipt of the.D.O;E. éontract, appliﬁaﬁle

studies Weré comp1e£ed using D.O.E. funds and othefcprobosed investigatioﬁs

- were initiated.




'ii.: Progress K 3 , | -

‘During the.firét year our efforts were direcped towards completing
projécts in pfogress; purchasing and calibréting needed equipment, and
initiéfing proposed research. We are qurrentlyAéﬁaluating éxisting modelé
which may be applicable:to thié project. Because all of the models requife
input regarding the influence of environmental variables on plant response
to SOZ,.we have concentrated in this area With our .laboratory experiﬁeﬁts.
Output from the proposed simulation. model will not be available until the

project nears completion.

A. Predicted ground level SO2 concentrations. As stated in the original

proposal, the ipput data conberning ground level SO2 concentrations will
be either meaéured or predicted values. We have.access to data from
numerous 802 mohifors in ?eﬁnsylvania. Howevgr, in order to predict damage
around proposed sites; we also must -be aBle to predict ground level 802
concentrations. For tﬁisVreason.we considered various diffusion models
Compatible-with our objecti?es. We cufrentiy have a diépersal simulator
operable and modified ip a manner that its‘output will drive our computerized
vegetation response model. .

The atmosﬁheric dispersién program, "STACK," was originally written
by the Sun 0i1'Compény.and has been modified to run on the computer system
at Thé_PeﬁnsylVanialStaté-Universi;y. STACK estimates l-hour air pollutént
cbncentrations‘downwind from é stack or_grouﬁ of stacks. 'The user has a
choice of either the Holland or ques—Carson plume rise equations'an& the
Sﬁtton or Pasquill-Gifford dispersion models. fhe program can be utilized
to cérrglate existing poliuﬁant concentrations downwind of a plant; evaluate

the impact of new or expanded facilities on ground level concentrations;

and predict the effect of pollutant concentrations resulting from the



installation pf'aif pollution control equipment. .STACK-is being incorporated-

into a computerized system to. predict the pollutant damage to vegetation

downwind .from a source. The input data includes the number of stacks (up

to 15), stack height, and'diameter; exit gas température, velocity, and exit
rate; emission rate for each stack; pollutant name and pollutant molecular

weight. Weather data used to drive the model includes values for wind

speed, wind direction, atmospheric stability class, and ambient air tempera-

turé; The desiréd pluﬁe rise and dispersion equatidns must also be
specified. |

| The computer program outputs the pollutant concentratiéns downwiﬁd and
crosswind from.the emission source. For flat, level ferrain the oufput
consists of é grid of values from 1000 to 30,000 feet downwind of the
stack(s) and ué to 1250 feet on either side<of thé plume axis. For hillf
side terrain, up fo 15 pointlconcentrations can be calculated for specified
dovnwind and crosswind diétances and altitude. ‘The output may also be
plottéd as pollutant concentrations vs. crqséwind distanée'and pollutant
concentraﬁions vs; downwing distance. An examplé piot i§ attachea (Fig.ll).

FORTRAN‘éoufce code énd Job Control Language were modified in prder

that'the computer program'cogld be operated at Pénn'State in céhiunction
with the Remote Jéb Entry (RJE) typewriter terminals. The RJE system
allows the program and data to be sfofed on magnétic disk and permits a
more flexible operatién'of STACK. A new plotting routine was added to

the progfam which is compatible.ﬁith the IBM 370/3330 computer used at this

university.
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B. Susceptibility of ten tree épecieé to SOZ' Results from this 3-year

study will allow'us to numéricéily rank various tree speqies, reflecting
their suscebtibility to S0,. These rankings wili be Qsed within the ouﬁ—
lined model; Equipment purchased with DOE funds is cﬁrtently_used for
obtainipg data_tb model the plant response to'SO2 and its aiteration due
to microclimatic influences.

In April 1977, 100‘2- to'3-year old seedlings of each of ten tree

-species (1,000 plants total) were individually planted in plastic'pots

containing a 2:1 mixture of peat:perlite, fegtilizéd and placed outdoors.
Two weeks after budbreak (May 23, 1977), and every alternate week
thereafter for a total of ‘11 treatment periods, four individuals of each

specieé.were brought indoors and exposed to 2,358 ug/m3 (0.9 ppm) 802 for

2 hr. at 22 C, 75% relative humidity .(RH), and 25 klux light intensity in

a fumigation chamber. The pollutant was injected into the chamber from a

commercial tank of 100% SOZ.' The SO concentration within the exposure

2 N
chamber was continuously sampled and measured with a pulsed fluorescence

502 analyzer."The monitor was periodically calibrated using certified SOZ

permeation tubes. Aféer the desired 502 concentration was attained,
seedlings were blaéed ihto the eprsure chamber. The seedlings were
watérgd in the early morning preceding each fumigation. After exposure
the seedlings were moved to anh adjacent controlled environment chamber
maintained at 22 C, 75% RH, and 25 klux light intensity with a 12 hr.
photoperiod.

Three days affer expoéure, symptoms were evaluated on each seedling‘
by counting the number of injured leaves and determining the ave;age
percentage of leaf area injufed. This latte; measuréﬁent was estimated

by using a 0 to 100% scale in increments of 10%; in addition, values of

o



1, 5, 95 and 99% were included at the extremes. Because the data were not
normally distributed, statistical significance of differences among ‘species

" are currently being evaluated with the non-parametric Mann-Whitney test.

Results

- == Symptoms.__No visible injury was observed on susceptible conifers

immediatelynafter exposure; however, distinct areas of tissue injury
:wefé observed on the néedie tips 72 hr. after exposure. The injury
oonsistod:of a reddiéh discoloration of the distal needle,tissoe,_
separated from the uninjured baSal portion by a distinct liné of
g deﬁarcation.

River birch (Betula nigra L.) was the only broadleaved species to

exhibit injury immediately upon removal from the exposure chamber.
Foliage of this species exhibited an interveinal, water-soaked discolora-

tion. After 72 hr., the water-soaking developed into brown bifacial

necrosis. This symptom type was present on mature leaves of all

susoeptible broadleaved species; tissue damage rarely>oocurred on

immature leaves. However, the color of the necrotic areas varied from
- plant to plant and among speoiés. An exception was black cherfy

(Prﬁnus serotina Ehrh.) which exhibited blotchy, undefined, water-

soaked necrotic areas on the mature leaves.

Relative Susceptibility. There were distinct differences among .

the ten species in their relative susceptibility to 802 (Table 1).
Based on the percentage of plants injured, riQer birch was most
susceptible followed by European white birch (B. pubescens Ehrh.).

Scotch pine (Pinus sylvestris L.), the remaining birch species, and.

hybrid poplar (Populus trichocarpa X P. maximowizii, Clone 388) were




. Table 1., The.relative susceptibility of seven broadleaved and three
coniferous tree species exposed to 0.9 ppm 802 for 2 hours
during the 1977 growing season.

Average
: Average . Percent
Number ' Percent Leaf
‘ ' .. Plants % » Leaves Area
Species S Exposed Susceptible Injured Injured
River Birch Lo 48 60 19 32
: Betula nigra L. : -
European White Birch 36 31 .9 " 23
B. pubescens Ehrh. . '
Sweet Birch ‘ 44 27 6 , 13 .
B. lenta L. '
Paper Birch : 44 200 ' 9 22
B. papyrifera March.
Hybrid Poplar A 20 8 10
Populus trichocarpa X :
P. maximowizii, Clone 338
‘White Ash E 44 S 13 10
Fraxinus americana L. :
Black Cherry . E 44 4 : 2 10
Prunus serotina Ehrh. :
Scotch Pine 44 27 32 24
Pinus sylvestris L.
Eastern White Pine 44 9 24 : 10
P, strobus L. ' : Co A : ‘
Austrian Pine ' : : 44 2 1 30

P. nigra Arnold




next in Susceptibility,:-followed by white ash (Fraxinus amerjcan L.) and

eastern white pine (P. strobus L.). Black cherry and Austrian pine
'(g. nigra Arnold) were quite tolerant. River birch exhibited the highest

percentage of individuals susceptible to SO,, followed by European white

2>
birch; sweet birch (B. lenta L.), Scotch biné, paper birch (B. Eagzrifefa
Marcﬁ.), and hybrid poplar. Easternlwhite piﬁg; white ash, black cherry

- and Austrian pine all had less than 10% injured individualé. Severity

. indices are gugrently;ﬁeiﬁg developed whiéh ﬁtilizelthe percenfgge'of
leaves and leaf area injured by SO |

2

2

- Influence of Age. Plants were sensitive ;o SO, for varying periods
of time duripg the growing season, and the age‘at'which sensiti?ity o§<
the foliage was initiated:varied with species (Table 2). All susceptible
species were injured at some time during the 6ﬁh to i4th week of current
growth. Exposure in the 1l4th week.resplted in foliér'injury on all
speéies except eéstern whité‘pine and Austrian ﬁine. The early sensitivity
of Scotcﬁ pine dpriné the 4th to 8th‘we§ks contrasté with the léter
sensitivity of.hybrid péplar, white ash, and black cherry. The four
birches wéré sensitive throdghout ﬁhe eﬁtire growing period. River birch
" and paper birch'ﬁere moét sensitive however, in the 10th.week apd European
white birch and sweet birch were most sensitive in the l4th_week} River
4'bir¢h, sweet birch, Eufqpean white bi;ch; and hybrid poplar'exhibited two
sensitivi;y peaks, the first occurring between‘the'4th and lOgh weeké and“

the second between the 1l4th and 16th weeks of growth.



Table 2. Relatlonshlp between ‘current age of follage and severlty 1ndex of plants exposed to 0.9 pPpPm

SO0, for 2 hr.

2

Species

Age of Current Foliage (weeks)
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Mean 7
" Leaf Area
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C. The inflqence bf SOE on foliar sulfur content and_stomatal coqductance

as related to visible foliar injury. An important sub-model within our

predictive system is one which accounts for the ability of.variogs plant
'species to absorb 802. Any influence of SO2 on the stomatal conductance
rate is of ‘importance in ﬁptake. Data for obtaining this relationship

can be acquired by measuring the sulfur (S) Contenf of leaf tissue before
and after exposure to 802 and to a degree By méasuring stomatal conductance
'(gas diffusion) rates. The objectives of this portion of the stﬁdy were

to determine whether differences in susceptibility among four birch species
were relaﬁed to leaf tissue S confent, and to determine whether the amount’
of S accumulafion within each spécies was influencéd by stéméfal réspénse
to SOZ'

Stomatal diffusion and percentage S measurements were taken prior to
and follo&ing‘the_previously described exposures to SOZ' Measprements
were made on mature and. immature leaves on paper birch, river birch, sweet
birch, and European white birch. The data were obtained at 2 week
intervals from mid-summer to mid-fall.

Pre-exposure diffusion forometer measurements were taken at 1100 houfs,
on_two leaves on each of four trees of each spécies. Measurements were
pérformed in é control chamber maintained at 22«C,‘75% RH, and 25 klux
light intensity. Two or three leaves from each plant were fhen_remoyed-
for determination of pre—expoéure S content. Immature and mature leaves .
were removed at thé lamina—pgtiole junction, placed in a paper bag, and -

‘dried at 80 C for a minimum of 48 hr. Sulfur content was determined using

a LECO sulfur analeer connected to an autdmatic titration device.
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‘Fouy plants of each birch species were exposed to 0.9 ppm (2,358 pg/m3)

SO. for 2 hr. at 22 C, 75% RH as described. Immediately following exposure,

2 .
plants were removed to an adjacent chamber, maintained at 22 C and 75% RH, -
where conductance méasurementé'were taken on the immature‘gndvmaturé leaves.
Leaves were also rémé#ed‘at this time for S dgtermina;ion.

' Measureménts pertaining to tree phenplogy were taken to determine-ieaf
expanéion'énd stem eloﬁgation rétgs. Every two weeks during the season. the
average leaf and stem length of four plants'ofxeaéh of the ten species was
recqrded.

Daté are currently being analyzed to de;ermine,'for eéch Species,'thé
significancé'of difference among: ‘1) pre- and post-exposure perqentlS'of
the immature’ahd,mature.foliage aﬁd 2) pre- and post-exposure leaf
conduétance of the im@ature and mature foliage. Simple correlations were
performedltoAdetgfmine if-relationéhips existed begween percent injury and
leéf coﬁauctanee, percent injuryvénd S'gccumulation, ana 1eaf conductance

and S accumulation. Preliminary results are as follows:

Resuits

Phenology. Leaf size of ali broadleaved species increased rapid;y
during the first eight weeks of the 1977 growing season.' By mid-July -
A 1eaf expansion had slowed conside?ably and by the first week ofAAugust '
'expansion‘had ceased. Stem elongation for all-broadleaved species had
ceased by mid-Aﬁgust. River birch, sweet birch, European whitelBiréh,
and white ash were apbroximately 100 cm in height QhereaS‘biéck éherry;
hybrid poplar and paper birch had grown approximately -150 cm during

the season. Leaf senescence and coloration,'firs; recorded on 29

August 1977, were observed on all broadleaved species by the first week
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of September. Needles df coniferous species attained their maximum length
by 1 August 1977. Stem elongation of coniferous'species did not occur

after thg first week of July.

Foliar S Content. Non-exposed plants of all four birch species
attained greatest foliar S'c§ntent at 8 to 10 wk after leaf emergence
(Figs. 245); For the remainder of the season, S content declined
lsignificantly (p = 0.1), except for mature‘foliage of river birch and
paper birch, then remained fairly constant ﬁhtil leaf senéscence. The
leaves gf ;iyer birch'exhibited a slight, but significant, increase in
S contenf in late Séptember and early 6ctobér.

Differences in pre—exposure S.conﬁent between méture and immature
leaves were occasionally significant earlier in the season, although no
regular~§attern could‘be discerned. In general, the immature foliage
maintéihed a_higher S content than.did matufe,‘fuily developed leaves.

The seasonéi mean S content for eaéh séecies was determined by
lsumminglthe weeklf foliar‘S content for fhe entire season and dividing
by the number of exposufes.- Significant differenceé in the totai
seasonal average S content among species were observed (Table 3).

* Immature foliage of river birch, European white birch, and paper birch
maintained the highest seasonal mean S c;ﬁtent, whereas the mean S
confent of immature sﬁeet birch foliage was coﬁsistently the lowest.
Mature foliage of river‘birch and European white birch maintained a
higher seasonal meaﬁ S éontent than mature leaveé of paper birch thch,
in turn, maintained a higher seasonal mean S content than those of
sweet bircﬁ. Sweet birch and paper birch were the only spécies to

exhibit a significant difference in seasonal mean percent S between

immature and mature foliage prior to exposure.
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Leaf conductance (A), percent S content (B), and percent foliar injury (C) of paper
birch seedlings exposed to 0.9 ppm SO, for 2 hrs. Conductance values and percent S
are shown before (solid line) and after (dotted 1line) exposure, for both immature
and mature leaves. The * 1nd1cates significant differences between pre-exposure and
post-exposure values at p. .05. All values are an average of four determinations.
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values and percent S are shown before (solid line) and after (dotted line)
exposure, for both immature and mature leaves. The * indicates significant

differences between pre-exposure..and - post-exposure values at ' p = 05 All

. vdlues are an average of four determinations. .

ST
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Leaf conductance (A), percent S content (B), and percent foliar injury (C) of sweet
birch seedlings exposed to 0.9 ppm SO» for 2 hrs. Conductance values and percent S

. are shown before (solid line) and after (dotted line) exposure, for both immature

and mature leaves. The * indicates significant differences between pre-exposure and

post-exposure values at p = .05. All values are an average of four determinations.
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Table 3. Average percent S content of immature and mature follage of four birch spec1es

before and after exposure to 0.9 ppm SO2 ‘for 2 hr.

Immature Leaves

Mature Leaves

Before After " Before _ After
Species Exposure Exposure Exposure . Exposure
River Birch  « - 7 0.25 a1? 0.30 2 2 0.24 a 1 0.28 a 1 2
European White Birch 0.26 a 1 0.28 a 1 0.23 a 1 0.25 abl
Paper Birch . 0.22 a1 0.28 a 2 0.19 b 3 0.23 b 1
Sweet Birch S 0.16b 1 0.21 b 2 0.13 ¢ 3 0.17 ¢ 3

XEach value is based on 32 samples collected over 16 wks except values for European white birch
which are based on 24 samples collected over 12 weeks.

Ypifferent letters in columns denote 51gn1f1cant dlfferences according to Duncan s new multiple

range test difference, p = 0.10.

ZDifferent numbers in rows denote signlflcant dlfferences according ‘to Duncan's new multiple

range test, p = 0.10.

LT
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Average seasomnal S.content differences among the four species

‘following exposure to SO, were the same as the differences prior to

2
exposure. After exposure, thé iﬁmature foliage of sweet birch maintained
significantly less S than the threé remaining species (Table 3). ' The
mature foIiage‘of river birch attained a significantly higher'avefage
percent S ‘than did paper bifch or European white birch. All threeISpecies,
in tﬁrn, showéa significantly greater peréént S in the mature tissue than

. sweet birch;

| All’fbﬁr sbecies'exhibited High S acgpmulations following exposure

- when the foliage was 6 and 8 wks old and'again‘aﬁ 20 and 22 wks (Fig.-Z—s).
There were no signifiéant differences in Slaccumulafion'between the mature

"and immature foliage of any species.

Leaf Conductance. Prior to exposure, all four birch species attained

their highest conductance ra;és at 10 wks after leaf emergence (Figs. 2-5).
After the tenth wk, conductance rates of immature and ﬁature foliaée
declined for the remaipdef of the season. Differences iﬁ‘pre—exposure

leaf conductance rates between immature and mature leaves were‘occaéionally
significant althouéh no regular pattern was evident.‘.The mature leaves of_
river birch, EuropeanAwhite birch, and sweet birch occasionally exhibited
higher leaf conductance values than their respective immature leaves, but

no seasonal pattern could be discerned. Following exposure to SOZ’ the

seasonal mean leaf conductance of the immature foliage of all four birch
species were not different. The seasonal mean leaf conductance for the
mature foliage of river birch, although not different from that of

European white birch, remained significantly higher than the conductance

of both paper birch and sweet birch (Table 4).

o
o




Table 4. Average leaf conductance of immature and mature follage of four birch species

before and after exposure to 0.9 ppm 802 for 2 hr.*¥

Immature Leaves

Mature Leaves

. Before After Before After
Species Exposure: Exposure Exposure - Exposure
River Birch 0.41 a¥1% . 0.18 a 2 0.68 a1l - 0.24 a 2
European White Birch 0.35a1 0.19 a 2 0.45 abl 0.20 ab 2
Paper Birch - 0.26 e 1. - 0.21 al2 0.20 bl2 0.10 b2 .

0.25 a 1 0.17 al 0.28 bl

Sweet Birch

0.13 bl

®Each value is based on 32 samples collected over 16 weeks except values for European white

birch which are based on 24 samples collected over 12 weeks.

IDifferent letters in. .columns denote 31gn1f1cant d1fferences according to Duncan's new multlple

range test,

p = .05.

’Different numbers in rows denote significant. dlfferences accordlng to Duncan's new multiple

range test,

p = .05.

6T
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The seasonal mean iéaf conductance value of immagure foliage of river
birch 5nd European whiﬁe birch declined significantly as a result’of
exposure to SOé, exhibiting declines in leaf cbnductance of 62.8%, and
47.7%, respectively.. Immature foliage of sweet birch and paper  birch did

not exhibit significant decreases in conductance rate. The immd;ure

foliage of the ébove species showed significant declines in leaf
conductance of 59.1%, 44.5%, 48.3%, and 28.67% respectively. The differences
in seasonal mean leaf conductance between immature and mature foliage of

river birch were significant both before and after exposﬁre to SOZ"

Correlation Among Foliar Injury, Leaf Conductance, and.S Accumulation.

The.pércent'foliar injury and pre-exposure leaf conductances of both the
immature and mature foliage of river birch and paper birch were sigﬁificantly
é&rrelated (Table 5). Thg Qorrelation coéfficients for European white

birch and sweet birch were néar zero and were pot sigﬁificant. No

significant correlation was obtained when the leaf conductance values were

‘ .

correlated against their respective percent S accumulation values.

D. The stomatal response of three birch species exposed to varying doses

of SOZ. To more accuratgiy_defermine a spe;ies' cépacity to take up_SOz,
or to glose its stomata in the presence of SOZ’ Qg must,ﬁnderstand how
the'plént reacts to varying doses of the pollutant. The objeétive of this
experiment was to‘determine ;he foliar conductanée rates of three biréh

species as influenced by four SO, concentrations, with exposure times

2
varying from 1 to 4 hours. -
Beginning 4 October 1977, and every third week thereafter until

1 December 1977, seeds of European white birch, gray birch, and yellow

birch were surface sown on a 2:1 mixture of peat:perlite and placed under




21

Table 5. Correlation coefficients for the correlation among
foliar injury and pre-exposure leaf condgctance.z

Immature " Mature
Species , o Leaves : - Leaves
CRiver Birch . - 0.594 * 0.628 *
-Paper. Birch 1' . , A, 0.638 * .A 0.454 *-
European White Birch :- ©0.120 . -0.199
‘Sweet Birch S 0.171 . - C 0.176

ZCorrelat'ions dérived from 32 injury values and pre-exposure
conductance values recorded over 16 weeks. Values for European
white birch were derived from 24 values recorded over 12 weeks.

* _ '
Indicates significant r value, p = .0l.
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a clear plastic éovgring on a greenhouse‘bench until germinapion._
Approximately 12 wks‘following seed germingtion, 120 individuals of each
spécies of dnifofm developﬁent were transplan#ed;Aone pef cell, into Bali
cell placks containing a 2:1 pea;:perlite~ﬁixture. Appfoximately 3 wks
" after traﬁsplantiﬁg; each plant rgceived 2 g of sldw—release 14-14-14
(N—P—K) fertilizer. The transplantéd see&linés were sﬁbseqﬁéntly grown
for lQ additional wks in the greenhouse with natural daylight supplemented
'with fiﬁbrescént lighting_of 6.4 klux intensigy applied for l6.h:sAeach
déy, beginniﬁg ét‘0606 houré. Mélathion‘was appliédqﬁeekly go confrol
white flieg. | |

. Apprqximately 26 weeks, after germinafion, theAplﬁnfs were acclimaped
by mOVing‘theﬁ from the'greeﬁhouse into the exposure chambep at least 18
hr Sefore each exposure. The seédlings were exposed to 0.3, Q.6, 0.9, ér

1.2 ppﬁ SO, at 25 C and 75% RH, for 1, 2, 3, or 4 hr. Leaf conductance

2
measurements of 10 pléﬁts; (8 plants for yéllo@ birch)‘were téken at408bb,
0900, and 1600 hours, prior.to exposure to SO2 (baéeline measurements).
Exposure were initiated.at 1030 hours. Measurements were taken immediafely
followingbl, 2, 3 and 4 hr of exposure. Each éxposure was repeated twice.
Unless otherwise staged, all measﬁrements of conductance were made on the A
abaxial surface of the fifth leaf'from the planﬁ}apex. The measurement
‘was.taken on the Qidest‘part of the lamina, between the margin and the mid-
rib. ASeventy—two hours after exposure, the ﬁercentagé of leaf tissue
‘injured by 802 was rated Visqaliy. Tolfacilitate‘interpfetation of.the
data, a median baseline conductance rate for eacﬁ treatmentAwas compared

to a median value obtained either 1, 2, 3, or 4 hrs after exposure to SOZT
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Results - -

European White Birch. After 1 and 2 hrs exposure to 0.3 ppm SQZ’ the

median conductance rate of Eurobean White Birch increased 213 and 827,
respectively,'compared.fo the baéeline.median.b After 3 and 4 hrs
expééure,decreasesAin Ehe median conductance rafes of 62 and 71% were
apparent (fable 6). |
Exposuré to 0;6‘ppm‘502'résulted in a 5% increase in conductangebafter
2 hr exposure and a 2% decrgase in conductance after 3 hr exposure. After
4 hr éxposure, however, tﬁe condﬁctance raté decregsed,SlZ compared to
' the'pre—exposﬁre baseline.
Decreases in conductance rates were also apparent after exposure
to 0.9 and 1.2 ppm SOZ' »Exposure to 0.9 ppﬁ SO2 decreased conductance
rates by 38, 56, 40, and 397 after 1, 2, 3, and 4 hr éxposure, respectiVel?.
Expogure to 1.2 ppm SOz,induced more pronounced decreases in copductanée_
than brevious éxposures. Reductions of 58, 43, 56;‘and'75% were observed
after 1, 2, 3? and 4 hr exposure, respectively, to 1.2 ppm SOZ'
‘Seveﬁty—two hr afté; exposure; visible folia; injury occurred aftér

the following exposures to 802: 0.6 ppm for 4 hr, 0.9 ppm for 2 hr; and

1.2 ppm for 2 hr (Table 7).

'Gray Birch. Unlike European white birch, the conductance rate of
gray birch seediings did not increase follqwing exposure to 0.3 ppm SOZ'
Décreases in condug;ance rates of 22, 39, 12, and 52%, when compared.to
the baseline, occurred after the 1, 2, 3, and 4 hr exposures, respectively

~(Table 8).

>



‘Table 6. Median conductance (cm sec-l) values for foliage of European white birch seedlings
prior to exposure to various doses of SO, and the percent change in conductance
after 1, .2, 3 and 4 hrs exposure to 0.3, 0.6, 0.9, or 1.2 ppm SO,.

Cone. Hts'of Exposur
Date of S0, Baseline . : posure
Exposure (ppm) Median i o1 - 2 . 3 4
' % Change
5-5, 5-6-78 0.3 1.83" +213™7 +82 -2 -7l
5-9, 5-10-78 0.6 3.70. : . +5 - -2 = .-51
5-16, 5-17-78 0.9 2.11 | - 38 -56 -40, . -39 =
1.2 - 0.53 ‘ - 58 . =43 =56 -75 - | "

4-14, 4-15-78

All baseline medians were derived from conductance measurements taken on 3 random samples
of 10 plants, at 0800, 0900 and 1000 hours,repeated 2 tlmes, for a total of 60 measurements.

¥All treatment values were derived from conductance measurements taken on 10 different plants

at 1130, 1230,
" for a total of

YPercent change
-,100)—100].

z . .
*%* Indicates no reading.

1330 and 1430 hours, after 1, 2, 3, or 4 hr exposure to SO2, repeated twice,
20 measurements at each dose. :

= [((median treatment conductance rate * median baseline‘conductance rate) x



Table 7.

Average percent plants, leaves, and leaf-area injured of European white birch and

gray birch seedlings following exposure to various doses of SO

2.(
European White Birch Gray Birch
‘ % Leaf Area -% Leaf Area
_ , Z Injured on 4 Z Injured on
Concentration/ Plants Leaves Symptomatic " Plants Leaves Symptomatic -
Time Injured  Injured ' Injured ‘Injured " Leaves .
0.6 ppm '
4 hr 35 12. 11. 0 0 0
0.9 ppm
2 hr 5 5. 10. 0 0 0
3 hr 30 14. 19. 5 45.4 80
4 hr 60 14. 7. 25 17.3 5.4
1.2 ppm .
2 hr 5 13. 1. 0 0 0
3 hr 20 19. 13. 10 17.7 1.0
4 hr 35 26. 39. 15 10.3 1.0

S¢C



Table 8. Median conductance (cm. sec—l) values for foliage of gray birch seedlings prior to
) exposure to various doses of S0;, and the percent change, in conductance after
1, 2, 3, and 4 hrs -exposure to either 0.3, 0 6, 0.9, or.1.2 ppm SO,.

. » Conc. - . ‘ ‘ % Hrs of Exposure
Date of - S0, Baseline ' o .
Exposure (ppm) Median. 1 2 3 4
_ _ %-Chénge'-

) 5-2, 5-3-78 0.3 - 0.70" - 22" -39 - -12 -52
5-9, 5-10-78 . 0.6 . 2.26 4248 ek +35. . -33
5-16, 5-17-78 . 0.9 - 1.49 : S0 -33 | -51 -63
4-18, 4-~19-78 1.2 0.37 ' . -50 . -58, -65 -63

| : ‘ .
| . YAll baseline medians were derived from conductance measurements taken on 3 random samples
of 10 plants, at 0800 0900, and 1000 hours, repeated 2 times, for.a total of 60
' measurements.

¥All treatment values were derived from conductance measurements taken on 10 plants at
1130, 1230, and 1430 hours, after’ l 2, 3, and 4 hr exposure to SOZ’ repeated 2 times,

for a total of 20 measurements.

YPercent change = [((median treatment conductance rate + median baseline conductance rate) x
100)-100]. '

z X .
*% Tndicates no reading.

9¢
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Ingreasgs in the cbn&uctance rate of gra& birch séedlings were
apparent after e#posure to 0.6 ppm SO2 for 1 and 3 hr. Affer.l hr exposure
the conductance rate incréased 248% compared tb the baseline, and, after .
3‘hr, the conductance rate increased 35%; a 4 hr exposure reduced the
conductance rate by 337%. |

One hr exposure to 0.9 ppm SO, resulted in no noticeable change in

2
conductance rate of the<gray’birch seedlings. Continued exposure for Z,A‘
3, and 4 hr was charac#erized'bf a steady decline in conductance fates
from 33 to 63% Qf'tﬁe_baseiing median coﬁductance‘rate.

Ag the i.Z Ppm SQZ'concentrafion, examinatiﬁn of'theAéonductance
rate after 1 hr revealed 50% decrease in conductance whén compared té

the baseline median. Continued exposure resulted in decreased rates of

58, 65, andv63% after 2, 3, and 4 hr, respectively.

Yellow Birch. Yellow birch seedlings displayed increases in

stomatal cénductance of 24 and 90% after exposure to 0.3 ppm SO2 for
1 and 2 hr.respectively'(Table 9)}. Additional exposuré for 3 and 4 hr
resulted in a net decrease in conductance of 65 and 487, respéctiveiy.
E#posure'of yellow birch seedlings to 0.6, 0.9, and 1.2 ppm SOZV
for llhr were fqllqwed by,feduced conductance rates of 33 §0'38%'when
compared to the béseline median. After 2 hr exposure to 0.6, 0.9, and
1.2 ppm SO,, conductance rates continued to decline until, after 4'hr,
‘net decreases in conductancé rates were 58, 63Aand 58%, respectively.
In summary, there was too much variation in the data to make

definite conclusions in this area. However, we feel stomatal conductance

iﬁcreases following exposure to relatively low‘SO2 concentrations and



Median conductance (cm sec

Table 9. ) values for follage of yellow birch seedlings prlor
to exposure to various doses of SO0,, and the percent change in conductance after
1, 2, 3, and 4 hrs exposure to either 0.3, O. 6_ 0.9, or 1.2 ppm SO;.
Conc. A Hrs of Exposure
Date of SO2 Baseline )
Exposure (ppm) Median 1 2 3 4
. ' % Change . 4
5-5, 5-6-78 0.3 1.34% +247% +90 -65 -48
5-12, 5-13-78 0.6 »0.52 -33 -45 -43 -58
5-19, 5-20-78 0.9 0.78 -38 -42 -47 -63
"4-18, 4-19-78 .1.2 0.14 -35 -23 -37

-58

xAll baseline medians were derived from conductance measurements taken on 3 random samples
‘of 10 plants, at 0800 0900, and 1000 hours, repeated 2 times, for a total of 60

mea surements.

Ya11 treatment values were derived'from conductance measurements taken on 10 plants at 1130,
1230, 1330, and 1430 hours, after 1, 2, 3, and 4 hr exposure to SOz,'repeated 2 times, for

a total of 20 measurements of each dose

ZPercent change

-x 100)-100].

[ ((median treatment conductance rate : median baseline conductance rate)

8¢
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decreases in response to higher concentrations. We plen,to repeat_this
study dﬁring the fall of 1978 and winter of 1978-1979. 'Based on our
findingé in this study, we should be able to. reduce the variation in the

data considerably.

E. The influence of exposure temperature on plant response'to mixtures

of 802 and ozone. Exposure temperature has proven to be a major factor

. influencing piant response to'individual air poliutanté. We have recently

determined the influence of temﬁerature on plant response‘to SOZ. Tempera;
'tufe wili likely be an impqrtant input variable in-oﬁr model, pr
exposure temperature may -affect plant response'tg-a pollutant mixture has
not been reported. The objective of this study was to evaluate the

influence of exposure temperéture on the intensity and character 6f the

macroscopic foliar response of pinto bean (Phaseolus vulgaris L. 'Pinto

111') to a mi#ture_of 502 and ozone. This plant species was chosen as a

model plant based on its known susceptibility to'beth'pollutants and its

-ease of culture.’

Pinto bean seeds wereAgerminated in trays of vermiculite within
controlled envirqnmeet chembers maintained at 24 C and‘75% RH. Two.days
fdllowing cotyledon emergenee,'seedlipgs of uniform developmentAwere
transplaﬁted, one per pot, into 950 cc plastic poté containing a 1:1:1
(v/v) peat:perlite:soil mixtﬁre. The transplanted seedlingsAwere grown
for 5 days in eontrolled environment chambe;s at the aforementioned
conditions; with a lZ-hr._photoperiod of 25 klux beginning at 0600 hours.
The plents were fertilized eve;y other day with one-half stredgth water
soluble fertilizer (N20-P19-K18).

Plants were‘exposed for 3 consecutive hours to either 0.8 ppm

(2090 ug/m3 @ 24 C) SO, alone, 0.25 ppm (490 ug/m3 @ 24 C) 03'alone,

2

3‘énd'802 at the aforementioned concentrations at
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.exposure temperatures of 15, 24, or 32 C and 75% RH. Two sets of 15 plants

each were expoéed to either 0.8 ppm SO, or 0.25 ppm O, at each exposure

2 3

temperature. Six sets of 15 plants each were exposed to the combined

. pollutants at each exposure témperature. This design resulted in a total

of 90 plants exposed to O aloné, and 270"

3 2

plants exposed to the mixture of the pollutants. Ozone concentration was

alone, 90 plants exposed to SO

monitored continuously during the exposures with a chemiluminescent O3

monitor'calibrated.using the 17 bufféred,KI technique. Sulfur dioxide was
monitored continuously uéing a pulsed fiuorescent 802 analyzer calibrated

with SO, permeation tubes.

2

Following exposure, the plants were placed in a controlled environ-

' ment- chamber operating at the previously described pre-exposure conditions.

Three to 5 days later,.thq percentage of visible foiia:‘injury was eétimated
on_the adaxial and abaxial surféées of the unifoliolate leaves using a 0 to
100% scale in 107 incrementé with values of 1, -5, 95, and 99% includea at
the exfremes. The arcsiq of the.squére root transformagion was performéd,
on the data to equalize ﬁhe variances. An'analysis of variance (AOV) was

perfdrmed‘on the transformed data for the adaxial and abaxial leaf surfaces

respectively. The adaxial and abaxial treatment means were averaged to

determine treatment means for the combined leaf surfaces. ~An AOV was also
performed on these values. The statistical significance of differences

between. treatment means was determined using Fischer's Least Significant

‘Difference Test, p = 0.05. The interaétiqn of the cdmbined pollutants

was evaluated statistically by contrast analysis.
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. ) " RESULTS ’

Foliage injurgd by.O3 éléne exhibited an interveinal, chlorotic
stipplé on the adaxial leaf surfacg.' In addition, a less prevalent
reddish—brown,»iﬁterveinai stipple on the adaxial leaflsurfa;e was also
induced. Leaves on plants exposed to SO2 alone developed a light tan,
interveinal and/or marginal Bifacial necrosis. At 32 C, leaves exposed .
to'SO‘ and O exhibited'injury resembliﬁg that elicited by fhe iatter

2 3

gas; at 15 C, SO

z‘type-symptoms predominated. Both symptom-types were

apparent at 24 C. - Expoéune to the‘combined pollgtaﬁts resulted in two
distinct aba%ial sympfdm—typés. 4The first andlmost prevalent was a tan
intérveinal ngcrosis assoéiated with bifacial injury inducgd‘by SOZ'
The second éyﬁptom—type occurred in conjunction with the first and
consisted of a glazing or silvering of the abaxial leaf surface.  The
la;ter symptom—tipe 6ccurred more often following exposures at.15 and
24 C, than at 32 C.

Foliar sensitivity to the individual pollutants was signifiéantly
gteatef at the extreme expésure températures of 15 and 32 C, thaﬁ at 24 C
(Table 10). Foliar sensitivity to 03 alone was greatest at 15 C, whereas
foliar sensitivity to SO2 alone was greatest at 32 C. The combined
" pollutants caﬁsed significantly greater injury on the adaxial leaf
- "surface at 15Cvthan‘at 24 or 32 C. Injury levels at the latter two
temperatﬁrés were néf significantly different f;om each other. Exposure
to the combined pollutants caused significantly gfeéter injury on the
abaxial leaf surface at 15 C than at. 24 C, which in turn was significantly
greater than that induced at 32 C’(Table‘ll). The combined pollutants
caused significantlylgreater injury to the combined leaf surfacesiat 15 C
than at 24 or 32 C kTable 12). 1Injury 1evels'aﬁ the latter two temperatures

were not significantly different from each other.-
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Table 10. Visual evaluation of the percentages of foliar injury on the

adaxial surface of binto'bean unifoliolate leaves induced by 3-hr exposures

‘to either 0.25 ppm (490 ug/ﬁ; @ 24C) 03, 0.8 ppm (2090 ug/m3 @ 24C) SO, or

2
the two pollutants combined at these éoncentrations at exposure temperatures

- of 15, 24, or 32 C.

Temp (C)
Pollutant . 15 24T ) U
. ‘ i w x ‘ ) N
0, ~ 53.5%a" 11.5 b L 45.1 ¢
o oo - , |
.80, , 32.2%a 0.0 b 39.9 ¢
0,450, - - 70.7% - 44.3 b 45.9 b
LEss® ~ MORE” LESS®
Response THAN =~ . : THAN THAN
ADDITIVE ADDITIVE ADDITIVE

YThe mean of the percentage of visible foliar injury based on 15 plénts per

" exposure and two repetitions of the exposure.
x .

. Méans followed by different letters in a row are significantly different

‘at . P = 0.05.

YThe mean of the percentage of visible foliar injury based on 15 plants per
- exposure and 6 repetitions of the esposure. ‘ '

z

. “LESS THAN ADDITIVE = sum of the % injury induced by each pollutant alone
" was statistically less (P = 0.05) than the sum of % injury induced by the

~ combined pollutants.

MORE THAN ADDITIVE = sumvdf %4injury induced by each pollutant alone was
" statistically more (P = 0.05) than the sum of % injdry induced by the

combined pollutants.
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Table 11. Visual'eveluation of,the percentages of foliar injury on the abaxial
surface of pinto bean unifoliolate leaves induced by 3-hr exposures to either

0.25 ppm (49Q~ug/m3 @ 24C) 0,, 0.8 ppm4(2090 ug/m3 @ 24C) SO, or the two

3 2
pollutants combined at these concentrations at exposure temperatures of 15, 24,
or 32C. - A
"Temp (C)
~ Pollutant - 15 24 32
. ’ w X ) .
03 : 0.0 a 0.0 a - 0.0 a
. . . w
so, . 32.2°a , . 0.0 b - 39.9 ¢
0,+50, g . 88.5%a ' 31.6 b 14.6 ¢
MORE” MORE” . 1ESS?
Response ‘ THAN . THAN THAN
ADDITIVE ADDITIVE ADDITIVE

The mean of the percentage of visible follar 1njury based on 15 plants per
exposure and two repetitions of the exposure.
*Means followed by different letters in a row are significantly different at
. P = 0.05. é
YThe mean of the percentage of visible foliar injury based on 15 plants per
exposure and 6 repetitions of the. exposure

zLESS‘THAN ADDITIVE = eum“of the % injury induced by each pollutant alone
was statistically less (P = 0.05) than the sum-of % injury induced by the
combined pollutants. - ‘ ' o ’ ‘ o

MORE THANAADDITIVE = sum of % injury induced by each pollutant alone was

statistically more (P =.O;05)_than the sum of % injury induced by the

combined pollutants. . g
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Table 12. Visual eyaiuation of the percentages of foliar injury on the
combined leaf surféces éf pinto bean unifoliolate leaves indﬁZed by 3—h£
exposures'to either 0.25 ppm (490 ug/m3 @ 240) 03, 0.8 ppm (2090 ug/m3 @
24C) SO, or the two pollutants combined at these concentrations at expésure

2
temperatures of 15, 24, or 32C.

Temp (C)
Pollutant 15 24 : ' 32
o, 26.8%aY . 5.8 a ' 22.6 a
so, . . 32.2.a 0.0 b - 39.9a
0,+50, 79.6-a 37.9 b 30.3 b
MORE? MORE - LEss®
Response THAN THAN THAN

ADDITIVE ADDITIVE ' ADDITIVE

XThe average of the means of the percentage of visible foliar injury for :
Boﬁh the adéxial and abaxial leaf surfaces.

YMeans followed by differeht letters in a row are significantly different
at P = 0;05.

,ZLESS THAN ADDiTIVE = sum of the % injury induced by each pollutant alone
was statistiéally less (P = 0.055 than the sum of % injury induced by the
combined pollutants.

MORE' THAN ADDITIVE = sum of % injury induced by each pollutant alone'was
statistically more (P-= 0.05) than the sum of % injury induced by the
combined pollutants.
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fhg adaxial leaf su;face response to the combined *pollutants was
"antagonistic (iess'fhan additive).at 15 and 32 C and synergistic (more
:thap additivé)~at 24 C. The abaxial leaf surface response and the
combined 1gaf surfa¢e response were synérgistic at 15 and 24 C and

~antag6nistic at 32 C.

III. Additional Investigations to be Conducted

'The simulator for predicting ground level SO, concentrations will be

2
verified more thoroughly épd analyzed for its sensitivity to each inpdt
parameter. Vaiidation of the 802 simulator will include data analysis of
simulated values and concentrations monitored under actual field conditions.

The data for the individual studies presented iﬁ Section II must be
fufthef anélyzed, compared with existing literature reports, and integ:ated
with. the results of previously conducted studies. It will be necessary to
repeat those portions of the studies reported herein which exhibit much
variation in the reéorded'data. Replication of these studies may either
reduce theAvariation’or identify additional variables which may have an
- effect on the systems response.

We are currently initiating studies to obtain the required data'to
model the influence of soil moisture on plant susceptibility. The
controiled moisture levels will rénge from field capacity to the permanent
wilting point. The intensity and severity of symptom development will be
associated with the corresponding soil water potentials.

The influence of light intensity on plant susceptibility.and symptom
development must also be considered in future investigations.

Data obtained from the gompleted phases of this investigation and
tﬁose studies ment}oned above will Be analyzed and appropriate simulation

models utilized to estimate probable vegetation alteration due to air

pollﬁtion.‘



CAES Publications .

ATR POLLUTION TITLES 44 a guide to cwuent airn pollution Literature and
useful as a netrospective seanching tool. This publication wses
a computern-produced, Keywonrd-in-Context (KWIC) format to provide a
sunvey of ain pollution Literature. Perntinent titles are selected
from oven 1000 jowwnals each year.

Subscaiptions to Al Pollution Titles are available on a Januanry -
Decembenr subsenipZion basis. The s4ix bi-monthly issues are pub-
Lished as follows: No. 1, Januany - Februany; No. 2, March - Apadl;
No. 3, May - June; No. 4, July. - August; No. 5, September - October;
and No. 6, which is the cummulative Lissue forn the year and includes
the Novemben - December citations. In addition to Ain Pollution
Titles subscriptions, cummulative issues for past years are available.

A GUIDE TO AIR POLLUTION RESEARCH (PHS) Pubf. No. 9&1) was prepared 4in
7969 by the Cenfern forn Aln Envionment Studies under contract to the
National Ain Pollution Contrnol Administration of the United States
Public Health Service. 1t is avallable from the Superintendent o4
Documents of the Govermment Printing Office, Washington, D. C. 2040Z.
The 1972 edition of the Guide was prepared by the Centern under con-
thact to the Office of ATL Programs of the Environmental Protection:
Agency and 45 also available from the Superintendent of Documents.

HANDBOOK OF EEFECTS ASSESSMENT: VEGETATION DAMAGE was published in 1969.
1€ describes <in detail the many varlous sowrces of pollution and the
effect of these pollutants on vegetation. Included are color slides
depicting the characteristic symptoms of plant damage. This publica--
tion 48 available through the Centern forn Airn Environment Studies. (

The Information Services of the Centern for Ain Envinonment Studies
publishes anticles, theses, conference and meeting proceedings, and reports
by faculty and stadd members of the Centern fon distribution to colleagues

‘in the field. Lists of all CAES publications are available upon request.
Write to: Information Services, Centern fon Ain Environment Studies, 226
Fenske Laboratony, The Pennsylvania State Universdity, University Pank,
Pennsylvania 168012.
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