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FIELD STUDIES OF PINE, SPRUCE AND ASPEN 

PERIODICALLY SUBJECTED TO SULFUR GAS EMISSIONS 

A. H. LEGGE, Environmental Sciences Centre (Kananaskis), The 
Universi ty of  Calgary, Alberta;  R. G. AMUNDSON, Department of  
Botany, Universi ty of WAshington, S e a t t l e ;  D. R. JAQUES, 
Environmental Sciences Centre (Kananaskis), The Universi ty of  
Calgary, Alberta;  and R. B. WALKER, Department of Botany, 
Universi ty of  Washington, S e a t t l e .  

ABSTRACT 

F ie ld  s t u d i e s  of  photosynthesis  i n  Pinus contorta/Pinus 
banksiana (lodgpole pine/jack p ine )  hybrids,  Picea glauca 
(white spruce) and Populus tremuloides (aspen) subjected t o  
SO2 and H2S from a nearby na tu ra l  gas processing p l a n t  were 
i n i t i a t e d  near  Whitecourt, Alber ta ,  Canada during the  
summer of 1974. The s i t e  was charac ter ized  a s  a Pinus- 
Picea glauca/Arctostaphylos uva-ursi a s soc ia t ion  (pine-white 
sprucee/bearberry). A 15 meter high sca f fo ld  was used a s  
access t o  mid-crown fo l i age  i n  the  p ines  while t h e  spruce 
and aspen were access ib le  from the  ground. Net a s s imi la t ion  
r a t e s ,  t r a n s p i r a t i o n  r a t e s  and l ea f  r e s i s t ances  were 
ca lcu la ted  and water d e f i c i t s  were monitored. Photosynthet ic  
r a t e s  measured were i n  a low range f o r  the  con i fe r s  s tudied ,  
with pine having a maximum of 3.28 mg dm-2 hr'l and white 
spruce a maximum value of  2.3 mg dm-2 h r - l .  The low maximum 
photosynthet ic  r a t e  determined f o r  aspen i s  thought t o  be 
a t t r i b u t a b l e  t o  the  onset  of  autumn. Chemical analyses f o r  
SO4-sulfur using the  methylene blue color imetr ic  method of 
Johnson and Nishi ta  (1952) showed l e v e l s  of  300-700 ppm, 
with the  o lde r  fo l i age  showing s l i g h t l y  higher values.  
Vis ib le  chronic SO2 symptoms had a pronounced sun, o r  upward, 
o r i e n t a t i o n .  Ambient SO2, H2S and t o t a l  S were measured 
using 2 Tracor 270HA Atmospheric Su l fu r  Analyzer (chromato- 
graphic method) and t r ends  i n  ambient SO2 concentrat ions 
using an Envirometrics SO2 Analyzer (polarographic method). 
Concentration was found t o  be va r i ab le  f o r  SO2 and genera l ly  
below 0.05 ppm. A concentrat ion g rad ien t  of  SO2 was found t o  
e x i s t  i n  the  lodgepole pine/jack p ine  stand with the  SO2 
values above the  canopy genera l ly  higher than below the  canopy 
(0.1 ppm above and 0.05 ppm below). This condit ion was 
occasionally reversed. The p l a n t  canopy i s  considered t o  a c t  
a s  a b a r r i e r  t o  downward d i f fus ion  o f  the  s u l f u r  emissions i n  
the  f i r s t  case  and a l s o  a b a r r i e r  t o  upward d i f fus ion  of s u l f u r  



emissions present due to advection in the stand in the second 
case. The vegetative environment surrounding the Windfall Gas 
Plant is definitely affected by sulfur gas emissions but the 
extent remains to' be determined. 

INTRODUCTION 

Specific damage and even elimination of plant species from areas 
exposed to sulfur gas emissions such as SO2 have often been 
documented (Scheffer and Hedgecock, 1955; Bowen, 1965; Westman, 1974; 
Skorepa and Vitt, 1975). Air quality sampling trailers are used 
extensively today to monitor air pollutants. It is difficult if not 
impossible, however, to estimate "damage" or impact from air pollu- 
tants upon vegetation without a knowledge of the many environmental 
variables, in addition to pollutant dose, that can modify plant 
response. An extensive research effort is needed to determine the 
short term and long term effects of high and low concentrations of 
sulfur gas emissions on vegetation in the field. 

The main objective of this study was to begin answering specific 
questions about the effects of sulfur gas emissions on several 
dominant plant species periodically exposed to a point source in the 
field: 

(1) What is the nature of the plant communities surrounding 
the point source emission? 

(2 )  What is the ecophysiological status of several dominant plant 
species Pinus contorta/Pinus banksiana (lodgepole pine/ j ack pine) , 
Picea glauca (white spruce) and Populus tremuloides (aspen) under "as 
it is" field conditions? 

( 3 )  What is the nature and composition of the ambient atmosphere 
in terms of SO2 and H2S using the methods of gas chromatography and 
polarography? 

The experimental site is located approximately one-half mile east of 
the AMOCO Windfall Gas Plant in the Whitecourt area of the sour gas 
corridor of western Alberta and is shown in plate 1 and plate 2. This 
area was chosen for study for several important reasons: 

(1) presence on the vegetation of classic symptoms indicating 
stress from sulfur gas emissions; 

(2) extensive background data already available for the area; 



Plate  1.. False col.or i.nfrrtrcc1 aerial.  photoyraph 
r;howi.ng spzttl.al relationshi.]? between experimental. 
eco~>l~ysi.o:loyi.cal. t e s t  s i t e  on srtnci ciur'tt? (A) and the 
AMOCO Wi.nclfa1l. Gas Pl.ant: ( I f ) .  The study area i.s 
c a s t  of the gas p lan t .  The a f f c c i : ~  of the 1.956 f i r e  
a re  rcac1i.l.y i.cicnti.finblc hy the patchwork nature of 
the vegetation. 
Scale : 1 : 30,000 
Irnagery supp.2j.cd by :ENTRIM 15nvironmental Consultants 

YJtd . 

( 3 )  si.rnil.arity i n  p lant  speci.es composi.ti.sn between t h i s  s i t e  
and s imilar  areas i n  the region of the Athabasca Tar Sands, thus 
making the data generated t ransferrahlc;  

( 4 )  ava i l ab i l i t y  of l i ne  power; and 

( 5 )  cxcal.lenk c:oopcratior~ with the yi16 processing industry via  
tho Whitecourt: Environmental. Sturly Group ~nernber con~panies. 

Sincc the study area i s  located near the Windfal1 Gas Plant ,  i t  must 
bc rementbered t h a t  the primary point  sources were the f l a r e  s tacks  
ra ther  that1 the incinerator st:acks. 



Plate  2.  Aerial. col.or oblic~ue showing rel.ationship 
between experjmental ecophysioJogical t e s t  s i t e  ( A ) ,  
instruinent t r a i l e r ,  i S  rncter access tower t o  mid- 
crown foliage of lodyepole pine/-jack pine hybrids i n  
the foregrounci nncl t-.he AMOCO W.i.nclfal.l. Gas I?lant (13) 
i n  the background and to  the west. The recl ancl w h i t e  
s t r iped incinerator stacks a re  indi.cated by (1) and 
the fl.are stacks by ( 2 )  . Note the undulati.ng nature 

of the topography. 

SI'I'X.: Cl,ASSSlt"ECATION AND DESCIIIP'I'ION 

The vccjetation of the Pihitccourt, Albcrta area J !; incl.uclec1 i-n thc 
"predort\inantl.y f orest " subrec~ion of the S3orcal Yorest ltecji.on of Canada 
by 1Iall.iclay (1937 )  . 17or.re (3.972) has  further stzhclivjdcd the noreal 
Forest Region into 45 d i s t inc t  yeoqraphic arcas with the PJhj tecourt 
arca located in  the Lower Foothills  area (R.l.9a). T h i s  area i s  char- 
acterized as  a t rans i t ion  Forest area bei,weon the Boreal and the 
Subalpine Forest lieqions . The transitional. nature of the vcgetati on 
is  emnphasized by the fac t  that, two cornmon species of t rees  occurring 
i n  the arca are  actually represented by populations OF hybri.cl 
individual s bctween XJinus cont.ort:~i and Pinus hanksinnci vrhi Lc the t rue 
f i r  in the arca represents hybrids between nbics lasiocarpa and Abjrs 
ba2snmen. 



V a r i a b i . l i t y  i n  n a t u r a l  p l a n t  comnluni.C:ics i.n t h e  Wh2.tecour.t: a r e a  
i n  t h e  v i c i n i t y  o f  t h c  Windfa l l  Gas P l a n t  i s  n a t u r a l l y  cor~lplex,  b u t  
t h i s  complexi ty  h a s  been i n t e n s i f i e d  due  t o  p a s t  d i s t u r b a n c e  o f  t h e  
area by f i r e  i n  1.956 and by sei .smic expl.orati.on. The sutxiucci utldulatirrg 
topography a l s o  c o n t r i . b u t c s  t o  gradual.  environrncnta3. g r a d i e n t s  causi.ng 
s u b t l e  v a r i a t i o n  i n  community cornposit ion and s t ruc t :u re  front locat:i.on 
t o  l o c a t i o n  ( p l a t e  2 ) .  Two c1ist:inct sites o f f e r  f a i r l y  urxi.forrn and  
r e p e a t a b l e  h a h i . t a t s  f o r  v e g e t a t i v e  community clcvelopntent. These a r c  
we l l -d ra ined  vegctatecl  sand dune si tes and m o i s t  bogs .  Thesc two 
si tes e x h i b i t  p l a n t  communities t h a t  a r c  remarkably uniform and r e p e a t  
themselves  cons i s ten t1 .y  a c r o s s  t h e  1.anclscape. Only t h e  sand dune s i t e ,  
one-half  mi1.e c a s t  o f  t:hc AMOCO Windfal.1. Gas X31.ant, wj.3.1 b e  ciescri.bed 
i n  c l e t a i l  s i n c e  it w a s  t h e  l o c a t i o n  o f  t h e  ccopl.tysiol.ogicaI i111iiI.ysis 
dur i r lg  t h e  l a t e  sllinnlcr of 197.1 ( p l a t e  3 ) .  

I?l.a%e 3 .  Exper imental  t e s t  siC:e one-ha l f  n1il.e e a s t  o f  
t h e  AMOCO Windfa l l  Gas P l a n t  showing t h e  mature  s t a n d  
o f  Pinus  contori:a/P.inus bn~?ks.inna hybrid:; w i t h  1.5 nteter 
a c c e s s  tower  s c a f  foldi .ng and inc;trunlent t r a i l e r .  Note 
t h e  open n a t u r e  o f  t h e  s t a n d  and t h e  domi.nancc o f  t h e  

p i n e .  

The p l a n t  a s s o c i a t i o n  o c c u r r i n g  on t h i s  sand dune s i te  h a s  been 
characterized f o l l o w i n g  s t a n d a r d  p h y t o s o c i o t o g i c a l  t e c h n i y u e s  
(Daubenmire, $968) .  Tab le  l shows t h e  o v e r s t o r y  ancl u n d e r s t o r y  i n  
t h i s  s i n g l e - l a y e r c d ,  even-aged s t a n d .  P i n e  and s p r u c e  r e p r o d u c t i o n  
are b o t h  moderate ly  Xi-ght, and s i n c e  t h e  p i n c  is c1earI.y dominating 
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sites in North America and these range from highs of 145 m2/ha to lows 
of 56 m2/ha (Daubenmire, 1968; Whittaker, 1956) . Daubenmire (1968) has 
also shown basal area to be closely correlated with ecological site 
classification. When sites are carefully chosen based upon homogeneity 
of vegetation composition and structure, this close relationship is 
apparent. Not only does total productivity vary according to 
ecological units of vegetation classification but also individual 
species vary in productivity fro,m site to site. This concept is 
illustrated utilizing lodgepole pine/jack pine from the Windfall area. 

Figur& 1 shows the annual increment in basal area production for 

YEAR OF GROWTH 

l,,,01;55, ?8:5 18:5 , 19;s 19:s , 19:s , 19:4 , 
Figure 1. Hybrid lodgepole 
pine/jack pine annual basal area 
increment of growth in the Pinus- 
Picea/drc tos taph ylos uva -ursi 
(pine-spruce/bearberry) plant 
association on the experimental 
sand dune site. Note the fluc- 
tuation around a long term basal 

area increment average. 

O 1 17 37 57 77 97 117 
AGE (years) 

pine at the experimental dune site where it is a dominant part of the 
overstory. Figure 2 shows the same annual increment in basal area for 
pine in a Picea mariana/Ledum-Sphagnum (black spruce/Labrador tea- 
sphagnum) bog site adjacent to the sand dune site where the pine is 
only occasional in its occurrence. The growth increments are 
significantly different at the 0.1 per cent level of probability 
(average annual increment = 620 mm2/year for the tree in figure 1 and 
272 mm2/year for the tree in figure 2). Although the sample size is 
too small to say that this relationship holds throughout both plant 
associations, it is thought that both trees studied represent the 



YEAR O F  GROWTH 
1945 1950 1955 1960 1965 1970 1974 

600 r I I I I I I I 

AGE (years) 

Figure 2 .  Hybrid lodgepole pine/jack p ine  annual 
basa l  a rea  increment o f  growth i n  Picea mariana/ 
Ledum-Sphagnum (black spruce/Labrador tea-sphagnum) 
bog p l a n t  a s soc ia t ion ,  adjacent  t o  Pinus-Picea/ 
Arctostaphylos uva-ursi (p ine-sprucehearberry)  
sand dune p l a n t  a s soc ia t ion .  Pine only r a r e l y  occurs 
i n  t h i s  black spruce p l a n t  associa t ion .  
I n  c o n t r a s t  t o  t h e  p ine  i l l u s t r a t e d  i n  f i g u r e  1, 
produc t iv i ty  a s  measured by basa l  a rea  increment i s  
less than h a l f  t h a t  of t h e  p ine  growing i n  the  sand 
dune s i t e .  The pronounced decrease i n  basa l  a rea  
increment a f t e r  1965 is  probably due t o  unfavorable 
moisture condit ions (excess water)  r a t h e r  than the  

presence of s u l f u r  gas emissions. 

common p a t t e r n  of  growth f o r  p ine  i n  each p l a n t  a s soc ia t ion .  

Within the  black spruce bog a r e  small mounds which support some 
pine and blueberry (Vaccinium myr t i l lo ides ) .  These microtopographic 
rises a r e  b e t t e r  drained than the  black spruce bog i t s e l f .  A s  a 
consequence p ine  growth more c lose ly  approximates t h a t  on t h e  dune 
s i t e  ( a s  shown when f i g u r e  3 i s  compared t o  f igure  1). Average 
annual increment f o r  the  p ine  i n  f i g u r e  3 is  700 mm2/year while t h a t  
f o r  the  t r e e  i n  f i g u r e  1 i s  620 mm2/~ear (no s i g n i f i c a n t  d i f f e rence  i n  
growth de tec ted) .  

Another f a c t o r  of l a r g e  importance when comparisons o f  growth 
before and a f t e r  some ou t s ide  influence o r  stress is placed on a p l a n t  
is t h e  n a t u r a l  change i n  growth p a t t e r n s  throughout the  l i f e  span of  
any given p lan t .  N e t  photosynthet ic  r a t e s  a s  we l l  as the  amount of  
photosynthate u t i l i z e d  i n  cons t ruct ion  of woody t i s s u e s  i n  con i fe r s  
w i l l  vary with the  age of  the  p l a n t ,  time of year  and environmental 
f a c t o r s .  This f a c t  i s  i l l u s t r a t e d  i n  f i g u r e  1 by comparing t h e  f i r s t  
few years  o f   growth. A rapid  increase  i n  b a s a l  a rea  increment f o r  



YEAR OF GROWTH 
1945 1950 1955 1960 1965 1970 1974 

I I I I I I I 

Figure 3 .  Hybrid lodgepole 'pine/ 
jack p ine  annual b a s a l  a r e a  
increment of  growth on a mounded 
inc lus ion  o f  Pinus-Picea/ 
Arctostaphylos uva-ursi (pine- 
spruce/bearberry)  a s soc ia t ion  
vegeta t ion  i n  a Picea mariana/ 
Ledum-Sphagnum (black spruce/ 
Labrador tea-sphagnum) assoc ia t ion .  
The more than 100 p e r  c e n t  inc rease  
i n  basa l  a r e a  increment of t h i s  p ine  
i n  c o n t r a s t  t o  t h e  p ine  i l l u s t r a t e d  
i n  f igure  2 d r a s t i c a l l y  i l l u s t r a t e s  
the  e f f e c t  of  mic ros i t e  on p l a n t  
p roduc t iv i ty .  The pronounced 
decrease i n  b a s a l  a r e a  increment 
a f t e r  1965 i s  probably due t o  
unfavorable moisture condi t ions  
(excess water)  r a t h e r  than t h e  

presence of s u l f u r  gas emissions. 

AGE (years) 

t h i s  117 year  o ld  t r e e  i s  seen i n  the  f i r s t  10 t o  15 years  of growth, 
followed by growth ra te s 'wh ich  begin t o  l e v e l  o f f  and f l u c t u a t e  around 
a long-term average. S e n i l i t y  does not  appear t o  have begun i n  the  
o l d e s t  t r e e s  on the  dune s i t e  (see f igure  1) desp i t e  t h e  presence of 
white pocket r o t  (Fomes p i n i ) .  Lodgepole p ine  is  known t o  reach ages 
of  seve ra l  hundred years  i n  o t h e r  a r e a s  although none of t h a t  age a r e  
common i n  the  Boreal Fores t  Region. 

Older t r e e s  such a s  the  one i l l u s t r a t e d  i n  f igure  1 a r e  t h e  only 
t r e e s  t h a t  provide a long enough record o f  yea r ly  growth r a t e s  t o  make 
comparisons p r i o r  t o  and a f t e r  any given d a t e  once t h e  f i r s t  15-20 
years  of  e a r l y  growth a r e  el iminated.  Young p ines  (40-50 years  o l d )  do 
not  provide acceptable working mate r i a l  f o r  making these  comparisons. 
The t r e e  i l l u s t r a t e d  i n  f i g u r e  1 does, however, assuming t h a t  t h e  l a s t  
few years  growth has not  been a f fec ted  by any consequences of s e n i l i t y .  
No s i g n i f i c a n t  d i f f e rence  i n  growth p r i o r  t o  1961 and a f t e r  1961, when 
the  Windfall Gas P lan t  began opera t ions ,  i s  detec ted  from the  d a t a  
graphed i n  f i g u r e  1. However, only minor b i o l o g i c a l  s ign i f i cance  can 
be placed on t h i s  s tudy f o r  two major reasons:  (1) t h e  sampling s i t e  
i s  much too  small and (2)  no c o n t r o l  a reas  ( s i m i l a r  eco log ica l  sites 
unaffected by the  Windfall P lan t )  were compared t o  the  a f fec ted  s i t e .  

These few examples descr ibe  t h e  complexity of the  "growth" 
response (measured a s  b a s a l  a r e a  increment pe r  yea r )  i n  t h e  same 
species  over seve ra l  d i f f e r e n t  environmental condi t ions  (i.e. d i f f e r e n t  



ecologica l  cond i t ions ) .  Not only does the  environment i n  which a 
seedl ing  is  es tab l i shed  a f f e c t  the  growth r a t e  of t h a t  seedl ing  b u t  
a l s o  the  genotypic makeup e x e r t s  c o n t r o l s  on photosynthesis  r a t e s  and 
thus  b a s a l  a rea  increment. The genet ic  c o n t r o l s  o f  growth r a t e s  and 
p a t t e r n s  of  growth w i l l  vary f o r  t h e  same spec ies  from si te  t o  si te.  
Any organism, whether it be p l a n t  o r  animal, i s  a product  of i t s  
genotype-environment i n t e r a c t i o n  and the  organism i s  con t inua l ly  
exposed t o  simultaneous changes i n  many environmental parameters.  

This i n i t i a l  s tudy,  aimed a t  descr ib ing the  p l a n t  community on 
which t h e  physio logica l  experiments were conducted during the  summer 
of 1974, has pointed t o  two recommendations f o r  f u r t h e r  s tudy.  These 
should be undertaken t o  provide the  d a t a  t o  a i d  i n  a s sess ing  whether 
o r  not  p l a n t  l i f e  i n  the  v i c i n i t y  of the  Windfall p l a n t  has been 
af fec ted  by the  s u l f u r  gas emissions. 

The f i r s t  i s  t o  conduct pa i red  p l o t  s t u d i e s  of b a s a l  a r e a  growth 
r a t e s  i n  black spruce,  white spruce,  b i r ch ,  and/or aspen. Pine cannot 
be used, a s  eco log ica l ly  s i m i l a r  s i t e s  a r e  probably not  ava i l ab le  both 
i n  a f f e c t e d  and unaffected loca t ions .  P l o t s  would be pai red  based 
on ecologica l  s i m i l a r i t y  of  s i t e s  a s  determined by d e t a i l e d  phyto- 
soc io log ica l  ana lys i s  of  s e l e c t e d  s i t e s .  Growth r a t e s  would be 
analyzed and compared p r i o r  t o  1961 and a f t e r  1961. 

The o t h e r  method would a l s o  be based upon pa i red  p l o t  s t u d i e s .  
The o b j e c t  of  the  study would be mosses, l ive rwor t s  and l i chens  
epiphyt ic  on given t r e e  species .  Many s t u d i e s  have shown the  sens i -  
t i v i t y  of these  p l a n t s  t o  atmospheric contaminants. The p l o t  t o  be 
s tudied  would be whole t r e e s  o f  a given he igh t ,  age,  diameter and 
growing i n  a given p l a n t  community. S i m i l a r i t y  ind ices  based on the  
cryptogamic f l o r a  and p roduc t iv i ty  of t h a t  f l o r a  would be compared 
i n  a f fec ted  and unaffected s i t e s .  This sampling design would follow 
t h a t  o f  Pike e t  a l .  (unpubl. manuscript) . 

SULFUR DIOXIDE AND VEGETATION 

SULFUR DIOXIDE AS AN ENVIRONMENTAL 
VARIABLE 

Several  reviews have considered t h e  e f f e c t s  of SO2 on p l a n t s  
(Thomas, 1961; Daines, 1968; ~ a &  and Aronsson, 1972). They i n d i c a t e  
t h a t  most s t u d i e s  have attempted t o  c o r r e l a t e  dosage with measurable 
v i s i b l e  damage. Assuming comparable exposure condi t ions ,  it i s  
genera l ly  accepted t h a t  f o r  each p l a n t  t h e r e  i s  a threshold  value f o r  
the  development of i n j u r y  by SO2 (Thomas, 1961; Guderian and Van Haut, 
1970). 



Two d i s t i n c t  types of v i s i b l e  SO2 p l a n t  damage have been 
recognized by most workers: acute  damage t h a t  occurs with high dosages 
(over 1.0 ppm) of  s h o r t  dura t ion  and chronic damage t h a t  appears a f t e r  
long per iods  a t  low o r  i n t e r m i t t e n t l y  low dosage ( l e s s  than 0.2 ppm o r  
between 0.2 and 1.0 ppm). More recen t ly ,  however, i n  a r e p o r t  t o  t h e  
Whitecourt Environmental Study Group (1973, Sect ion 1: Surface 
Environment; B. F o l i a r  symptoms a s  a monitor o f  environmental s t r e s s ,  
1-8 through 1-17) v i s i b l e  SO2 symptomology was divided i n t o  t h r e e  
types: t r a n s i e n t ,  chronic and acute .  This d i v i s i o n  i s  much more 
r e a l i s t i c  a s  it descr ibes  symptoms i n  terms of  longevity a s  wel l  a s  
degree. I t  works we l l  i n  descr ib ing the  s t a t u s  of  the  vegeta t ion  under 
f i e l d  condi t ions  exposed t o  s u l f u r  gas emissions. It i s  impossible a t  
p resen t ,  however, t o  a s s ign  a meaningful concentra t ion  of a p o l l u t a n t  
o r  p o l l u t a n t s  under f i e l d  condi t ions  which w i l l  e l i c i t  t hese  symptoms. 
This may be poss ib le  i n  the  f u t u r e  when a i r  q u a l i t y  t r a i l e r s  a r e  moni- 
t o r i n g  environmental parameters o t h e r  than p o l l u t a n t s ,  wind speed and 
d i r e c t i o n ,  and temperature (next  t o  o r  above the  t r a i l e r )  such a s  
r e l a t i v e  humidity (or  absolute  water content  o f  a i r ) ,  photosynthet ica l ly  
a c t i v e  r ad ia t ion  (PAR) and s o i l  moisture. It i s  f u r t h e r  c r i t i c a l  t o  
determine what p l a n t  communities a r e  exposed t o  i n  terms of p o l l u t a n t s  
and t h e i r  concentrat ion.  Research on the  meaningfulness of  monitoring 
techniques i s  urgently needed. 

Cer ta in  environmental parameters,  such a s  high r e l a t i v e  humidity 
and s o i l  moisture, with moderate l i g h t  i n t e n s i t y  and temperature 
(above 5OC), w i l l  make vegeta t ion  more suscep t ib le  t o  damage from a i r  
po l lu tan t s .  The ex ten t  of  SO2 i n j u r y  i s  p r imar i ly  determined by t h e  
s t a t u s  of  the  stomatal  pores (Scheffer  and Hedgecock, 1955; Stratmann, 
1960; Meidner and Mansfield, 1968; Lopushinsky and Klock, 1974). The 
d e g r e e \ t o  which these  pores a r e  open o r  c losed (stomatal ape r tu re )  
con t ro l s  the  r a t e  of gas t r a n s f e r  (C02 and S02) t o  and from t h e  ex te rna l  
ambient environment and the  i n t e r n a l  p l a n t  environment. The SO2 which 
e n t e r s  the  p l a n t  through the  stomatal  pores r e a d i l y  e n t e r s  s o l u t i o n  i n  
the  t h i n  l a y e r  of  water surrounding the  mesophyll c e l l s  (outer  l a y e r  of 
i n t e r n a l  c e l l s )  and i s  slowly oxidized from s u l f i t e  and b i s u l f i t e ,  the  
more damaging forms, t o  s u l f a t e  (Thomas and H i l l ,  1937). Tanaka et d l .  

(19741, using a l f a l f a  l e a f  homogenate, showed a 50 pe r  c e n t  decrease i n  
14c02 f i x a t i o n  caused by a 3x10-~ M concentra t ion  of  s u l f i t e  ion ,  b u t  
no e f f e c t  from the same concentrat ion o f  s u l f a t e  ion .  They a t t r i b u t e d  
t h i s  reduction t o  an i n h i b i t i o n  of the  enzyme ribulose-1,  5-diphosphate 
carboxylase by sul fonat ion  of  i t s  -SH groups. 

Although s u l f i t e  i s  more i n h i b i t o r y  than s u l f a t e  i n  short-term 
exposures, evidence i n d i c a t e s  (Thomas e t  d l . ,  1950) t h a t  over long 
exposures t o  excess s u l f u r ,  s u l f a t e  buildup i n  the  t i s s u e s  i s  damaging. 
Thus, although ch lo ros i s  and e a r l y  l e a f  l o s s  a r e  recognized a s  symptoms 
of chronic SO2 damage, de tec t ion  of  high l e v e l s  of s u l f a t e - s u l f u r  by 
p lan t - t i s sue  ana lys i s  i s  a more r e l i a b l e  i n d i c a t o r  of  p o t e n t i a l l y  
damaging s u l f u r  (Ulrich et  d l . ,  1967). 



GAS-EXCHANGE METHODOLOGY 

For photosynthesis under controlled-environment conditions, 
optimal levels of light, temperature, soil moisture and relative humi- 
dity have been determined for many species using C02 gas-exchange 
methodology. Among these studies was the work done on species 
associated with the mixed forests of west central Alberta by Dykstra 
(1974) who studied Pinus  c o n t o r t a  (lodgepole pine) and Van Zinderen 
Bakker (1974) who worked with Picea mariana (black spruce). This work 
provides essential background information for the Whitecourt area. 

The gas-exchange technique has only recently been applied to the 
study of the effects of air pollutants on plant life under controlled 
conditions in the laboratory. Hickling (1974) working on Pseudotsunga 
m e n z i e s i i  (Douglas fir) reported both inhibitory and stimulatory 
effects of low levels of SO2 on net assimilation and transpiration with 
short-term exposures. SO2 was shown to have a direct effect on the 
degree of opening of stomata by Majernik and Mansfield (1970; 1971) in 
V i c i a  faba (broad bean). These workers showed that levels of SO2 
above 0.5 ppm caused stomatal closure while levels below 0.5 ppm 
prevented complete stomatal closure. 

Legge (1973) and Legge and Harvey (19741, working with seedlings 
of Pinus  c o n t o r t a ,  acclimated to a low growing temperature (ll°C), to 
an optimal growing temperature (17.5OC), and to a high growing 
temperature (27.5OC) prior to SO2 exposure (0.5 ppm for 12 hours), 
predisposed the test plants to an increase in transpirational water 
loss with increasing temperature. Relative humidity was maintained at 
35-40 per cent in all these experiments. Acute symptoms appeared only 
on the optimally grown seedlings subjected to S02, with all seedlings 
surviving. Seedlings of Pinus  c o n t o r t a  subjected to dark stress 
(increase in length of dark period) and optimal growing temperature 
(17.5OC) prior to exposure to SO2 (0.5 ppm, 24 hours) also displayed 
an increase in transpirational water loss and acute visible SO2 
damage, but resulted in death. 

Although there is variability in photosynthetic performance within 
a plant species, this laboratory work is essential for verification and 
comparison with photosynthetic performance of plant species in the 
field. 

32 GAS-EXCHANGE SYSTEM 

The basic open C02 gas-exchange system developed by Salo (1974) for 
studies of photosynthetic performance of Douglas-fir in the field was 
utilized at the Windfall site. This system was modified, however, to 
allow for the analysis of sulfur gas emissions (specifically SO2 and 
H2S) as well as C02. Ambient air was drawn from a height of 20 meters 
at the top of the canopy and was conducted to a mixing vessel through 



1'1Cf) (k'l uori  nat.ccl--a~IiyZcne~~ro~>yl c~xc)  teF1 on whi ch  I~i ls  been shown t o  have 
a w r y  low nci:;orpt i v i  t.y c o c f r i  c i  c n t  Tor SO2 (kegqc and Harvey, 1974) . 
Af te r  lc?avincj tho roixincl v e s s e l  which had a v a r i a b l e  volume o f  from 3 
t o  9 l i t e r s ,  tha  i i i r  wils cont inuous ly  pumped t o  each o f  3 n e t  
,r:js;i~ni J 3.t-i or1 chaltfi>cr:; o r  cuvc?k"ccs ( p l a t e  4 )  . Two o f  t h e  cuveti:es 

P l a t e  4 .  Ass imi l a t i on  cha~nher 
( cuve t t e  ) f o r  gas-exchanqe 

lncasurernents surrounding a 
branch of  P jnus  contorta/l'. 
hanksiana ( lodgepole  p ina / jack  
p i n e )  hybr id  a t  a h e i g h t  o f  15  
meters  us inq  t h e  acces s  tower 
s c a f f o l d i n y .  
(1) Cuvet te  f o r  enc los ing  p i n e  

branch and measuring gas-. 
exchange c a p a b i l i t y .  

( 2 )  Quantum s e n s o r s  f o r  
rncasuring l i g h t  : 
A - i n t e r n a l  
)3 -- extertxal 

( 3 )  Shie lded  ambient a i r  
tlxermocouple . 

(4)  Clip-on thermocouple f o r  
lneasuring needle  temperature  
on encl  oscd branch. 

( 5 )  P e l t i e r  block f o r  main ta in-  
i ng and c o n t r o l l i n g  tenlper- 
a t u r c  w i t h i n  c u v e t t e  t o  t h e  
ternj)crature o u t s i d e  t h e  

c u v e t t e  . 

coni a i  ncd t rev branch(?!; ( I  i vc pJ ant. inatcrj  al ) c~nci t h e  t h i r d  c u v e t t e  
:;c!rvc:cl a s  cx cont.rol . The ans i  m i  l a t  i on  chamnbcrs used were manufactured 
fo l  lov~i  nq I hc! clcsicjn of !;at0 c ? t  a ? .  (1972) . An eleckric swi tch ing  
.c;yui cltl trcic; dr~vcloj~ccl w h i  ch pc ra i  i.t.od ~zulomati  c s an~p l ing  o f  each 
cuvetf c ,  t hw; nl lowi ncj i he otitf low From a si.ngtc c u v e t t e  t o  be  sampled 
'it ~ i n y  j,redt>i.crmi ned : ; a ~ ~ ~ p l  i nq frequency. The swi tchincf system could  
a l so I)(? ope rcat c?d itlnnunl l y . 

'I'hc a i r  nSs-carl1 Irxtj ncj monitort?ii was passed t:hrouqh a ten\perature  
:;lctbilixctcl vc.c;:;el which cont-ained a IIycjrodyriamics LiC1 water  vapor 
sensor ;1n<3 Ixrorn Chcrc pa.c;s;ecl t t r  a wet bulh/dry bulb psychrometer 
(tlcsca--i bed i 11 i 3 i  crhui  zc.n ancl !;Xrlt.yer, 1964) . The water  vapor was then  



removed by a Siemens water vapor trap and passed through a Beckman LB 
15A absolute infrared gas analyzer. Flow rate was measured at the 
outlet by a Brooks precision flow meter. 

By using the blank cuvette as an ambient control, the differences 
in C02 and water vapor concentrations were monitored in the two sample 
cuvettes and net C02 assimilation (= net photosynthesis), transpiration 
and leaf resistances could be calculated. 

In each assimilation chamber internal ambient air temperatures and 
external ambient air temperatures were monitored, with Peltier cooling 
plates being used to maintain cuvette temperatures equal to those 
outside the chambers. Photosynthetically active radiation (PAR) was 
monitored with Lambda quantum sensors, while thermocouples were used 
for temperature measurements. A clip-on thermocouple (Fry, 1965) was 
used for the conifer needles, while fine wire thermocouple junctions 
were pressed against the underside of the aspen leaves. 

BIOMETEOROLOGY AND PLANT 
WATER STATUS 

Wind speed and direction were monitored at the top of the tree 
canopy from the access tower scaffolding. Three sampling points were 
available for monitoring air quality in terms of total Sf H2S and SO2. 
These were located above the canopy (at 20 meters), at mid-canopy (10 
meters) and one meter above the ground. 

Air was drawn from each sample point via FEP teflon tubing through 
a manually controlled glass manifold and two atmospheric sulfur gas 
analyzers. The 20-meter sampling point also served as the primary air 
intake for the C02 open gas-exchange system. A branch line of FEP 
tubing, preceding the mixing vessels, lead to the glass manifold for 
the 20-meter ambient sample point. 

The three cuvettes in the C02 gas-exchange system were also 
connected to the sulfur analyzers via the glass manifold. Since this 
manifold system was manually operated, however, only air from a single 
sampling point (cuvette or ambient air) could be analyzed at any one 
time. 

The two sulfur gas analyzers used were coupled together to 
optimize the advantages and reduce the disadvantages of each 
instrument. The first instrument was a Tracor model 270HA Atmospheric 
Sulfur Analyzer using the gas chromatographic method of analysis and a 
flame photometric detector (FPD). This unit automatically takes a 
lOcc air sample every 3 minutes and 45 seconds, and, between sampling 
periods, the internal instrument pumping system is bypassing air in 
preparation for a new sample injection. (For background information on 



the flexibility of this system for analyzing sulfur compounds other than 
SO2 see Brody and Chaney, 1966). 

The second instrument was an Envirometrics SO2 analyzer using the 
polarographic method of analysis. The principle advantage of the 
polarographic analyzer was the capability of continuous measurement 
of SO2 concentration at a flow rate of 0.5 liters/minute and a response 
time of 30-60 seconds, depending on the age of the analytical cell or 
"Faristor." The main disadvantage of this analysis is the inter- 
ference of H2S to a level of 15 per cent with SO2, thus giving an 
apparently higher level of SO2 than is actually present in the 
atmosphere at the time of sampling. 

The gas chromatograph permitted sensitive chromatographic 
separation of SO2 and H2S in concentration ranges of 0-100 ppb and 
0-1 ppm as well as a measure of total sulfur, total S02, andtotal H2S 
in both high and low ranges in the sample. On the other hand, the 
continuous SO2 monitor enabled detection of sharp changes in SO2 
concentration in the selected ranges 0-1 ppm, 0-5 ppm or 0-10 ppm 
possibly missed by the gas chromatograph due to the 3 minute 45 second 
delay between samples. 

The water status of a plant is indicated by its water potential, 
which can be estimated from Scholander chamber pressures measured on 
excised shoot samples (with the + value changed to - by convention) 
(Waring and Cleary, 1967). These values are reported in bars and 
reflect the chemical potential of free water in a plant system. Pure 
water is assigned a chemical potential of "0" and as solutes are added 
or the turgor pressure (water pressure on cell walls) of the plant 
cells decreases, this potential declines. Therefore more negative 
values of the water potential are indicative of decreasing chemical 
potential which reflects the increasing water deficit. Thus plant water 
deficits increase when water is lost from the plant faster than it can 
be resupplied by the roots. It follows that if the Scholander pressure 
is 17 bars, the water potential is taken to be -17 bars. If there is 
sufficient decrease in water potential of the leaves, stomata will 
start to close, resulting in a reduction of transpiration. When the 
stomata are completely closed, transpirational water loss is 
negligible. 

Leaf surface areas were measured using the glass bead technique of 
Thompson and Leyton (1971). All photosynthetic rates presented in this 
report were calculated on the basis of total leaf surface area. 

Plant samples from all three species on which photosynthesis was 
determined (lodgepole pine/jack pine, white spruce and. aspen) and from 
plants with severe damage located at or near the Windfall site were 
returned to the University of Washington laboratory for analysis of 
sulfate-sulfur content. 



RESULTS 

Scaffolding and power had been installed at the Windfall study 
site by the time most of the equipment arrived on 9 August 1974, and 
the first data were collected within 12 days. The mobility of the 
cuvettes and the connecting lines helped to speed the initial set-up 
and subsequent transfer to new foliage. 

PINE STUDIES, CASE I 

On 1 September a small 3 meter pine located 25 m west of the 
instrument trailer was sampled (figure 4). Net assimilation (NA) , or 
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uptake of C02 by the plant, peaked early in the morning at approxi- 
mately 1030 hours although the photosynthetically active radiation 
(PAR) was not at the maximum recorded for the day. Air temperatures 
had dropped to -5OC just prior to sunrise and leaf temperatures 
remained low to moderate until late morning. Transpiration (TR) 
increased all morning with increasing leaf temperature. The trans- 
piration peak occurred at 1300 hours or 2.5 hours after maximum net 
assimilation (NA) even though the photosynthetically active radiation 
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was g r e a t e s t  a t  1200 hours. This suggests  p a r t i a l  s tomatal  c losure  b u t  
not  enough t o  i n h i b i t  g r e a t e r  t r a n s p i r a t i o n  (TR) assoc ia ted  with t h e  
higher af ternoon temperatures. P l a n t  water p o t e n t i a l  (PSI dropped t o  
l e s s  than -13 ba r s  a t  1500 hours due t o  s u b s t a n t i a l  t r a n s p i r a t i o n  (TR) 
s t i l l  taking p lace  a t  t h a t  time. By 1700 hours,  however, t h e  water 
p o t e n t i a l  had r i s e n  by over 1.5 b a r s  with both n e t  a s s imi la t ion  (NA) 
and t r a n s p i r a t i o n  (TR) proceeding a t  n e g l i g i b l e  r a t e s ,  i n d i c a t i n g  
stomatal  c losure .  I t  i s  no t  known i f  the  low e a r l y  morning temperature 
had any e f f e c t  on n e t  a s s imi la t ion  through increased mesophyll r e s i s -  
tance (decrease i n  i n t e r n a l  p l a n t  a i r  space) .  The low e a r l y  morning 
temperatures allowed f o r  good n e t  a s s imi la t ion  (NA) r a t e s  while no t  
supplying adequate energy t o  d r i v e  a g r e a t  amount of t r a n s p i r a t i o n  (TR), 
the re fo re  the  stomata were open longer. This low temperature high 
r a d i a t i o n  day, a s  a r e s u l t ,  allowed f o r  g r e a t e r  photosynthate pro- 
duct ion  on an a rea  b a s i s ,  bu t  a s  a consequence, prolonged t h e  time 
period during which the  p l a n t  would be more suscep t ib le  t o  air-borne 
p o l l u t a n t s .  The SO2 analyzers were not  y e t  a v a i l a b l e  a t  the  s i t e .  

PINE STUDIES, CASE 

Two dominant p ines  approximately 20 meters t a l l  were monitored 
throughout the  course of the  study. Scaffolding was used a s  access  t o  
fo l i age  on both t r e e s .  This allowed sampling of f o l i a g e  with e i t h e r  a 
south-facing o r  north-facing exposure and f a c i l i t a t e d  c o l l e c t i n g  the  
many samples needed f o r  monitoring p l a n t  water p o t e n t i a l s  ( see  p l a t e  5 ) .  

The study s i t e  experienced an SO2 episode during day l igh t  hours on 
13  September, by which t i m e  the  Tracor 270HA and Envirometrics analyzers  
had been del ivered  t o  the  s i t e ,  t e s t e d  and were opera t iona l .  The e a r l y  
morning temperature on t h a t  day was near  O°C, b u t  l e a f  temperatures 
increased rap id ly  and maximum t r a n s p i r a t i o n  (250 mg dm-2 hr'l) was 
reached between 0830 and 0930 hours. Though low l e v e l s  of  H2S and SO2 
(20 ppb and 0.1 ppm respec t ive ly )  were measured with the  Tracor u n i t  
during the  previous n igh t ,  only SO2 was p resen t  during t h i s  exposure 
which occurred a t  approximately 0845 ( f i g u r e  5 ) .  

The cuve t t e  was located on f o l i a g e  i n  the  nor th  t r e e  s o  t h a t  a t  
0930 hours the  south t r e e  began shading the  f o l i a g e  causing a decrease 
i n  i r r ad iance ,  n e t  C02 ass imi la t ion  and t r a n s p i r a t i o n  (TR). The l e v e l s  
of SO2 never exceeded 0.1 ppm and' it i s  doubtfu l  t h a t  t h i s  low concen- 
t r a t i o n  f o r  such a s h o r t  per iod  of  time had any e f f e c t .  I f  t h e r e  was 
an e f f e c t  from the  SO2, it was masked by t h e  marked decrease i n  l i g h t .  
Early morning t r a n s p i r a t i o n  was high enough f o r  p l a n t  water p o t e n t i a l  
t o  drop t o  -14 ba r s  and remain a t  t h a t  l e v e l  u n t i l  1600 hours when it 
began t o  increase .  The decrease i n  both t r a n s p i r a t i o n  and n e t  C02 
ass imi la t ion  a f t e r  1100 hours indica ted  p a r t i a l  s tomatal  c losure .  
Photosynthesis d i d  no t  decrease a s  much a s  t r a n s p i r a t i o n  because of 
increased i r r ad iance  i n  the  afternoon.  Had t h e r e  been more l i g h t  i n  
t h e  morning the  dec l ine  i n  photosynthesis  no doubt would have been 



Pl.ate 5 .  E'ifteen Incter acces s  
t:ower s ca f  foldj.ng t o  lodgc!pol.c 
pine/ja.ck pi.nc hybr.i.ds a t  thc 
AMOCO Wirldfitll. Gas Plant: exper- 
imenta l  tes t :  s i t e  . trhc north.- 
south  o r i e n t a t i o n  o f  t h e  t e s t  
t r e e s  i s  notcxl. 'the Windfa1.l. 
Gas X'J.ant i s  t:o "ce r i g h t  (west:) 
i.n t h e  photograyt~.  'Chc a i r  
i n t a k e  f o r  t he  t h r e e  c u v e t t e s  i s  
loca t ed  jus t .  under t h e  wind 
speecl and c1irect.i.on i.nstrumen-- 
t a t i o n  (notccl by t h e  arrow) a t  

20 meters .  

g r e a t e r .  [Note: water  p o t e n t i a l s  i r s  t h e  p i n e s  never c'tropped hclotu 
-15 b a r s  du r ing  t h e  course  o f  the f ie ld  work.] 

A 3 meter spruce loca t ed  30 in from t h e  instr txnen"cr~~. i . I .er  was 
s t u d i c d  on 2 September (f.l'.cj.ilre 6 )  . 'X'hc declI.ne I.n n e t  C O z  assj.mil,akion 
(NA)  betwean 0930 hours  and lo00 hours  was caused By a dec rease  i n  
5,rradi.ance (PAR) due t o  shading from a d j a c e n t  p ines .  EIotiaver, oven 
with increased  i r racl iance a f t e r  1100 hour s ,  n e t  assi.rni.lati.on dici no t  
r ega in  i t s  previous  r a t c  o f  2.3 mg dmw2 h r - l .  T a n s p i r a t i o n ,  
c a l c u l a t e d  b u t  n o t  p l o t t e d  i n  f i g u r e  6,  reached a max9m~un r a t c  (205 mg 
c l r ~ - ~  hrW1) a t  i O O O  hours and had c1ecl.l.ned t o  l a s s  t han  h a l f  that.  val.ue 
by IL00. This  drop  j.n t ranspi ra t i .on  even trlr>crx t h e r e  was a  3 O C  r i s e  i n  
l e a f  t e l ~ ~ p c r a t u r e  ancl a  5 rb i n c r e a s e  i n  vapor p r e s s u r e  def.i.cj.t, 
i nd i ca t ed  t h a t  stomata were c los ing .  P l a n t  water  p o t e n t i a l  decreased  
t o  -17 b a r s  (2. ba r  =,: 0.987 atm) by 1330 hours  from a predawn va luc  o f  
--1.0 b a r s  ancl remainecl a t  t h a t  l .cvel f o r  a t  l e a s t  an  hour cluring which 
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A 2 meter aspen located 30 m from the instrument trailer was 
studied on 22 August (figure 7). Net assimilation (NA) and leaf 
temperature (Tleaf) clearly followed irradiance through the course of 
the day, indicating that photosynthesis was light limited most of the 
day. The maximum value of net assimilation was 3 mg dm-2 hr-l. 
Scholander readings were not taken on the aspen at this time, but early 
morning readings on the pines showed water potentials above -5 bars 

0600 1000 1400 I800 the day. Despite the fact that 
h o u r s  clouds covered the sun during the 

SO2 episode as indicated by the 
rapid decrease of photosyntheti- 
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is doubtful that this low concen- 
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which ind ica ted  adequate s o i l  moisture. Ample s o i l  moisture and 
r e l a t i v e l y  low a i r  temperatures would a i d  i n  maintaining a wide 
stomatal  ape r tu re  f o r  most of  the  day. 

FOLIAR SULFATE ANALYSIS 

Foliage samples were taken from each of  the  p l a n t s  monitored with 
the  C02 gas-exchange system and from o t h e r s  which showed severe damage. 
These samples were d r i ed  and t e s t e d  f o r  s u l f a t e - s u l f u r  using t h e  
methylene blue color imetr ic  method o f  Johnson and Nishi ta  (1952). 
Results  have indica ted  high s u l f a t e - s u l f u r  l e v e l s  (between 300 and 700 
pprn), b u t  too  few samples were co l l ec ted  and analyzed t o  e s t a b l i s h  t h e  
r e l a t i o n s h i p  between s u l f a t e  accumulation and time. I n  one ins tance  i n  
which two age c l a s s e s  from the  same branch were t e s t e d ,  the  o l d e r  
fo l i age  had a somewhat higher su l fa t e - su l fu r  concentra t ion  than the  
younger fo l i age .  More research  i s  required i n  t h i s  a r e a  t o  determine 
t h e  r o l e  of s u l f a t e  build-up i n  p l a n t  t i s s u e s  and s u l f a t e  t o x i c i t y .  

PLANT CANOPY AND SULFUR 
GAS EMISSIONS 

An SO2 concentrat ion g rad ien t  was detec ted  using the  three-point  
ambient a i r  sampling system a f f ixed  t o  the  15 meter access  sca f fo ld ing  
i n  the  lodgepole pine/jack p ine  study s i t e .  During a fumigation concen- 
t r a t i o n s  of  SO2 were genera l ly  g r e a t e r  i n  the  upper por t ion  o f  the  
canopy (0.1 ppm above and 0.05 below). Under these  condi t ions  t h e  
stand crown was providing an adequate b a r r i e r  t o  d i s p e r s a l  of  emissions 
throughout t h e  stand.  This s i t u a t i o n  was reversed on severa l  occasions 
with t h e  lower sample p o i n t  being 0.1 ppm and the  value above the  
canopy being 0.05 ppm o r  below. The r e l a t i o n s h i p  can b e s t  be explained 
by advection of s u l f u r  gas emissions from the  gas p l a n t  i n t o  the  
leading edge of the  stand.  With l i t t l e  o r  no convection and the  
semi-closed nature  o f  the  p l a n t  canopy t h e  SO2 was removed by f u r t h e r  
advection and subsequent d i l u t i o n .  

DISCUSSION 

For any p l a n t  t o  grow and maintain i t s e l f  it must have a good r a t e  
of  n e t  C02 ass imi la t ion .  This C02 uptake can be l imi ted  by d i f f e r e n t  
environmental f a c t o r s  a c t i n g  on the  photosynthet ic  apparatus and 
stomata. I t  i s  known . tha t  s o i l  moisture, r e l a t i v e  humidity, tempera- 
t u r e  and i r r ad iance  a l l  a f f e c t  photosynthesis  through changes i n  
s tomatal  ape r tu re  and it is the re fo re  imperat ive t h a t  these  environ- 
mental va r i ab les  be monitored a t  a l l  t imes when assess ing  n e t  C02 
ass imi la t ion .  



L i t t l e  .i.nforniati.on i.s available on liow SO2 a f f cc t :~  photor;ynthcs.i.,.;, 
although it has been sllcjgestecl t ha t  d i r ec t  e f f ec t s  occur through 
enzyme-.SO2 int:eractions (Tanaka c t  a l . ,  1974; %cig.l.er, 1974)  . i3 
majority of workers supports thc posiP:.i.on tha t  ].ow 1.evel.s of SO2 for  
short per.i.ocls of time are  relat.i.vc1.y harml.ess, and c t t  t.i.mes can s;nppl.y 
needed sul.fur, buil when 3.oncj tj.me intervals  are  involved wj.tl-1 mu]-tip:l.c 
exposures, the prohabl.l.ity of visual. damage or: decll.ne i.ri C02  
assimil.ation (l.irnj.ted photosynthct:.i.c capaci.ty and hence clccreasecl 
productivity) is enhanced. 

The vegetation a t  the? liindfall s i t e  j.s clui.te chlorotic ancl lnuch of 
the foljaye i s  bcj.ng cas t  carli.er than normal. for hot11 the p i n e  ancl 
spruce (see plate  6 ) .  Several of the t rees  nearest thc gas plant r;how 

Plate 6 .  P i n u s  conf:artn/P. 
banksiana (lodgepole pine/j ack 
pine) hybrid on wil-1clwarcl (west) 
s ide of experimental s i t e  
re la t ive  t o  the Windfall Gas 
Plant showiny SOZ sylt~j>toms 
such as  premature needlc drop 
( A )  and ga:owth retardatj.on. 

signs of acute SO2 damage with scvare growtll retarclat.ion. Tlicre 
appnrent.1.y i s  e i ther  a fi.lt.eri.ncj action by the leading cdcje of 'f:hc? 
stand (biological sink) o r ,  more l ike ly ,  the stand l imits  a i r  flow 
from the directjon of the gas p1.ant ancl thus reduces the nunibcr and/or 
severity of exposures. 



Dykstra (1974) reported maximum net photosynthetic rates of 10 mg 
dm-2 hr'l (projected needle area basis) in Pinus contorta seedlings. 
Direct comparison of his values with those reported here based on total 
surface area are misleading. A conservative conversion of Dykstra's 
values to total area would place the maximum rates between 4-5 mg dm-2 
hr-l. The maximum photosynthetic rate monitored in the pines at the 
Windfall site was 3.28 mg dm-2 hr-l. Van Zindern Bakker (1974) observed 
a maximum rate in the field of 6 mg g ~ ~ - l  hr'l for black spruce. Since 
the ratio of grams to dm2 in conifer foliage is normally less than one, 
converting a rate from a dry weight to an area basis would decrease the 
magnitude of the rate. The highest rate calculated for the spruce at 
the Windfall site was 2.3 mg dm'2 hr-l. All of the samples showed less 
than expected photosynthetic rates, but due to the approach of autumn 
it is possible that senescence was a factor in the low rates for aspen 
(3 mg dmL2 hr-l) . It is doubtful that the conifers were influenced by 
the onset of dormancy, but Van Zinderen Bakker (1974) observed that 
photosynthesis can be reduced when low temperatures (less than -2 C) 
occur, even during the summer. Neilson et al. (1972) working on 
Sitka spruce (Picea sitchensis (Beng.) Carr.) attributed such drops in 
photosynthesis to increases in mesophyll resistance. 

Throughout the course of the field study plant water potentials 
in pine did not fall below -15 bars, while plant water potentials of 
-18 bars were recorded for spruce. At those minimum plant water 
potentials, transpiration in both species was greatly reduced. These 
results agree with those of Lopushinsky and Klock (1974) who found that 
the stomata of pines are more sensitive to decreasing leaf water 
potentials than the spruce. On days of high evaporative demand, the 
stomata of pine tend to close earlier than those of spruce and are less 
susceptible to air-borne pollutants under these conditions. 

CONCLUSION 

This preliminary investigation was seen as an extension of the 
controlled laboratory SO2 fumigation experiments conducted by the 
Environmental Sciences Centre (Kananaskis), University of Calgary, for 
the Whitecourt Environmental Study Group. 

Initial results from the field research indicate the following: 

(1) The vegetation around the Windfall Gas Plant is basically 
characterized by two habitat types which repeat themselves across the 
landscape. These are the moist bogs and well-drained sand dune sites 
which are classified phytosociologically as a Pinus-Picea glauca/ 
Arctostaphylos uva-ursi (pine-white spruce/bearberry) association and 
a Picea mariana/Ledum-Sphagnum (black spruce/Labrador tea-sphagnum) 
bog association. 



(2)  SO2 and H2S i n  the  atmosphere were found t o  be extremely 
va r i ab le  with l e v e l s  genera l ly  below ambient a i r  q u a l i t y  s tandards.  

( 3 )  A concentrat ion g rad ien t  o f  SO2 was found t o  e x i s t  i n  the  
lodgepole pine/jack p ine  stand where the  gas-exchange experiments were 
undertaken, with the  SO2 values above the  p l a n t  canopy genera l ly  
higher than l e v e l s  below the  p l a n t  canopy (0.1 ppm above and 0.05 
below). This r e l a t i o n s h i p  was occasionally reversed. 

(4)  Lower than expected photosynthet ic  r a t e s  were observed f o r  
lodgepole p ine ,  spruce and aspen. 

(5) Unusually high su l fa te - su l fu r  l e v e l s  were found i n  p l a n t  
mater ia l  of  lodgepole pine.  

(6) Vis ib le  chronic SO2 symptoms on p l a n t  ma te r i a l  were more 
common on the  windward s i d e  of the  experimental s i t e  r e l a t i v e  t o  the  
Windfall Gas Plant .  

(7)  Vis ib le  chronic SO2 symptoms had a pronounced sun, o r  upward, 
o r i en ta t ion .  This f a c t  was experimentally v e r i f i e d  i n  the  labora tory .  

The vegeta t ive  environment around the  Windfall Gas P lan t  is  
d e f i n i t e l y  a f fec ted  by s u l f u r  gas emissions, bu t  the  ex ten t  remains t o  
be determined. 

RECOMMENDATIONS 

It i s  c r i t i c a l  t h a t  f u r t h e r  research p lace  p a r t i c u l a r  emphasis on 
the  t r a n s f e r  processes t h a t  a f f e c t  the  movement of s u l f u r  gas emissions 
from t h e i r  source t o  t h e i r  contac t  with the  vegetat ion through the  
stomata down t o  the  molecular l e v e l .  When it i s  known how these  
processes a r e  modified and under what condi t ions ,  we can begin t o  
est imate the  e f fec t .  

Speci f ic  recommendations f o r  f u r t h e r  s t u d i e s  i n t o  t h e  e f f e c t s  o f  
s u l f u r  gas emissions on vegetat ion a r e :  

(1) A i r  q u a l i t y  monitoring t r a i l e r s  need t o  monitor environmental 
parameters which modify p l a n t  response such a s  s o i l  moisture,  r e l a t i v e  
humidity and photosynthet ica l ly  a c t i v e  r a d i a t i o n  (PAR) i n  add i t ion  t o  
wind speed/direct ion,  concentrat ion of  p o l l u t a n t s  and temperature. 

(2) Paired p l o t  s t u d i e s  based on ecologica l ly  s i m i l a r  s i t e s ,  
determined by phytosociological  a n a l y s i s ,  between a f fec ted  and 
unaffected loca t ions  of basa l  a rea  growth r a t e s  i n  black spruce,  white 
spruce, b i r ch  and/or aspen should be undertaken. A s i m i l a r  study 



should also be done with mosses, liverworts and lichens epiphytic on 
given tree species. 

(3) Analysis of plant macronutrients, particularly nitrogen and 
phosphorous, should be conducted. At present nitrogen dificiency 
cannot be eliminated as a possible contributing factor to the general 
chlorotic dondition of the vegetation around the Windfall plant. 

(4) Controlled SO2 fumigations of plant species under field 
conditions to determine on-site responses should be undertaken. 

(5) Key plant metabolites such as chlorophyll (total chlorophyll, 
chlorophyll a, and chlorophyll b) pigments, carotenoid pigments, 
Adenosine triphosphate (ATP), soluble sugars, amino acids, total sulfur 
and sulfate-sulfur should be monitored to determine the metabolic 
status of vegetation exposed to sulfur-gas emissions 

(6) Plant water and soil water relations should be monitored 
seasona1,ly to determine plant and soil water flux. 

( 7 )  Micrometeorology and its relation to sulfur-gas emissions 
should be studied to obtain a measure of the S02/H2S concentration to 
which a defined plant canopy is exposed and the major environmental 
parameter fluctuations during this exposure. 
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