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A b s t r a c t  

The aims of  t h e  r e sea rch  program a r e :  
( a )  t o  observe t h e  minimum t h r e s h o l d  dose o f  
s imulated ac id  r a i n  t o  produce v i s u a l  and 
h i s t o l o g i c a l  e f f e c t s  'on p l a n t  f o l i a g e ,  (b )  
approach th re sho ld  l i m i t s  of  s imulated s u l f a t e  
ac id  r a i n  t h a t  a f f e c t  p l a n t  growth and repro-  
duc t ion ,  and ( c )  t o  measure chemical  and 
meteoro log ica l  parameters  o f  i n c i d e n t  r a i n .  
Acute ' l e a f  i n j u r y  t o  s e v e r a l  p l a n t  s p e c i e s  
r e s u l t e d  from exposure of  f o l i a g e  t o  s imulated 
s u l f a t e  ac id  r a i n  of  pH l e v e l  2 . 3  t o  2 . 9 .  
Only s l i g h t  i n j u r y  occurred a t  3 . 1 .  Scanning 
e l e c t r o n  micrographs showed t h a t  i n j u r y  t o  
u p p e r : l e a f  s u r f a c e s  occurred mostly a t  t h e  
base  o f  tr ichomes ( l e a f  h a i r s )  and near  
s tomata .  An a s s o c i a t i o n  o f  l e s i o n  develop- 
ment near  vascu la r  t i s s u e  was a l s o  no ted .  
~ i s t o l o ~ i c a l l ~ ,  l e s i o n s  a r e  c h a r a c t e r i z e d  by 
an i n i t i a l .  c o l l a p s e  o f  t h e  epidermis  w i th  
e v e n t u a l  l y s i s  and c o l l a p s e  of  more i n t e r n a l  
l e a f  t i s s u e s  on t h e  upper l e a f  s u r f a c e  of  
p i n t o  beans which complemented d e t a i l e d  
d e s c r i p t i o n s  of  v i s u a l  l e s i o n  development 
a f t e r  d a i l y  exposures t o  s imulated r a i n .  

I n i t i a l  experiments wi th  gametophytes 
of  P te r id ium aquil inum show t h a t  reproduc t ion  
o f  t h i s  f e r n  s p e c i e s  i s  very s e n s i t i v e  t o  
s o l u t i o n s  of  pH 5 . 2  whi le  veyeka t ive  develop- 
ment i s  no t  a f f e c t e d  a t  pH l e v e l s  of  2 . 2 .  

I n i t i a l  r a i n  samples from t h e  s e q u e n t i a l  
sampler have been o b t a i n e d .  I n i t i a l  p o r t i o n s  
of r a i n  even t s  e x h i b i t  a  pH near  3 .0  i n  some 
cases . .  More complete. chemical  a n a l y s e s  a r e  
a n t i c i p a t e d .  



I .  Background 

The d i r e c t  e f f e c t s  of  a i r  p o l l u t a n t s  on p l a n t  f o l i a g e  

have been observed f o r  over  s e v e r a l  decades . .  A t t e n t i o n  h a s  

been focused upon ( a )  t h e  minimum t h r e s h o l d  dose  t o  produce 

a c u t e  l e a f  i n j u r y ,  (b) v i s u a l  and h i s t o l o g i c a l  a l t e r a t i o n s  

caused by a c u t e  f o l i a r  i n j u r y ,  and (c) t h r e s h o l d  l e v e l s  neces -  

s a r y  t o  produce r e d u c t i o n s  i n  p l a n t  growth and p r o d u c t i v i t y .  
. . 

I n  a d d i t i o n ,  r e s e a r c h e r s  have  a t t empted  t o  e s t i m a t e  i n j u r y  i n  

many p l a n t  s p e c i e s  i n  o r d e r  t o  view r e l a t i v e  s p e c i e s  s e n s i t i v i t y .  

Such d a t a  may be h e l p f u l  i n  p r e d i c t i n g  s e n s i t i v i t y  a t  o t h e r  

dose  r a t e s  and may be h e l p f u l  i n  p r e d i c t i n g  changes  i n  s p e c i e s  

s e n s i t i v i t y  under f i e l d  c o n d i t i o n s .  I n  a  s i m i l a r  manner, s t u d i e s  

t h a t  d e s c r i b e  v i s u a l  and h i s t o l o g i c a l  i n j u r i e s  a f t e r  exposure  t o  

a i r  p o l l u t a n t s  may i n d i c a t e  t h e  l o c a t i o n  of  pr imary e f f e c t s  i n  

l e a v e s .  D e t a i l e d  h i s t o l o g i c a l  s t u d i e s  o f  l e a f  t i s s u e  i n j u r y  

coupled w i t h  v i s u a l  and p h y s i o l o g i c a l  pa ramete r s  may be h e l p f u l  

i n  p r e d i c t i n g  w i t h  some r e l i a b i l i t y  (1) t h e  p o l l u t a n t  p r e s e n t ,  

and (2)  t h e  p o s s i b l e  deg ree  o f  i n j u r y  which w i l l  e v e n t u a l l y  

deve lop  by long exposure .  I n  r e s e a r c h  w i t h  low l e v e l s  o f  ozone, 

i n v e s t i g a t o r s  have  shown t h a t  ve ry  low l e v e l s  g iven  ove r  a  long 

t i m e  p e r i od  ( a s  l i t t l e  a s  12 h r s )  r e s u l t s  i n  a  r e d u c t i o n  o f  t h e  

l e a f  expansion r a t e  and a r educLion  i n  c r o p  p r o d i ~ c t . i v i t y .  

I n  t h e s e  exper iments ,  t h e  r e s e a r c h e r  v a r i e s  ( a )  a c i d  s o l u t i o n  

c o n c e n t r a t i o n ,  (b) d u r a t i o n  of exposure ,  and (c) number o f  

exposures .  

The r e c e n t  i nc r ea sed  u s e  of  f o s s i l  f u e l s  s i n c e  1950 a s  

s o u r c e s  of energy,  coupled w i t h  c u r r e n t  p o l l u t i o n  c o n t r o l  

t e chn iques  (which i n c l u d e  i nc r ea sed  h e i g h t  o f  smoke s t a c k s  and 

g r e a t e r  u s e  of  p a r t i c u l a t e  p r e c i p i t a t o r s )  have  g iven  rise t o  



increased  c o n c e n t r a t i o n s  of SO2 i n  t h e  atmosphere i n  widespread 

a r e a s  of New England and Long I s l a n d  (Likens and Bormann, 1974) .  

It h a s  been shown t h a t  t h i s  increased  SO2 i n  t h e  atmosphere may 

cause  p l a n t  i n j u r y  by d i r e c t  a b s o r p t i o n  of t h e  g a s  by p l a n t  

l e a v e s  a s  SO on p a r t i c u l a t e  mat te r  o r  d i s so lved  i n  r a i n  water  
2 . . 

( ac id  r a i n )  . 
Much r e s e a r c h  h a s  been conducted i n t o  t h e  b i o l o g i c a l  

e f f e c t s  .of gaseous SO on p l a n t s ,  b u t  much l e s s  is  known about 
2 

i n j u r y  t h a t  may be caused by SO d e p o s i t i o n  on f o l i a g ~  i n  
2 

p a r t i c u l a t e  ma t t e r  o r  i n  p r e c i p i t a t i o n .  I n  a d d i t i o n ,  t h e  d i r e c t  

e f f e c t s  of lowered pH of  p r e c i p i t a t i o n  wi th  h igh  SO l e v e l s  may 
4 

augment t h e  d e t r i m e n t a l  e f f e c t s  t o  p l a n t s .  

Some i n v e s t i g a t i o n s  of ac id  p r e c i p i t a t i o n  have taken p l a c e  

which p o i n t  t o  t h e  v a r i o u s  e f f e c t s  p o s s i b l e .  Necros i s  .of l e a f  

t i s s u e  on yel low b i r c h  exposed t o  aqueous H SO a t  pH 3.0 w a s  
2 4 - 

shown. t o  occur by Wood and Bormann ( i n  p r e s s )  , whi l e  HSO and 
3 

H2S04 may cause  t o x i c  e f f e c t s .  I n  a d d i t i o n ,  Gordon ( 1 9 7 2 )  

ha s  shown t h a t  emerging need le s  o f  s e v e r a l  western  p i n e s  

showed l imi t ed  e longa t ion  when sprayed wi th  solukiuris  o f  

H SO4 a t  pH l e v e l s  belnw 4 . O .  
2 

.Reduced growth r a t e ,  p a r t i a l  d i s r u p t i o n  of  t h e  l e a f  c u t i c l e ,  

u m v a i l a b i l i t y  of  elements,  t o  p l a n t  r o o t s  as  t h e  r e s u l t  of s o i l  

pH changes, and n u t r i e n t  l each ing  of l eaves  t h a t  may occur  when 

p l a n t s  are exposed t o  ac id  r a i n  can r e s u l t  i n  increased  suscep- 

t i b i l i t y  of p l a n t  l eaves  t o  pathogens,  herbivores . ,  p l a n t  compe- 

t i t  ion,  and o t h e r  .environmental  stresses such a s  a i r  p o l l u t a n t s .  

The i n j u r y  .of  p i n e  t r e e s  by ox idan t s  was augmented by.  t h e  i n f e s -  

t a t i o n  of i n i t i a l l y  i n ju red  trees by ba rk  b e e t l e s  (Mi l l e r ,  e t  a l . ,  

1963) . Such i n d i r e c t  e f f e c t s  on p l a n t  growth and s u r v i v a l  i n  an 

ecosystem must always be  considered i n  any i n v e s t i g a t i o n .  



-11. S p e c i f i c  A i m s  

The s p e c i f i c  aims o f  t h e  r e s e a r c h  d u r i n g  t h e  f i r s t '  s e v e r a l  

y e a r s  a r e  o u t l i n e d  under  t h e  o b j e c t i v e s  s e c t i o n  and a r e  d i scbs&&d 

i n  d e t a i l  i n  a fo l l owing  s e c t i o n .  They a r e :  

A .  E s t a b l i s h  t h e  minimum t h r e s h o l d  dose  n e c e s s a r y  t o  

produce a c u t e  l e a f  i n j u r y  from (1) a c i d  r a i n  a lone ,  and (2)  
,. 

a c i d  a e r o s o l  and a c i d  r a i n  i n  combina t ion .  . . 

B. E s t a b l i s h  t h e  v i s u a l  and h i s t o l o g i c a l  e f f e c t s  o f  b o t h  

(1) a c i d  r a i n  a l o n e ,  and (2)  a c i d  a e r o s o l  and a c i d  r a i n  i n  

combinat ion .  

C .  E s t a b l i s h  t h r e s h o l d  l e v e l s  o f  a c i d  r a i n  t o '  pr'oduce 

r e d u c t i o n s  i n  l e a f  growth r a t e  and/or c r o p  p r o d u c t i v i t y .  

D . Describe t h e  morpholog ica l  and ana tomica l  changes 

t h a t  occur  i n  p l a n t  l e a f  t i s s u e s  b rought  abou t  b y  f r e q u e n t  

exposure  t o  'lo& dose  r a t e s  o f  a c i d  r a i n .  
. . 

E'. . S e t  t h r e s h o l d  limits of  s u l f a t e  a c i d  r a i n  t h e s e  p l a n t s  

s p e c i e s  can wl t ,hs tand s o  (1) no . v i s u a l  o r  ana tomica l  mal- 
I , 6 '  

f u n c t i o n s  occur ,  and (2)  no ,growth i n h i b i t i o n  and/or l o s s  o f  
, ):,! . , .I' I .:*A 

c r o p  p r o d u c t i v i t y  o c c u r s .  

F, ~ o l l o w  t h e  r a t e s  of accumula t ion  o f  s u l f u r  and 

n i t r a t e  i o n s . i n  p l a n t  leaf t i s s u e  a f t e r  expoaure  o f  a ~ i d  

a e r o s o l  and ';=id r a i n ' .  Note how t h e  rates o f  accumulat ion  

r e l a t e  t o  l e a f  i n j u r y .  

G.  oni it or' t h e  r a i n  e v e n t s  of Long I s l a n d  and obse rve  

changes  i n  r a i n  chemis t ry  among r a i n  e v e n t s  and among "var ious  

times d u r i n g  s i n g l e  e v e n t s .  



During t h e  f i r s t  y e a r ,  o u r  e f f o r t s  w e r e  aimed a t  c o n s t r u c t -  

i n g  n e c e s s a r y  equipment and s t a r t i n g  e x p l o r a t o r y  expe r imen t s .  

T h i s  r e p o r t  is d i v i d e d  i n t o  f o u r  p a r t s  : (A) I n s t r u m e n t a t i o n ,  

(B) Procedures ,  (C) P r e s e n t  R e s u l t s ,  (D)  A n t i c i p a t e d  Exper i -  

ments  f o r  Next Year .  

. . ~ ~ 

111. I n s t r u m e n t a t i o n  

P.. Greenhouse F a c i l i t y  
2 

.The greenhouse  f a c i l i t y  (625 f t  ) i s  used t~ house 

propaga ted  p l a n t  m a t e r i a l s  p r i o r  t o  t h e i r  exposure  t o  a c i d i c  

c o n d i t i o n s .  The c o n s t r u c t i o n  is o f  t h e  normal g l a s s  t y p e  w i t h  

summer shade p rov ided  by n e t t i n g .  A 15-ton c a p a c i t y  a i r  c o n d i t i o n e r  

is  added t o  t h e  greenhouse  t o  c o o l  t h e  atmosphere d u r i n g  w a r m  

summer d a y s .  The. a i r  c o n d i t i o n e r  i s  n e c e s s a r y  because  t h e  

v e n t i l a t o r s  of  t h e  greenhouse  w i l l  be c lo sed  t o  avo id  contamina- 

t i o n  from ambient  a tmosphere .  I n  t h i s  manner p l a n t s  a r e  p r o t e c t e d  

c o p t i n u a l l y  from ,ambient  l e v e l s  o f  gaseous  and p a r t i c u l a t e  a i r  . . 

p o l l u t a n t s .  . F i l t e r s  a r e  p r e s e n t  t o  remove t r a c e s  o f  o x i d a n t s ,  

p a r t i c u l a t e s ,  and s u l f u r  d i o x i d e .  

B .  Con t ro l l ed  Environment Growth Chamber 

I -. A l a r g e  c o n t r o l l e d  environment  chamber i s  used t o  house  

. + + ' .  p l $ n t s  between exposures  t o  r a i n  t r e a t m e n t s .  T h i s  f a c i l i t y  i s  
. .  

2 
. approximate ly ,  450 f t  . Such env i ronmenta l  pa r ame te r s  a s  tempera- 

t u r e ,  l i g h t  i n t e n s i t y ,  r e l a t i v e  humid i ty ,  and a i r  q u a l i t y  a r e  

c o n t r o l l e d  .. A i r ,  q11a.I i t .57 ( p r ~ t e c t i o n  a g a i n a t  i n t r s d u c l i u l l  ol: 

gases, particulate and r a i n )  a r e  i n  f o r c e  c o n t i n u a l l y .  Very 

low l e v e l s  of  ozone (0 .03  ppm) and s u l f u r  d i o x i d e  (0 . O 1  ppm) 

w e r e  r ecorded  b e f o r e  i n t r o d u c t i o n  o f  f i l t e r s .  S i n c e  i n t r o d u c t i o n  

o f  f i l t e r s ,  no ozone o r  s u l f u r  d i o x i d e  h a s  been d e t e c t e d .  



C .  Rain Chamber 

A f a c i l i t y  was c o n s t r u c t e d  t o  a d m i n i s t e r  r a i n  s o l u t i o n s  

i n  a random p a t t e r n  over  a l l  t h e  expe r imen t a l  p l a n t s  under 

s t u d y .  S e v e r a l  nozz l e s  have been t e s t e d  f o r  t h i s  a p p l i c a t i o n  

and s e v e r a l  more w i l l  be i nc luded .  The c r i t e r i a  f o r  e v a l u a t i o n  

a r e  (1) d i s t r i b u t i o n  p a t t e r n s ,  (2) n e c e s s a r y  f l ow- ra t e s  t o  

s i m u l a t e  n a t u r a l  r a t e s ,  and ( 3 )  average  d r o p l e t  d i ame te r  t o  

s i m u l a t e  n a t u r a l  r a i n f a l l  (see be low) .  

A s imula ted  r a i n f a l l  s o l u t i o n  c o n t a i n i n g  most o f  t h e  known 

chemica l  components h a s  been des igned  (Table  1) , w i t h  i n fo rma t ion  

from s e v e r a l  su rveys  i n  t h e  N o r t h e a s t e r n  Uni ted  S t a t e s ,  w i t h  

p a r t i c u l a r  emphasis  on Long I s l a n d  r a i n f a l l  d a t a .  Supplementa l  

a c i d s  a r e  added t o  t h e  s imula ted  r a i n  s o l u t i o n .  Acid s o l u t i o n s  

w i t h  h i g h  c o n c e n t r a t  i o n s  of SO 
4' 

NO3, and C1 w i l l  be used t o  

t es t  t h e  e f f e c t  o f  t h e s e  an ions  on t h e  sys tem.  

D .  Smal l  Greenhouse and Ra in  Chamber F a c i l i t y  
2 

On J u l y  16,  1976, ano the r  greenhouse  (160 f t  ) w i t h  a r a i n  

chamber f a c i l i t y  w i l l  be conver ted  f o r  u s e  i n  exper iments  t o  

view t h e  b o t a n i c a l  e f f e c t s  o f  a c i d  r a i n .  Th i s  f a c i l i t y  (a l though  

s m a l l )  r e p r e s e n t s  enough a r e a  t o  conduct  one o r  two exper iments  

a t  t empe ra tu r e  and c o n d i t i o n s  t h a t  more c l o s e l y  resemble t h e  

e n v i r v r ~ s  compared w i t h  c o n d i t i o n s  i n  the c o n t r o l l e d  environment 

growth chamber. Two f a c t o r s  (high t empe ra tu r e s  and h i g h  humid i t y )  

p r e s e n t  I n  t h e  greenhouse  f a c i l i t y ,  which a r e  no t  a v a i l a b l e  i n  t h e  

growth chamber, a r e  nece s sa ry  f o r  growth o f  p l a n t s  t o  measure 

y i ~ w l ; h ,  y i c l d ,  and repasoduct i v e  capacity over  a summer growing 

s ea son .  



E. Aerosol Administration F a c i l i t y  

An aerosol -adminis t ra t ion  f a c i l i t y  has  been constructed 

t h a t  meets many pla-nt . physio logica l  and meteorological  r equ i re -  

ments,. This f a c i l i t y  w i l l  be  used t o  administer '  ae roso l s  of 

s e v e r a l  d i f f e r e n t  chemical compositions and of var ious  s i z e s  

t o  p l a n t s .  Experiments a r e  underway with (MI. ) SO with a  4 2,> . 4 
mean p a r t i c l e  diameter of 0 .6 p. Eventually ae roso l s  of 

H SO and poss ib ly  NH4HS0 (ammonium bis112.fate) w i l l  be  2 4 4 
adminis te red ,  

Exposures t o  ae roso l s  w i l l  be  augmented by exposure t o  

r a i n  sa lu l ior l s  . Experiments by o the r  i n v e s t i g a l o r s  suggest 

t h a t  (1) r a i n  o r  (2)  very high l ea f  moisture condi t ions  a r e  

necessary f o r  p l a n t  response t o '  ae roso l s .  

Af te r  an understanding of the  adminis t ra t ion  dynamics has  

been es t ab l i shed ,  experiments with p l a n t s  w i l l  begin.  Present ly ,  

modif ica t ions  a r e  being made t o  more accura te ly  mesh both p l a n t  

phys io log ica l  and meteorological  cons ide ra t ions .  

Prel iminary experiments f o r  adminis t ra t ion  of (NH ) SO 
4 2  4 

Eave begun and a l l  components of t h e  f a c i l i t y  are opera t ing  

e f f 2 c i e n t l y .  With (NH ) SO our i n j e c t i o n  schedule at tempts  4 2  4 
t o  maintain r e l a t i v e l y  cons tant  atmospheric concent ra t ions  a t  

3 
l eve l s '  such a s  10 and 100 pg/m . Appendix C i l l u s t r a t e s  a  

t y p i c a l  curve.  A balance between t h e  gradual  d e c l i n e  i n  

concent ra t ion  with time a f t e r  i n j e c t i o n ,  t h e  time between 

i n j e c t i o n s ,  and t h e  dura t ion  of each i n j e c t i o n  must be e s t a b l i s h e d .  

A t t e r  such r e l a t i o n s h i p s  a r e  achieved i n i t i a l  primary i n t e r e s t  

w i l l  be focused on (1) t h e  r a t e  of ae roso l  depos i t ion  on p l a n t  

leaves  versus ae roso l  concentrat ion,  (2) r a t e  of a e r o s o l  



accumulation wi th in  leaves versus concent ra t ion  i n  atmosphere, 

( 3 )  l ea f  i n j u r i e s  a f t e r  prolonged exposure coupled with r a i n .  

episodes,  (4)  response of p l a n t s  t o  ae roso l s  a t  var ious l e v e l s  . 

of r e l a t i v e  humidity.  

Present ly ,  modif icat ions have been made t o  p lace  p l a n t s  

on a  l a rge  t u r n t a b l e  instead of c a r t s .  Modifications a r e  planned 

t o  adminis ter  r a i n  a s  w e l l  a s  gaseous SO t o  p l a n t s  i n  add i t ion  2  
t o  ae roso l s  of var ious compositions. 

F . Sequent ia l  P r e c i p i t a t i o n  Col lec tor  . . 

Design and cons t ruc t ion  of an automatic, s e q u e n t i a l  precip-  

i t a t i o n  c o l l e c t o r  was completed during the  per iod .  Severa l  

b a s i c  cons idera t ions  determined t h e  design chosen and t h e  dimen- 

s ions  necessary.  P r e c i p i t a t i o n  r a t e s  range from 0 .01  inch pe r  

hour t o  an extreme of over 2  inches per hour, but  over 90% of 

a l l  p r e c i p i t a t i o n  r a t e s  a t  BNL a r e  under 0.2 inch per hour .  

The chemists determined t h a t  a t  l e a s t  50 m l  should be co l l ec ted  

f o r  each sample. In  order  t o  g e t  50 m l  i n  an hour from a  r a i n  

of 0.02 inch pe r  hour, a  funnel  about 16 inches i n  diameter is 

necessary.  A 2-quart c o l l e c t i o n  b o t t l e  was chosen s o  t h a t  t h e  

ca tch  would exceed t h i s  amount i n  only a  few percent  of a l l  

p r e c i p i t a t i o n  hours .  

About 100 p r e c i p i t a t i o n  events  and about 1000 hours of 

p r e c i p i t a t i o n  occur on the  average each year. The chemists 

decided t h a t  1000 samples pe r  year could be analyzed f o r  t h e  

c o n s t i t u e n t s  of i n t e r e s t .  A few r a i n s  l a s t  f o r  s e v e r a l  days 

s o  f o r  convenience in  changing b o t t l e s  during normal working 

hours a s  o f t e n  a s  poss ib le ,  an a r r a y  01 30 sampling b o t t l e s  

was s e l e c t e d .  



The sampler c o n s i s t s  o f  a  box con ta in ing  a  t u r n t a b l e  

ho ld ing  t h e  30 sample b o t t l e s .  The t u r n t a b l e  i s  s tepped 

p e r i o d i c a l l y  by a  machine t o o l  indexer  t o  b r i n g  each b o t t l e  

under t h e  f u n n e l  i n  t u r n ,  s t a r t i n g  when p r e c i p i t a t i o n  starts. 

The funne l  i s  covered du r ing  d r y  wea ther .  A p r e c i p i t a t i o n  

senso r  a c t u a t e s  a  mechanism t o  open t h e  cover  and s t a r t  t h e  

t iming c o n t r o l  when p r e c i p i t a t i o n  b e g i n s .  The t imes o f  cover 

ogenlng a n d  c l o s i n g  and sample changb-lg dre recorded on an 

o p e r a t i o n s  r e c o r d e r  i n  t h e  Meteorology b u i l d i n g .  

On t h e  normal t iming  c y c l e ,  t h e  t u r n t a b l e  is  s tepped each 

hour 1ro1~1 L h e  t h e  precipitation s t a r t s .  When a  b o t t l e  becomes 

f i l l e d  d u r i n g  a  heavy r a i n  a  pho to -ce l l  l i q u i d  l e v e l  s enso r  

causes  a s t e p  t o  t h e  nex t  b o t t l e .  For sampling s h o r t ,  heavy 

r a i n f a l l s  such a s  thundershowers, an a l t e r n a t e  f ive-minute 

c y c l e  is s e l e c t e d  manually.  For changing b o t t l e s  and s e r v i c i n g  

t h e  u n i t ,  a swi tch  is included f o r  s t epp ing  t h e  t u r n t a b l e  a t  

w i l l .  

The r a i n  c o l l e c t i o n  funne l  is f a b r i c a t e d  of s t a i n l e s s  

s t e e l  w i th  an o f f s e t  spout  r e q u i r i n g  minimum space .  The f u n n e l  

is  wrapped w i t h  t h e r m o s t a t i c a l l y  c o n t r o l l e d  h e a t i n g  t a p e  ac tua t ed  
0 

a t  35 F t o  m e l t  snow and sleet du r ing  co ld  wea ther .  The r a i n  

s enso r  i nc ludes  a  h e a t i n g  u n i t  t o  d r y  t h e  sensor  q u i c k l y  when 

r a i n  s t o p s .  

Three sets of  b o t t l e s  a r e  a v a i l a b l e  s o  p rev ious ly  used s e t s  

may be cleaned conven ien t ly  du r ing  p e r i o d s  of c o n t i n ~ ~ o ~ ~ s  o r  

f r e q u e n t  r a i n f a l l .  A f t e r  each r a i n  o r  b o t t l e  set change, t h e  
0 

p r e c i p i t a t i o n  c o l l e c t e d  is  s t o r e d  i n  sma l l e r  c o n t a i n e r s  a t  4 C 

u n t i l  a n a l y s i s .  The c o l l e c t i o n  f ~ n n a l  i s  c leaned a f t e r  each 

pe r iod  of  p r e c i p i t a t i o n .  Samples a r e  analyzed by t h e  Atmospheric 



Chemis t ry  Group f o r  pH, .. acid.ity, , ' .  speci.fic conducta~ice , .  ammonia, 

n i t r a t e ,  c h l o r i d e ,  s u l f a t e  and. sodium. S p e c i f i c  conductance  . ., 

and pH a r e  measured a s  soon a s  p o s s i b l e  a f t e r  c o l l e c t i o n .  . . 
, . 

Chemical components a r e  analyzed b y . a  four-channel  a u t o  a n a l y z e r  . 
. - .. 

sys tem.  . . , . 
. . . . .  .. , . 

:- - 
U s e  o f  t h i s  sampler  does  n o t  accoun t  f o r , . d r y ,  f a l l o u t  

. . . , 

between r a i n .  e v e n t s .  T h i s  sys tem e n a b l e s  a d e t a l l e d  s t u d y  o f  

changes  i n  chemica l  c o n s t i t u e n t s  d u r i n g  each  r a i n f a l l  i n  d e t a i l  

p r o p o r t i o n a l  t o .  t h e  i n t e n s i t y  and d u r a t i o n  o f  t h e  e v e n t .  - 
R e s u l t s  o f  t h e  chemica l  a n a l y s e s  a r e  used i n  s e v e r a l .  ways. 

They g i v e  gu idance  i n  t h e  p r e p a r a t i o n  o f  a r t i f i c i a l  a c i d  r a i n f a l l  

which w i l l  be a p p l i e d  i n  a r ange  o f  a c i d  c o n c e n t r a t i o n s  t o  s e l e c t e d  

p l a n t  s p e c i e s  under  c o n t r o l l e d  c o n d i t i o n s  over  a r a n g e  o f  r a i n f a l l  

r a t e s  and d u r a t i o n s .  

R e s u l t s  w i l l  a l s o  be used t o  v e r i f y  . a  s o p h i s t i c a t e d  meteoro- 

l o g i c a l  t r a n s p o r t  model c u r r e n t l y  i n  u s e  by  t h e  Meteorology 

Group. The model u s e s  a comprehensive s o u r c e  i n v e n t o r y .  ove r  

much o f  Nor th  America and .  wea ther  o b s e r v a t i o n s  over  the same 

r e g i o n  t o  p r e d i c t  c o n c e n t r a t i o n s  o f  s e l e c t e d  chemica l  s p e c i e s  

d u r i n g  s u c c e s s i v e  t i m e  p e r i o d s .  It  can  a l s o  p r e d i c t  b o t h  d r y  

f a l l o u t  and washout .  

R e s u l t s  a r e  a l s o  expected  t o  p r o v i d e  i n fo rma t ion  on the 

r e l a t i v e  impor tance  o f  washout and . r a i n o u t  i n  removing m a t e r i a l  

from t h e  atmosphere.  M a t e r i a l  removed by  washout  i s  expec ted  t o  

predominate  d u r i n g  the e a r l y  s t a g e s  of a . r a i n  w h i l e  g a s e s  a n d .  

p a r t i c l e s  i nco rpo ra t ed  i n t o  t h e  d r o p s  d u r i n g  t h e  d r o p  fo rma t ion  

s t a g e  should  be more uni form th roughout  t h e  r a i n .  



G. P l a n t  Species Use--Criteria f o r  Use 

The experimental  spec ies  w i l l  be  chosen with the  following 

c r i t e r i a  i n  mind. 

1. Uniform g e n e t i c  background t o  minimize v a r i a t i o n  during 

experimentat ion.  This aspect  has  been c i t e d  by Taylor (1974) 

a s  a l i m i t i n g  f a c t o r  i n  many a i r  p o l l u t i o n  s t u d i e s .  

2 .  Inc lus ion  of f o r e s t  spec ies  which a r e  indigenous 

t o  t h e  f o r e s t s  of  nor theas tern  United S t a t e s .  

3 .  Species  I I S ~ ~ J  previously i n  &ir p u l l u t i o n  St1.1dies f o r  

t h e  purpose of comparison of t h e  i n j u r y  response wi th  r e spec t  

t o  o the r  a i r  p o l l u t a n t s .  

4 .  Ease of propagation: amenabi l i ty  t o  labora tory  %nvesti.- 

qa t ions . 
5 .  Leaf su r face  c h a r a c t e r i s t i c s .  

6 .  Ease of study of s e n s i t i v e  reproduct ive s t a g e s .  

The following s i x  p l a n t  spec ics  have been s e l e c t e d :  

1. P in to  bean (Phas-eolus v u l q a r i s )  --Seed i~ obtained 

with known g e n e t i c  background from a commercial seed source .  

Althougll il; is not a f o r e s t '  spec ies  i t  has been used exten-  

s i v e l y  i n  a i r  p o l l u t i o n  s t u d i e s  and i s  easy  t o  manipulate i n  

t h e  1abora.l;ory. 

2 .  Eastern White Pine (Pinus s t robus)  - -clonal  - p l a n t  

m a t e r i a l  i s  obtained through the  United S t a t e s  Fores t  Serv ice .  

Because we can obta in  c l o n a l  p l a n t  m a t e r i a l ,  v a r i a t i o n  between 

t h e  response of p l a n t s  i s  diminished. Eastern white  p ine  is 

abundant i n  t h e  nor theas t  and h a s  been used i n  numerous s t u d i e s  

involving a i r  p o l l u t a n t s .  



3 .  P i n  Oak ( .Quercus p a l u s t r  is) --A c l o n e  o f  ' s o v e r e i g n  

p i n  oak is ' commerc ia l ly  a v a i l a b l e  and c a n  be p r o p a g a t e d  i n  t h e  . 

g r e e n h o u s e .  Al though p i n  Oak h a s  ' no t  b e e n  u s e d  - in  a i r  p o l l u t i o n  

s t u d i e s ,  it  r e p r e s e n t s  a n o t h e r  . f o r e s t  s p e c i e s  t o  i n v e s t i g a t e  t h e  

r e l a t i v e  r e s p o n s e  t o  a c i d  r a i n .  

4.. . Cot.tonwood (Popu lus  d e l t o i d e s  h y b r , i d s ) - - T h i s  h y b r i d  

of  p o p l a r  c a n  be p r o p a g a t e d  v e g e t a t i v e l y  f rom s t e m  c u t t i n g s .  

Al though i t  h a s  n o t  b e e n  used  e x t e n s i v e l y  i n  a i r  p o l l u t i o n  

s t u d i e s  ( o n l y  some work b y  i n v e s t i g a t o r s  a t  Delaware ,  O h i o ) ,  

it is a  b road  l e a f  f o r e s t  s p e c i e s  which c a n  be used  . t o  s t u d y  

l e a f  g rowth  r a t e s  a t  low d o s e s  o f  a c i d  r a i n .  

5 .  T r a d e s e a n t . i a  ( T r a d e s c a n t  i a  p a l u d o s a )  - - P l a n t s  w e r e  

s e l e c t e d  b e c a u s e  o f  many a d v a n t a g e s .  E a r l y  r e s u l t s  . i n d i c a t e d  

t h a t  l e s i o n s  r e s u l t a n t  f rom a c i d  r a i n  e x p o s u r e , .  w e r e  p r e f e r e n t i a l l y  

l o c a l i z e d  *ea r  t r i c h o m e s  ( l e a f  h a i r s )  and s t o m a t a .  W e  we re  

f o r t u n a t e l y  a b l e  t o  ' se lect  c l o n e s  o f  i n d i v i d u a l s  f rom a n  F2 

s e g r e g a t i o n  o f  g l a b r o u s  and p u b e s c e n t  p a r e n t s .  The f o u r  s e l e c t e d  

c l o n e s  w e r e  e v e n l y  d i v i d e d  : two p u b e s c e n t  and two g l a b r o u s  c l o n e s .  

6 .  P t e r i d i u m  aqui l inum--Exper iments  a r e  f o c u s e d  a t  v i ewing  

t h e  s e x u a l  and v e g e t a t i v e  s t a g e s  o f  f e r n  r e p r o d u c t i o n .  D e t a i l s  

a r e  g i v e n : b e l o w .  This s y s t e m  aLlows  t h e  r e s e a r c h e r  t o  s e p a r a t e  

t h e  e f f e c t s  of acid r a i l 1  on t h e  ss.xual a n d  v . e g e t a t i v e  . s tag .es  of  

f e r n  deve lopmen t  i n d e p e n d e n t l y  . - 

I'v. P r o c e d u r e s  

A .  P l a n t  Expcr  iment  s 

P l a n t s  are p r o p a g a t e d  i n  f a c i l i t i e s  l i s t e d  above  b y  s t a f f  

o f  t h e  B i o l o g y  Depar tment  t o  f i t  e x p e r i m e n t a l  s p e c i f i c a t i o n s .  

A s t a n d a r d  p o t t i n g  s o i l  mix i s  u s e d .  S e e d s  or c l o n e d  p l a n t  



m a t e r i a l s  a r e  p l a c e d  i n  t h e  s o i l  mix and al lowed t o  p r o g r e s s .  

S t a n d a r d  overhead m i s t s  a r e  p rov ided  when n e c e s s a r y .  P l a n t s  

a r e  t r a n s p o r t e d  from one f a c i l i t y  t o  a n o t h e r  i n  c l o s e d  vans  

t o  minimize a t m o s p h e r i c  exposures  t o  g a s e s ,  p a r t i c u l a t e s ,  and 

r a i n .  

I n i t i a l  p r o p a g a t i o n  u s u a l l y  o c c u r s  i n  t h e  greenhouse  and 

p l a n t s  a r e  t r a n s p o r t e d  o n l y  once  t o  t h e  o t h e r  f a c i l i t i e s  f o r  

e x p e r i m e n t a l  t r e a t m e n t s .  T r a n s p o r t  of p l a n t s  o c c u r s  s e v e r a l  

d a y s  p r i o r  t o  e x p e r i m e n t a l  t r e a t m e n t s  t o  i n s u r e  d c c l i m a t i z a t i 0 n  

o f  p l a n t s  t o  any d i f f e r e n c e s  i n  e n v i r o n m e n t a l  c o n d i t i o n s .  

P l a n t s  a r e  f e r t i l h e d  through i r r i g a t i o n  w a t e r  as r e q u i r e d .  

P l a n t s  t h a t  grow r a p i d l y  r e q u i r e  weekly  f e r t i l i z a t i o n  w h i l e  p i n e s  

g e n e r a l l y  need f e r t i l i z a t i o n  once  or t w i c e  a n n u a l l y .  

P l a n t s  s e l e c t e d  f o r  exper iments  a r e  f i t t e d  w i t h  a  p l a s t i c  

hood around t h e  b a s e  of  each p l a n t  s t e m  t o  c o v e r  t h e  s o i l .  I n  

t h i s  manner, s i m u l a t e d  r a i n  s o l u t i o n s  n e v e r  e n t e r  t h e  s o i l .  

Dur ing  e x p e r i m e n t s ,  plants are i r r i g a t e d  undcr  t h e  col~es su test 

s o l u t i o n s  a r e  n o t  washed from l e a v e s .  I r r i g a t i o n  w a t e r  i s  n e v e r  

a p p l i e d  t o  f o l i a g e  a t  any a g e .  

E x p e ~ i r n e n t a l  p l a n t s  a r e  sprayed i n  a  f u l l y  e n c l o s e d  chaniber 

( h e i g h t  = - l o  f t . ,  w i d t h  = 4 f t . ,  and l e n g t h  = 5 f t . )  w i t h  dim 

l i g h t  p r o v i d e d .  P l a n t s  a r e  placed alnng t h e  s i r o u m f c r c n c e  01 

a three t o o t  d i a m e t e r  t u r n t a b l e  which remlves  a t  2 . 5  rpm. 

P l a n t s  a r e  exposed t o  a  s p r a y  m i s t  from a  set  of n o z z l e s  t h r e e  

feet  above t h e  t u r n t a b l e .  

B .  ~ i ~ t o l o q y  

Samples w e r e  f i x e d  i n  co ld '  a c r o l e i n  f o r  4 h r  . A f t e r  . 

f i x a t i o n  samples were  d e h y d r a t e d -  th rough  a  series o f  c o l d  

a l c o h o l .  s o l u t i o n s  (Feder  and 0 ' B r i e n ,  1968) . Samples w e r e  



These two drop s i z e s  s imu la t e  r a i n  and fog c o n d i t i o n s  s imul taneous ly .  

I n  g e n e r a l ,  p l a n t s  a r e  exposed t o  0.78 d r  (0.28 in/hr) f o r  

s i x  minutes only  d a i l y .  Under t h e  cond i t i ons  of our experiments,  

d rop  v e l o c i t i e s  a r e  about twice  t h a t  found i n  n a t u r e .  

Samples were f i xed  i n  cold  a c r o l e i n  f o r  4 h r .  Af t e r  f . i xa t ion  

samples were dehydrated through a  s e r i e s  of cold  a l c o h o l  s o l u t i o n s  

(Feder and O'Brien, 1968) .  Samples were placed - i n  each a l c o h o l  f o r  

a t  l e a s t  4  . h r s .  A f t e r  complete t i s s u e  dehydrat ion,  t h e  l a s t  normal 

b u t a n o l  s o l u t i o n  was brought  t o  room tempera ture .  Af t e r '  s e v e r a l  h r s  . , 
normal b u t a n o l  was decanted,  molten p a r a p l a s t  was added and t h e  

0 
t i s s u e s  were t r a n s f e r r e d  t o  62 C t o  f a c i l i t a t e  i n f i l t r a t i o n .  A f t e r  

s e v e r a l  changes of p a r a p l a s t ,  t i s s u e s  were embedded and sec t ioned  a t  

20-30 1.m. Sec t ions  were s t a i n e d  according t o  Evans and M i l l e r  (1975) . 
C . Scanninq E lec t ron  Microscopy (SEM) 

Leaf samples f o r  scanning e l e c t r o n  microscopy were f i xed  

i n  a c r o l e i n  and dehydrated i n  e t h a n o l .  Samples w e r e  p laced i n  

a  c r i t i c a l  p o i n t  a p p a r a t u s  cooled t o  ~ O C .  Subsequent d e s i c c a t i o n  

occurred a f t e r  exposure t o  CO l i q u i d  a t  t h e  c r i t i c a l  p o i n t  
0 

2 
temperature  of  31 C .  The tempera ture  was l a t e r  increased  t o  

0 
40 C a t  a  p r e s s u r e  of 1700 p s i .  The p r e s s u r e  was r e l ea sed  

e v e n t u a l l y  a t  t h e  r a t e  of 100 psi/min. and t h e  sample was 

removed. Each d r i e d  l e a f  was mounted on two-sided t a p e  on a  

SEM plug .  A l a y e r  of  carbon o r  s i l v e r  was appl ied  i n  a  vacuum 

evapora tor  wi th  a r o t a t i n g  and p reces s ing  s t a g e .  An ope ra t ion  

.vol tage of  5  kv o r  10 kv i n  t h e  SEM was used t o  avoid exces s ive  

e l e c t r o n  p e n e t r a t i o n  of t h i n  edges and h a i r s .  E l ec t ron  ang le s  

of  15 t o  45 degrees  were used t o  improve r e s o l u t i o n  of c e r t a i n  

1 e a f  s u r f a c e s .  

D . Methods wi th  P t e r  idium aquil inum 

Under a s e p t i c  cond i t i ons ,  spo re s  o f  Pter idium aquil inum 

were washed wi th  f r e s h  ch lorox  and a e r o s o l  PT and placed on 

e i t h e r  (1) Moore's medium wi th  agar  o r  ( 2 )  s t e r i l e  ve rmicu l i t e  

w i th  Moore's medium added i n  l i q u i d  form (Mnnre, 1903) . 



0 
C u l t u r e s  were  p l a c e d  u n d e r  l i g h t e d  c o n d i t i o n s  a t  20 C t h r o u g h -  

o u t  t h e  e n t i r e  g rowth  p e r i o d .  T a b l e  1 g i v e s  a  l i s t  o f  d e v e l o p -  

m e n t a l  e v e n t s  o f  o r g a n i s m s  u n d e r  t h e s e  c u l t u r e  c o n d i t i o n s .  

E . Sperm V i a b - i l - i t y  E x p e r i m e n t s  

To view t h e  d u r a t i o n  of sperm v i a b i l i t y  o f  P t e r i d i u m  

a q u i l i n u m  a t  v a r i o u s  pH l e v e l s .  S p o r e s  were  i n o c u l a t e d  on  

Moore's medium w i t h  a g a r  and a l lowed  t o  grow f o r  a b o u t  2 1  d a y s .  

Sperm were  o b t a i n e d  f rom p r o t h a l l i  i n  t h e  f o l l o w i n g  manner .  

P r o t h a l l i  w e r e  removed from c u l t u r e  f l a s k s  and were placed i n  

a s m a l l  p e t r i  d i s h .  S p e c i f i c  amounts  o f  w a t e r  were  added t o  

t h e  p r o t h a l l i  s o  t h a t  a n t h e r i d i a  would r e l e a s e  sperm i n t o  the 

w a t e r .  The maximum d e g r e e  o f  release o c c u r r e d  a f t e r  12  m i n u t e s .  

A f t e r  12 m i n u t e s ,  c i t r a t e - p h o s p h a t e  s t o c k  

b u f f e r  ( J e n s e n ,  1962)  s o l u t i o n  was added t o  t h e  s p e c i f i c  amounts  

o f  w a t e r  t o  o b t a i n  a  s p e c i f i c  b u f f e r e d  pH l e v e l  i n  t h e  d i s h .  

A f t e r  t h e  b u f f e r  s o l u t i o n  was mixed, 2  t o  3 d r o p s  o f  t h e  sperm 

s u s p e n s i o n  w e r e  p l a c e d  i n  t h e  center of a r i n g  o f  m e t h y l  cel.l.~~.lose 

on a  m i c r o s c o p e  s l i d e  and c o v e r e d  w i t h  a  c o v e r  s l i p .  

Each s u s p e n s i o n  w a s  viewed u n d e r  Phase  C o n t r a s t  o p t i c s  f o r  

2 m i n u t e  i n t e r v a l s  f rom 2-4, 5-7, 9-11, and 13-15 m i n u t e s  a f t e r  

a d d i t i o n  o f  t h e  b u f f e r  s t o c k  s o l u t i o n .  A l l  sperm o b s e r v e d  i n  

e a c h  2 m i n u t e  i n t e r v a l  w e r e  s c o r e d  as e i t h e r  a l i v e  or dead  

d e p e n d e n t  upon f l a g e l l a r  movements.  The s l i d e  was moved 

f r e q u e n t l y  t o  a v o i d  s c o r i n g  t h e  same spe rm t w i c e  i n  a n y  2 

m i n u t e  t i m e  i n t e r v a l .  

F . S p o r o p h y t e  Coun t s  

To v iew t h e  d e g r e e  of f e r t i l i z a t i o n  a t  a s i n g l e  pH l e v e l ,  

s p o r e s  w e r e  i n o c u l a t e d  i n t o  s ter i le  v e r m i c u l i t e  w i t h  Moore ' s 

medium added i n  l i q u i d  form.  P e t r i  d i s h e s  w e r e  r e i n o c u l a t e d  



6 d a y s  l a t e r  w i t h  a  second b a t c h  o f  s p o r e s .  When p l a n t s  f rom 

t h e  f i r s t  i n o c u l a t i o n  had 'been c u l t u r e d  f o r  28  d,ays ,  c i t r a t e -  

p h o s p h a t e  b u f f e r s  a t  pH l e v e l s  o f  2 . 2 ,  3 . 2 ,  4 . 2 ,  5 .2 ,  and .  5 . 8  . 

were  added t o  t h e  v e r m i c u l i t e  medium. f o r  3 . 5  h o u r s  o n l y .  C o n t r o l  

c u l t u r e s  had  n o  b u f f e r s  added .  A f t e r  3 . 5  h o u r s  t h e  b u f f e r  was 

removed and a b u f f e r  o f  t h e  o r i g i n a l  pH o f  2 8  d a y  c u l t u r e s  w a s  

added back  t o  t h e  d i s h e s .  A f t e r  s e v e r a l , m i n u t e s ,  t h i s  second  

r e s t o r a t i o n  b u f f e r  was a l s o  removed. D i s h e s  w e r e  t h e n  r e t u r n e d  

t o  t h e  c o n t r o l l e d  e n v i r o n m e n t  room for  a n  a d d i t i o n a l  1 4  d a y s .  

A l m o s t  a l l  f e r t i l i z a t i o n  was r e s t r i c t e d  t o  t h e  3 . 5  h o u r  e x p o s u r e  

t o  t h e  b u f f e r  s o l u t i o n s .  The 14 d a y  p e r i o d  a f t e r  t h e  b u f f e r  

t r e a t m e n t s  was n e c e s s a r y  f o r  deve lopmen t  o f  t h e  s p o r o p h y t e  

p l a n t s  t h a t  r e s u l t e d  f rom f e r t i l i z a t i o n .  

' J .  R e s u l t s  

I n i t i a l  e x p e r i m e n t s  were  f o c u s e d  on t h e  r e s p o n s e  f o r  

p l a n t s  o f  P h a s e o l u s  v u l q a r  is  and H e  l i a n t h u s  annuus  o f  d i f f e r e n t  

a g e s  t o  s u l f a t e  a c i d  r a i n .  T h e , ' r e s u l t s  i n d i c a t e  t h a t  v e r y  s l i g h t  

p l a n t  a g e  e f f e c t s  were  p r e s e n t  i n  P h a s e o l u s  v u l q a r i s  when v i s u a l  

i n j u r y  e f f e c t s  were  viewed (Tab le  3  ) . Only  a  s l i g h t  e f f e c t  

was e v i d e n t  a t  less ' a c i d i c  s o l u t i o n s .  The r e s u l t s  i l l u s t r a t e  ' 

t h a t  t h e  l ower  t h e  pH o f  t h e  s i m u l a t e d  r a i n  s o l u t i o n ,  t h e  

g r e a t e r  t h e  p e r c e n t  l e a f  a r e a  i n j u r e d  a t  any  t i m e  p e r i o d  a f t e r  

t h e  s t a r t  o f  t h e  e x p e r i m e n t .  I n  a d d i t i o n ,  a n  i n c r e a s e  i n  t h e  

.number  o f  r a i n  e v e n t s  u s u a l l y  i n c r e a s e s  t h e  p e r c e n t  l e a f  a r e a  

i n j u r e d  a t  pH l e v e l s  be low 2 . 9 .  



I n  p l a n t s  exposed t o  pH 2.7 an i n c r e a s e  of  p e r c e n t  l e a f  

a r e a  i n j u r e d  was no ted  a f t e r  s e v e r a l  days  of r e p e a t e d  r a i n  

e x p o s u r e .  - Older  p l a n t s  e x h i b i t e d  a  g r e a t e r  d e g r e e  o f  i n j u r y  

compared w i t h  younger p l a n t s .  P r e s e n t l y ,  f u r t h e r  exper iments  

a r e  focused a t  v iewing l e a f  age-- les ion  s e n s i t i v i t y  i n t e r a c t i o n s  

i n  more d e t a i l  i n  P. v u l q a r i s .  

I n  g .  annuus a s  i n  g. v u l q a r i s ,  a s  t h e  pH d e c r e a s e d ,  t h e  

tho a r e a  i n j u r c d  i n c r c a a c d ,  and as Ll~e n u ~ t b e r  01 ever i t s  Increased, 

t h e  d e g r e e  of i n j u r y  a l s o  i n c r e a s e d .  However, u n l i k e  p l a n t s  o f  

P .  v u l q a r i s ,  p l a n t s  o t  g .  annuus e x h i b i t e d  a s t r o n g  i n t e r a c t i o n  - 

between p l a n t  age  and p e r c e n t  l e a f  a r e a  i n j u r e d .  A t  pH l e v e l s  

o f  2 . 3  t o  3.1,  p l a n t s  a t  t h e  3-4 l e a f  s t a g e  w e r e  i n j u r e d  more 

compared w i t h  p l a n t s  of  l e a f  s t a g e s  5-6 and 7-8. During f l o r a l  

i n i t i a t i o n ,  p l a n t s  were a l m o s t  i n s e n s i t i v e  t o  t h e  a c i d  r a i n  

c o m p o s i t i o n s  u s e d .  

I n  o l d e r  p l a n t s  o f  g .  annuus,  c h l o r o s i s  o c c u r r e d .  C h l o r o s i s  

o c c u r r e d  i n  p l a n t s  exposed t o  r a i n  a t  pH 5 .7  a s  w e l l  a s  p l a n t s  

exposed t o  s i m u l a t e d  r a i n  a t  lower pH 1eve.l.s. m l n r n s i s  was 

a c c e l e r a t e d  by  exposure  t o  low pH a c i d  r a i n .  I n  a d d i t i o n ,  

a n e c r o s i s  of  l e a f  t i p s  o f  o l d e r  p l a n t s  r e s u l t e d  from a c i d  r a i n  

e x p o s u r e .  So, a l t h o u g h  no s i g n i f i c a n t  r e d u c t i o n  i n  t h e  l e a f  - .  
s u r f a c e  a r e a  a f f e c t e d  o c c u r r e d  w i t h  p l a n t  age  a f t e r  exposure  

t o  a c l d  r a i n ,  t h e  amount of c h l o r o s i s  was a c c e l e r a t e d  and 

n e c r o s i s  of  l e a f  margins  r e s u l t e d  from exposure  t o  a c i d  r a i n .  

A .  V i s u a l  l e a f  i n j u r y  symptoms 

The d e s c r i p t i o n  t h a t  f o l l o w s  p r e s e n t s  g e n e r a l i z a t i o n s  

d e r i v e d  from 13  exper iments  o f  p l a n t  i n j u r y  s u s t a i n e d  a f t e r  

e x p o s u r e  t o  s i m u l a t e d  s u l f a t e  a c i d  r a i n  pH 2.7 . 



I n j u r y  t y p e s  were  s e l e c t e d  t o  c h a r a c t e r i z e  t h e  s e q u e n t i a l  

s t a g e s  o f  i n  j u r y  p r o g r e s s i o n  t h r o u g h  t i m e .  The s e q u e n c e  
. . 

v a r i e d  s l i g h t l y  be tween  ~ h a s e o l u s  " d l q a r i s  and ~ e i i a r i t h u s  

annuus  b u t  was g e n e r a l l y  c o n ' s i s t e n t  f o r  b o t h  p l a n t  s p e c i e s  

The i n j u r y  t y p e s  w e r e  l a b e l e d  ' a s  #A, #B, # C J  and '  #D i n  o r d e r  

o f  i n c r e a s e d  d e g r e e  o f  i n j u r y  i n  which i n j u r y  #A o c c u r r e d  
. . 

initially a f t e r  r a i n  e v e n t s .  
. . . . 

' ~ n j u r y  #A w a s  t h e  f i r s t  o b s e r v a b l e  i n j u r y  t o  t h e  f i r s t  

t r i f o l i a t e  l e a v e s '  o f  g. v u l q a r i s  a f t e r  t r e a t m e n t .  Thi's ' type  
. . 

o f  i n j u r y  was n o t  foulid o n  l e a v e s  o f  g .  annuus  and was f o u n d  

r a r e l y  o n  p r i m a r y  l e a v e s  o f  - P .  v u l q a r i s  b e c a u s e  l e a f  s u r f a c e s  

o f  young t r i f o l i a t e  l e a v e s  o f  2. u l q a r i s '  we re  smooth 'compared 

w i t h  t h e  more expanded and r o u g h - t e x t u r e d  u n i f o l ' i a t e  l e a v e s  

of - P . v u l q a r  i s  and ' l e a f  p a i r s  o f  g .  a n n u u s .  I n j u r y  #A was 

c h a r a c t e r i z e d  a s  a  v e r y  s m a l l ,  s h a l l o w ,  c i r c u l a r  depression 

i n  t h e  l e a f  s u r f a c e  ( F i g .  16-a , ,b ,  c , d )  . On many. t r ' i f o l ' i a t e  l e a v e s ,  

s l i g h t  t r a c e s  o f  c h l o r o s i s  o c c u r r e d  i n  l a t e r  s . t a g e s  o f  #A i n j u r y .  

T h i s  i n j u r y  s t a g e  was found g e n e r a l l y  n e a r  v e i n s  b u t '  a l s o  ' 

o c c u r r e d  i n  i n t e r v e n i a l  a r e a s .  

I n j u r y  #B was c h a r a c t e r i z e d  b y  a  s l i g h t l y  l a r g e r ,  c i r c u l a r  

d e p r e s s i o n  compared w i t h  #A i n  j u r y  ( F i g .  17 (2 )  and (8) ) . The 

d e p r e s s i o n  was g r e a t e r  t h a n  i n  #A and c h l o r o s i s  was a lways  

p r e s e n t .  O f t e n ,  #B was t h e  f i r s t  s t a g e  d e t e c t e d  i n  o l d e r  or 

r o u g h  - t e x t u r e d  ' l e a v e s  ( p r i m a r y  l e a v e s  u f  P. v u l q a s i s .  and a l l  
. . l e a v e s  o f  H_. Annuus) .  

l n j u ' r y  #C deve loped  when l e s i o n s  e n l a r g e d  t o  a t  l e a ' s t  
. . .  

1 mm i n  d i a m e t e r .  The d e p r e s s i o n  of #C was l a r g e r  t h a n  t h a t  

o f  #B and was u s u a l l y  e n l a r g e d  i n  an  i r r e g u l a r  p a t t e r n ,  ' e s p e c i a I L y  
. . 

ad jaccn t  t o  v a s c u l a r  tissues. The lesion was marked c l e a r l y  

w i t h  d i s t i n c t  s i d e  w a l l s .  I n  g e n e r a l ,  n e c r o ' s i s  o c c u r r e d  t h r o u g h -  

o u t  t h e  d e p r e s s i o n  ( F i g .  17 ( 3 )  and (9)  ) . 



I n j u r y  #D, t h e  most advanced s t a g e  c h a r a c t e r i z e d ,  e x h i b i t e d  

a  l a r g e  i r r e g u l a r l y  shaped l e s i o n  abou t  2 mm i n  d i ame te r  (F ig .  17 

(4 ) ,  ( 5 ) ,  (6 )  and ( 1 0 ) )  . I n  most c a s e s  n e c r o s i s  o n .  t h e  a b a x i a l  

l e a f  s u r f a c e  corresponded t o  t h e  l e s i o n  on t h e  a d a x i a l  s u r f a c e  

s o  t h e  l e s i o n  p e n e t r a t e d  th roughout  t h e  l e a f  i n  c r o s s  s e c t i o n .  

I n j u r y  #D was u s u a l l y  found i n i t i a l l y  a t  v e i n  j u n c t i o n s ,  and 

(1) was due t o  coa l e scence  of two o r  t h r e e  s m a l l e r  i n j u r y  a r e a s ,  

o r  ( 2 )  r e s u l t e d  from enlargement  of  a  s i n g l e  #C l e s i o n .  

Of ten  t h e  ep ide rmi s  n e a r  vascular tissues was j..n jured  

i n i t i a l l y ,  p o s s i b l y  due t o  s m a l l  a r e a s  o f  l e a f  c u r v a t u r e .  

These s m a l l  a r e a s  of c u r v a t u r e  may accumulate r a i n  sol.i.~t,j..ons 

w i t h  g r e a t e r  f requency  compared w i t h  . a r e a s  away from v a s c u l a r  

t i s s u e .  It should  be noted  t h a t  such an  e s t i m a t e  o f  i n j u r y  

a s s o c i a t e d  w i t h  v a s c u l a r  t i s s u e  may b e  mi s l ead ing  when a c i d  

r a i n  r e s u l t s  i n  l a r g e  n e c r o t i c  a r e a s .  However, a s  t h e  a r e a  

o f  i n j u r y  i n c r e a s e d ,  t h e  p r o b a b i l i t y  of  i n  j u r y  more a s s o c i a t e d  

w i t h  v a s c u l a r  t i s s u e s  i n c r e a s e d .  On t h e  ~ t h e r  h.and, i n  ve ry  

s m a l l  l e a v e s  t h e  l o c a t i o n  of  v a s c u l a r  t i s s u e s  i s  d i f f i c u l t  t o  

d e f i n e .  For  t h i s  r e a son ,  t h e  s i g n i f i c a n c e  of i n i t i a l  i.n j i l ry 

a d j a c e n t  t o  v a s c u l a r  t i s s u e s  canno t  be d e f i n e d  by l e a f  s u r f a c e  

o b s e r v a t i o n s  a l o n e .  

D. I l i s t o l o q y  

H i s t o l o g i c a l l y ,  #A i n  j u ry  was c h a r a c t e r i z e d  by c o l l a p s e  

o f  a d a x i a l  ep ide rma l  c e l l s .  I n  c r o s s  s e c t i o n  ep ide rma l  ce l ls  

e x h i b i t e d  compressed, d i s t o r t e d  c e l l  w a l l s  w i t h  l i t t l e  o r  no 

cy top lasm,  c o l l a p s e d  a d j a c e n t  t o  t h e  p a l i s a d e  c e l l  l a y e r .  A t  

t h i s  s t a g e  t h e  c l o s e l y  a l i g n e d  ep ide rma l  c e l l  w a l l s  s t a i n e d  

d a r k l y .  I n  #A l e s i o n s ,  t h e  upper  p a l i s a d e  parenchyma c e l l  



l a y e r  f r e q u e n t l y  e x h i b i t e d  d i s t o r t e d  s i d e  w a l l s  concommitant 

w i t h  an i nc r ea sed  s t a i n  o f  b o t h  c e l l  w a l l s  and cytoplasm.  The 

c o l l a p s e  of  t h e s e  t i s s u e s  r e s u l t e d  i n  a  d e p r e s s i o n  o f  t h e  

a d a x i a l  l e a f  s u r f a c e  d e s c r i b e d  p r e v i o u s l y .  

Complete d i s t o r t i o n  o f  bo th  t h e  a d a x i a l  ep ide rma l  and 

p a l i s a d e  l a y e r  ce l l s  occur red  t o  g i v e  #B' l e s i o n s .  I n  g e n e r a l ,  

i n j u r y  a r e a s  s t a i n e d  g r e a t e r  t h a n  a d j a c e n t  c e l l s  a s  noted above,  

F r equen t l y ,  e p i d e r m a l  and p a l i s a d e  parenchyma cel ls  c o l l a p s e d  

comple te ly  a d j a c e n t  t o  spongy mesophyll  c e l . 1 ~ .  Les ions  

developed f r e q u e n t l y  i n  concave l e a f  s u r f  a c e  a r e a s  n e a r  v a s c u l a r  

bundles .  When l e s i o n s  w e r e  l oca t ed  near  v a s c u l a r  t i s s u e s  w i t h  

a s s o c i a t e d  ' s u p p o r t i v e ' t i s s u e s ,  t h e  deg ree  of  t i s s u e  c o l l a p s e  

was n o t  a s  marked compared w i t h  a r e a s  removed from v a s c u l a r  

t i s s u e s .  I n  s e c t i o n s  ' w i t h  #A,, #B and #C l e s i o n s ,  a  h igh  

f requency  o f  l e s i o n s  a d j a c e n t  t o  s tomata  and t r i chomes  was 

n o t e d .  I n  s e q u e n t i a l  s e r i a l  s e c t i o n s  th rough  a l l  l e s i o n s  

obse rved ,  most i n j u r y  a r e a s  were a s s o c i a t e d  w i t h  e i t h e r  s tomata  

o r  t r i chomes  i n  accord  w i t h  p r e v i o u s  o b s e r v a t i o n s .  

I n  #C l e s i o n s ,  a lmos t  a l l  c e l l s  w e r e  d i s t o r t e d .  I n  

g e n e r a l , .  however, t i s s u e s  remained d i s t i n c t  excep t .  f o r  t h e  

a d a x i a l  ep ide rmi s .  The a d a x i a l  ep ide rmi s  c o l l a p s e d  comple t e ly  

i n  a l l  #C l e s i o n s  obse rved .  I n  #D l e s i o n s  no t i s s u e s  remained 

d i s t i n c t  e x c e p t  f o r  t h e  more r i g i d l y  wa l led  v a s c u l a r  t i s s u e s .  

C . T i m e  sequence 'of e v e n t s  

I n  exper iments  t o  view t h e  time sequence o f  e f f e c t s  o f  

s imu la t ed  a c i d  r a i n ,  p l a n t s  w e r e  exposed t o  a  s i x  minute r a i n  

e v e n t  d a i l y .  J u ~ t  p r i o r  to a r a i n  e v e n t  an assessment  o f  

i n j u r y  was made. So t h e  t i m e  sequence of e v e n t s  was de layed  

by 24 h o u r s .  



D . Phaseo lus  v u l q a r i s  

I n  Phaseolus  v u l q a r i s ,  a f t e r  one r a i n  even t  (24 h r  .) 

most i n j u r e d  a r e a s  o f  p r imary  l e a v e s  w e r e  c a t e g o r i z e d  a s  #A 

w i t h  a  few #B l e s i o n s .  Les ions  o f  t ype  #C w e r e  r a r e  and no 

t y p e  #D i n j u r y  was p r e s e n t .  I n  f i r s t  t r i f o l i a t e  l e a v e s ,  m o s t  

l e s i o n s  were #A l e v e l  w i t h  o n l y  a  few a t  #B i n j u r y  l e v e l .  One 

day  a f t e r  t h e  f i r s t  r a i n  e v e n t  less t h a n  one-half  o f  a l l  l e s i o n s  

w e r e  a s s o c i a t e d  w i t h  v a s c u l a r  t i s s u e s .  

Af tex  48  h o ~ l r s ,  a f t e r  two rain even tu ,  most lesicriks were 

#B w i t h  some #C and #D i n j u r y  t y p e s  on pr imary l e a v e s .  On 

t r i f o l i a t e  leaves, some #A l e s i o n s  w e r e  p r e s c n t  but most were 

#C and #D. On b o t h  l e a f  t y p e s ,  l e s i o n s  were l o c a t e d  a d j a c e n t  t o  

v a s c u l a r  t i s s u e s  i n  75% of a l l  c a s e s .  A f t e r  72  hou r s ,  #A 

l e s i o n s  were found on b o t h  u n i f o l i a t e  and t r i f o l i a t e  l e a v e s .  

Frequency o f  #C and #D l e s i o n s  i nc r ea sed  from e a r l i e r  #A and 

#B l e s i o n s .  The f r eguency  o f  #B l e s i o n s  remained s i m i l a r  t o  

48 hou r  samples .  

A f t e r  72  h o u r s  t h e  f requency  o f  a l l  l e s i o n s  remained s t a b l e .  

Two p r o c e s s e s  occur red  d u r i n g  k h i s  t i m e  p e r i o d .  Les ions  #A and 

#B p rog re s sed  t o  #C and #D w h i l e  new l e s i o n s  o f  #A and #B 

o r i g i n a t e d  w i t h  con t inued  r a i n  e v e n t s .  

E . I I e l i an thus  a1111uus 

A f t e r  t h e  f i r s t  r a i n  e v e n t  (24 h o u r s )  t h e  f i r s t  l e a f  

p a i r  exhibited a  g r e a t  amount of l e a f  i n j u r y .  I n j u r y  l e v e l s  

o f  #By #C, and #D w e r e  a l l  p r e s e n t .  On t h e  second l e a f  p a i r  

#A, #B arid #C were all p r e s e n t  b u t  much lower i n  f requency  

compared w i t h  t h e  f i r s t  l e a f  p a i r .  Corresponding t o  t h i s  p a t t e r n ,  

t h e  t h i r d  l e a f  p a i r  e x h i b i t e d  v e r y  l i t t l e  i n j u r y .  On t h i s  l e a f  

p a i r ,  #B l e s i o n s  p redomina ted .  A s  s t a t e d  p r e v i o u s l y ,  #A was 

v e r y  i n f r e q u e n t  on l e a v e s  o f  g .  annuus.  



. .After  48 hours (two r a i n  even t s )  many l a r g e  a reas  of t h e  

f i r s t  leaf  p a i r  were almost comple.tely af fe.cted by the  s.imulated 

r a i n .  .Most l e s ions  coalesced t o  giye l a rge  a reas  of a f fec ted  

l ea f  su r face .  In  genera l ,  .about . 10-20% . of the  e n t i r e  , l e a f  was 

injured:  and about 5.0% of t h i s  i n  jury was r 'e la ted t o  . vascular  . 

t i s s u e s .  In  the  second l ea f  p a i r  most l e s i o n s  were #B w-ith an 

increase  ,in frequency of #C and #D. l e s i o n s .  About 75% of . . . .  a l l ,  . 

l e s ions  were .associated with Wascu l a r  t i s s u e s .  In  the  t h i r d  

leaf  , p a i r ,  t h r e e  s,i,multaneous c h a r a c t e r i s t i c s .  were. .present .  

Most l e s i o n s  were #B, occurred on the  d i s t a l  port ion.  of leaves,  

and almost a l l  were associa ted  with vascular  t i s s u e s .  , 

After  t h r e e  r a i n  events ,  50% of the leaf  su r face  of the  f i r s t  

p a i r  was n e c r o t i c  (D). . . Most l e s i o n s  on the  second and t h i r d  

l e a f .  p a i r s  were #B and #C with some #D. . A s  a f t e r  48 hours,  , . 
. . .  

most l e s ions  were associa ted  wi th  vascular  .t is.sues. Af te r ,  
. . .. 

four  . r a in  events ,  most l e s i o n s  of leaf  p a i r s  2  and 3 were . . .  #C 

and #D. Eventually,  a l l  a r e a s  with' #C. and #D l e s i o n s  became 

f u l l y  n e c r o t i c  . A t  t h i s  time period about 75% of a l l  l e s i o n s  

were associa ted  with l ea f  ve ins .  



F .  Popu lus  c l o n e s  

T a b l e s  5-10 summarize t h e  r e s p o n s e  o f  v a r i o u s  c l o n e s  o f  

P o p l a r  t o  s i m u l a t e d  a c i d  r a i n .  Each t a b l e  g i v e s  an  i n j u r y  

r a t i n g  f o r  e a c h  i n j u r y  t y p e  f o r  e a c h  pH p e r  day .  A l s o ,  t h e  

p e r c e n t  of  t o t a l  l e a v e s  i n j u r e d  i s  g i v e n .  

I f  c o n s i d e r a t i o n  i s  g i v e n  m o s t l y  t o  i n j u r y  r a t i n g  and n o t  

t o  p e r c e n t  o f  t o t a l  l e a v e s  i n j u r e d ,  t h e  f o l l o w i n g  o r d e r  o f  

g r e a t e s t  t o  l e a s t  i n j u r y  i s  i n d i c a t e d :  c l o n e  8, 207, 44,  211,  

327, 43 .  I f  t h e  p e r c e n t  o f  t o t a l  l e a v e s  i n j u r e d  i s  used a s  

t h e  s o l e  c r i t e r i a ,  t h e  o r d e r  o f  g r e a t e s t  t o  l e a s t  i n  j u r y  was : 

8, 211, 207, 43, 44,  327. 

I n  g e n e r a l ,  t h e  same i n j u r y  i n d i c e s  o f  #A, #B, #C, #D were 

used i n  c l o n e s  o f  P o p l a r  a s  i n  g. v u l q a r i s  and g .  annuus .  

V i s u a l l y  t h e  symptoms were t h e  same among t h e  t h r e e  s p e c i e s  

e x c e p t  f o r  some minor v a r i a t i o n s .  P r e s e n t l y ,  samples  a r e  under  

e x a m i n a t i o n  f o r  ( a )  v i s u a l  p r o g r e s s i o n  o f  i n j u r y ,  (b) i n i t i a l  

e f f e c t s  v i a  s c a n n i n g  e l e c t r o n  microscopy,  and (c) h i s t o l o g i c a l  

p r o g r e s s  of i n j u r y .  These r e s u l t s  w i l l  augment similar  r e s u l t s  

above £ o r  g. v u , l q a r i s  and g ,  annu1l.s. 

Table  11 shows t h e  number o f  s t o m a t a  p e r  u n i t  a r e a  on t h e  

a d a x i a l  (upper)  and a b a x i a l  ( lower )  leaf s u r f  ace. P r e l i m i n a r y  

r e s u l t s  i n d i c a t e  t h a t  t h e  number of s t o m a t a  on t h e  a d a x i a l  l e a f  

s u r f a c e  i s  p o s i t i v e l y  r e l a t e d  t o  t h e  i n j u r y  i n d e x  among t h e  

c l o n e s  s t u d i e d .  These r e s u l t a n t  c o r r e l a t i o n s  a r e  of L n t e r e g t  

i n  l.;rjht of; the ab'ovc LocalizaLioll uf injury near stomata. 

Almost no  t r i c h o m e s  a r e  p r e s e n t  on l e a v e s  of  t h e  p o p l a r  c l o n e s  

s t u d i e d .  



G .  T radescan t i a  c lones  

Because t r ichomes and stomata were t h e  c h i e f ' p o i n t s  of 

e n t r y  of s imulated a c i d  r a i n  . i n to  f o l i a g e ,  a  search  f o r  c l o s e l y  

r e l a t e d  p l a n t s  wi th  and without  t r ichomes and varying numbers of 

a d a x i a l  s tomata  would r e p r e s e n t  a  method t o  check responses  of 

p l a n t s  wi th .  and wi thout  t h e s e  s t r u c t u r e s .  

P l a n t s  wi th  and without  t r ichomes were ob ta ined .  from t h e  

l a t e  Dr.  Arnold H . Sparrow. He donated r e p r e s e n t a t i v e s  of  F  
2 

progeny from a cross o f  a  pubescent c l o n e  2451 with  a  glaborous  

c lone  02'. Four c lones ,  10, 18, 2 1 ,  and 56 were i n i t i a l l y  

s e l e c t e d  from a l l  t h e  F progeny a v a i l a b l e .  Table  12 g i v e s  
2 

t h e  frequency of  stomata and t r ichomes on bo th  a d a x i a l  and 

a b a x i a l  l e a f  s u r f a c e s .  Both l e a f  s u r f a c e s  were viewed because 

both  wou'ld be  sub jec ted  t o  s imulated a c i d  r a i n .  Clones .  10 and ' .  

18 exh ib i t ed  lower f r equenc ie s  o f  t r ichomes compared wi th  c iones  

21 and 56.  I n  g e n e r a l ,  however, t h e  frequency of s tomata  were 

no t  d i f f e r e n t  among t h e  c l o n e s .  P r e s e n t l y ,  t h e s e  four  c lones  

a s  w e l l  a s  t h e  p a r e n t s  a r e  under p ropaga t ion  f o r  f u t u r e  t e s t s .  ' 

Experiments wi th  s imulated r a i n  should beg in  i n  September 1976. 

H .  P inus  s t r o b u s  c lones  

Eas t e rn  Whitc P ine  (Pinus  st.robi.1~) r e p r e s e n t s  a f o r e s t  

p l a n t  s p e c i e s  indigenous t o  t h e  n o r t h e a s t e r n  United S t a t e s .  

Over t h e  l a s t  yea r ,  I have corresponded wi th  Dr .  B i l l  S i t e s ,  

Chief  P a t h o l o g i s t  a t  F o r e s t  I n s e c t  and Disease  Management ' 

O f f i c e ,  Ashevi l l e ,  N 0 r t . h  C a r o l i n a ,  D r .  S i t e s  has  donated . 

6  c l o n e s  o f  Eas t e rn  White P ine  o r i g i n a l l y  propagated f o r  

t h e i r  d i v e r s e  responses  t o  ambient ;zone and su lgu r  d iox ide  

l e v e l s  i n  f o r e s t s .  



Although t h e  present  c a t e g o r i z a t i o n  of t h e i r  responses 

i s  unclear ,  t hese  c l o n e s  represent  a  wide divergence of responses 

t o  t h e s e  a i r  p o l l u t a n t s .  Two clones,  WVA and W 1 ,  a r e  very 

s e n s i t i v e . t o  e i t h e r  ,ozone or  SO and because of t h i s  s e n s i t i v i t y  2 
a r e  ,almost non-existent i n  f o r e s t s  . Successful  propagat ion of 

t h e s e  c lones  can only be done i n  f a c i l i t i e s  such a s  ours .  

Prel iminary analyses  suggest  t h a t  no g r e a t  d i f f e r e n c e s  

appear - i n  stomata1 frequency o r  in te rna , l  needle c h a r a c t e r i s t i c s .  

Pre l iminary  .. . Scanning Elec t ron  Micrographs suggest t h a t  stomata 

of p ines  a r e  occluded with -gums o r  r e s i n s .  These r e s i n s  may 

Le a chief f a c t o r  i n  r e s i s t a n c e  of gaseous p o l l u t a n t  en t rance .  

Does ac id  r a i n  h e l p  d i s s o l v e  these  r e s i n s  o r  waxes? I f  acid 

r a i n  helped d i s s o l v e  these  waxes, r e s i s t a n c e  t o  gas  flow would 

be  reduced and gas p o l l u t a n t s  would e n t e r  a t  a  more rapid  r a t e .  

Experiments a r e  designed t o  t e s t  t h i s  hypothesis  by (1) 

ac id  r a i n  and ae roso l  t rea tments  i n  combination with (2 )  SO 2 
fumig.ations . i n  . t h e  a e r o s o l  chamber. I n  t h e  autu-mn of 1976, 

pre l iminary  . .  v experiments a r e  planned t o  view s e n s i t i v i t i e s  of 

t h e  c,lones t o  acid r a i n  a lone-  I n  the ~ p s i n g  of 1377, the 

eo~fhLnation experiments ou t l ined  above will be performed. 

I .  Pteridium aquilinum 

The gametophyte s t a g e  of development i n  - P .  aquilinum 

r e p r e s e n t s  a  unique system t o  study t h e  e f f e c t s  of aqueous 

p o l l u t a n t s  in  ra inwater  o r  s l ~ r f a r ? ~ !  w a t e r s  i n  genera l .  Table .13 

ou t l ines .  t h e  stages i n  development of gametophytes of  g. aquilinum. 

The s p e c i f i c  methods of c u l t u r e  a r e  out l ined  above. Two types  

of experiments were conducted: ( a )  t h e  response of sperm t o  

buffered  s o l u t i o n s ,  (33) t h e  response of vege ta t ive  and sexual  

s t a g e s  t o  buffered s o l u t i o n s .  



.When sperm a r e  exposed t o  buf fe red  s o l u t i o n s  a t -  va r ious  

pH l e v e l s  t h e  sperm remain ac ' t i ve  f o r  va r ious  t ime ~ e r i o d s . .  . . , 

I f  sperm a r e  exposed t o  b u f f e r  pH 5.8, 32% remain v i a b l e  

( f l a g e l l a r  movements) f o r  8-10 minutes (Table 14) = However, 

i f  t h e  pH i s  dropped t o  5.2 no sperm' a r e  v i a b l e  .5-7 minutes  . 

a f t e r  t h e  beginning of  exposure a l though 27% .a re  v . iable  2-4 

minutes a f t e r  exposure .  I f  t h e  pH i s  ad jus t ed  t o  4 .2  o r  lower . ;' 

ve ry  few sperm remain v i a b l e .  

I n  experiments t o  view t h e  s e n s i t i v i t y  of v e g e t a t i v e  and 

r ep roduc t ive  s t a g e s  of P . aqui l inum t o  bu f f e red  s o l u t i o n s ,  t h e  - 
buffe red  s o l u t i o n s  a r e  added f o r  only  3 .5  hours  a t  a s t a g e  where 

most of t h e  v i a b l e  sperm a r e  borne by p l a n t s  of t h e  second inocu- 

l a t i o n  whi le  on ly  p l a n t s  of  t h e  f i r s t  i n o c u l a t i o n  have mature 

a rchegonia .  For f e r t i l i z a t i o n  t o  occur ,  over 90% of t h e  sperm 

must t r a v e l  from p l a n t s  of t h e  second i n o c u l a t i o n  t o  p l a n t s  of 

t h e  f i r s t  i n o c u l a t i o n  i n  t h e  bu f f e red  s o l u t i o n s  provided.  

Twenty-eight days  a f t e r  t h e  f i r s t  i n o c u l a t i o n ,  43% of a l l  

p r o t h a l l i  i n  t h e  d i s h  (which inc ludes  p l a n t s  q£ t h e  second -' 

' i nocu la t ion )  a r e  notched (Table 15) . The notched c o n d i t i o n  
. . 

is  p r e r e q u i s i t e  t o  t h e  presence  of  mature a rchegonia .  I n  f a c t ,  

95% of a l l  notched gametophytes had mature archegonia  a t  28 
. . 

days .  A f t e r  t h e  buffer is  added f e r t i l ' i z a t i o n  can t a k e  p l a c e ,  then 

t h e  b u f f e r  is  removed. From t h e  lower percen tage  (9%) of sporophytes  

produced wi th  no b u f f e r  t r ea tmen t ,  most p l a n t s  a r e  f e r t i l i z e d  

du r ing  t h e  3 .5  hr. p e r i o d .  I f  t h i s  background percen tage  o f  
. . 

sporophytes  is sub t r ac t ed  (see l a s t  column of Table 15), it is  

e v i d e n t  t h a t  t h e  pe rcen t  of sporophytes  p e r  notched gametophytes 

i s  dependent on b u f f e r  pH. 

. . 



The t h i r d  column of  Table 15  r e f l e c t s  t h e  a b i l i t y  of  notched 

gametophytes a t  day 2 8  t o  su rv ive  t h e  b u f f e r  t r ea tmen t .  .Since - 

a l l  t h e  va lues  of column t h r e e  a r e  s i m i l a r ,  we concluded t h a t  

t h e  b u f f e r  t r e a t m e n t s  have l i t t l e  o r  no e f f e c t  on gametophyte 

s u r v i v a l .  This  Table  c l e a r l y  shows t h a t  a dec rease  i n  b u f f e r  

pH lowers t h e  l e v e l  of sporophytes  produced i n  a s i m i l a r  manner 

t o  t h e  sperm coun t s  of Table 14.  P r e s e n t l y ,  exper iments  

a r e  underway t o  tes t  t h e  e f f e c t s  of  a d d i t i v e s  such a s  s u l f a t e ,  

n i t r a t e ,  and c h l o r i d e  t o  t e s t  anion e f f e c t s  i n  t h i s  s e n s i t i v e  

a s s a y  system. 

VI; Ant i c ipa t ed  Experiments f o r  Next Year 

A s  o u t l i n e d  i n  t h e  s p e c i f i c  aims s e c t i o n  and f u r t h e r  

r e i n f o r c e d  i n  l a t t e r  s e c t i o n s ,  t h e  fo l lowing  a r e a s  of e x p e r i -  

mentat ion a r e  underway and w i l l  be  completed by  t h e  end of 

FY 1977: 

(A) D e s c r i p t i o n  of  l e s i o n  development on Poplar  c l o n e s  

s i m i l a r  t o  t h a t  o u t l i n e d  above f o r  g. m r i s  -. and H .  annuus. - 
Because Poplar  h a s  few i f  any t r ichomes,  exper iments  w i l l  be 

focused on i n  j u r y  l o c a l i z a t i o n  nea r  s tomata .  

(B) D e s c r i p t i o n  of  l e s i o n  development i n  c lones  o f  

Tradescant&. . - .- Experiments w i l l  f ocus  on f requency of l e s i o n  

development n e a r  t r i chomes  a s  t h e  c l o n e s  a v a i l a b l e  d i f f e r  i n  

f requency of t r ichomes wi th  l i t t l e  v a r i a t i o n  i n  f requency of  

s toma ta ,  

(C) F i n i s h  exper iments  t h a t  view l e a f  growth r a t e  r e d u c t i o n s  

i n  - P ,  v u l g a r i s  a t  pH l e v e l s  nea r  3 . O .  F i n i s h  exper iments  t h a t  

view o v e r a l l  p r o d u c t i v i t y  of 2. v u l s a r i s  and g. annuus wi th  

r e s p e c t  t o  t o t a l  biomass, -seed . y i e l d ,  r e s u l t a n t  seed v i a b i l i t y ,  

e tc .  



(D) Fol low r a t e s  o f  accumula t ion  of  s u l f a t e  and n i t r a t e  

i n  p l a n t  l e a f  t i s s u e  a f t e r  exposure  t o  a c i d  r a i n  w i t h  r e s p e c t  

t o  l e a f  i n  j u r y ,  no. growth r e d u c t i o n s ,  and n o  y i e l d  r e d u c t i o n s .  

(E) Observe r a t e s '  of i o n  p e r m e a b i l i t y  t o  p l a n t  l e a v e s  

exposed t o  a c i d  r a i n  t r e a t m e n t s . '  R a t e s  o f  i o n  p e r m e a b i l i t y  

shou ld  be r e l a t e d  t o  n u t r i e n t  accumu l a t  i o n s  and/or l e a c h i n g  

from a c i d  r a i n  t r e a t m e n t s .  

(F) Observe effects  o f  t r e a t m e n t s  t o  p l a n t s  a f t e r  exposure  

t o  a c i d  a e r o s o l s  i n  combinat ion  w i t h  a c i d  r a i n  a s  compared w i t h  

a c i d  r a i n  only ' .  Techniques s i m i l a r  t o  t h o s e  used p r e v i o u s l y  

w i l l  be u s e d .  

(G) Observe t h e  effects  o f  v a r i o u s  a n i o n s  i n  t h e  v e r y  

s e n s i t i v e  P t e r i d i u m  a q u i l i n u m  sys tem.  It i s  hoped t h a t  s p o r o p h y t e s  

of  t h e s e  p l a n t s  w i l l  be a v a i l a b l e  i n  t h e  summer of 1977. 

(H) Conduct a c i d  r a i n  e x p e r i m e n t s  w i t h  c loned  m a t e r i a l  of 

P i n u s  s t r o b u s  ( E a s t e r n  White P i n e )  and Sovere ign  P i n  Oak. - 
Because of p r o p a g a t i o n  d i f f i c u l t i e s  t h e s e  two s p e c i e s  were  

u n a v a i l a b l e .  

(I) Monitor  r a i n  e v e n t s  of Long I s l a n d  and o b s e r v e  t h e  

major  c o n s t i t u e n t s  i n  r a i n  among r a i n  e v e n t s .  Emphasis w i l l  

be p l a c e d  on s e q u e n t i a l  samples  d u r i n g  s i n g l e  e v e n t s  w i t h  

r e g a r d  t n  r a j n  c h e m i s t r y .  



V I I  . References  

Evans,. L .  S .  and P .  R .  M i l l e r ,  H i s t o l o g i c a l  comparison 
of  s i n g l e  and a d d i t i v e  O3 and SO2 i n j u r i e s  t o  e longa t ing  
ponderosa p i n e  need les ,  Amer - . - J .  - Bot .  - 62, 416-421 (1975) . 

Feder ,  N .  and T .  P .  O'Brien,  P l a n t  microtechnique:  Some 
p r i n c i p l e s  and new methods, Amer. - J .  - - Bot .  -7 55 123-142 
(1968) . 

Gordon, C .  C . ,  Shor t - long c o n i f e r  need le  syndrone, i n  I n t e r i m  
Report t o . t h e  Environmental P r o t e c t i o n  Agency, 23 p . ,  1972. 

Jensen ,  W .  A . ,  B o t a n i c a l  His tochemis t ry  P r i n c i p l e s  - and 
P r a c t i c e ,  Freeman and Co., San Franc isco ,  1962. 

L ikens ,  G .  E .  and F .  H .  Bormann, Acid r a i n :  A s e r i o u s  
regional-  environmental  problem, Science -2 184 1176-1179 
(1974) . 

M i l l e r ,  P .  R . ,  J .  R. Parameter,  J r . ,  0 .  C .  Taylor  and 
E .  A .  C a r d i f f ,  Ozone i n j u r y  t o  t h e  f o l i a g e  of Pinus  
ponderosa,  Phytopatholoqy -, 53 1072-1076 (1963) .  

Moqre, G .  T . ,  Methods f o r  growing pure  c u l t u r e s  of a lgae ,  
- J . Appl. Microscopy - and Laboratory Methods 6, p .  2309 
(1903) .  

Shepherd', J .  G . ,  Measurements of  t h e  d i r e c t  d e p o s i t i o n  of 
sulphur  d i o x i d e  .onto g r a s s  and water by t h e  p r o f i l e  
method, Atmos . Environ . - 8, 69.-74 (1974) . 

Wood, T. and F .  H .  Bormann, I n c r e a s e s  i n  f o l i a r  l each ing  
caused by a c i d i f i c a t i o n  of  an a r t i f i c i a l  m i s t ,  Ambio. 
4 169-171 (1975) . - 2 



Table 1 

Constituents of simulated rain solution 
. .  . ., . 7 .  . .  . . . . . .  

Constituent . Conc. (mg/l-1 . ' . 

0.. 40 ~ m m o n  i um 
. , 

1.20 Sodium 

Calcium 0.506 

Magnesium 

potassium 

Iron 

Manganese 

Lead 

Zinc 

Nickel 

Copper 

Cadmium 

Hydrogen ions 

Sulfate 

ch1nr j .de  

Nitrate 



Table  2 

C h a r a c t e r i z a t i o n .  of  D r o p l e t  S i z e s  
b  

Generated by t h e  S R N ~ /  and O i l  Burner N o z z l e s 1  

SRN Nozzle O i l  Burner Nozzle 

Mean radius ,  r , , , :  sum ~f "11 
d r o p l e t  r a d i i  divided by 
t o t a l  number of  d r o p l e t s  0.0604 0.0012 

Mode r a d i u s ,  r r a d i u s  t h a t  
d '  

co r responds  t o  t h e  maximum 
number d r o p s  0.300 

Mean volume r a d i u s ,  rv, r a d i u s  
o f  a  d r o p l e t  whose volume i s  
e q u a l  t o  t h e  ave rage  d r o p l e t  
volume 0.353 

Predominant  r a d i u s ,  r , 
r a d i u s  t h a t  co r respon8s  
t o  t h e  maximum volume of 
w a  t ex  0 . 3 0 0  

Median volume r a d i u s ,  rII, 
r a d i u s  o f  t h e  d r o p l e t  such 
t h a t  h a l f  t h e  w a t e r  is com- 
p r i s e d  b y  l a r g e r  d r o p s  0.410 0.0139 

- a' SRN - P o l y v i n y l  c h l o r i d e  n o z z l e  (14 h o l e s ;  each h o l e  
0.010 i n c h e s  i n  d i a m e t e r ;  9  inch d iamete r  s p r a y  
p a t t e r n  a t  h e i g h t  of 3  f e e t )  purchased from B e t e  Fog 
Nozzle Company, G r e e n f i e l d ,  Moss. 

Siid Harvey O i l  Burner Nozzle, 80 d e g r e e  s p r a y  p a t t e r n .  
Flow r a t e  = 0.85 gph - 60 p . s  .i. Semi-solid s p r a y  
p a t t e r n .  



Table 3 .  

E f f e c t  o f  S u l f a t e  Acid  Rain  on  V i s u a l  Leaf  I n j u r y  
o f  P h a s e o l u s  v u l g a r i s  

pH o f  s i m u l a t e d  r a i n  
2 . 5  2.7 2 . 9  3 .‘1 

Days a f t e r  e x p o s u r e  
3 3 3 3 3 3 I. 

6 6 6 6 6 6 
9 9 9 9 9 9 

1 2  7 1 2  1 2  1 2  1 2  12  

P h a s e o l u s  v u l g a r i s  
T r i f o l i a t e  l e a f  
s t a g e  
FIRST 

SECOND 

THIRD 



Table 4. 

Effect of Sbl.fate Acid Rain on Visual Leaf 1n.jury 
of Helianthus annuus 

Days a f t e r  exposure 
3 3 3 3 3 3 

Helianthus annuus 
-. -. . . . . . . . 

Leaf. pa i r  stage 
3 -4 2 1 1 1 0 0 

3 1 1 1 0 0 
3 2 1 1 7- 0 

3 2 1 1 0 0 



Table ' 5 

Response of Poplar Clone 8k' ~ f t &  EXPOSU?~ 
to Simulated Sulfate Acid Rain 

b/ Injury type- 
c / Day- PH A B C D X 

Percent of 
Total Leaves 
Injured 

a/ Clone 8-hybrid of P. nigra L.' X P. ,laurifolia Ledeb. - - 

b/ - Injury type $A, #B, #C, #Dl #X refers to injury types. See text 
for description of injury.symptoms~for each type. 

c/ Day - refers to number of days after the start of simulated rain - 
events. Ratings are made 24. hours after each rain. 

d/ -- Rating: 0 = no injury 
1 = 1 to 10% of leaf surface injured 
2 = 20 to 40% I 1  II ,I 

3 = 50 to 100% " I 1  I1  



Table  6 

Response t o  Pop la r  Clone 2 1 - 1 9  A f t e r  Exposure 
t o  Simula ted  S u l f a t e  Acid Rain 

b/ I n j u r y  type- P e r c e n t  of  

c / T o t a l  Leaves 
Day- PH A B C D X  I n j u r e d  

a /  Clone 211-hybrid of  P .  d e l t o i d e s  B a r t r .  X P. t r i c h o c a r p a  T o r r .  - - 
and Gray 

b/ 1 n j u r y  t y p e  # A ,  # B ,  #C,  # D l  # X  r e f e r s  t o  i n j u r y  t y p e s .  See t e x t  - 
f o r  d e s c r i p t i o n  of  i n j u r y  symptoms f o r  each t y p e .  

c/ Day - r e f e r s  t o  number of  days  a f t e r  t h e  s t a r t  of s i m u l a t e d  r a i n  
e v e n t s .  R a t i n g s  a r e  made 24 hours  a f t e r  each r a i n .  

d /  Ra t ing :  0  = no i n j u r y  - 
1 = 1 t o  10% of l e a f  s u r f a c e  i n j u r e d  
2 = 20 t o  4 0 %  11 11 $ 1  

3 E 50 to 100% " I t  I t  

, 



Table  7  

Response t o  P o p l a r  Clone 207" Af ter  Exposure 
t o  S imcla ted  S u l f a t e  Acid Rain 

b/ I n j u r y  type- P e r c e n t  o f  
c  / T o t a l  Leaves 

Day- PH A B C D X  I n j u r e d  

a/ Clone 207-hybrid Of P .  d e l t o i d e s  B a r t r .  X P .  t r i c h o c a r p a  T o r r .  - - - 
and Gray' 

b/ - I n j u r y  t y p e  # A ,  # B ,  # C ,  # D ,  # X  r e f e r s  t o  i n j u r y  t y p e s .  See t e x t  
' 

f o r  d e s c r i p t i o n  of  i n j u r y  symptoms f o r  each  t y p e .  

c /  Day - r e f e r s  t o  number o f  days  a f t e r  t h e  . s t a r t  of s i m u l a t e d  r a i n  - 
e v e n t s .  Ra t ings  a r e  made 2 4  hours  a f t e r  each r a i n .  

d/ - Rat ing :  0  = no i n j u r y  
1 = 1 t o  101 of i e a f  s u r f a c e  i n j u r e d  
2  = 20 t o  40% 11 11 11 

3 = 50  t o  100% 11 I t  11 



Table  8 

c  / Day- 

Response of P o p l a r  Clone 4 4 ~ '  Af ter  Exposure 
t o  Simula ted  S u l f a t e  Acid Rain 

b/ I n  ju ry  ty.pe- 

A B C D X  

P e r c e n t  of  
T o t a l  Leaves 
I n j u r e d  

a/ Clone 44-hybrid of - P .  maximowiczii Henry X P. b e r o l i n e n s i s  .Dipp - - 

b/ - I n j u r y  t y p e  # A ,  # B ,  # C ,  B D ,  # X  r e f e r s  t o  i n j u r y  t y p e s .  See t e x t  
f o r  d e s c r . i p t i o n  of i n j u r y  symptoms f o r  each t y p e .  

c/ Day-refers  t o  number of  days  a f t e r  the start uf s i l ~ ~ u l a t e i l  r a i n  - 
cvcntt : .  , P.d b i ~ i t j ~ :  are . ~ R I + P  2 4  hc111r3 sf tcr each  rain. 

d/ Ra t ing :  0 = no i n j u r y  - 
1 = 1 t o  10% of l e a f  s u r f a c e  i n j u r e d  
2 = 20 t o  40%. I, I t  I t  

3 = 50 t o  100% II I 1  I 1  



T a b l e  9 

c/ Day- 

Response o f  P o p l a r  Clone 4 3 ~ '  A f t e r  Exposure  
t o  S i m u l a t e d  S u l f a t e  Acid Rain  

b/ I n j u r y  type-  

A B C D X  

P e r c e n t  
T o t a l  Leaves  
I n j u r e d  

a / ,  Clone  43-hybr id  o f  P. maximowicz i i  Henry X P .  b e r o l i n e n s i s  Dipp.  - - - 

b/ - I n j u r y  t y p e  # A ,  # B ,  # C ,  # D ,  # X ,  r e f e r s  t o  i n j u r y  t y p e s .  See  
t e x t  f o r  d e s c r i p t i o n  of  i n j u r y  symptoms f o r  e a c h  t y p e .  

c/ nay - r e f e r s  t o  number of days a f t e r  t h e  s t a r t  o f  s i m u l a t e d  - 
r a i n  e v e n t s .  R a t i n g s  a r e  made 2 4  h o u r s  a f t e r  e a c h  r a i n .  

d/  - Ra,Ling: 0  = no i n j u r y  
1 = 1 t o  10% o f  l e a f  s u r f a c e  i n j u r e d  
2 = 20 t o  40% I f  I1  , I  

3  = 50 t o  100% I 1  I1  I 1  



T a b l e  10 

c  / Day- 

Response t o  ~ o ~ 1 a . r  Clone 3 2 7 ~ '  A f t e r  Exposure 
t o  s i m u l a t e d  S u l f a t e  Acid Rain 

b/ I n j u r y  type-  

A B C D X  

P e r c e n t  o f  
T o t a l  Leaves 
I n j u r e d  

a /  Clone-327-hybrid o f  P. b a l s a m i f e r a  L .  c / .  c a n d i c a n s  X P. - - - 
b e r o l i n e n s i s  Dipp 

b/ 1 n j u r y  t y p e  # A ,  # B ,  t C ,  #Dl # X  r e f e r s  t o  i n j u r y  t y p e s .  See  t e x t  
f o r  d e s c r i p t i o n  o f  i n j u r y  symptoms f o r  e a c h  t y p e .  

c /  Day - r e f e r s  t o  number of d a y s  a f t e r  t h e  s t a r t  o f  s i m u l a t e d  r a i n  - 
e v e n t s .  R a t i n g s  a r e  made 2 4  h o u r s  a f t e r  e a c h  r a i n .  

d/  R a t i n g :  0  = no i n j u r y  - 
1 = 1 t o  10% o f  l e a f  s u r f a c e  i n j u r e d  
2  = 20 t o  40% 11 I 1  I 1  

3  = 50 t o  100% I 1  11 I 1  



Table 11 

FREQUENCY OF STOMATA ON ADAXIAL 

AND ABAXIAL LEAF SURFACES OF POPULUS - SP. HYBIRDS 

Adaxial Surface Abaxial Surface 
Hybird Clone # (stomata/mm2) (stomata/riun2) 

a Each figure represents the averaqe and standard error of the 

mean from 3 impressions on each leaf surface from each clone. 

E i g h t  areas on each impression were scored. 



T a b l e  1 2  

FREQUENCY O F  STOMATA AND T R I C H O M E S  

ON A D A X I A L  AND A B A X I A L  L E A F  S U R F A C E S  

O F  T R A D E S C A N T I A  - S P .  CONES 

C l o n e  # L e a f  Sur face  
S t o m a t a  T r i c h o m e  

( n o  . /mrn2) ( n o .  /mm2 ) 

A b a x i a l  

I 1  

a 
E a c h  f i g u r e  represents t h e  average and s t anda rd  error  of t h e  m e a n  

f r o m  three  i m p r e s s i o n s  on  each leaf surface f r o m  each c lone .  

Twelve a r m s  o n  each impression w e r e  scored. 



Table 13 

S. tages i n  t h e  development of  P te r id ium 

asu i l inum under s t a n d a r d  c u l t u r e  c o n d i t i o n s  

Day A f t e r  ; 
I n o c u l a t i o n  Developmental S tage  (Range) 

5 .. s p o r e s  ungerminated.  

11 ' Recen t ly  germinated t o  Gametophyte . 

w i t h  Rhizoids  and A n t h e r i d i a l  
i n i t i a l s .  

A n t h e r i a l  i n i t i a l s  on most-- . 

Notch beg inn ing  t o  form. 

Mature A n t h e r i d i a  p r e s e n t .  

Mature Anther id  ia--some have 
l i v e  sperm. 

--Some Fi lamentous  Gametophytes 
wi th  mature A n t h e r i d i a  . 

--Heart -shaped (Notched) Gametophytes 
w i t h  (a') mature A n t h e r i d i a  and 
(b)  Archegonia l  i n i t i a l s  . 

H e a r  t-shaped Gametophytes w i t h  
niature Archegonia . 



Table 14 

Response of sperm of  P te r id ium aqui l inum 

t o  b u f f e r e d  s o l u t i o n s  

P e r c e n t  Sperm A l l v e  

Exposure Time (min) 

I 



Table ' 15 

Response of Vegetative and Sexual Stages 

o f  g. acruilinum t o  buffered solutions 

Buffer Notched Notched Sporophytes Sporophytes 
Solution gametophytes gametophytes per notched per notched 
PH - 4 weeks - - 6 weeks - gametophytes gametophytes 

(percent ) (percent) (percent 1 (percent of  
control) 

Control- 
no buffer 
added 43.0 2 1.8 50.7  t 2 . 8  8.9 2 2,9 0 



Figure 1. Exterior view of large greenPIouse 
faci l i ty  with shade provided. 



Figure 2.  Interior view of large greenhouse 
fac i l i ty .  Note supplemental lighting provided. 



Pieure 3. Exterfor view of growth chamber. 



Figure 4 .  View illto growth chamber from exterior. 



Figure 5. Interior view of growth chamber. 
Samples of plants are in  foreground. 



Figure 6. Overview of r a i n  f a c i l i t y :  lef t--  
compressed a i r  for pressure ;  l e f t  front--nalgene 
b o t t l e  t h a t  conta ins  r a i n  s o l u t i o n s ;  front-- 
t u r n t a b l e  t o  support  and r o t a t e  p l a n t s ;  upper 
area--nozzle f o r  spraying (not  i n  view); upper 
a rea- -p las t ic  covering. 



Flguru 7. Detail of rain f a ~ ~ l i t y  w i t h  turntable. 



, . 

Figure: 8.  btteribr vi& of aqsssl ehanaer:' 
l&+-par t iels couater ; ca6er lebt--cyl~ad@z! 
of 4he l i t em carrier gas for pa~hri&& c o a t w . :  
cenrer--aerosol. &amber (exterio-b: vgm) ; 
cglintIer o f  coillpressed air far p~assiwisation 
of aleratsol solution atomfeation. ' 



' &juke 9. Iaterior of aerosol chamber. View 
of opening i n  which aerosols enter chamber. 
On 1- tube for aerosol particle sampler. 
&ve tube i s  a holder for raillipore fi lters 
for analytiral chemistry. 





Figure 11. Interior v i e w  of aerosol chamber. 
V i e w  of opening in  which aeroaols leave chamber 
t a  begin recirculatinn thrn~lplh diicting. On 
right is f i l t e r  to  remove aerosols. 



Figure 12. Dticting to rec~rctdate aems~ls.  
Gaoling coil wrapped around ducring to lower 
afr cmnperaeure. A l l  ductiag ;is insulated 
during experirnehts. 



Figlire 13. Pressurized aerosol solution and 
connection with ducting. Aerosol atomizer is 
placed i n  d u c ~ 1 1 1 ~ .  



Figure 14. Comparison photograph of pinto 
bean plants exposed t o  4-6 minute dai ly  rain 
events of pH 5 . 7  (control) and pH 2 .3 .  



PWre L5- k q m r b m  p h t ~ r ~ h  af d l - r  
pl-ant~ &cp&BCd t o  4-6 laislute daily ralu events 
of $3 5.7 (control) and pH 2.3.  



Figure 16+ Scanning electzon mi.crographe of adaxial ' 
leaf surfaces. 

(a) Injury t o  epidermal c e l l s  o f .  Phaseolus vulgaris 
v i a  scanntng electron microscopy 24 hours a f t e r  a 
sing11 s lx  minute expooure to  simulated acld rah pH 
2.7. :f ledthy turgid c e l l s  surround several f laccid 
epidermal c e l l s  and a s ingle  stoma. 
(b) Epidermal c e l l s  of Phaseolus vulgaris 24 hours 

aftrer a s ingle  exposure t o  simulate acid r a in  pH 2.7. 
Injured f laccid c e l l s  a r e  adjacent t o  a hydarhode. 

(c) Detail  of injury by simulated acid r a in  pB 2.7 
i n  Phaaeolrrs vulgaris Leaf epidermis. The injured 
area e o n t a d  a hydathode and a stoma. 

(d) *af suzferce of Heliwtrbus m u u s  with injury 
afcer'smrab dai ly estpooates t o  sirnulatad acid rain 
pH 2.7. The injured area was composed of more in- 
te rna l  c e l l  layers. Remaants of a spiked tricheme 
a r e  present within the injury area. 



Figure 17(1-4). Scanning e lec t ron  micrographs of adaxial  leaf  
surfaces of Phaseolus vu lga r i s  and Helianthus annuus t ha t  exhib i t  
various s tages of l e s ion  devalapment. A l l  leaf  surfaces were ex- 
posed t o  simulated s u l f a t e  acid r a i n  pH 2.7 or  pH 3.0 from one t o  
severa l  r a in  events. 

Figure 17(1). Two stomata preaent i n  a les ion  of f lacc id ,  injured 
c e l l s .  The les ion  is bordered by injured c e l l s .  Lesion repre- 
sen ts  #A injury on 11. annuus. 

Figure 17(2). Remnants of a trichome hydathode i n  an injured a rea  
near vascular t i s sue .  The les ion  is  local ized and is bordered by 
uninjured epidermal c e l l s .  The lesion shown represents  bB in jury  
and may a f f ec t  c e l l  l ayers  belcw the epidermis of P. vulgaris .  

Figure 17(3). Injured c e l l s  s c r r m d  a spiked trichome and rem- 
nants of two trichone hydathodes. The injured c e l l s  a r e  local ized 
and a r e  bordered by turgid,  uninjured c e l l s .  This represents  a bC 
l es ion  on P. vulgaris .  

Figure 17(4). Low magnif icat iol  of the  leaf  surface of P. vulgar i s  
t h a t  exhib i t s  a bD l es ion  aroun3 several  branches of vascular tis- 
sue. Many spiked trichomes are-ev ident  along with remnants of tri- 
chome hydathodes. Apparent u n i ~ j u r e d  c e l l s  border the lesion.  

Figure 17 (5-10) . Photographs oi adaxial  leaf surf  aces of leaves 
of P. vulgaris  and H. annuus t ha t  exhibi t  various s tages of l e s ion  
development. A l l  surfaces wers exposed t o  simulated s u l f a t e  acid 
r a i n  pH 2.7 from one t o  severa l  da i ly  r a i n  events. 

Figure 17(5). Two les ions  adjacent t o  vascular t i s sues .  Such 
les ions  represent  #D in jury  on prisnary leaves of P. vulgar i s .  

Figure 17(6). Coalescence of severa l  lesi-ons along vascular tis- 
sue, The resu l tan t  l a rge  les ion  occupies a length of severa l  
millimeters on leaves of H. anruus. 



Figure 17 (7). Several darkened areas  on the  leaf surf  ace which 
represent the  f i r s t  observable evidence of les ions .  Such les ions  
usually encompass only the  epidermal c e l l  layer  and a r e  termed #A 
lesions.  Frequently les ions  a r e  associated with vascular t i ssues .  
Areas t h a t  border les ions  exhibi t  uninlured c e l l s .  Samples were I( taken from the  f i r s t  t r i f o l i a t e  leaves-of P. vulgaris .  - 

Figure 17(8). Three les ions  on the  leaf surface  which represents 
a l a t e r  s t age  of in ju ry  compared with the  les ions  of Figure l J ( 7 ) .  
Such les ions  usually represent col lapse  of epidermal c e l l s  and a r e  
termed #B lesions.  Areas adjacent t o  t h e  les ions  exhibi t  uninjured 
c e l l s .  Samples a r e  f i r s t  t r i f o l i a t e  leaves of P. vulgaris .  

.gure 17(9). Two #C les ions  with several  IB on primary leaves of 
P. vulgaris:  - 
Figure 17(10). Three {ID les ions  with several  #C les ions  on primary 
leaves of P. vulgaris .  



Figure 18(11-16). Cross sec t ions  af adaxial  primary leaves of 
Phaseolus vulgar is t h a t  exhib i t  varioos s tages 05 les ion  develop- 
ment from exposure t o  simulated acid rain.  Leaves were exposed 
t o  acid r a i n  pH 2.7 o r  pH 3.0. 

Figure 18(11). I n i t i a l  injury to epiderma1,cel ls  near a trichome 
hydathode. Note col lapse of epidermal c e l l  walls  a t  t he  base40f  
the  hydathode, This in jury  represents  //A injury.  

Figure 18(12). I n i t i a l  in jury  of epidermal c e l l s  adjacent t o  
stoma guard c e l l s .  I n  one area the epidermal c e l l ( s )  collapsed. 
Many other epidermal c e l l s  appear uninjured. Sample represents  
#A injury.  

Figure 18(13). I n i t i a l  injury af s eve ra l  epidermal c e l l s  adjacent 
on i n t a c t  pal isade parenchyma. This see t ion  shows i n f t i a l  col lapse 
of epidermal c e l l s  (#A iinnjury) w i t h  no apparent injury t o  pal isade 
parenchyma ce l l s .  

Figure 18(14). Micrograph represents  #B in jury  i n  which epidermal 
c e l l s  a r e  collapsed with some d i s to r t i on  of c e l l s  i n  the  pal isade 
parenchyma. L i t t l e  o r  no d i s t o ~ t i o n  occurred i n  vpongy parenchyma 
c e l l s .  

Figure 18(15). Collapse of e p i d e m l  c e l l s  and pal isade parenchyma 
c a l l s .  L i t t l e  o r  no d i s t o r t i o n  ofi c e l l s  qccurred i n  the  spongy 
mesophyil. Remnants of a trichome remain on the  adaxial  leaf sur- 

. face .  This micrograph represents  a #C lesion.  

Figure 18(16), Collapse of many Zeaf t i s sues  of a #D lesion.  . 
Only vascular t i s sues  remain in t ac t .  



rzgure 19. Whole plant 
Poplar (cottonwood) f i t  
beginning of an experim 



Figure 20. Leaf i n  jury to a middle l e d  of 
Poplar clone 43. Note individual lesions. 
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Figure 22. Photograph of pubescent culms 
and leaves Tradescantia paludosa clone 2451. 
This clone and Trad clone 02 are the parents 
of a cross. Four cloned segregates of the 
F2 gencrntion of this  cross (two relatively 
glaborous and two pubescent) are to be used 
i n  future experiments. 



Figure 23. Stamen hail l  of flowers of Trades -d t ih  
paludasa that has been u t i l i z e d  by the  l a t e  Ar~lold 
Sparrow t o  assay mutation r a t e s  a f t e r  

(1) gamma rad ia t ion  
(2) known gaseous and water soluble  mutagens 
(3) severa l  gaseous a i r  pol lu tants .  

Experiments are planned t o  view the possible  muta- 
genic e f f e c t s  of 

(a) s u l f u r  dioxide 
(b) s u l f a t e  aerosols 
(c) simulated s u l f a t e  acid ra in .  

Combinations of A, B, and C could be tes ted.  



Errata to BNL 50575 

Please insert the following paragraph in place of the last 

four lines on page 12. 

Table 1 summarizes the chemical composition of the simu- 

lated acid rain solution applied in the treatments. The pH of 

each solution is adjusted to the desired pH with H2S04 Rain 

was administered with the apparatus shown in figure 6. The 

drop sizes of the two nozzles used are outlined in Table 2. 




