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I n t r o d u c t i o n

T o t a l  p e r o x i d a s e  a c t i v i t y  h as  b een  e s t a b l i s h e d  as one o f  th e  
m ost s e n s i t i v e  i n d i c a t o r s  o f  a i r  p o l l u t i o n  in d u c e s  s t r e s s  
e f f e c t s  (Horsman and W ellb u rn  1 9 7 5 ,  1 9 7 7 ) .  The c h a n g es  in  
t o t a l  p e r o x i d a s e  a c t i v i t y  have  a l s o  been  r e l a t e d  t o  many o t h e r  
s t r e s s  f a c t o r s ,  e . g .  p a t h o g e n s ,  n u t r i e n t  s t a t u s  and w i n t e r i n g .  
P e r o x i d a s e s  have s e v e r a l  f u n c t i o n s  w i t h i n  t h e  p l a n t  c e l l  and 
t h e i r  m e t a b o l i c  f u n c t i o n s  may v a ry  w i t h  t h e i r  s u b c e l l u l a r  
l o c a t i o n .  Changes in  t h e  a c t i v i t y  o r  t h e  i so zy m e  c o m p o s i t io n  
o f  p e r o x i d a s e s  a r e  n o t  a s p e c i f i c  r e a c t i o n  o f  th e  p l a n t  t o  a 
p a th o g e n  i n f e c t i o n  o r  an a i r  p o l l u t i o n  e f f e c t ,  r a t h e r  th e y  are  
an accom panying  c h a r a c t e r i s t i c  o f  th e  a l t e r e d  m e t a b o l i c  a c t i v i t y  
o f  t h e  p l a n t  c e l l  under t h e  i n f l u e n c e  o f  v a r i o u s  e x o g e n o u s  and 
en d o g en o u s  f a c t o r s .  The r o l e  o f  p e r o x i d a s e s  i n  r e s i s t a n c e  o r  
s u s c e p t i b i l i t y  h a s  b een  sum m arized in  a number o f  r e v ie w s  ( F r ic  
1 9 7 6 ) .  S e a s o n a l  c h a n g es  in  p e r o x i d a s e  p a t t e r n s  have  b een  s t u d i e d  
s p e c i a l l y  i n  many woody p l a n t s  ( K e l l e r  1 9 7 4 ,  E s t e r b a u e r  e t  a l .  
1 9 7 8 ,  H uttunen  1 9 7 9 ) .  In p r e l i m i n a r y  s t u d i e s ,  no s i g n i f i c a n t  
d i f f e r e n c e  in  norm al s e a s o n a l  w i n t e r i n g  p e r o x i d a s e  p a t t e r n s  was 
fou n d  b e tw een  u n p o l l u t e d  and p o l l u t e d  sa m p les  (H uttunen 1 9 7 9 ) .
In  more r e c e n t  s t u d i e s ,  a i r  p o l l u t i o n  in d u c e d  s t r e s s  h a s  b een  
fou n d  t o  i n c r e a s e  e v e n  d u r in g  t h e  w i n t e r  m on th s . The norm al  
s e a s o n a l  s t r e s s  i n c r e a s e s  under a i r  p o l l u t i o n  i n f l u e n c e  
(H uttunen  e t  a l . 1 9 7 9 a ,  1 9 8 0 ,  H uttunen  1 9 8 0 ) .

In  t h i s  p a p er  some o f  t h e  r e s u l t s  o f  t h e  a i r  p o l l u t i o n  in d u c e d  
s t r e s s  p r o j e c t  c a r r i e d  o u t  i n  F in la n d  d u r in g  t h e  y e a r s  1 9 7 7 -1 9 8 0  
a r e  d i s c u s s e d .

As an i n t r o d u c t o r y  back grou n d  f o r  t h e  s t u d y ,  we m ig h t  m en tio n  
t h a t  one o f  t h e  aims was t o  i n v e s t i g a t e  t h e  r o l e  o f  a i r  p o l l u t a n t s  
a s  a d d i t i o n a l  s t r e s s  f a c t o r s  under w i n t e r  c l i m a t e  -  t h e  m ethods  
u se d  f o r  m easurem ent s h o u ld  be s u i t a b l e  t o  w h o l e - y e a r  m o n i t o r i n g .  
The o x i d a t i v e  p r o c e s s e s  o f  p l a n t  c e l l s  w ere th o u g h t  t o  be among 
o f  t h e  m ost s u i t a b l e  p a r a m e te r  f o r  su ch  s t u d i e s .  The o t h e r  m ethods  
u se d  w ere e l e c t r o n  m ic r o s c o p y ,  t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p y ,  
b u f f e r i n g  c a p a c i t y  s t u d i e s ,  w a te r  p o t e n t i a l  a s s a y s ,  e t c .
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M a t e r i a l a n d m e t h o d s

The p e r o x i d a s e  a c t i v i t y  o f  P i c e a  a b i e s  and P in u s  s i l v e s t r i s  
n e e d l e s  w ere a n a ly z e d  in  s e v e r a l  i n d u s t r i a l ,  urban and r u r a l  
a r e a s  in  F in la n d .  A s t a n d a r d i z e d  m ixed sam ple  o f  s e v e r a l  t r e e s  
and s e v e r a l  n e e d l e s  i n  t h e  m id d le  p a r t  o f  t h e  t r e e  crown w ere  
u s e d .  The s t r e s s  m o n i t o r in g  was c a r r i e d  o u t  d u r in g  t h e  d i f f e r e n t  
s e a s o n s ,  and t h e  a i r  p o l l u t i o n  in d u c e d  s t r e s s  was compared w ith  
th e  a i r  p o l l u t a n t  d i s p e r s i o n  and t h e  a m b ien t  a i r  c o n c e n t r a t i o n s .  
The t o t a l  p e r o x i d a s e  a c t i v i t y  was a l s o  compared w i t h  th e  
p h o t o s y n t h e t i c  a c t i v i t y  and i n j u r y  d ev e lo p m e n t  i n  urban and 
i n d u s t r i a l  a r e a s .  For th e  sa k e  o f  c o m p a r is o n ,  t h e  l e a v e s  and 
buds o f  B e t u l a  p u b e s c e n s  w ere  u s e d  t o  i n d i c a t e  t h e  s t r e s s  in  
b r o a d le a v e d  t r e e s .  The s t u d y  a r e a s  are  shown in  f i g u r e  1 .  The 
method p r e s e n t e d  by K e l l e r  and Schwager (1971) was u se d  w i t h  
some m o d i f i c a t i o n s .

R e s u l t s  a n d  d i s c u s s i o n

Soon a f t e r  n e e d l e  f l u s h i n g  b o th  p in e  and sp r u c e  n e e d l e s  had a 
h ig h  p e r o x i d a s e  a c t i v i t y .  The a c t i v i t y  d e c r e a s e d  some d ays  a f t e r  
th e  m ost  a c t i v e  f l u s h i n g  p e r i o d ,  and a f t e r  t h a t  t h e  p e r o x i d a s e  
a c t i v i t y  c o n t in u e d  t o  i n c r e a s e  tow ard s  th e  autumn. The h i g h e s t  
v a l u e s  w ere o b s e r v e d  a t  m i d - w i n t e r .  The c h a n g es  from November  
t i l l  F eb ru ary  e x h i b i t e d  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  
when compared w i t h  e a c h  o t h e r .  The normal s e a s o n a l  f l u c t u a t i o n s  
c l e a r l y  r e v e a l e d  th e  c h a n g e s  in d u c e d  by su ch  f a c t o r s  as  
t e m p e r a t u r e ,  e t c .  The m ost o b v io u s  n a t u r a l  s t r e s s  s i t u a t i o n  
was w a te r  d e f i c i e n c y  in d u c e d  s t r e s s  in  th e  l a t e  w i n t e r  c o n d i t i o n s  
and t h e  peak v a l u e s  o f  p e r o x i d a s e s  due t o  t h e  c o l d e s t  months  
( f i g .  2 ) .

In i n d u s t r i a l  a r e a s  h ig h  r e l a t i v e  p e r o x i d a s e  a c t i v i t y  v a l u e s  
w ere o b s e r v e d  a lm o s t  t h r o u g h o u t  t h e  y e a r .  The r e l a t i v e  p e r o x i d a s e  
a c t i v i t i e s  w ere  h i g h l y  v a r i a b l e  a s  compared w i t h  th e  c o n t r o l  
n e e d l e s :  t h e  r e l a t i v e  a c t i v i t y  v a r i e d  w i t h i n  150 % . . .  o v e r  
1000 %. The s t r e s s  was m ost  o b v io u s  in  a r e a s  w i t h  com bined  SC^ 
and NC> 2  p o l l u t i o n ,  b u t  t h e  a r e a s  w i t h  SC^ p o l l u t i o n  a lo n e  h a d z 
a l m o s t ^ s i m i l a r  s t r e s s  e f f e c t s .  The h i g h e s t  p e r o x i d a s e  a c t i v i t i e s  
w ere r e c o r d e d  soon  a f t e r  t h e  h i g h e s t  p o l l u t a n t  c o n c e n t r a t i o n s .  
A f t e r  s h o r t - t i m e  h ig h  c o n c e n t r a t i o n s ,  d ev e lo p m e n t  o f  a c u t e  
i n j u r i e s  was o b s e r v e d .  The d e v e lo p m e n t  o f  i n j u r i e s  im p a ir e d  t h e  
p e r o x i d a s e  i n d i c a t i o n  due t o  c e l l  i n j u r i e s .  The a c u t e  n e e d l e  
i n j u r i e s  o u t s i d e  th e  i n d u s t r i a l  a r e a s  c a u s e d  a s i t u a t i o n  in  
w h ich  t h e  h i g h e s t  s t r e s s  v a l u e s  w ere o f t e n  o b s e r v a b l e  o u t s i d e  
t h e  a c u t e  i n j u r y  z o n e .  B i o i n d i c a t i o n  w i t h  p e r o x i d a s e s  t o g e t h e r  
w it h  a m i c r o s c o p i c  i n v e n t o r y  was u s e f u l  e v e n  in  i n d u s t r i a l  
a r e a s .

On a r e g i o n a l  s c a l e ,  t h e  s e a s o n a l  d ev e lo p m en t  o f  c h r o n ic  s t r e s s  
was a lw a y s  e a s i l y  o b s e r v e d .  The g r a d u a l  d e v e lo p m e n t  o f  s t r e s s  
s t a r t e d  so o n  a f t e r  t h e  n e e d l e  f l u s h i n g  and was c l e a r l y  s e e n  in  
i n d u s t r i a l  and urban a r e a s  t h r e e  -  f o u r  w eeks a f t e r w a r d s .  D uring  
t h e  summer, th e  norm al d e v e lo p m e n t  o f  n e e d l e s  was s e e n  t o  be  
more r a p id  i n  town a r e a s  w i t h  some "urban p r e s s u r e " ,  su ch  as  
t e m p e r a tu r e  e f f e c t s .  T h is  n a t u r a l l y  c a u s e d  some d i s t u r b a n c e s  in
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t h e  s t r e s s  i n d i c a t i o n ,  b u t  t h e  d i f f e r e n c e s  p a s s e d  in  some w eeks  
and o n ly  p e r t a i n e d  t o  th e  m ost a c t i v e  n e e d l e  e l o n g a t i o n  p e r i o d .  
The d e v e lo p m e n t  o f  n e e d l e  s t r e s s  was m ost r a p id  d u r in g  th e  
autumn and e a r l y  w i n t e r  m on th s ,  and t h e  s t r e s s  o f t e n  c o n t in u e d  
t o  i n c r e a s e  u n t i l  F eb ru a ry .  The r e g i o n  where th e  s t r e s s  e f f e c t s  
w ere o b s e r v a b l e  i n c r e a s e d  in  s i z e  d u r in g  t h e  autumn and w i n t e r  
months b e c a u s e  o f  th e  i n c r e a s i n g  d i s p e r s i o n  o f  a i r  borne  
p o l l u t i o n .  The s t r e s s  d i s p e r s i o n  c o r r e l a t e d  w e l l  w i t h  th e  
p o l l u t a n t  d i s p e r s i o n  (H uttunen e t  a l . 1 9 8 0 ) ,  f i g s .  3 and 4 .
The s t r e s s  was m ost o b v io u s  in  th e  a r e a s  where no a c u t e  i n j u r i e s  
w ere  v i s i b l e ,  b u t  where t h e  c h r o n ic  s t r e s s  o f t e n  r e a c h e d  an 
i n j u r i o u s  l e v e l  and new c h r o n ic  i n j u r i e s  w ere d e v e l o p i n g .  The 
d e v e lo p m e n t  o f  i n j u r i e s  c o u ld  be r e l a t e d  t o  i n j u r i e s  in  th e  
membranes o f  t h e  c h l o r o p l a s t s . As i t  was e a r l i e r  o b s e r v e d ,  t h e s e  
c h r o n ic  i n j u r i e s  are  a s s o c i a t e d  w i t h  t h e  a c c u m u la t io n  o f  
p o l l u t a n t s  in  n e e d l e  t i s s u e s  (H uttunen  1 9 7 5 ,  1 9 7 9 ) .  P o l l u t a n t  
t o x i c i t y  t o  membranes d u r in g  t h e  w i n t e r i n g  p e r i o d  i s  t h e  m ost  
o b v io u s  r e a s o n  f o r  i n j u r i e s .  The i n c r e a s e  in  o x i d a t i v e  c a p a c i t y ,  
t h e  l o w e s t  b u f f e r  c a p a c i t y  and many o t h e r  f a c t o r s  e x p l a i n  t h i s  
t y p e  o f  i n j u r y .  As i t  h as  b een  shown e a r l i e r  in  my p a p e r s ,  th e  
S e a s o n a l  d i f f e r e n c e s  in  a i r  p o l l u t i o n  e f f e c t s  can be m easu red .  
The m echanism  o f  t h e  i n j u r i o u s  e f f e c t s  i s  d i f f e r e n t  d u r in g  th e  
d i f f e r e n t  s e a s o n s  (H uttunen 1 9 7 4 ,  1 9 7 5 ,  1 9 7 8 ,  1 9 7 9 ) .

When t h e  p e r o x i d a s e  i n d i c a t i o n  o f  s t r e s s  i s  compared w i t h  t h e  
p h o t o s y n t h e t i c  a c t i v i t y  o f  n e e d l e s  in  summer, t h e  s t r e s s  i s  
r e l a t e d  t o  d e p r e s s e d  p h o t o s y n t h e s i s  in  t h e  a r e a s  w i t h  a i r - b o r n e  
s u lp h u r  compounds and t o  i n c r e a s e d  r e s p i r a t i o n  in  a r e a s  w i t h  
com bined  e f f e c t s  o f  n i t r o g e n  d i o x i d e  and s u lp h u r  d i o x i d e .  In  
summer, t h e  p h o t o s y n t h e t i c  d e c r e a s e  was m ost e v i d e n t  i n  a r e a s  
w it h  some s h o r t - t i m e  c o n c e n t r a t i o n s .  The d e c r e a s e  more o r  l e s s  
r e s e m b le d  a c c e l e r a t i o n  o f  t h e  p h o t o s y n t h e t i c  c a p a c i t y .  D uring  
summer, s t r e s s  v a lu e s ,  o f  150 . . .  200 % were r e l a t e d  t o  a 25 -  
50 % p h o t o s y n t e t i c  i n h i b i t i o n  and , c o r r e s p o n d i n g l y ,  s t r e s s  
v a l u e s  o f  150 . . .  200 % w ere r e l a t e d  t o  a 25 p e r c e n t  i n c r e a s e  
i n  s t r e s s  r e s p i r a t i o n  (H uttunen  e t  a l .  1 9 8 0 ) .  The a r e a l  
c o r r e l a t i o n  b e tw een  p e r o x i d a s e  s t r e s s  and s t r e s s  r e s p i r a t i o n  
was n o t  so  c l e a r  a s  th e  c o r r e l a t i o n  b e tw een  p h o t o s y n t h e s i s  
and p e r o x i d a s e  a c t i v i t y .

When t h e  s t r e s s  v a l u e s  o f  p i n e s  and s p r u c e s  w ere com pared, i t  
o c c a s i o n a l l y  ap p ea red  t h a t  s i m i l a r  c o n c e n t r a t i o n s  had somewhat  
g r e a t e r  e f f e c t s  on t h e  s p r u c e  th a n  on t h e  p in e  i n  t h e  c a s e  o f  
s u lp h u r  compound p o l l u t i o n ,  b u t  in  some c a s e s  t h e  e f f e c t s  on 
t h e  p in e  w ere g r e a t e r  th a n  t h o s e  on t h e  s p r u c e .  The e x p l a n a t i o n  
f o r  t h e s e  r e s u l t s  must l i e  in  t h e  l o c a l  s o i l  c o n d i t i o n s ,  t h e  
v a r i a t i o n  o f  c o n c e n t r a t i o n s  i n  t h e  d i f f e r e n t  p a r t s  o f  th e  
f o r e s t ,  e t c .  When t h e  s t r e s s  v a l u e s  o f  c o n i f e r o u s  w ere compared  
w it h  th e  s t r e s s  v a l u e s  o f  b i r c h  l e a v e s ,  a lm o s t  s i m i l a r  r e s u l t s  
w ere  o b t a i n e d .  The s t r e s s  p e r s i s t e d  i n  t h e  buds o f  t h e  b i r c h ,  
ahd t h e  buds had some new s t r e s s  e f f e c t s  d u r in g  t h e  s p r i n g  
(H uttunen  1980) .

Many r e g i o n a l  s t r e s s  and a i r  p o l l u t a n t  d i s p e r s i o n  maps showed  
t h e  i n f l u e n c e  o f  h i g h e r  s t a c k s  as  maximum d i s p e r s i o n  a r e a s  
o u t s i d e  t h e  urban a r e a s .  In  many c a s e s  t h e  maximum o f  s t r e s s  
e f f e c t s  was m easured  s e v e r a l  k i l o m e t r e s  o u t s i d e  t h e  urban a r e a .
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The i n f l u e n c e  o f  human a c t i v i t y  was s e e n  ev en  in  t h e  p r o f i l e s  
made in  n o r th e r n  F in la n d  w i t h  s p a r s e  p o p u l a t i o n  and s m a l l  
v i l l a g e s  (H uttunen  e t  a l . 1 9 8 0 ) .
The s t r e s s  e f f e c t s  w ere v a r i a b l e  due t o  d i f f e r e n t  s e a s o n a l  a i r  
p o l l u t i o n  c o n d i t i o n s .  When t h e  s u lp h u r  d i o x i d e  c o n c e n t r a t i o n s  
and th e  s t r e s s  e f f e c t s  w ere  com pared, annual mean v a l u e s  o f  20 -  
30 ug m SC> 2 w ere  r e s p o n s i b l e  f o r  r e l a t i v e  s t r e s s  v a l u e s  o f  
200 . . .  2 0 0 2 p e r c e n t .  In b i r c h  l e a v e s  a mean summer month v a lu e  
o f  50 ug m was o b s e r v e d  t o  show s t r e s s  v a l u e s  o v e r  200 p e r c e n t .

The d i f f i c u l t i e s  o f  com parind  t h e  f l u c t u a t i o n s  o f  am b ien t  a i r  
p o l l u t a n t  c o n c e n t r a t i o n  from day t o  day and month t o  month 
showed t h a t  some s p e c i a l  i n d e x e s ,  l i k e  t h e  summing up o f  th e  
c o n c e n t r a t i o n s  (d o s e s )  , must be u s e d .  In a l l  c a s e s  t h e  am bient  
a i r  c o n c e n t r a t i o n s  o f  F in n i s h  tow ns and i n d u s t r i a l  a r e a s  
i n f l u e n c e d  t h e i r  s u r r o u n d in g s  (T ab le  1 . ) .

Table 1. A ir p o l lu t io n  induced s t r e s s  e f f e c t s  and a ir  q u a lity  in  
some urban fo r e s t  areas in  F in land (a ir  q u a lity  
accord in g  to  the  rep o rts  o f  the F in n ish  m e te o r o lo g ic a l  
i n s t i t u t e ) .

Oulu m onitoring 1977 1980
SO, monthly means
1 - 3

summer 19 23 ^ g m
w in ter  27 47 /jg  m 3
annual mean v a lu es  
24 35 ûg m 3
sh o r t-tim e  co n c e n tr a tio n s  
over 100 ^ug m 3 about 2 % 
m ostly  in  January -  March 
N02 peak va lu e  1 /2  h 
518 p q  n f 3 (3 0 .4 .1978)  
annual means 
20 27 /ug m 3

town area and surroundings 
150 400 %

in d u s t r ia l  areas s t r e s s  
o f  150 1000 %

V alkeakoski m onitoring 1978
SO, d a i ly  co n c e n tr a tio n s
1 - 3

over 100 /ug m about 9 %
summer 29 6 2 .5  /ug m 3
w in te r  45 76 ,ug m 3
annual mean 51 /ug m 3

in d u s tr ia l  areas w ith  many 
acu te n eed le  in ju r ie s

surroundings w ith  n eed le  
s t r e s s  o f  about 200 500 %

Pori m onitoring 1979
S02 summer mean 50 yug m 3 in d u s tr ia l  areas w ith  some

in ju r ie s  and s t r e s s  e f f e c t s  
about 200 400 %
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The stress effect monitoring during the different seasons was 
easier to relate to the ambient air concentrations than to one 
single mapping of injuries or stress effects.
More information is needed for correlating the stress effects 
to the growth of trees. But the air pollution effects must 
also be considered on a seasonal time scale because of the 
numerous disturbances in timing the natural seasonal processes, 
etc., which may cause secondary injuries.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Study areas in which the effects of air pollution on 
forest ecosystems were studied during the years 1977 
... 1980. The large dots are the main study areas, 
the small dots are supplementary and control sample 
areas. The background of the map shows the subareas 
of the boreal forest region.

Normal total peroxidase activity of Pinus silvestris 
L. needles during the winter months from November 
1979 till March 1980 in the control area (Alavuotto (65°02'N, 
26 25'E). The changes in the needle total
peroxidase pattern are remarkable even during the 
winter months due to changes in the normal wintering 
conditions, a =*5 min 1978 needles, b = A5 min 1979 
needles,- c =*10 min 1978 needles, and d =*10 min 
1979 needles (14°C).

Relative peroxidase activity of pine needles in urban 
and surrounding rural areas in Oulu. On the left the 
distribution maps of sulphur and on the right the 
distribution of stress. In the stress map of May 1978 
the absolute scale is shown, while in the others a 
relative scale against the normal control forest 
samples is given. The needles of 1977 were used in May 
1978, the needles of 1978 in February 1979, and the 
needles of June 1979 in July.

Relative peroxidase activity of pine and spruce needles 
in industrial and urban areas of Kemi (65 44* N, 24 34' E). 
On the left the situation in November 1978 as compared 
with the control area in Simo, on the right the situation 
in February 1979 (the needles of 1978 were obtained).
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Figure 1

Source: Naturgeografisk regionindelning av Norden
NU B 1977:34
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Figure 2

AE 4 8 5 ,  5 ’ and 10’
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Figure 3
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