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ABSTRACT 
I f  the monitored a i r  pollution values are compared with the a i r  quality 

c r i t e r i a  i t  becomes apparent that  in many parts of Europe high concentrations 
of ozone, extremely risky t o  vegetation, are formed in the summer months (May 
t o  September) with the i r  high in tens i t ies  of solar i r rad i t ion .  After 12 weeks 

3 of experimental exposure t o  194 pg 03/m ,spruce clone needles exhibited in- 
creased in te rce l lu la r  areas associated with increased internal surfaces and 
raised internal/external surface quotients i f  compared to the reference trees.  
After exposure t o  292 pg S02/m over the same period, however, the in te rce l lu la r  
system and both the other values were reduced. The histological changes of the 
Black Forest spruce t rees  corresponded t o  the experimentally ozone-induced ones 
whereas the changes of t i s sue  of the Fichtel Gebirge samples were similar t o  
those recognized a f t e r  experimental SO2 exposure. Both the needles of the 
samples exposed to  e i the r  O3 o r  SO2 and the needles o f  the severely damaged 
f i e l d  study items exhibited reductions of transpiration and water potential as 
well as reduced photosynthetic ra tes ;  simultaneously the osmotic potentials of 
a l l  samples were raised due to  the raised to ta l  sugar contents. Despite of 
comparatively lower contents of the needles, leaching experiments with Black 
Forest needles produced higher magnesium and calcium leaching rates than the 
corresponding experiments w i t h  Fichtel Gebirge needles. That the sulfur contents 
of the Black Forest needles were significantly lower than those of the Fichtel 
Gebirge items re f lec ts  the difference in SO2 concentrations the two s i t e s  are 
exposed t o .  

3 

INTRODUCTION 
I t  i s  widely held tha t  ozone i s  a major damage inducing cause o f  the present 

fores t  decline in the Federal Republic of Germany. However, given the a i r  pollu- 
tion conditions with long-term exposures t o  relatively low concentrations and 
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with various phytotoxic components occuring simultaneously, i t  i s  rather d i f f i -  
cu l t  t o  prove the causes d i rec t ly .  That i s  why d i f fe ren t  methods have t o  be 
applied t o  countercheck the diagnosis. I n  the f i r s t  p a r t  of the following paper 
the ozone - induced risk for  vegetation will be outlined by comparing the moni- 
tored rates of a i r  pollution with the a priori  knowledge derived from dose- 
response studies.  I n  the second part  resu l t s  of a s t i l l  progressing programme 
on the causes of the present fores t  damages are reported comparing the results 
of experimental exposures to ozone ( 0 3 )  and su l fur  dioxide (SO2),  singly and 
in combination, w i t h  the responses to a i r  pollution exhibited by damaged spruce 
stands in the Black Forest and in the Fichtel Gebirge. 

Resistance level 
Sensitive Intermediate Less sensit ive 
p g ~ m 3  PPm F g ~ m 3  PPm W m 3  PPm 
300 0.150 500 0.25 1.000 0.50 
150 0.075 350 0.18 500 0.25 
120 0.060 250 0.13 400 0.20 
100 0.050 200 0.10 350 0.18 

MONITORED AIR POLLUTION VALUES A N D  AIR QUALITY CRITERIA FOR OZONE IN COMPARISON 
Based on the analysis and evaluation of the world-wide observed quantitative 

relations between the ozone concentrations of the a i r  and  the e f fec ts  on plants 
the following a i r  quali ty c r i t e r i a  were developed. 

Table 1. Proposed maximum acceptable ozone concentrations fo r  protection of 
vegetation (1) 

~~~~~~ ~ ~ ~ ~ ~ ~ 

I f  these exposure-duration patterns a re  observed most plant species should be 
protected from acute damaging ef fec ts  of ozone as single component. W i t h  long- 
term exposures, however, even lower concentratims of ozone may damage plants 
as the resu l t s  from the National Crop Loss Assessment Network (NCLAN) of the 
United States have shown ( 2 ) .  Yield reductions of 10 per cent were observed in 
sensit ive plant species a t  seasonal 7h/day mean ozone concentrations of only 
0.028 to  0.033 ppm. Accordingly, even a mean concentration of 0.04 ppm during 
the growth period must be regarded as a potential danger t o  sensit ive agri- 
cultural and horticultural  plants ( 3 ) ;  and perennial plants should be particu- 
l a r ly  affected because in the course of time subtle e f fec ts  not onlyadd u p  t o  
s ign i f icant  growth reductions, they also reduce the resistance of the plants 
to other s t r e s s  factors.  Other phytotoxic components, such as sulfur dioxide, 
nitrogen dioxide and acidic precipitation occuring simultaneously are to 
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increase t h i s  danger even more ( 4 ) .  

decades, agree on the f a c t  t h a t  i n  Europa "anthropogenic" ozone and o the r  photo- 

oxidants are formed ma in l y  du r ing  the summer months (May t o  September) w i t h  

t h e i r  h igh  i n t e n s i t i e s  o f  s o l a r  i r r a d i a t i o n  (5 ) .  I f  the monitored a i r  p o l l u t i o n  

values are compared t o  the a i r  q u a l i t y  c r i t e r i a  mentioned above i t  has t o  be 

recognized t h a t  the i n d u s t r i a l  conurbations, h e a v i l y  a f f e c t e d  by the precursors 

n i t rogen  d iox ide  and r e a c t i v e  hydrocarbons, e x h i b i t  the h ighest  peak concentra- 

t i o n s  up t o  occasional 1/2 h-concentrat ions o f  more than 0.20 ppm. I n  these 

areas the shor t - term l e v e l s  as shown i n  t a b l e  1 are f requen t l y  exceeded and 

acute damaging e f f e c t s  have consequently t o  be expected, whereas i n  r u r a l  p e r i -  

pheral areas, and p a r t i c u l a r l y  a t  h ighe r  a l t i t u d e s  i n  the  German mountains, 

medium long-term concentrat ions were measured t h a t  very l i k e l y  w i l l  

cause chronic  and s u b t l e  e f f e c t s .  

A i r  analyses c a r r i e d  o u t  a t  many places, p a r t i c u l a r l y  i n  the l a s t  two 

MATERIAL AND METHODS 

The geobio log ica l  s tud ies  presented here were conducted a t  40 t o  60-years- 

o l d  spruce t rees  i n  bo th  the F i c h t e l  Gebirge (Schneeberg, 1000 m above sea 

l e v e l )  and the southern Black Forest  (Belchen, 1050 m above sea l e v e l )  i n  May/ 

June, September and December 1985. At these s i t e s  the condi t ions o f  a i r  p o l l u -  

t i o n  l oad  vary remarkably: whereas the vegetat ion o f  the southern Black Forest  

i s  endangered p a r t i c u l a r l y  by h igh  ozone concentrat ions, h igh S02-concentrat ion 

cha rac te r i ze  the cond i t i ons  i n  the F i c h t e l  Gebirge ( 6 ) .  The t e s t  t rees were 

s i t u a t e d  i n  the  v i c i n i t y  o f  mon i to r i ng  s t a t i o n s  a t  which continuous measure- 

ments o f  a c i d i c  p r e c i p i t a t i o n s ,  SO2, O3 and NOx are c a r r i e d  out .  With the ex- 

periments progressing, the b i o l o g i c a l  r e s u l t s  w i l l  be shown against  the chemico- 

phys ica l  values o f  the a i r  analyses. Both an apparently hea l thy  o r  on l y  

s l i g h t l y  damaged spruce t r e e  (damage c lass  0 )  and a neighbouring damaged t r e e  - 
damage c lass 2 t o  3 - were se lected as t e s t  i tems. The t e s t  needles were 

sampled from the middle crown, 10 t o  14 m above ground l e v e l .  

I n  the  course o f  the c l i m a t i c  chamber experiments, t h e  equipments o f  which 

have a l ready been described (7, 8) 3-year-old spruce clones were, s i n g l y  o r  

i n  combination, exposed t o  s u l f u r  d iox ide  (292 pg/m f 15 p g )  and ozone (194 
3 

pg/m f 15 pg )  f o r  12 weeks. Both the c l i m a t i c  chamber experiments and the geo- 

b i o l o g i c a l  s tud ies inc luded (apparent) photosynthesis and r e s p i r a t i o n  measure- 

ments us inq a c u v e t t e  w i t h  a O2 e lec t rode  (Hansatech). The l i g h t  energy was 300 
2 pE/m /sec. The t o t a l  s u l f u r  content was determined w i t h  a Fischer-S-analyzer 

(model 475),  w i t h  h igh  temperature p i p e  s t i l l s , t h e  Mg- and Ca-contents, 

bo th  i n  the needles and i n  the leaching so lut ions,  were AAS-measured. The 

spruce twigs were l a i d  i n t o  d e s t i l l e d  water f o r  4 days before c a r r y i n g  o u t  the 

leaching measurements. The c h l o r o p h y l l  content was measured photometr ic ly  

3 
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( 9 )  , the Anthron method (10) was used to  determine the total  sugar content. 
To prepare fo r  the histological analyses needle pieces, fixed in potassium 
bichromate - Os04, were embedded in styrol-methacrylate and contrasted by 
uranyl acetate and lead c i t r a t e .  The samples were analysed by means of a trans- 
mission electron microscope Hitachi H 300. For the quantitative histological 
interpretation 10 sections per sample were selected. 

HISTOLOGICAL AND CYTOLOGICAL ANALYSES 
In the quantative approach t o  the histological analysis of the climatic 

chamber experiments, spruce needles revealed differences in the effects of 
su l fur  dioxide and ozone. In comparison to the control items an enlarged in- 
te rce l lu la r  area of the primary needles ( F i g .  1A) could be recognized a f t e r  O3 
exposure, associated with an enlarged internal surface and  consequently a 
raised internal/external surface quotient (Fig. 1 B ) .  Exposures t o  SO2 caused 
the opposite response; both the in te rce l lu la r  system and the internal surface 
were reduced, and the internal/external surface quotient had decreased. Com- 
bined exposures to O3 a n d  SO2 caused no significant changes o f  the relative 
in te rce l lu la r  area,allowing the conclusion t h a t  opposing effects can neutra- 
l i z e  each other. The internal/external ra t io ,  however, was increased, corres- 
ponding to the value a f t e r  O3 exposure. 

Comparing these resu l t s  to those of t h e  geobiological studies (Fig. 2 ) ,  the 
1- and 2-years-old needles of the damaged Black Forest spruce t ree  exhibit the 
fu l l  range of characterist ical  responses to  03; both the in te rce l lu la r  system 
and the internal surface were enlarged and the internal/external surface 
quotient was increased. I n  the Fichtel Gebirge, however, the opposite results 
were t o  be recognized. With a s l i gh t  decrease of the in te rce l lu la r  area 
(Fig 2A) b o t h  the internal surface and consequently the internal/external sur- 
face quotient are s ign i f icant ly  reduced (Fig. 2B) .  

damaged Black Forest t ree  chloroplasts. Compared t o  the reference t ree  the 
grana were reduced in number and wider distributed. The granathylakoids tended 
t o  dilation. The amount of translucent plastoglobules was increased. Chloro- 
p las t s  of the damaged needles have membrane bound vacuoles t h a t  develop a long  
the chloroplasts and  between the thylakoid membranes as well. I n  stroma the 
electron translucent plastoglobules increased i n  b o t h  number and s ize ,  compared 
t o  those in the reference ser ies  chloroplasts. The chloroplast changes in the 
needles of the damaged Fichtel Gebirge t ree  corresponded widely t o  the Black 
Forest symptoms of damage. 

The damaged trees exhibit  b o t h  a starch congestion a n d  an increased tannine 
accumulation (Fig. 3 ) .  The vacuoles are sometimes densely f i l l e d  with tannine 
corpuscles. Large numbers of tannine f i l l e d  vesicles can be found in the 

Ultrastructural analyses revealed a wide-ranging disintegration of the 
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cytoplasm particularly next t o  the vacuole. In addition, tannine corpuscles were 
exhibited by the needles o f  the damaged Fichtel Gebirge t ree  between the cellu- 
l a r  wall and  the plasmalemma and in the in te rce l lu la r  space. 
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Fig. 1. Results of histological studies on 1-year-old spruce needles a f t e r  
exposure t o  O3 and SO2, singly and in combination 

A. Effects on transverse section area, mesophyll cell area and inter-  
ce l lu la r  area;  the in te rce l lu la r  area values are given as absolute 
figures and as percentages o f  the mesophyll area 
* P - 0 .05**P - O . O l + * . r P  - 0.001 

B.  Effects on internal surface ( I ) ,  external surface ( E ) ,  and  ra t io  ( I / E )  



176 

- e 
< 
a! 

BLACK FOREST FlCHTEl GEBIRGE 
OWE YEAR NEEOLES TWO YEAR NEEOLES ONE YEAR NEEDLES TWO YEAR NEEOLES 

6w 

u)o 

2w 

n 
CONTROL DAM TREE CONTROL M M . T R E E  CONTROL OAM.TREE CONTROL OAM TREE 

TRANSVERSE SECTION dRLd MESOPHYLl CELL AREA INTERCELLULAR AREA 

B 

E “7 

!s 
Y 

N 

EL 

12 

10 

0 

6 

1 

2 

REFER TREE OAM TREE REFER TREE DAM TREE REFER TREE MM TREE 

INTERNAL SURFACE[I) EXTERML SURFACElEl - RATIO I / E  

TWO YEAR NEEOLES 

REFER.TREE OAM. TREE 

0 

0 
Y .. 
c1 

E, 
Bw 

600 

LW 

mo 

O 

Fig 2. Results of histological studies on 1-year and 2-year o l d  needles of 

Black Forest and  Fichtel Gebirge spruce trees 
A Effects on transverse section area, mesophyll cell  area a n d  inter-  

ce l lu la r  area;  the in te rce l lu la r  area values are given as absolute 
figures and  as percentages of the mesophyll area 

* P - 0,05 ** P - O , O l * U W  P - 0.001 

B Effects on internal surface ( I ) ,  external surface ( E ) ,  and ra t io  (I/E) 
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F i g .  3. 1 -yea r -o ld  spruce need le  mesophyl l  c e l l  o f  a damaged F i c h t e l  Gebirge 
sample - s t a r c h  conges t ion  i n  t h e  c h l o r o p l a s t s ,  d i s i n t e g r a t i o n  o f  t h e  
t h y l a k o i d s  and t a n n i n e  accumula t ion  i n  t h e  vacuo le  

STUDIES ON PHOTOSYNTHESIS, RESPIRATION AND TOTAL CHLOROPHYLL CONTENT 

Both i n  t h e  F i c h t e l  Geb i rge  and i n  t h e  B lack  F o r e s t  t h e  o n l y  minimal 

damaged r e f e r e n c e  t r e e s  e x h i b i t e d  c l e a r l y  h i g h e r  apparent  p h o t o s y n t h e t i c  r a t e s  

than t h e  t e s t  t r e e s  w i t h  medium t o  severe  damages ( F i g .  4A). Even i f  t h e  photo- 

s y n t h e t i c  r a t e s  o f  t h e  r e f e r e n c e  t r e e s  decreased w i t h  i n c r e a s i n g  need le  ages, 

t h e y  remained on a h i g h  l e v e l  compared t o  those  o f  t h e  damaged t rees .  

Because t h e  r e s p i r a t i o n  r a t e s  o f  t h e  r e f e r e n c e  t r e e s  decreased as w e l l  w i t h  

i n c r e a s i n g  age o f  t h e  needles,  a l l  need le  ages e x h i b i t e d  p o s i t i v e  me tabo l i c  

r a t e s .  

U n l i k e  t h e  r e f e r e n c e  t r e e s ,  t h e  p h o t o s y n t h e t i c  r a t e s  o f  t h e  damaged spruce 

t r e e s  decreased d r a s t i c a l l y  w i t h  i n c r e a s i n g  need le  ages; t h e  r e s p i r a t i o n  

however, was s t i m u l a t e d  remarkab ly  ( F i g .  48) .  So t h e  p r o v i s i o n  o f  carbohydra tes  

o f  a damaged t r e e  i n  t h e  B lack  F o r e s t  t h a t  possessed o n l y  3 need le  ages was 
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F ig .  4. Apparent photosynthesis ( A ) ,  r e s p i r a t i o n  (B) and t o t a l  ch lo rophy l l  
content  ( C )  o f  the reference t rees  and damaged t rees  i n  the Black 
Forest  and i n  the F i c h t e l  Gebirge 
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confined to  the positive photosynthetic rates of only two needle ages. 
Exhibiting approximately the same concentrations a t  both s i t e s ,  the total  

chlorophyll content of the reference trees increased markedly with the 
needle ages (Fig. 4C) ,  whereas the content of the damaged trees decreased 
rapidly, in the 3-years-old needles to  about 50%, in the 4-years-old needles 
of the Fichtel Gebirge samples even to a l i t t l e  more than one f i f t h  of the 
1-year-old needle concentration rates.  

TRANSPIRATION, WATER POTENTIAL AND OSMOTIC POTENTIAL 
If transpiration rates,  water potential and osmotic potential ,  i . e .  the 

parameters t o  determine the water economy, are compared with the individual 
photosynthetic rates a f t e r  experimental O3 and SO2 fumigations, a close 
connection between the photosynthetic ra te  and the reduction of both trans- 
piration and water potential i s  t o  be recognized (Fig. 5 ) .  Inversely proporti- 
onal were the changes of the osmotic potentials,  t he i r  increases being connec- 
ted with elevated to ta l  sugar contents. 
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Fig. 5. Apparent photosynthesis, to ta l  sugar content and water economy of 
spruce clones a f t e r  exposure t o  su l fur  dioxide and ozone, singly and 
in combination 

In general, the same resu l t s  were provided by the geobiological studies 
(Fig. 6 ,  7 ) .  B u t  because transpiration and water potential have t o  undergo 
various diurnal changes, a damaged Fichtel Gebirge spruce t ree  exemplifies 
the diurnal courses of these two c r i t e r i a  (Fig. 6 ) .  Even i f  a t  noon s t r e s s  time 
the reference t ree  achieved remarkably higher maximum rates o f  b o t h  water po- 
t en t ia l  and transpiration than the damaged tree.  The f ac t  that  b o t h  spruce 
trees exhibited similar diurnal courses of the parameters, however, 
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indicated that the damaged t ree  had n o t  yet l o s t  i t s  capacil i ty t o  regulate i t s  

water economy. 
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Fig. 6.  Diurnal water economy rates of the reference t ree  and the damaged tree i n  
the f i ch te l  Gebirge I TOTAL SUGAR CONTENT OSMOTIC POTENTIAL 1 
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Fig. 7. Osmotic potential and total  sugar content in the pressed sap o f  
reference t rees  and damaged t rees  in the Black Forest and in the 
Fichtel Gebirge 



As under l abo ra to ry  condi t ions the  damaged t rees  o f  the geobio log ica l  s tud ies 

revealed e leva ted  t o t a l  sugar contents  and r a i s e d  osmotic p o t e n t i a l s  (F ig .  7); 

w i t h e r i n g  had very l i k e l y  a l ready begun. Despite the e levated d r i v i n g  p o t e n t i a l s  

the damaged spruce t rees were n o t  capable t o  compensate the water de f i c iency  

any longer .  
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STUDIES ON MINERAL CONTENTS 

Analyzing the  calcium and magnesium concentrat ions o t  t he  needles o f  both the 

reference t rees  and t h e  damaged t rees  (Tables 2 and 3 ) ,  we found t h a t :  

- the F i c h t e l  Gebirge t rees  showed higher minera l  contents, 

- the contents va r ied  markedly i n  needles o f  d i f f e r e n t  ages, 

- h igh  seasonal changes i n  concentrat ions are ev ident ,  and 

- the  needles o f  the damaged t rees had lower o v e r a l l  concentrat ions. 
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Table 2. Contents and leaching r a t e s  o f  Ca i n  spruce needles o f  reference (RT) 
and damaged (DT) t rees o f  t he  Black Forest  and the F i c h t e l  Gebirge 

1.01 1.09 2.70 3.34 1.03 1.30 
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Year 

Table 3. Contents and leaching r a t e s  o f  Mg i n  spruce needles o f  reference (RT) 
and damaged (DT) t rees  o f  the B?ack Fo res t  and the F i c h t e l  Gebirge 

I tem 

985 

384 

983 

382 

385 

984 

983 

982 

content  (mg/g DW) 
leaching (mg/g DW) 
l each ing  
( %  o f  content )  
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leaching (mg/g DW) 
1 eachi ng 
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1 eachi ng 
( %  o f  content )  

content  (mg/g DW) 
leaching (mg/g DW) 
leaching 
( %  o f  con ten t )  

content  (mg/g DW) 

content  (mg/g DW) 

MaylJune September 

RT 

0.82 
0.007 
0.9 

0.78 

L A C  

0.91 
0.235 

25.9 

0.31 
0.004 
1.3 

c_ 

0.73 
0.017 
2.3 

0.81 

C F O R E S T  

December 

T 
0.79 
0.042 
5.3 

0.22 
0.002 
0.9 

qz-l-E 0.014 0.161 0.039 
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I C H T E L  G E B I R G E  

1.03 
0.115 

11.6 

1.15 
0.161 
14.0 

0.73 I 0.82 

The t rees  o f  t he  two s i t e s  va r ied  d i s t i n c l y  i n  the supply o f  calcium; the ca l -  

cium ra tes  o f  the F i c h t e l  Gebirge spruces were approximately twice as h igh as 

those o f  the Black Forest  i tems. A t  both s i t e s  the calcium ra tes  o f  the re-  

ference t rees  and o f  t he  damaged t rees increased w i t h  the age o f  the needles. 

Un l i ke  i s  t h e  magnesium concentrat ions present a con t rove rs ia l  p i c tu re :  i n  the 

Black Forest  samples they decreased markedly w i t h  increas ing ages o f  the 

needles, whereas the  F i c h t e l  Gebirge i tems showed noth ing b u t  a s l i g h t  tendency 

t o  decrease. With some exceptions, the lowest concentrat ions were detected i n  

December, the decrease being more d i s t i n c t  i n  the magnesium contents. 

Comparing the damaged t rees and the  reference trees, p a r t i c u l a r l y  the damaged 

Black Forest  samples e x h i b i t e d  lower concentrat ions, and again the  r e l a t i v e  

d i f f e r e n c e  i n  magnesium was g rea te r  than t h a t  o f  calcium. 

Jus t  as the contents o f  the needles, the leaching ra tes  depend t o  a h igh de- 

gree on the s i t e ,  t he  age o f  the needles and the season (Tab. 2, 3) .  I f  the f u l l  

range o f  values o f  both years are compared i t  can be recognized t h a t  ou t  o f  the 
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Black Forest  samples h ighe r  Ca-amounts were washed than ou t  of the F i c h t e l  

Gebirge i tems; both the  r a t e s  r e l a t i v e  t o  the needle content and the absolute 

r a t e s  were h igher .  With s i g n i f i c a n t l y  lower Ca-contents o f  the needles, the con- 

cen t ra t i ons  washed ou t  of the Black Forest  samples were h igher  than those washed 

ou t  o f  the F i c h t e l  Gebirge i tems. The absolute amounts o f  magnesium washed ou t  

were approximately a l i k e  a t  both s i t e s ,  t he  r e l a t i v e  leaching r a t e s  of the Black 

Forest  samples, however, were h ighe r  again. Most o f  the damaged t rees e x h i b i t e d  

both abso lu te l y  and r e l a t i v e l y  h ighe r  leaching ra tes  than the reference trees, 

w i t h  the except ion o f  the Black Forest  reference t r e e  and i t s  s i g n i f i c a n t l y  

h ighe r  Ca-leaching ra tes .  

could be detected i n  the leaching water. 

I n  December no calcium and magnesium concentrat ions 

Exc lud ing the 1-year-old needles o f  the May/June sampling i n  the Black Forest, 

much h ighe r  t o t a l  s u l f u r  concentrat ions were detected i n  tne F i c n t e l  tie- 

b i r g e  samples (F ig .  8 ) .  And i t  was here again t h a t  the s u l f u r  concentrat ions i n -  

creased w i t h  the needle ages, whereas i n  the  Black Forest  such an increase could 

n o t  be recognized. Over the year, the 2-years-old F i c h t e l  Gebirge needles exhi -  

b i t e d  an increase t o  a December maximum. In the Black Forest  the maximum ra tes  

were detected i n  the needles o f  the developing new sprouts. This r a p i d  decrease 

o f  concentrat ion t a k i n g  p lace over the yea r  i s  very l i k e l y  due t o  the ra i sed  dry  

weight / f resh weight  r a t i o  which i t s e l f  caused a d i l u t i n g  e f f e c t .  A l l  the o the r  

concentrat ion r a t e s  were a t  about 0.9 mg/g d r y  substance. Unl ike the Mg and Ca 

concentrat ions, t he  s u l f u r  contents o f  the damaged t rees a t  both s i t e s  d i d  no t  

d i f f e r  s i g n i f i c a n t l y  from t h a t  o f  the undamaged t rees.  

a8 

ar, II YEAR 0 85 

F ig .  a. 

DECEMBER 

U REFERENCE TREE - MMtEO TREE 

55 81 83 82 

FICHTELGEBIRGE 
SEPTEMBER 

85 81 

-1; DECEMBER 

Tota l  s u l f u r  content  i n  the needles of reference t rees  and damaged 
t rees  i n  the Black Forest  and i n  the F i c h t e l  Gebirge 
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DISCUSSION 
With the g iven long-term exposures t o  various phy to tox i c  a i r  po l l u tan ts ,  the 

major components o f  the present  f o r e s t  dec l i ne  can n o t  on l y  be determined by 

f i e l d  s tud ies.  To countercheck the diagnosis by hypothesis tes t i ng ,  laboratory  

experiments under c o n t r o l  l e d  and reproducib le  condi t ions must be added. 

l a t e n t  and chronic  doses of ozone, s u l f u r  d iox ide and n i t rogen  d iox ide as we l l  

as va ry ing  n u t r i e n t  suppl ies were c a r r i e d  ou t  i n  the course o f  which mo t t l i ng ,  

chloroses and necroses could be observed - i n j u r y  symptoms t h a t  were exh ib i t ed  

by the damaged f o r e s t  stands as w e l l  (4) .  

c y t o l o g i c a l  changes i n  both t h e  fumigat ion experiments spruce clones and the 

spruce t rees o f  damaged f o r e s t  stands con f i rm  the thes i s  t h a t  i t  i s  main ly  the 

combination of ozone and s u l f u r  d iox ide  associated w i t h  NOx t h a t  must be regar- 

ded as the pr imary and major predisposing cause of damage. The damage pat terns 

o f  the Black Forest  being main ly  induced by ozone, t h a t  o f  the F i c h t e l  Gebirge 

by s u l f u r  d iox ide.  

P a r t i c u l a r l y  a f t e r  combined exposures t o  O3 and SO2, both the f i e l d  studies 

and c l i m a t i c  chamber experiments needles e x h i b i t e d  h i g h l y  hypertrophied 

Strasburger c e l l s ,  a reduced phloem and col lapses o f  phloem elements ( 8 ) .  Dis- 

i n t e g r a t i o n s  o f  the phloem, p rev ious l y  observed by F ink (11) and Parameswaran 

( 1 2 ) ,  were associated w i t h  pa tho log i ca l  s ta rch  accumulations i n  the ch loroplasts  

and tannine accumulations i n  both t h e  t rans fus ion  and mesophyll t i ssue .  Despite 

reduced photosynthet ic  r a t e s  and increased r e s p i r a t i o n  rates,  ra i ses  i n  t o t a l  

sugar contents  o f  t he  damaged spruce t r e e s  are observed, i n d i c a t i n g  a 
d i s tu rbed  metabolism o f  the carbohydrates. 

P a r t i c u l a r  a t t e n t i o n  must be given t o  the l i m i t e d  water economy. Reductions 

o f  t r a n s p i r a t i o n  and water p o t e n t i a l  as w e l l  as r a i s e d  osmotic p o t e n t i a l  due 

t o  r a i s e d  sugar contents were the responses o f  the c l i m a t i c  chamber experiments 

w i t h  spruce and of damaged t r e e s  i n  t h e  f i e l d  as w e l l .  With these d i s -  
turbances o f  the water economies, which have been detected i n  the cou rseo to the r  

s tud ies as we l l  (13, 14, 15),a premature senescence o f  t he  needles and r e s t r i c -  

t ed  n u t r i e n t  uptake from t h e  s o i l  must be expected, p a r t i c u l a r l y  i t  tne 

n u t r i e n t  supply from the s o i l  i s  l i m i t e d  (16, 17) and the leaching o f  the 

needles i s  increased (18, 19) .  

A r a i s e d  pe rmeab i l i t y  of the Black Forest  needle-biomembranes has t o  be 

assumed i f ,  desp i te  of comparatively lower contents, the Mg and Ca concentra- 

t i o n s t h a t  have been washed ou t  are higher than those washed o u t  o f  t he  F i c h t e l  

Gebirge samples. Due t o  the s i g n i f i c a n t l y  h ighe r  SO2 exposures i n  the F i c h t e l  

Gebirge, the washout o f  the spruce t rees  " f r e e  space" should be ra i sed  i f  

compared t o  the Black Forest  samples. 

I n  both c l i m a t i c  chambers and small  greenhouses, fumigation experiments w i t h  

Some s i g n i f i c a n t l y  s i m i l a r  phenomenological, phys io log i ca l  and h i s t o l o g i c a l /  
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The e levated S02-exposures i n  the F i c h t e l  Gebirge n o t  on l y  caused s u l f u r  

contents o f  the needles t h a t  were h ighe r  than those o f  the Black Forest  needles, 

b u t  a l s o  changes o f  t h e  t issue,  as could be observed a f t e r  experimental SO2 

exposures. Due t o  the h ighe r  ozone doses, the Black Forest  spruce t rees exhi -  

b i t e d  an enlarged i n t e r c e l l u l a r  system, an increased i n t e r n a l  sur face and a 

r a i s e d  i n t e r n a l / e x t e r n a l  sur face quo t ien t , cmparab le  t o  ozone-induced changes 

of the t i s s u e  as thqy  a re  observed i n  t h e  c l i m a t i c  chamber experiments. 

REFERENCES 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

R. Guderian, D.T. Tingey and R. Rabe, E f f e c t s  o f  photochemical ox idants  on 
p lants ,  i n  R. Guderian (ed.): A i r  p o l l u t i o n  by photochemical oxidants. For- 
mation, t ranspor t ,  c o n t r o l ,  and e f f e c t s  on p lan ts .  Ecolog ica l  Studies 52, 
Springer-Verlag, B e r l i n ,  Heidelberg, New York, Tokyo, 1985a, pp. 126-346. 
W.W. Heck, W.W. Cure, J.O. Rawlings, L.J. Zaragoza, A.S. Heagle, H.E. Hegge- 
stad, R.J. Kohut, L.W. Kress and P.3. Temple, Assessing impact o f  ozone t o  
a g r i c u l t u r a l  crops. I .  Overview. 11. Crop y i e l d  f u n c t i o n  and a l t e r n a t i v e  
exposure s t a t i s t i c s ,  J .  A i r  P o l l u t .  Contr. Assoc. 34 (1984) 729-735, 810-817. 
R. Guderian und D.T. Tingey, Notwendigkeit und Ab le i tung  von Grenzwerten f u r  
S t i c k s t o f f o x i d e .  Forschungsbericht 106 07 055, Umweltbundesamt, B e r l i n  1986. 
R. Guderian, K. Kuppers und R .  Six, Wirkungen von Ozon, Schwefeldioxid und 
S t i c k s t o f f d i o x i d  auf F i c h t e  und Pappel be i  unterschied l  i c h e r  Versorgung m i t  
Magnesium und Kalzium sowie au f  d i e  B l a t t f l e c h t e  Hypogymnia physodes. V D I -  
Be r i ch te  560 (1985b) 657-701. 
K.H. Becker, W. Fr icke,  J. Lobe1 and U. Schurath, Formation, t ranspor t  and 
c o n t r o l  of photochemical oxidants, i n  R. Guderian (ed.), A i r  p o l l u t i o n  by 
Dhotochemical oxidants. Formation. t ransoor t .  c o n t r o l  and e f f e c t s  on Dlants. 
Ecolog ica l  Studies 52, Springer-Verlag, B e r l i n ,  Heidelberg, New York,' Tokyo, 
1985. OD. 4-126. 

- - I  r r -  . 

UBA (Umwel tbundesamt) Hrsg. : Monatsberichte aus dem MeBnetz, B e r l i n  1982- 
1985. 
K. Vogels and G. Masuch, Metabolic and subs t ruc tu ra l  changes o f  bean leaves 
caused by separate and simultaneous ozone and s u l f u r  d iox ide exposures. I n  
proceedings o f  an i n t e r n a t i o n a l  workshop i n  Goteborg, Sweden, February 29 - 
March 2, 1984, Swedish Environmental Research I n s t i t u t e ,  Goteborg (1984) 

R. Guderian, K. Vogels and G. Masuch, Comparative phys io log i ca l  and h i s t o -  
l o g i c a l  s tud ies on Norway spruce (Picea abies Kars t . )  by c l i m a t i c  chambers 
experiments and f i e l d  s tud ies  i n  damaged f o r e s t  stands. 7 th  World Clean A i r  
Congress & Exh ib i t i on ,  Syndney, A u s t r a l i a  25-29 August 1986. 
D . I .  Aron, Copper enzymes i n  i s o l a t e d  ch lo rop las ts .  Polyphenoloxidase i n  
Beta vu lga r i s ,  P l a n t  Phys io l .  24 (1949) 1-15. 
L. Steubing, Pflanzenokologisches Praktikum, Verlag Paul Parey, B e r l i n ,  
Heidelberg und Hamburg 1965, pp. 262. 
S. Fink, H is to log i sche  und histochemische Untersuchungen an Nadeln erkrank- 
t e r  Tannen und F ichten i m  Sudschwarzwald, AFZ 26/27 (1983) 660-663. 
N. Parameswaran, S. F ink und W. Liese, F e i n s t r u k t u r e l l e  Untersuchungen an 
Nadeln geschadigter Tannen und F ichten aus Waldschadensgebieten i m  Schwarz- 
wald, Eur. J .  For. Path. 15 (1985) 168-182. 
S. Strack und H. Unger, Wassertransport und Wasserumsatze i n  kranken und 
gesunden Fichten,  Statusseminar KFA J u l i c h ,  2.-4.12. 1985. 
A. Wi ld  und J. Bode, Physiologische, biochemische und anatomische Untersu- 
chungen von immissionsbelasteten F ichten verschiedener Standorte. Status- 
seminar KFA J u l i c h ,  2.-4.12. 1985. 

128- 144. 



186 

15 

16 

17 

18 

19 

E.D. Schulze, R. Oren, K. Werk, J .  Meyer und R. Zimmermann, Kohlenstoff-,  
Wasser- und Nahrstoffhaushal t von Fichten s t a r k  b e l a s t e t e r  Hochlagenstand- 
o r t e  a u f  P h y l l i t  i n  NO-Bayern, Statusseminar KFA Ju l i ch ,  2.-4.12. 1985. 
E .  Mies und H.W. Z o t t l ,  Z e i t l i c h e  Pinderung der  Chlorophyl l -  und Elementge- 
h a l t e  i n  den Nadeln eines gelb-ch lorot ischen Fichtenbestandes, Forstw. Cbl . 
H.W. Z o t t l ,  Waldschaden und Nahrelementversorgung. Dusseldorfer Geobotani- 
sches Kolloquium 2 (1985) 31-41. 
6. Pr inz,  G.H.M. Krause und H. Stratmann, Waldschaden i n  der  Bundesrepublik 
Deutschland. L IS-Ber ichte 28 (1982) pp. 154. 
G.H.M. Krause, K.D. Jung und 6. Prinz, Exper imente l le  Untersuchungen zur  
Aufklarung der neuar t igen Waldschaden i n  der  Bundesrepublik Deutschland, 
VDI-Berichte 560 (1985) 627-656. 

104 (1985) 1-8. 

ACKNOWLEDGEMENTS 

This study was supported by the European Commission 

P r o j e c t  N r .  ENV-846-D ( 5 )  


