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Most p lan ts  can take up nu t r ien t s  from the atmosphere a s  well  a s  
from the s o i l  solution.  This capacity is  especial ly  important i n  
na tura l  ecosystems such a s  fo re s t s  and bogs where nu t r ien t s  from other  
sources a r e  scarce and where f e r t i l i z a t i o n  is  not a normal management 
procedure. Trees develop very large canopies of leaves and branches 
t h a t  extend high i n t o  the a i r .  Thus, t r ee s  o f f e r  a very large surface 
f o r  deposition and po ten t ia l  ass imila t ion of substances dispersed i n  
the  atmosphere. 

Air-borne substances t h a t  influence p lan ts  include: sea spray 
from oceans and large lakes, dust  resu l t ing  from wind erosion of s o i l  
a s  well  a s  from volcanic and cosmic sources; gases such a s  carbon 
dioxide, ammonia, su l fur  dioxide, hydrogen su l f ide ,  methane, e tc .  re- 
leased from decomposing organic matter andvo1canoes;biogenic pa r t i c l e s  
such a s  spores, hyphal fragments, and pollen;  par t i cu la te  matter, 
aerosols,  and gases produced by wild f i r e s  and controlled burning of 
agr icu l tu ra l ,  foredt  and urban wastes a s  well  a s  from indus t r i a l ,  agr i -  
cu l tu ra l ,  r e s iden t i a l  and commercial heating, and t ransporta t ion 
operations. Combustion of f o s s i l  f ue l s  is  the la rges t  anthropogenic 
source of air-born substances. Some of these substances include bene- 
f i c i a l  nu t r ien t  elements; o thers  a re  in jur ious  t o  plants .  Many of 
these substances or iginate  from natural  sources; o thers  a re  po l lu tan ts  
produced by man. 

Many of these atmospheric t race  consti tuents a r e  a t  l e a s t  pa r t i a l l y  
soluble i n  water and can thus be absorbed o r  assimilated by p lan ts  when 
prec ip i ta t ion  is  intercepted by vegetation. In  a typ ica l  fo r e s t ,  an 
average raindrop washes over three  t i e r s  of fol iage before it reaches 
the s o i l .  Since some of the substances dissolved i n  p rec ip i ta t ion  a re  
benef ic ia l  while others  a r e  in jur ious  t o  p lan t  t i s sues ,  the  net  e f f e c t  
of atmospheric t race  consti tuents can be benef ic ia l  o r  in jur ious  
depending on the  chemical composition of the  prec ip i ta t ion ,  the  species 
of p lan t  on which it is deposited, and the  physiological condition and 
maturity of the  plant .  



Rain and snow change i n  chemical composition wi th in  a s  we l l  a s  
between p r e c i p i t a t i o n  events  ( r a i n  o r  snow storms).  Thus a given p l a n t  
may be sub jec t  t o  b e n e f i c i a l  atmospheric inf luences  a t  one time and t o  
negative inf luences  a t  another  t i m e  i n  i ts  development. Since trees 
p e r s i s t  f o r  many years  o r  even decades i n  the  same environment, they a r e  
sub jec t  t o  very long-term changes i n  t h e  chemistry of t h e  atmosphere 
and p r e c i p i t a t i o n .  

The e f f e c t s  of a c i d i c  p r e c i p i t a t i o n  on p l a n t s  is  only one f a c e t  of 
t h e  much l a r g e r  sub jec t  of atmosphere-plant-soil  i n t e r a c t i o n s .  Acidi ty 
i n  p r e c i p i t a t i o n  should be understood a s  a r e f l e c t i o n  not  only of t h e  
amounts of substances y ie ld ing  hydrogen ions  (such a s  s u l f u r i c ,  n i t r i c ,  
hydrochloric  and organic  ac ids )  bu t  a l s o  a s  a r e f l e c t i o n  of the  t o t a l  
i o n i c  balance between a l l  t he  o t h e r  ca t ions  and anions dissolved i n  
p r e c i p i t a t i o n .  For a l l  of  t h e  above reasons,  the  e f f e c t s  of a given 
"ac id ic  r a i n "  o r  a p reva i l ing  condit ion of "ac id ic  r a ins"  a r e  very 
complex, va r i ab le  i n  time, and involve s i g n i f i c a n t  i n t e r a c t i o n s  which 
a r e  only p a r t i a l l y  understood. Thus, these  e f f e c t s  a r e  not  e a s i l y  re-  
solved i n t o  simple genera l iza t ions .  

Our hope i n  t h i s  b r i e f  in t roduct ion  i s  t o  s e t  t h e  s t age  f o r  t h e  
experimental,-contributions t h a t  follow i n  t h i s  sec t ion  of t h e  Proceed- 
ings.  W e  w i l l  s e t  f o r t h  a few genera l  concepts a s  wel l  a s  some theore- 
t i c a l  pos tu la t ions  about the  e f f e c t s  of a c i d i c  p r e c i p i t a t i o n  on 
vegetat ion.  We hope t h a t  these  ideas  w i l l  have some value a t  l e a s t  a s  
a s t imulus f o r  debate and f o r  experimentation t h a t  w i l l  increase  our  
p resen t  meager understanding of a c i d i c  p r e c i p i t a t i o n  and i ts  e f f e c t s  on 
vegetat ion.  

POTENTIAL EFFECTS ON VEGETATION 

A p a r t i a l  l ist  of p o t e n t i a l  e f f e c t s  of a c i d i c  p r e c i p i t a t i o n  on 
vegeta t ion  is  given i n  Table 1. The e f f e c t s  a r e  c l a s s i f i e d  a s  e i t h e r  
d i r e c t  o r  i n d i r e c t  although most d i r e c t  e f f e c t s  w i l l  have many i n d i r e c t  
consequences as well .  I n d i r e c t  e f f e c t s  mediated through the  s o i l  a r e  
excluded from Table 1 s ince  they a r e  discussed i n  the  preceeding sec t ion  
of these  Proceedings. A decreased r a t e  of growth would be the  expected 
consequence of most of the  e f f e c t s  pos tu la ted  i n  Table 1. 

IMPLICATIONS FROM EXISTING KNOWLEDGE 

A s  indica ted  i n  Figure 1, s u s c e p t i b i l i t y  t o  damage by s u l f u r  
dioxide va r i ed  with t h e  time of day. Guderian (1970) found i n  r ed  
clover a c lose  p a r a l l e l  between degree of in ju ry ,  apparent photosynthe- 
sis, and amount of s u l f u r  accumulated during the  day. Since s u l f u r  



Table 1. Potential Effects of Acidic 
Precipitation on Vegetation 

Direct Effects 

1. Damage - to protective surface structures such as cuticle. -- 
Damage to surface structures may occur due to accelerated erosion 

of the cuticular layer that protects most foliar organs. It also could 
result from direct injury to surface cells by high concentrations of 
sulfuric acid and other harmful substances that are concentrated by 
evaporation or adherence of soot particles on plant surfaces. 

2. Interference with normal functioning of guard cells. - 
Malfunction of guard cells will lead to loss of control of stomata 

and thus altered rates of transpiration and gas-exchange processes and 
possibly increased susceptibility to penetration by epiphytic plant 
pathogens. 

3. Poisoning of plant cells after diffusion of acidic substances through ---- 
stomata or cuticle, 

This could lead to development of deep necrotic or senescent spots 
on foliar organs including leaves, flowers, twigs, and branches. 

4. Disturbance - of normal metabolism or growth processes without necrosis 
of plant~ells. - 

Such disturbances may lead to decreased photosynthetic efficiency, 
altered intermediary metabolism, as well as abnormal development or 
premature senescence of leaves or other organs. 

5. Alteration of leaf- and root-exudation processes. --- 
Such alterations may lead to changes in populations of phyllosphere 

and rhizosphere microflora and microfauna, including nitrogen-fixing 
organisms. 

6. Interference with reproduction processes. - 
Such interference may be achieved by decreasing the viability of 

pollen, interference with fertilization, decreased fruit or seed produc- 
tion, decreased germinability of seeds, etc. 

7. Synergistic interaction with other environmental stress factors. 

Such reinforcing interactions may occur with gaseous sulfur dioxide, 
ozone, fluoride, soot particles, and other air pollutants as well as 
drought, flooding, etc. 



Table 1.--Continued 

Ind i rec t  Effects  

Accelerated leaching substances from f o l i a r  organs. - 
Damage t o  cu t i c l e  and surface c e l l s  may lead t o  accelerated 

leaching of mineral elements and organic substances from leaves, twigs, 
branches, and stems. 

2. Increased suscep t ib i l i t y  - t o  drought and other  environmental s t r e s s  -- 
fac tors .  

Erosion of cu t i c l e ,  in terference with normal functioning of guard 
c e l l s ,  and d i r e c t  in jury  t o  surface c e l l s  may lead t o  increased evapo- 
t ranspira t ion from f o l i a r  organs and vu lnerab i l i ty  t o  drought, a i r  
po l lu tan ts ,  and other  environmental s t r e s s  factors .  

Al terat ion of symbiotic - associations.  

Changes i n  leaf-  and root-exudation processes and accelerated 
leaching of organic and inorganic substances from p lan ts  may a f f e c t  the  

a formation, development, balance, and function of symbiotic associations 
such a s  mycorrhizae, nitrogen-fixing organisms, l ichens,  e tc .  

Al terat ion host-parasite in teract ions .  

Resistance and/or su scep t ib i l i t y  t o  b i o t i c  pathogens and pa ra s i t e s  
may be a l t e r ed  by predisposing p lan ts  t o  increased suscep t ib i l i ty ,  
a l t e r i n g  host  capacity t o  t o l e r a t e  disease,  a l t e r i ng  pathogen virulence,  
e tc .  The e f f ec t s  of ac id ic  p rec ip i ta t ion  may vary with: the  nature of 
the  pathogen involved (whether a fungus, bacterium, mycoplasma, v i rus ,  
nematode, p a r a s i t i c  seed p l an t ,  o r  multiple-pathogen complex); the  
species,  age, and physiological s t a t u s  of the host; and the  stage i n  the  
disease cycle i n  which the  ac id i c  s t r e s s  i s  applied -- f o r  example, 
ac id ic  r a i n  might decrease the  in fec t ive  capacity of bac te r ia  before 
infect ion and increase the  suscep t ib i l i t y  of the host  t o  disease deve- 
lopment a f t e r  infect ion.  

dioxide is  taken up through the  stomata, in jury  occurs mainly during the 
p a r t  of the  day when the stomata a re  open. Sulfur a l so  may be taken up 
through the  cu t i c l e ,  but t h i s  is  a much slower process. 

The physiological condition and maturity of leaves a l so  is  impor- 
t an t .  Sometimes damage i s  concentrated along t i p s  and margins of 
leaves, but t h i s  may be a simple consequence of the  laws of physics -- 
edges and t i p s  a r e  more exposed t o  in jur ious  molecules i n  the a i r  than 
a r e  the  cen t ra l  p a r t s  of leaves. 



Relative accumulation of S 
(Value 4 a.m. - 7 a.m.=100) 

Relative C02-assimilation 
and injury. (Value 4 a.m.- 
7 a.m.=100) 

Time of day 

Figure 1. Accumulation of sulfur and degree of injury in 
red clover during different times of day, compared with 
apparent photosynthesis. 0 degree of injury, o apparent 
photosynthesis, A sulfur accumulation. (Reproduced from 

Guderian, 1970) . 
Lichens, which do not have a protective covering of cuticle with 

stomata, are very sensitive to sulfur dioxide. For the same reason they 
also may be highly susceptible to the effects of acid rain. Schijnbeck 
et al. (1970) found a very good inverse corelationship between the 
amount of sulfur dioxide in the air and the amount of living tissue 
remaining after exposure (Figure 2). Sometimes it is useful to use 
lichens as veq sensitive indicators for air pollution because of the 
great difficulties of measuring air concentrations of sulfur dioxide in 
a physiologically meaningful way. Near sources of emission, the concen- 
tration of sulfur dioxide during any given 5-minute time interval may 
differ 2-5 fold from that during the next 5-minute interval (Figure 3). 
For this reason, a need exists for some type of biological assay, such 
as can be made by exposing lichens to air pollution over convenient 
periods of time. 

Photosynthesis is very sensitive to air pollution. A strong reduc- 
ing compound such as sulfur dioxide may affect both the chlorophyll 
itself and various steps in the photosynthetic process. 

It is well known that plants differ greatly in their susceptibility 
to sulfur dioxide and other poisonous substances (Linzon, 1972). 
Genetically controlled variation in resistance or susceptibility to the 
effects of acid rain may likewise be expected both within and among 



Figure 2. Influence of su l fur  
dioxide on t ransplants  of a 
fo l iose  l ichen (Parmelia physodes) 
placed i n  the  v i c in i t y  of an iron- 
ore smelter. Sulfur dioxide con- 
centrations were measuredaccording 
t o  the  method of Stratmann. 
(Reproduced from ~chznbeck e t  a l . ,  

1970). 

Time 

Figure 3 .  Variation i n  su l fur  dioxide concentration 
a t  a s t a t i on  600 m from cource of emission. (Repro- 

duced from van Haut, 1961). 

various species of fo r e s t  t rees .  Figure 4 i l l u s t r a t e s  t h i s  var ia t ion i n  
s ens i t i v i t y  t o  su l fur  dioxide among various species and select ions  of 
woody plants .  The concentrations of su l fu r  dioxide a r e  shown on a 
logarithmic scale.  The marks i n  the  right-hand margin concern p lan ts  
exposed f o r  very long periods of time. The curved l i n e  i s  an empirical 
re la t ionship developed by Thomas and H i l l  (1935) f o r  the f i r s t  v i s i b l e  



Figure 4. A compilation of values from the l i t e r a t u r e  showing the  
e f f ec t s  of su l fu r  dioxide on various species of t r ee s .  The curved 
l i n e  represents Thomas and H i l l ' s  equation f o r  f i r s t  noticeable 
in jury i n  a l f a l f a .  The s t r a i g h t  l i n e  represents the  maximum a i r -  
qua l i ty  standard f o r  su l fur  dioxide concentrations i n  Swedish 
c i t i e s ,  according t o  1972 regulations.  The concentration data  
given i n  the  right-hand margin a r e  f o r  exposure times grea te r  than 
one month. o noninjured p lan ts ,  in jured plants .  For fu r ther  
explanation of the  numbers i n  t h i s  f igure ,  see the  Key t o  Figure 4 

pr inted below. (Reproduced from Tamm and Aronsson, 1972). 

symptom of in jury  t o  a l f a l f a  plants .  The s t r a i g h t  l i n e  i l l u s t r a t e s  the  
current standard f o r  a i r  concentrations of su l fu r  dioxide i n  urban areas  
of Sweden. The corresponding curve f o r  the United S ta tes  is  somewhat 
steeper but  otherwise not much d i f f e r en t .  The sens i t ive  p l an t s  below 
the curve a r e  almost a l l  5-needled pines. Although Pinus s t r o b u s  
generally is  very sens i t ive  t o  su l fur  dioxide, there  i s  a l so  g rea t  gene- 
t i c  var ia t ion within t h i s  species,  a s  indicated i n  the  Figure. Figure 
4 a l so  shows t h a t  damage t o  Pinus s t r o b u s  may be expected even i f  the  
current standards f o r  clean a i r  i n  urban areas i n  Sweden (and the  United 
S ta tes )  a r e  s t r i c t l y  observed. 

Acidic r a i n  may cause d i r e c t  in jury  t o  (or erosion o f )  the  protec- 
t i v e  surface s t ruc tures  of p lan ts  such a s  the cu t ic le .  Gaseous su l fur  
dioxide may not be corrosive enough t o  damage the  cu t i c l e  a t  presently 
occurring ambient concentrations, but  droplets of s u l f u r i c  acid  i n  
aerosols ce r ta in ly  may have t h i s  e f fec t .  



Key t o  Figure 4 

Number Species 

1 Pinus s t robus  -- 
Woody p l a n t s  Observer 

4-5 week-old needles in jured  
i n  s e n s i t i v e  clones Costonis 1970 

2 Pinus s t robus  -- 
3 Pinus s t robus  -- 

I n j u r i e s  i n  s e n s i t i v e  clones S t a i r s  e t  a l .  1970 

I n j u r i e s  i n  s e n s i t i v e  clones 
a t  fumigation 8 h /per  day f o r  
4-8 weeks Dochinger e t  a l .  1970 

4, 5 Pinus s t robus  Always i n j u r i e s  Dochinger e t  a l .  1970 

6 Pinus s t robus  -- I n j u r i e s  Berry 1964 

7 Pinus s t robus  -- No i n j u r i e s  Jaeger & Banfield 1970 

8 Pinus s t robus  -- I n j u r i e s  Berry 1967 

9 Pinus s t robus  -- 
res inosa  
banksiana 

3, 5 and 7 week-old seedl ings  
without i n j u r i e s  (27"C, 70% RH) 

Berry 1971 

10 Pinus s i l v e s t r i s  Reduction i n  photosynthesis.  
Complete recovery a f t e r  48 hours Vogl & Bzr t i t z  1965 

11 Pinus s i l v e s t r i s  

12,  13  Pinus s i l v e s t r i s  

No s tands  i n  t he  Ruhr a r ea  Knabe 1971 

In jured  t r ee s  d i e  wi th in  two o r  
t h r e e  years  Podzorov 1969 

14 Douglas f i r  

15 Douglas f i r  

16 Douglas f i r  

17 Douglas f i r  

18  Picea abies  -- 

Sl igh t  i n j u r i e s  Thomas 1951 

S l igh t  i n j u r i e s  Thomas 1951 

No i n j u r i e s  Thomas 1951 

A few young t r e e s  d i e  Thomas 1951 

Reduced photosynthesis i n  l a t e  
summer, no o ther  i n j u r i e s  ~ S r t i t z  1964 

19 Picea  ab i e s  -- Reduced photosynthesis i n  l a t e  
sunnner, no o ther  i n j u r i e s  a t  
fumigation 7 h/per 24 hours 
during 240 hours ~ g r t i t z  1964 

20 Picea  abies  -- No in ju ry  i n  hot weather (sto- 
mata closed) BSrt i tz  1964 

21 Picea abies  -- 
22, 23 Picea ab i e s  

Needle necroses B;rtitz 1964 

Annual mean value,  s l i g h t  
i n j u r i e s  Knabe 1971 

24 Picea abies  -- Annual mean value,  severe  
i n j u r i e s  Knabe 1971 

2 5 Picea  ab i e s  -- Threshold value f o r  i n j u r i e s ,  
long-term measurements Materna 1971 

2 6 Conifers,  oak, 
beech 

Thresholdvalue f o r  i n j u r i e s  , 
mean value  Wentzel 1969 

27, 28 Quercus robur 
s i l v a t i c a  

Lar ix  decidua -- 
Pinus s i l v e s t r i s  
Picea abies  -- 

Sign i f i can t  growth reduction 
a t  mean value f o r  growing 
season 



Necrotic spots w i l l  develop where high concentrations of acids  
occur, especially when leaves a re  exposed t o  a l t e rna t e  cycles of wetting 
and drying. In t h i s  case, drops of acidic  water evaporate leading t o  
an increase i n  acid concentration and then t o  l oca l  necrot ic  spots. 
Similar high concentrations of acids  may develop beneath soot  pa r t i c l e s  
adhering t o  p lan t  surfaces. 

A s  indicated i n  Table 1, i f  the  cu t i c l e  and other  protect ive  
s t ructures  are  damaged, the  p lan t  may be harmed by other  environmental 
and b i o t i c  s t r e s s  factors .  For example, l o s s  of control  of guard-cell 
function can lead t o  l o s s  i n  control  of gas-exchange reactions.  Guard 
c e l l s  reac t ,  among other  things,  t o  changes i n  the pH of t h e i r  cyto- 
plasm. Once a p lan t  loses  control  of i t s  stomata, it w i l l  lose  control  
of t ranspira t ion,  and then may be injured by drought. 

A very l i ke ly  d i r e c t  e f f e c t  of air-borne acidic  substances i s  a 
poisoning e f f e c t  on metabolic processes within l i v ing  ce l l s .  This 
requires t ransport  t o  the  c e l l  surface and usually through c e l l  mem- 
branes. In  vascular plants  it a l so  requires di f fusion through stomata 
o r  through the cut ic le .  Hence, stomata1 frequency and a l l  factors  
a f fec t ing  stomata opening a re  important i n  determining suscep t ib i l i ty  
t o  metabolic poisoning. 

Cellular metabolism a l so  may be affected by su l fur  and nitrogen 
oxides without d i r e c t  evidence of poisoning. Needles of conifers  and 
leaves of deciduous t r ee s  of ten have a shor ter  functional life-span i n  
polluted areas. In  some cases t h i s  premature ageing has been accompan- 
ied by large accumulations of su l f a t e  i n  the  c e l l s  (Lihnell ,  1969). 
Sulfate is  much l e s s  poisonous than s u l f i t e  (Linzon, 1972); i n  f a c t ,  
formation of su l f a t e  i s  a detoxif icat ion process i n  p lan t  c e l l s  although 
accumulation of su l f a t e  s t i l l  may imply a disturbed metabolism. 

Acidic p rec ip i ta t ion  o r  ac id ic  substances i n  the atmosphere may 
a l so  a f f e c t  p lants  by synergis t ic  in te rac t ions  with various other  a i r  
pol lutants  such a s  ozone or  f luoride.  Soot pa r t i c l e s  adhering t o  p lan t  
surfaces may absorb gases from the a i r  and thereby concentrate these 
substances. The concept of synergis t ic  e f f e c t s  covers a wide range of 
pos s ib i l i t i e s .  Figure 5 shows the close s imi la r i ty  of d i s t r ibu t ion  
pa t te rns  f o r  su l fur  and lead from atmospheric sources i n  Scandinavia. 
Perhaps the concentrations observed t o  date  a r e  not ye t  g rea t  enough t o  
induce synergis t ic  e f f ec t s  on a regional sca le ,  but these and other  
poisonous substances with po ten t ia l  synergis t ic  e f f ec t s  on l iv ing  
organisms of ten occur together. 



Figure 5. The ca lcu la ted  increase  i n  annual supply of 
s u l f u r  i n  p r e c i p i t a t i o n  ( l e f t )  and the  lead content  of  
the  moss Hylocomium spendens i n  d i f f e r e n t  p a r t s  of 
Scandinavia ( r i g h t ) .  Note t h e  s i m i l a r  d i s t r i b u t i o n  
p a t t e r n s  of these  two d i f f e r e n t  po l lu tan t s .  The f igures  
r e f e r  t o  condit ions i n  about 1970. The f igures  f o r  su l -  
f u r  a r e  expressed a s  "excess s u l f u r "  from Granat, 1972, 
Fig. 5 and f o r  l ead  from Tyler ,  1972. (Reproduced from 

Malmer, 1974) . 

I n  studying the  d i r e c t  and i n d i r e c t  e f f e c t s  of a c i d i c  p rec ip i t a -  
t i o n  on p l a n t s ,  it i s  important t o  d i s t ingu i sh  between l o c a l  e f f e c t s  
and regional  ones. The l o c a l  e f f e c t s  usua l ly  a r e  more conspicuous and 
thus  more e a s i l y  s tudied .  But i n  some a r e a s  of Europe and NorthAmerica, 
the  r eg iona l  concentrat ions of  harmful substances i n  the  a i r  a r e  
approaching concentrat ions a t  which se r ious  long-term e f f e c t s  may be 
suspected. 

I n  conclusion, it is important t o  recognize t h a t  p resen t  knowledge 
of  t h e  e f f e c t s  of a c i d i c  p r e c i p i t a t i o n  on vegeta t ion  is  wholly inad- 
equate. Much research i s  needed t o  determine the  importance of the  
various p o t e n t i a l  e f f e c t s  l i s t e d  i n  Table 1. We hope t h a t  much more 
complete information about t h e  b i o l o g i c a l  and economic consequences of 
these  e f f e c t s  w i l l  become ava i l ab le  i n  t h e  fu tu re .  
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