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ABSTRACT 

The typ ica l  values and probable ranges of acid-precipitat ion 
a r e  evaluated i n  terms of t h e i r  theore t ica l  e f f e c t s  on pH and 
cat ion exchange equilibrium of s o i l s  cha rac t e r i s t i c  of the  
humid temperature region. The extent of probable change i n  
s o i l  pH and the  time required t o  cause such a change a r e  cal-  
culated f o r  a range of common s o i l s .  Hydrogen ion input  by 
acid  prec ip i ta t ion  i s  compared t o  cat ion inputs from nut r ien t  
cycling and other  sources. For example it can be calculated 
t h a t  100 years of acid prec ip i ta t ion  (10,000 cm a t  pH 4.0) 
could be expected t o  s h i f t  the  percentage base sa tura t ion  i n  
the  top 20 cm of a t yp i ca l  midwestern fo re s t  s o i l  (cation 
exchange capacity of 20 meq/100 g) downward 20%, thus lowering 
the  pH of the  A 1  horizon by approximately 0.6 un i t s ,  i f  there  
a r e  no countering inputs of bas ic  materials .  

INTRODUCTION 

A s  our understanding of a i r p ~ l l u t a n t s e x p a n d s  it becomes increas- 
ingly evident t h a t  the  forms and e f f ec t s  of these substances a s  they 
pass through t e r r e s t r i a l  systems may be of equal o r  g rea te r  importance 
than t h e i r  f i n a l  sink. To date  most research has been directed toward 
the  e f f e c t s  of a i r  po l lu tan ts  on p l an t  growth and development (Tamm and 
Aronsson 1972) while the  e f f ec t s  of a i r  po l lu tan ts  on the  s o i l  has re- 
ceived l i t t l e  a t t en t ion  (Bohn 1972). Acid prec ip i ta t ion ,  a by-product 
of a i r  pol lut ion,  is  a phenomenon receiving increased a t ten t ion  i n  the  
l i t e r a t u r e .  We believe t h a t  the  influence of acid  prec ip i ta t ion  on s o i l  
pH and cat ion exchange equ i l i b r i a  may prove t o  be the  most s i gn i f i can t  
e f f e c t  of a l l .  It i s  l i ke ly  t o  be qu i te  permanent and have f a r  reaching 
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influences both on the vegetation growing upon it and the  waters 
draining from it. This paper w i l l  use extant data t o  determine the 
theore t ica l  e f f e c t s  of acid  prec ip i ta t ion  on pH and cat ion exchange 
equi l ib r ia  of so i l s .  The magnitude of H+ ion input by acid precipi ta-  
t i on  w i l l  be compared t o  cation inputs from nut r ien t  cycling and other 
sources, and the  probable change i n  s o i l  pH and the  time required t o  
cause such a change w i l l  be calculated.  

DISCUSSION 

Likens and Bonnann (1974) have noted t h a t  water i n  the  atmosphere 
is  generally i n  equilibrium with prevai l ing C02 pressures and w i l l  pro- 
duce a pH of about 5.7; while Nihlgard (1970) reports  a s l i g h t l y  lower 
value (5.2) f o r  incident p rec ip i ta t ion  i n  southern Sweden. Soviet 
s c i e n t i s t s  have recorded values ranging from 5.1 t o  6.1 (Mina 1965). 
However, pH values a s  low a s  2.1 have been observed i n  north cen t r a l  
New Hampshire (Likens e t  a l .  1972). Fisher e t  a l .  (1968) reports  t h a t  
weekly samples of p rec ip i ta t ion  col lected over a two year period a t j t h e  
Hubbard Brook ExperimentalForestwere frequently l e s s  than 4.0. Mean 
annual values of 3.9, 3.9, and 4.0 have been reported f o r  three  loca- 
t ions  i n  up s t a t e  New York (Likens 1974). According t o  data  presented 
by Fisher e t  a l .  (19681, Likens e t  a l .  (1972) and Likens (1974), H+ 
accounts f o r  44 t o  69 percent of the  cat ions  i n  p rec ip i ta t ion ,  while 
the  anions a r e  SO:, 59 t o  62 percent; NOS, 21 t o  23 percent; and Cl'r 
14 t o  20 percent. 

Acid prec ip i ta t ion  entering the  s o i l  has three  possible fa tes :  
(1) it may be neutralized by f r e e  bases such a s  CaC03 o r  NaC03, (2) the  
acid  water may pass through i n t o  the  ground water o r  drainage water i n  
s o i l s  t h a t  a r e  already qu i te  acid  and/or have low cation exchange cap- 
ac i t y ,  e.g., sands with low organic matter contents, and the  most common 
s i tua t ion ,  (3) ac id ic  ions  en te r  i n t o  exchange reactions with cations 
already present on the  s o i l  cat ion exchange complex. 

The a b i l i t y  of s o i l s  t o  s to r e  cations and t o  r e s i s t  rapid changes 
i n  pH is due t o  t h e i r  negatively charged pa r t i c l e s  which behave l i k e  
cation exchangers (Fig. 1). It is the  in te rac t ion  of H+ from acid pre- 
c ip i t a t i on  with t h i s  cation exchange capacity (C.E.C.) t h a t  determines 
the  e f f ec t  of the  added ac id i ty  on s o i l  properties.  Cation exchange 
capacity i n  s o i l s  i s  almost exclusively a property of decayed organic 
matter and s i l i c a t e  clays (Table 1) and i s  usually quant i f ied i n  m i l l i -  
equivalents per  100 g of s o i l  (medl00 g ) .  

The composition of t h e  cations a t t r ac t ed  t o  the  humus and clay 
pa r t i c l e s  determines the  s o i l  pH and ava i l ab i l i t y  of many p l an t  nu- 
t r i e n t s .  A high C.E.C. r e s u l t s  i n  a high nu t r ien t  storage capacity and 
a res is tance t o  pH s h i f t s .  I f  most of the  cations a re  basic  i n  nature 
such a s  ~ a + + ,  ~ g + + ,  K+ and ~ a + ,  we say the  s o i l  has a high "percent base 
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Figure 1. Equilibrium between cations i n  
solut ion and those absorbed on s o i l  col l -  

oids. 

Table 1. Cation Exchange Capaclties of Soil Components 

C.E.C. --- 
meq/100 g 

Orqanic Matter (Humus) 

Slllcate Clays 

vermiculite 

montmorillonite 

kaolini te 

illite 

Mydrous Oxide Clays 

Si 1 ts and Sands negligible 

*Variation Is comnonly 40% of these mean values. 

saturation".  Since the  large r a t i o  of exchangeable ions t o  those i n  
the  surrounding solutions is  on the  order of 1000:1, the  compostion of 
the s o i l  solut ion,  including p H ,  is  controlled by the  degree of base 
saturat ion on the  exchange s i t e s .  The re la t ionship shown i n  Figure 2 



PERCENT OF BASE SATURATION 

Figure 2. Typical re la t ionship of s o i l  pH t o  
the  percent base sa tura t ion  of the  s o i l  
cation exchange s i t e s  (Lathwell and Peech 

1964). 

was developed by Lathwell and Peech (1964) fo r  some s o i l s  i n  the  north- 
eas te rn  United States .  Similar re la t ionships  a r e  avai lable  i n  most 
regions. In  general a s  base sa tura t ion  goes down so does pH, but not 
i n  a l i n e a r  fashion. 

Ut i l i z ing  ex is t ing  information about the  s o i l  one should be able  
t o  determine the magnitude of pH s h i f t  t h a t  is  l i ke ly  over a given 
number of years of acid  prec ip i ta t ion  a t  a known pH. The following i s  
an example of how one might proceed u t i l i z i n g  a simple s e t  of assump- 
t ions.  We chose a 1000 square cm area  f o r  convenience i n  un i t  s i ze  and 
the  f a c t  t h a t  1 c m  of p rec ip i ta t ion  then equals 1 l i t e r .  

1 cm of prec ip i ta t ion  = 1 L/1000 cm2 

I f  we examine 20 cm of s o i l  depth we could expect 26,000 g i n  the  ref-  
erence a rea  i f  the  s o i l  bulk density i s  1.3 g/cc, a common value f o r  
surface so i l s .  

1000 cm2 x 20 cm x 1.3 g/cm3 = 26,000 g s o i l  

With a C.E.C. of 20 me4100 g (common i n  Alf isols  and Mollisols, high i n  
Spodozol regions) there  would be 5.2 equivalents (eq) of exchange cap- 
ac i t y  under 1000 square c m  t o  a depth of 20 cm. 

26,000 g s o i l  x 20 medl00 g s o i l  = 5.2 eq 

Consider the  acid  input and i ts  a f f e c t  on t h i s  s o i l  system. On our 
reference area ,  100 cm of pH 4.0 r a i n  (one year ' s  p rec ip i ta t ion)  would 



provide -01 eq H+ t o  r eac t  w i t h  the  exchange sites (5.2 eq) under the  
1000 cm2 reference area 20 cm deep. 

100 cm prec ip i ta t ion  = 100 L H20/1000 cm2 

That i s  assuming t h a t  pH is a f a i r  measure of t o t a l  a c id i t y  which i s  
t rue  only i f  it is a strong acid ,  completely dissociated.  W i t h  a pre- 
c ip i t a t i on  P H  of 4.0 we could ge t  1 eq. H+/1000 eq cm i n  100 years; a t  
pH 3.7, 50 years woqld be required; and a t  pH 3.0, 10 years would be 
required. Under these conditions, how long would it take t o  ge t  a 
measurable pH s h i f t  and how g rea t  would it be? I f  a l l  the H+ input 
(1 equivalent i n  this example) exchanges f o r  bas ic  cations i n  the  top 
20 cm of s o i l  we can calculate  the  s h i f t  i n  percent base saturat ion.  
In  this example t o t a l  exchange capacity equals 5.2 eq., one equivalent 
of acid  exchanging with one equivalent of base would produce a 19% 
base saturat ion decrease. Using Figure 2 we see t h a t  such a s h i f t  would 
r e s u l t  i n  a pH drop t o  5.2 i f  the  i n i t i a l  pH were 6.0. Results d i f f e r  
somewhat depending on the  s t a r t i n g  pH. I f  the  s o i l  is  lower i n  C.E.C., 
the  s h i f t  i n  base saturat ion would be proportionately grea te r  and the  
pH s h i f t  somewhat g rea te r  depending on the  i n i t i a l  pH and percent base 
saturat ion.  

W i t h  f a i r l y  w e l l  buffered s o i l s ,  those with a moderate amount of 
clay o r  humus, the  movement of pH i s  going t o  be slow i n  terms of ex- 
perimental time, but f a s t  geologically,  This indicates  t h a t  i n  many 
experiments measuring changes i n  s o i l  pH due t o  ac id  prec ip i ta t ion  i s  
not  a reasonable research goal. Further,  i n  the preceeding example 
cer ta in  simplifying assumptions were made: (1) cat ion input i s  H+ only, 
(2) exchange of H+ f o r  bas ic  cations i s  complete, and (3 )  there  a r e  no 
counteracting forces.  These assumptions might lead t o  the  conclusion 
t h a t  complete removal of bas ic  cat ions  t o  a depth of 20 cm i s  l i ke ly  i n  
520 years i f  t he  prec ip i ta t ion  has a pH of 4.0, s ince t h i s  would r e s u l t  
i n  an input of 5.2 equivalents of H+ per  1000 an2. This i s  not l ike ly ,  
however, since the  above assumptions do not hold. 

There a r e  many countering forces  t h a t  w i l l  reduce the  f i n a l  a f f e c t  
of acid  prec ip i ta t ion .  Four such countering forces a r e  neutra l izat ion 
by basic  substances i n  the  pol lut ing medium i t s e l f ,  nu t r ien t  recycling, 
mineral s o i l  decomposition and exchangeable cat ions  present  on nega- 
t i ve ly  charged s o i l  pa r t i c l e s .  Cation input of H+ only i s  not the  case 
a s  was assumed i n  the  example calculation.  Many ac id i c  anthropogenic 
substances a r e  neutralized by bas ic  substances of s imi la r  or igin .  A s  
shown i n  Table 2, there  is a s ign i f i can t  input of the  cations ~ a + ,  K+, 
~ a + + ,  and M ~ + +  i n  p rec ip i ta t ion .  The prec ip i ta t ion  input a t  Indian- 
apol i s  given by Car ro l l  (1962) has a concentration of .26 ppm Na, .12 
ppm K, .69 ppm Ca, and .27 ppm NHq. Converted t o  equivalents there  a r e  
a t o t a l  of .06 meq of bas ic  cat ions  per  l i t e r  compared t o  .1 meq 



Table 2 .  Basic Cations i n  Precip i tat ion From Several Locales i n  

the United States 

Inputs kg/ha/yr 
Ca Mg Na K 

Indianapolis. IX (Carrol l  1962) 6.9 - 2.6 1.2 

Walker Br, TN (Henderson e t  d. 1975) '14.2 2 .2  4.0 3.4 

Coweeta. NC (Henderson g c. i975)  5.0 1.1 4.4 2.3 

Hubbard Br,  NH (Fisher c. 1968) 2.7 0.6 1.6 0.7 

H. J. Andrews, OR (Henderson & C. 1975) 5 .0  1.0 1.8 0.2 

 liter i n  pH 4.0 ra in .  Therefore we could not expect the  exchange of 
H+ f o r  other  cations on the exchange s i t e s  t o  proceed a s  rapidly o r  
completely a s  it would i f  H+ were the  only cation,  since other  ions w i l l  
a l s o  be competing f o r  exchange s i t e s  and thus decrease the  effectiveness 
of the added H+. The basic  cations i n  p rec ip i ta t ion  a r e  d i r ec t l y  o f f -  
s e t t i n g  and have the  same e f f e c t  a s  the  agr icu l tu ra l  p rac t ice  of liming 
t o  res tore  base saturat ion t o  a high level .  

Likewise, basic  substances leached from l iv ing  p lan t  t i s sue  r eac t  
with ac id i c  substances t o  neutra l ize  t h e i r  acidi ty .  For example, Tamm 
(1951) andmdgwickand Ovington (1959) report  ten-fold increases i n  
calcium content of p rec ip i ta t ion  col lected beneath t he  f o r e s t  canopy 
while Voigt (1960) reports  a f ive-fold increase. Likens e t  a l .  (1967) 
repor t s  average inputs of calcium magnesium, potassium and sodium t o  
the  s o i l  of 3.0, 0.7, 2.5, and 1.0 kg/ha respectively.  These examples 
serve t o  i l l u s t r a t e  t h a t  s ign i f ican t  quan t i t i e s  of basic  materials  a re  
available t o  reac t  with ac id ic  mater ia ls  p r io r  t o  entering the  s o i l .  

A second source of neutra l iz ing substances i s  the annual l i t t e r  
f a l l .  Gosz e t  a l .  (1972) estimated annual l i t t e r  f a l l  a t  Hubbard Brook 
t o  be 5700 kg/ha. Calcium,potassium,manganese,magnesium, and sodium 
inputs  from the same study were 40.7, 18.3, 10.3, 5.9, and 0.10 kg/ha 
respectively.  In  a s imi la r  study on a pine fo re s t  annual l i t t e r  f a l l  
was 1657 kg/ha with 10.6 kg/ha ofcalcium, 8.2 kg/ha of potassium, 6.1 
kg/ha 0fmagnesium~1.9 kg/ha of manganese, and 0.5 kg/ha of sodium, 
(Scott 1955). 

Total  weight of l i t t e r  on the  f o r e s t  f loor  i n  the  northeast  a s  
determined by Scot t  (1955) ranges from 6000 t o  133,000 kg/ha with most 
fo r e s t s  having between 25,000 and 35,000 kg/ha. McFee and Stone (1965) 
reported a mean fo re s t  f loor  weight of 243,000 kg/ha under undisturbed 
fo re s t s  i n  the  Adirondack Mountains of New York containing 101 kg/ha of 
potassium,and 185 kg/ha of calcium. Obviously, l i t t e r  f a l l  w i l l  be 
effected by stand age and s i t e  qua l i ty  but the  values presented give 
some indicat ion of the  t o t a l  amount of mater ia l  deposited a s  well  a s  the 



input of basic elements, which may slow the soil acidification process. 
Forest vegetation recycles a significant amount of basic cations(Tab1e 
3) which act as countering forces in the soil acidification process. 

Table 3. Basic Cations Returned t o  the S o i l  Surface as a Pa r t  o f  the 

Annual L i t t e r  Depos i t ion  Under Forests 

Walker Br, TN (Henderson g fi. 1975) 46 8.0 - 19 

Coweeta. NC (Henderson g c. 1975) 44 - - 18 

tiubbard Br, NH (Gosz g fi. 1972) 40 5.9 - - 
H. J. Andrews, OR (Henderson g fi. 1975) 67 - - 8 

The transport of basic cationsfrom deep in the soil back to the surface 
will have a moderating effect depending on the type of vegetation and 
the acidity of its decay products. The quantity of basic ions in this 
litter is frequently as much as .02 equivalents per 1000 cm2 per year 
which is more than the acid input expected from 100 cm of pH 4.0 pre- 
cipitation. However, these are not new bases, but rather ones recycled 
from the soil below. Still the effect would be to slow down cation loss 
and the rate of acidification. 

Another countering force is the release of basic cations by wea- 
thering or decay of the soil minerals themselves. This is difficult to 
measure and will vary tremendously depending on the nature of soil par- 
ent material. The values in Table 4 are estimates based on balance 

Table 4. Estimates o f  Cat ions Released by S o i l  Weathering 

Walker Br, TN (Henderson g fi. 1975) 58.0 47.0 - 

Coweeta. tic (Henderson & fi. 1975) 0.8 1.8 4.3 2.0 

Hubbard Br, NH (Bormann and Likens 1970) 8.0 1.8 4.6 0.1 



sheet ,approaches but give us an idea of the magnitude of this countering 
effect. In old, highly weathered soils developed from rocks 1 ~ w  in 
calcium and magnesium this would not be important whereas in some soils, 
especially shallow soils over calcareous mkerials, it would be an 
effective countering force. 

As pointed out by  ort ton^, the aluminum in the soil, which is 
very important in acid reactions, becomes very soluble and the aluminum 
oxides behave as bases at low pH giving up OH'. Further the accelerated 
decay of silicates in the soil may cause an increase in the release of 
bases or it may lead to the destruction of clays and the loss of some of 
the exchange capacity. 

The exchange or replacement of basic cations by H+ should be pre- 
dicted by laws of mass action such as the Donnan equilibrium where the 
ratio of twomonovalentions in the soil solution should be the same as 
the ratio of adsorbed ions on the organic matter and clay. 

+ 
(H 'ad = -  

In the case of monovalent-divalent systems the divalent cation is held 
more tightly and the relationship given by Gapon (1933) approximates 
the situation. 

+ 
(H 'ad - - 

These relationships do not hold very well when H+ is one of the ions 
involved since it is held very tightly on clays and often enters into 
the clay lattice displacing a structural ion such as aluminum. These 
relationships along with the mixed input of cations point out that 
all acid ions do not replace basic ions and therefore the acidification 
of the soil is slower than our initial estimate. 

The quantity of exchangeable basic cations that tend to buffer the 
soil against acidification is quite large in many soils. Cline and 
Lathwell (1963) found in the top 70 cm of a clayey soil exchangeable 
calcium averaged 7.7 medl00 gm, magnesium 9.0 medl00 gm, potassium 
0.4 medl00 gm, and sodium 0.2 medl00 gm. In the same study a 
silty profile was found to contain 21.7 medl00 gm calcium, 4.1 meq/ 
100 gm magnesium, 0.3 meq/100 gm potassium, and 0.1 meq/100 gm 
sodium. Follett and Trierweiler (1973) report the average calcium, 
potassium, magnesium, and manganese levels for soils used for the pro- 
duction of field crops in Marion County, Ohio to average 5318, 262, 930 
and 32 kg/ha respectively. Calcium, potassium, magnesium, and manganese 
levels at 3057, 250, 520, and 104 kg/ha respectively are generally lower 
in unglaciated Washington County, Ohio. These two examples illustrate 

2~ee paper this volume. 



that a considerable amount of exchangeable basic material does exist in 
the mineral soil and as such is available to offset incoming acidity. 

There are some other limits on the speed and extent of acidifica- 
tion. For example, as the pH of the precipitation approachesthe soil 
pH, the affects are lessened because the equilibrium of solution ions 
to exchangeable ions is not affected. 

SUMMARY 

Acidification of soils is a complicated, many faceted process that 
is important in plant nutrition, but even with its many complications 
it would be useful in planning research to calculate the theoretical 
effects using the techniques above to determine the probable changes 
in soil pH and base saturation. This will be an important aid in re- 
search planning by directing our efforts toward finding parameters that 
will change measurably during the experimental period. When planning 
research on acid precipitation effects consideration should be given 
to those parameters which can be quantified in studies of only a few 
years duration. Our discussion points out the resistance of most soil 
systems to pH change, the small likelihood of rapid soil degradation 
due to acid precipikation, and the difficulty of evaluating this and 
associated changes in the normal experimental time frame. 

REFERENCES 

Bohn, H. L. 1972. Soil Absorption of Air Pollutants. J. ENVIR. QUAL. 
1 (4) : 372-377. 

Bormann,.F. H. and G. E. Likens. 1970. The Nutrient Cycles of an Eco- 
system. SCI. AMER. 223: 92-100. 

Carroll, D. 1962. RAINWATER AS A CHEMICAL AGENT OF GEOLOGIC PROCESSES 
- A REVIEW. U. S. Geologic Survey Water - Supply Paper, 1535 - G I  
18 pages. 

Cline, M. G. and D. J. Lathwell. 1963. PHYSICAL AND CHEMICAL PROPER- 
TIES OF SOILS OF NORTHERN NEW YORK, Cornell Univ. Agr. Exp. Sta. 
Bull. No. 981. Cornell Univ., Ithaca, N.Y., 67 pages. 

Fisher, D. W., R. W. Gambell, G. E. Likens, and F. H. Bormann. 1968. 
Atmospheric contributions to water quality of streams in the 
Hubbard Brook Experimental Forest, New Hampshire. WATER RESOURCES 
RES. 4 (5) : 1115-1126. 



Follett, R. H. and J. F. Trierweiler. 1973. OHIO SOIL TEST SUMMARY 
1971-72. Coop. Ext. Serv. Bull. No. 561. Ohio State Univ., 
Columbus, Ohio, 76 pages. 

Gapon, E. N. 1933. The theory of exchange adsorption in soils. J. GEN. 
CHEM. (U.S.S.R.) 3: 144-152. 

GOSZ, J. R., G. E. Likens, and F. H. Bormann. 1972. Nutrient content of 
litter fall on the Hubbard Brook Experimental Forest, New Hampshire. 
ECOLOGY 53 (5) : 769-784. 

Henderson, G. S., W. T. Swank, and C. Greer. 1975. COMPARATIVE CATION 
BUDGETS IN APPALACHIAN AND CASCADE MOUNTAIN WATERSHEDS. Paper pre- 
sented at Annual Meeting of the American Association for the 
Advancement of Science. 

Lathwell, D. J. and M. Peech. 1964. INTERPRETATION OF CHEMICAL SOIL 
TESTS. Cornell Univ. Agr. Exp. Sta. Bull. No. 995, Cornell Univ., 
Ithaca, N.Y., 39 pages. 

Likens, G. E., F. H. Bormann, N. M. Johnson, and R. S. Pierce. 1967. 
The calcium, magnesium, potassium, and sodium, budgets for a small 
forested ecosystem. ECOLOGY 48(5): 772-785. 

Likens, G. E., F. H. Bormann, and N. M. Johnson. 1972. Acid rain. 
ENVIRONMENT 14 (2) : 33-40. 

Likens, G. E. and F. H. Bormann. 1974. Acid Rain: A serious regional 
environmental problem. SCIENCE 188: 1176-1179. 

Madgwick, H. A. I. and J. D. Ovington. 1959. The chemical composition 
of precipitation in adjacent forest and open plots. FORESTRY 32: 
14-22. 

McFee, W. W. and E. L. Stone. 1965. Quality, Distribution, and Varia- 
bility of organic matter and nutrients in a forest podzol in New 
York. SOIL SCI. SOC. AMER. PROC. 29(4): 432-436. 

Mina, V. N. 1965. Leaching of certain substances by precipitation from 
woody plants and its importance in the Biological Cycle. SOVIET 
SOIL SCI. 609-617. 

Nihlgard, B. 1970. Precipitation, its chemical composition and effect 
on soil water in a Beech and Spruce forest in South Sweden. OIKOS 
21: 208-217. 

Scott, D. R. M. 1955. AMOUNT AND CHEMICAL COMPOSITION OF THE ORGANIC 
MATTER CONTRIBUTED BY OVERSTORY AND UNDERSTORY VEGETATION TO 
FOREST SOIL. School of Forestry Bull. No. 62. Yale Univ., New 
Haven, Conn., 73 pages. 



Tamm, C. 0. 1951. Removal of p l a n t  n u t r i e n t s  from tree crowrfs by r a i n .  
PHYSIOL. PLANT. 4: 184-188. 

Tamm, C. 0. and A. Aronsson. 1972. PLANT GROWTH AS AFFECTED BY SULPHUR 
COMPOUNDS I N  A POLLUTED ATMOSPHERE. Department of Fores t  Ecology 
and Fores t  S o i l s  Pub. No.  NR 12, Royal College of F.orestry, 
Stockholm, 53 pages. 

Voigt, G. K. 1960, Al te ra t ion  of t h e  composition of rainwater  by trees. 
AMER. MIDL. NATUR. 63: 321-326. 




