
additional 10 to 12 kglha, and rain strong- 
ly acidified to pH 4 can dissolve an 
additional 50 kgiha or about 1 kiloequiva- 

Acid Rain on Acid Soil: 
lent per hectare. For comparison, man- 
aged agricultural soils in the northeast- 
ern United States may require limestone 

A New Perspective additions of 50 to loo keqiha per annum. 
Measurements of acid in soil are some- 

Edward C. 

Acid rain is widely considered one of 
our most serious environmental prob- 
lems. In landscapes where hydrology 
and geochemistry do not allow complete 
neutralization of acid runoff, acid rain is 
thought to be acidifying lakes and 
streams, as well as mobilizing aluminum 
and other metals toxic to fish and plants. 
Nutrients are also thought to be depleted 
by acid rain, raising concern about large 
areas of productive forests located on 
soils that are strongly acid and low in 
nutrients. A gradual acidification and 
sterilization of our soil and water, partic- 
ularly in parts of the Adirondacks, north- 
ern New England, southeastern Canada, 
and southern Scandinavia, is predicted. 

From its inception, however, soil for- 
mation in humid temperature climates is 
an acidifying process, mediated by the 
classic factors of geology, climate, biolo- 
gy, topography, and time. Indeed, the 
factors thought to make landscapes sen- 
sitive to acid rain are those that develop 
some of the most acid soils in the world. 
The results of natural soil formation are 
those attributed to acid rain: leaching of 
nutrients, release of aluminum, and 
acidification of soil and water. 

Landscapes have usually been as- 
sumed to act merely as net sinks for acid 
rain ( I ) ,  but generation of acidity in soils 
has recently been recognized as an addi- 
tional source. This is evident in reports 
of the Norwegian project on "Acid Pre- 
cipitation-Effects on Forests and Fish" 
(the SNSF project), for example (2-4). 
However, acid rain is still considered 
principally responsible for regional acidi- 
fication (2-4), because the increased flux 
of S042- in rain is thought to result in 
equivalent leaching of hydrogen ions and 
other cations. We believe that this as- 
sessment needs reexamination. Large 
amounts of humic acids are present in 
forested landscapes thought to be partic- 
ularly sensitive to acid rain. The solubili- 
ty of these humic acids is controlled by 
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pH, and hence they effectively regulate 
both acidity and anion flux. 

In this article we define acidity in 
relation to rain and soil, describe how 
soil formation can acidify soil and water 
as well as leach nutrients and aluminum, 
show how humic acids buffer soils, and 
finally discuss the impact of changing 
land use and consequent vegetational 

what analogous to measurements of acid 
in rain. With clay minerals and organic 
macromolecules acting as immobile an- 
ion phases, soils resemble weak acids, 
making a thermodynamic interpretation 
of soil pH uncertain. However, certain 
principles apply: increasing concentra- 
tions of neutral salt decrease the mea- 
sured pH,  whereas increasing dilution 
with water increases pH. This salt effect 
is significant in measuring acidification 
of runoff. 

The exchange acidity of soil is the 
analog of the total acidity of rain and is 

Summary. Acid rain is widely believed to be responsible for acidifying soil and water 
in areas of North America and northern Europe. However, factors commonly 
considered to make landscapes susceptible to acidification by acid rain are the same 
factors long known to strongly acidify soils through the natural processes of soil 
formation. Recovery from extreme and widespread careless land use has also 
occurred in regions undergoing acidification. There is evidence that acidification by 
acid rain is superimposed on long-term acidification induced by changes in land use 
and consequent vegetative succession. Thus, the interactions of acid rain, acid soil, 
and vegetation need to be carefully examined on a watershed basis in assessing 
benefits expected from proposed reductions in emissions of oxides of sulfur and 
nitrogen. 

succession. We wish to show that natu- 
ral soil formation is often more important 
than acid rain in determining the acidity 
of lakes and streams. 

Acidity of Rain and Soil 

Rain in equilibrium with carbon diox- 
ide in the air has a p H  of about 5.6. Rain 
at pH 4.6 is often said to be ten times 
more acidic, but this neglects the acidity 
of undissociated carbonic acid (H2CO3) 
normally present in rain. The strong acid 
necessary to reduce the p H  of rain from 
5.6 to 4.6 actually represents a twofold 
rather than a tenfold increase in total 
acidity (5). 

The acidity of rain has also been ex- 
pressed in terms of the amount of lime- 
stone, CaC03, that can be neutralized or 
leached from the soil (6),  but the 
amounts that can be dissolved by rain at 
pH 5.6 are often ignored. An annual 
rainfall of 1 meter per hectare at pH 5.6 
can dissolve 400 to 500 kilograms of 
CaC03 per hectare, depending on the 
values of the thermodynamic constants 
used (5). Rain at pH 4.6 can dissolve an 

defined in terms of hydrogen ions readily 
exchanged by neutral salts. Acid humus 
typically has an exchange acidity of 
about 1 eqikg, which is about 10,000 
times greater than its acidity expressed 
as pH. In mineral soils, much exchange 
acidity is produced by hydrolysis of ionic 
aluminum. Hence, at p H  values that are 
typical of strongly acid soils, ion ex- 
change sites on minerals are occupied 
primarily by ionic aluminum and some 
additional aluminum is complexed by 
organic matter, giving a total exchange 
acidity on the order of 1000 keqiha. 

Soil Formation 

The more mature a soil is the more it 
differs from its parent material, although 
the degree of difference is strongly influ- 
enced by geology. In humid temperate 
climates soils are more acid than their 
parent materials; water percolating 
through freshly ground granite is alkaline 
(pH 8 to 9), but soils developed from 
granite are acid. There is sufficient acidi- 
fication that mature soils developed even 
on limestone or marble can be acid (7). 
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Although chemical oxidation of reduced 
elements in parent materials produces 
acidity, it cannot account for the ex- 
tremely acid podzols and related peats 
found on granite-like rocks. Acidifica- 
tion of these soils is biological (8); hence, 
the soils are most acid at the surface, 
where most decomposition and leaching 
occurs. 

The major sources and sinks of soil 
acidity are illustrated in Fig. 1. Initially, 
weathering of freshly exposed siliceous 
bedrock is rapid and bases such as calci- 
um, magnesium, potassium, and sodium 
are leached (pathway 3d in Fig. 1). Acid 
is generated by the biological oxidation 
of carbon, nitrogen, and sulfur, much as 
acid rain is created by the burning of 
fossil fuels. Because the partial pressure 
of C02  in soils can be 100 times that in 
the air, potential weathering rates by 
H2C03 are immense, although seldom 
achieved in nature. Reaction and remov- 
al of hydrogen ions favor continued dis- 
sociation to H+  and HC03- (pathway 
2c). With time, rates of acid neutraliza- 
tion, weathering, and cation denudation 
decrease and acids accumulate. Little 
H2CO3 is consumed by mineral weather- 
ing; most of it is lost as C 0 2  and H 2 0  
(pathway 2c). This is reflected by the low 
bicarbonate alkalinity of runoff from wa- 
tersheds with strongly acid soils. 

A layer of humus eventually forms 
which often lies over bleached mineral 
soil. Earthworms and other organisms 
that mix litter with mineral soil are now 
absent, and microbial populations have 
changed. Production of simple organic 
acids is slight, but production of partially 
oxidized humic acids of high molecular 
weight is favored (9). These humic acids 
more strongly acidify their environment 
than the final oxidation products of C 0 2  
and H20 .  The increased acidity de- 
creases the solubility of humic acids (lo), 
and enhances their accumulation. The 
rate of mineral weathering is now ex- 
ceedingly low, most organic acids are 
lost as C 0 2  and H 2 0 ,  and the upper 
mineral soil is a highly weathered sili- 
ceous residue resistant to acid weather- 
ing. This process is known as podzoliza- 
tion, and soils with distinctive bleached 
horizons are known as podzols. 

It is often thought that acid humus 
accumulates because organic matter de- 
composes slowly. This is clearly true 
where thick peat develops under sparse 
vegetation. It is not true for the produc- 
tive forests on podzolized acid soils in 
the Northeast, southeastern Canada, and 
Scandinavia (II) ,  where concern about 
acid rain is greatest. 

Formation of mature podzol soils from 
freshly exposed materials is measured in 

thousands of years, because the capacity 
of the parent material to neutralize acid 
is great relative to rates of weathering. 
For example, the potential for neutral- 
ization of acids by the parent material at 
Hubbard Brook in New Hampshire is 
nearly 21,000 times greater than the 
yearly inputs of acid rain and 11,000 
times greater than the estimated rate of 
mineral weathering (pathways 3a to 3d in 
Fig. 1) (12). In addition, the aluminum 
oxides in the parent material neutralize 
acid in water (pathway 3c) when the p H  
is below 5 and serve as an enormous sink 
against acidification (13). 

Although some preferential flow oc- 
curs in soils, so that not all ion exchange 
sites can react equally with leachate, the 
time scale of weathering allows distinc- 
tive soil horizons to develop parallel to 
the earth's surface rather than surround- 
ing vertical channels of preferential flow. 
Given the rate of soil formation, or even 
the 100 or more years said to be neces- 
sary for significant leaching of cations by 
acid rain (I#), strong acidification of min- 
eral soil is generally restricted to the 
upper soil profile. In addition, the earth's 
surface is not stable: erosion, tree throw, 
frost heaving, and soil creep constantly 
expose new and less weathered mineral 
material. Although the amounts of soil 

Acid rain 
a H 2 c 0 3  H z O + C O z  

C ~ ~ + M Q " K + N ~ +  I 

moved are small, the corresponding 
resistance to acidification is large. Only 
where weathering can keep pace with 
disturbance do we see mature, albeit 
heterogeneous, soil development. 

Acidification of Soil and Water 

Because cation exchange reactions are 
rapid, hydrogen ions in acid rain could 
rapidly acidify soil by depleting ex- 
changeable base nutrients. If increases in 
H +  in acid rain (AH) leached nutrient 
cations (AM) from soils on a charge- 
equivalent basis (that is, AMIAH = I), 
strongly acid soils would be highly sus- 
ceptible to acidification because of their 
low nutrient content. However, the abili- 
ty of hydrogen ions to remove nutrient 
cations from soils more acid than p H  5 is 
low; that is, AMIAHgl at the mean p H  
of present-day acid rain (15). Converse- 
ly, base nutrient cations are efficiently 
retained. Data on acid soils and acid rain 
in areas of concern around the world 
show that, on average, the proportion of 
bases to acid in the rain is usually equal 
to or greater than that in the strongly 
acid forest soils on which the rain falls 
(15-17). 

Artificial leaching experiments, some 

I  w 
Complete oxidat ion 

r\ Formation of humic 
c residue by partial oxidation 

HCO; 

Anion exports: S O ~ ~ - N O ~ -  HC03-  RCOO-  CI -  

Fig. 1. Major sources and sinks of acidity in soil. Acid rain (I)  is a source of acidity, but its 
composition may be altered before reaching the soil (la). Although biological processes (2) are 
net sources of acidity, this obscures the fact that they serve as a substantial sink in acid soils 
through the production of weak organic acids (2b), which are ultimately converted to C 0 2  and 
H 2 0  (2c). Mineral acids (2a) can be cycled rather tightly, with some sulfur and nitrogen lost to 
the atmosphere and some sulfur and phosphorus converted to solid phases. Weathering of 
minerals (3) generally consumes acid in excess of cation export (3d), as secondary minerals (3b) 
and hydrolysis products of aluminum, iron, and manganese (3c) accumulate in soil. Aggrading 
vegetation results in net cation uptake (3a) and can contribute to acidification. Rain which is less 
acid than the soil solution can also be acidified by hydrolysis (3c). Cation (3d) and acid (4) 
export is charge-balanced principally by anions shown at the bottom. 
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of which have lasted up to 5 years, verify 
that acid rain at p H  4 or higher is ineffi- 
cient in replacing base cations from pod- 
201s and related acid soils ( 2 4 ,  18). As 
soil pH increases above 5, base cations 
are replaced more efficiently. Thus, the 
less acid soils with low cation exchange 

catena (34). Thus, a gradient in stream 
acidity paralleling a soil catena in moun- 
tainous areas should not be surprising, 
although it is not always evident. Such 

earlier, hydrogen ions in acid rain at pH 
4 or greater are inefficient in exchanging 
bases and thereby in acidifying strongly 
acid soils. Accordingly, most of the hy- 

gradients have been observed at Hub- 
bard Brook and other mountainous wa- 
tersheds in the northeastern United 

drogen ions in rain are thought to remain 
in solution and move through the soil 
accompanied by sulfate as the principal 
anion ( 2 4 ,  20, 22, 42). Sulfur in rain capacity developed on coarse siliceous 

materials are actually more susceptible 
States, but the acidification has been 
attributed entirely to acid rain (35, 36). 

The interim report of the SNSF proj- 
generally exceeds the nutrient require- 
ments of forests, and humic materials to acidification (15). Little research has 

been conducted on the impact of acid 
rain on such soils (19). 

Bicarbonate alkalinity is the principal 

ect attributed acid runoff solely to acid 
rain (1). This evoked criticism from other 
Scandinavian scientists, who noted that 
the amounts of acid in soils are enor- 

coat aluminum and iron oxides that 
might otherwise immobilize sulfate by 
anion fixation (1, 2 4 ,  20, 42, 43). Thus, 
most of the H2SO4 falling on these soils measure of the ability of lakes to resist 

acidification. In highly siliceous water- 
sheds with acid soils where rates of 
mineral weathering by H2CO3 are low, 
inputs of HC03- per unit drainage area 
are also low. Lakes in such watersheds 
with small ratios of drainage area to lake 
area could be acidified by acid rain fall- 
ing directly on them. Little change in p H  
will occur until 80 to 90 percent of the 

mous relative to that in rain and that 
runoff from acid soils will be acid regard- 
less of the pH of rain (37, 38). They 

is thought to move through them, caus- 
ing increased cation leaching proportion- 
al to the increased flux of SO4'-. Simi- 

suggested that in such watersheds, run- 
off from heavy rains and rapid snowmelts 
is acidified because a greater proportion 

larly, acid peats are considered to offer 
little resistance to acidification of runoff 
by acid rain (1, 2 4 ,  20, 26). 

is in contact with the most acid surface 
soil horizons. Thus, hydrologic factors 
can make rapid runoff significantly more 

However, the anion leaching theory 
has a major flaw. Watersheds considered 
to be most sensitive to acid rain have 

bicarbonate has been neutralized (20). acid than runoff from gentler rains or soils that are strongly acid and rich in 
humus, and their chemistry is not one of 
simple ion exchange. Humic materials 
act as weak acids; they dissolve in water 
and color and acidify it. The solubility of 
humic materials is a function of pH:  the 
more acid the water, the less is dissolved 

One lake in Canada that occupies about 
40 percent of an entire watershed has 
apparently been directly acidified by 
acid rain (21). However, this direct acidi- 
fication is usually considered a minor 
factor relative to acid runoff ( 2 4 ,  20, 
22). 

Alpine-like lakes and streams in gra- 
nitic terrain are believed to be especially 

slower snowmelts, which percolate to a 
greater depth and more slowly through 
less acid subsoil and geologic materials. 
In short, the effects of acid rain were said 
to be confused with those of acid soil (37, 
38). 

A later report of the SNSF project 
acknowledged that soils can act as both 
sources and sinks for acid and that the 

(10). Sulfate apparently does not react 
strongly with humic materials, but the 
added H +  in acid rain hinders their dis- 
sociation and decreases their solubility 
(10). The response is analogous to that of 
an inorganic system containing an excess 
of a sparingly soluble solid phase. Thus, 
additions of &So4 in rain should in- 
crease the flux of ~ 0 4 ~ -  and decrease 

vulnerable, particularly where there is 
little mineral soil and permeable geologic 
material to neutralize runoff from acid 

effects of acid rain were not clearly ex- 
pressed even in watersheds as small as 
10 ha (39). Accordingly, "minicatch- 
ments" ranging in size from 0.003 to 
0.026 ha were established. Because of 
their small size, shallow soil, and large 

rain. Also, the relatively steep and short 
slopes of these landscapes minimize in- 
filtration and time of contact with neu- 
tralizing minerals. The granitic shield areas of exposed bedrock (46 to 74 per- the flux of organic anions with little or no 

measurable change in pH (44). Organic 
acids that accumulate are fated to be 
oxidized to C02  and H20 .  

Such a buffering mechanism helps ex- 
plain why acid rain does not increase 

and similar areas of eastern North Amer- 
ica and northern Europe also have large 
proportions of extremely acid peats with 

cent), these catchments represent a 
worst case where the effects of acid rain 
should be most evident (39). 

On average, runoff in the minicatch- 
ments was twice as acid as the acid rain, 
and the pH of the runoff was correlated 
with soil pH.  Only for the heaviest rains 
in the smaller basins was the pH of rain 

only small amounts of weatherable min- 
erals (1, 20, 23-26). Because these peats 
often border lakes and streams, they can cation leaching in strongly acid soils at 

rates equivalent to deposition (18, 45). 
Rates of cation export from watersheds 

exert a disproportionately large influ- 
ence on water chemistry (25, 26). For 
example, acid peats cover 24 percent of a found to measurably affect the pH of 

runoff (39). There was essentially no 
difference in acidity between the snow- 
melt from a snowpack at pH 4.3 and that 

in the northeastern United States, Cana- 
da, and Norway which are thought to be 
sensitive to acid rain are remarkably low 
(1, 35, 4649) .  Investigators at Hubbard 
Brook found it perplexing that the rate of 
cation export from the watershed was 

watershed in southernmost Norway, and 
62 percent of the drainage flows through 
them (26). 

The factors thought to make these from a snowpack neutralized to about 
p H  7 (40). Artificial rain at pH 3.85 
acidified runoff by 0.2 to 0.4pH unit, but 

landscapes sensitive to acid rain also 
limit neutralization of runoff acidified by 
acid soil. The thin and rocky soils that 

unusually low and apparently not en- 
hanced by acid rain (49). Johnson (35) 
reported that "geologically, no exces- 

it was concluded that further studies 
were needed to determine whether such 
acid rain can measurably acidify runoff 

develop on these areas naturally produce 
such thick humus that they are often 
classified as organic soils (17, 24, 27-31), 

sive chemical weathering activity [as 
measured by cation export from water- 
sheds] can be attributed to acid rain over 
the northeastern United States." 

Other researchers state that the strong 
acids in acid rain result in equivalent 
leaching of cations (1, 46-48), but this 
conclusion is not supported by their own 
data. For example, rates of loss of cat- 

in larger watersheds (41). 
Although it has been demonstrated 

that acid soils can acidify runoff, it is still 
contended that acid rain is the major 
factor in the acidification of leachate and 
runoff. We believe that this is due to a 

and they have a lower pH than the 
thicker soils downslope (27, 31-33). This 
topographic gradient in soil chemistry 
and other properties, where the upland 
soils are "leaky" and act as A horizons 
and the lower-lying sites act as B hori- number of misconceptions. One of them 

concerns anion leaching. As we noted zons, is known as a geochemical soil 
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ions in rivers in Canada are lowest where 
inputs of acid rain are highest (47). If the 
assumption of equivalent leaching were 
strictly applied to Norwegian data there 
should be no net loss of cations without 
acid rain, because net losses of cations 
are equivalent to inputs of acid in acid 
rain (1, 48). 

The organic acid buffering mechanism 
also offers an alternative explanation of 
the observation that humic-colored lakes 
in Scandinavia are becoming clearer, an 
effect previously attributed to precipita- 
tion of humic acid by iron and aluminum 
dissolved by acid rain (50). 

Leaching of Aluminum 

The presence of aluminum ions in so- 
lution in soil and water at pH 5 or less 
has been considered evidence of dissolu- 
tion of aluminum by acid rain (1,  43, 51). 
Even though it has long been known that 
large amounts of soluble aluminum are 
present in acid soils, the discovery of 
leaching of soil aluminum by acid rain 
(43) has been described as a principal 
and historic contribution (52). The dis- 
covery was based on the observation 
that there is considerably less aluminum 
mobilization in "pristine" sites in New 
Mexico and Washington than in "pollut- 
ed" sites at Mount Moosilauke in New 
Hampshire. This is not surprising, how- 
ever, since the soils in New Mexico and 
Washington are naturally less acid than 
those in New Hampshire (53). 

There is a further misconception that 
aluminum leached from the A horizon of 
podzols is normally immobilized in the B 
horizon, and hence that aluminum in 
leachate which has moved through the B 
horizon must have been dissolved by 
acid rain. Such movement of aluminum 
out of soils is implicit in the concept of 
the geochemical soil catena (34). Some 
aluminum is leached and may appear in 
surface waters, as shown in 1930 by Joffe 
and later by others (54, 55). Indeed, at 
the sites in Washington examined by 
Ugolini and co-workers (53) one-third to 
one-half of the aluminum from the A 
horizon remains in solution in the B 
horizon. Aluminum does not appear in 
nearby spring water because it is precip- 
itated as the water moves through frac- 
tured basic andesite bedrock. In New 
Hampshire, on the other hand, the water 
moves rapidly over solid bedrock, and 
hence aluminum appears in adjacent 
spring water. 

The belief that aluminum ions in water 
result from acid rain is supported by the 
idea that all aluminum leached from or- 
ganic-rich soils is complexed by organic 

anions. In humic-rich soils a tpH 4.5 to 5, 
humic materials do complex most of the 
aluminum, as shown 50 years ago (56). 
However, aluminum complexation de- 
creases dramatically as the pH decreases 
below about 4.5. Likewise, the solubility 
and mobility of complexed aluminum 
decrease as acidity increases (10, 57). 
Accordingly, ionized aluminum should 
be expected in water draining from or- 
ganic-rich soils at pH 4 or less. This may 
also help explain why more aluminum is 
leached from the upper soil horizons at 
the Washington sites at pH 4.5 to 4.7 
than at the New Hampshire site at pH 4 
(43, 53). 

Basic cations in rain may also promote 
exchange of ionized aluminum from acid 
soil into leachate and runoff. Indeed, the 
data from the snowmelt study mentioned 
earlier suggest that sodium in the neu- 
tralized snowpack replaced aluminum on 
exchange sites, which increased the con- 
centration of aluminum in runoff for sev- 
eral weeks to about twice that in corre- 
sponding runoff from the snowpack with 
pH 4.3 (40). Acid rain may also increase 
the concentrations of base cations in 
forest throughfall. For example, about 90 
percent of the hydrogen ions in acid rain 
at Hubbard Brook are neutralized in the 
northern hardwood canopy during the 
growing season; pH 4.1 rain becomes pH 
5.0 throughfall (58). Although these 
leached nutrient cations are apparently 
taken up by the forest (59), the effects on 
aluminum chemistry are not known. Fu- 
ture studies should be carefully designed 
so that ion exchange by neutral salts (the 
salt effect) is not confused with dissolu- 
tion of aluminum by acid (60). 

Effects of Changing Land Use 

Both regional acid rain and drastic 
changes in land use are associated with 
societal and technological evolution. 
Earlier, the exploitation of temperate 
forests was widespread and highly de- 
structive. The remaining forests of west- 
ern Europe all show the influence of man 
(61). The extensive heaths of Great Brit- 
ain, Scandinavia, and northern Europe 
are the consequences of earlier and care- 
less land use (62). Several thousand 
years of burning, grazing, and cutting 
caused severe erosion, which helped to 
create the unusually thin soils and low 
treelines of the uplands and low moun- 
tains of southern Norway (2, 38, 63). 
Many of these practices were transport- 
ed to eastern North America with the 
arrival of the Europeans more than three 
centuries ago. 

Fortunately, the temperate forests in 

Europe and North America were suffi- 
ciently resilient that they are now recov- 
ering. In New England, the volume of 
standing wood has increased by about 70 
percent between 1952 and 1976 (64). 
Worldwide, temperate forest regrowth is 
so great that it may influence the global 
carbon cycle (62, 65). Given the effects 
of vegetation on soil acidification, there 
is little doubt that recovery of landscapes 
from earlier disturbance can result in 
increasingly acid surface soil horizons 
and thickening and acidification of forest 
floors. 

In the 1920's, Salisbury (32) demon- 
strated that successional change and for- 
est recovery from previous exploitation 
were responsible for widespread acidifi- 
cation of British landscapes; the upper 
slopes, with their acidophilic vegetation, 
were shown to be undergoing the great- 
est acidification. Large-scale recovery of 
forests in New England stimulated early 
studies in Connecticut. Red pine planted 
in 1900 on abandoned corn and tobacco 
fields developed a forest floor with a pH 
of about 3.8 (66). Other plots were estab- 
lished in 1926 and 1927 in 20- to 40-year- 
old hardwood stands and have been pro- 
tected from cutting and burning. Our 
measurements show that today hard- 
woods have acidified the forest floor at 
one site from about pH 5.5 to 3.9 and the 
underlying mineral soil from pH 5.1 to 
4.6 (67). At another site there was almost 
complete mortality of oak from drought 
and defoliation. Basal area declined from 
30.5 m2/ha in 1957 to 4.6 m2/ha in 1977. 
Here, we found that the pH of the forest 
floor had actually increased from 3.8 to 
4.2 (67). 

While soil properties and effects of 
changing land use vary from site to site 
and are even heterogeneous within sites, 
some general relations are evident. Land 
use and forest management studies in 
North America and northern Europe re- 
veal that disturbance under conifers af- 
fects acidity and depth of humus more 
than similar disturbance under hard- 
woods (28, 29, 54, 68, 69). Likewise, the 
greater the disturbance, the greater the 
effect. Mixed hardwood-conifer forests 
are intermediate, but their response to 
disturbance tends to resemble that of 
conifers (28, 29, 54, 68-70). Thus, as 
Salisbury (32) concluded, recovery from 
earlier disturbance will have its great- 
est effects on the upper slopes-that is, 
on strongly acid soils rich in organic 
matter. 

In the northeastern United States, the 
most severe changes have occurred in 
the spruce-fir forests of northern New 
England and on the steep slopes of the 
Adirondacks, where acid rain is thought 
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to be particularly harmful. By the early 
1900's essentially all the spruce-fir for- 
ests had been clear-cut for pulp, except 

creases, the amount of water percolating 
into the subsoil may decrease (79). Run- 
off can become more acid not only be- 
cause of the increasingly acid humus, but 

other cations are responsible for most of 
the observed increases in acidity (2-4). 

We believe that the effects of changing 
land use and vegetative succession can- 
not be dismissed on the basis of studies 

for a small fraction of the forest in the 
Adirondacks which was preserved (30, 
71-73). The original spruce-fir forests 
were very resistant to fire (72, 74), but 

also because of the increasing proportion 
of near-surface runoff. Also, snowpacks 
last longer under older forests, making 

performed to date. Further, the hypothe- 
sis that increased deposition of acid and 
sulfate is causing equivalent leaching and lumbering was often followed by severe 

fires that largely or completely destroyed 
the thick forest floor (28-30, 73, 75). 

episodic flushes more likely during peri- 
ods of warm weather or rainfall (80). The 
devastating effects of spring snowmelt 

acidification is theoretically unsound and 
is not supported by direct observations. 
Natural processes of acidification must The more intense a forest fire, the may be more severe in part because of 

changes in hydrology and chemistry in- 
duced by changes in the forest. 

Although the effects of forest distur- 

greater the effects on depth and acidity 
of the forest floor. Organic acids are 

be more carefully considered in assess- 
ing benefits expected from proposed re- 
ductions in emissions of oxides of sulfur oxidized and lost to the atmosphere, 

leaving alkaline ash on the soil (28, 29, 
54, 68, 69). In managed spruce forests in 
Scandinavia, where controlled burning 
reduced the depth of humus by only 1 
cm, the pH of the remaining 4 cm of 
humus rose 2 to 3 units. After 50 years 

bance and recovery are variable, it is 
apparent that recovery results in increas- 
ingly acid soil horizons and thickening 
organic horizons (28, 29, 54, 68, 69). 
Accordingly, water moving through such 
soil should also become more acid, and 

and nitrogen. 
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