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FOREWORD

Acid rain is widely believed to be the most serious environmental problem of the decade, if not the

century. Acid rain is thought to be acidifying soils and freshwaters, dissolving and releasing aluminum
in concentrations toxic to fish and plants. Acid rain is also thought to be leaching nutrients from soils,

thereby lowering their fertility. Thus, the acid rain scenario predicts a gradual but frightening acidifi-

cation and sterilization of soil and water.

The detrimental effects of acid rain are believed to be especially severe in mountainous landscapes

in humid temperate climates where organic-rich, thin mineral soils have developed from highly sili-

ceous bedrock under coniferous forests and heaths. These soils are already poor in nutrients, and are

thought to have relatively little capacity for neutralization of acid rain. Acidification of these land-

scapes in the Adirondacks, northern New England, southeastern Canada and Scandinavia is said to

portend the eventual acidification of highly siliceous lowland watersheds where soils are thicker and
thus have greater buffering capacity.

From its inception, however, soil formation in humid temperate climates is an acidifying process

mediated by the classic factors of geology, climate, biology, topography and time. It is more than coin-

cidence that the factors thought to make landscapes sensitive to acid rain are precisely those factors

that promote development of extremely acid soils where leaching of nutrients, release of aluminum
and acidification of soil and water are very strongly expressed. Therefore, the simple correlation be-

tween acid rain and acidified soil and water does not establish cause and effect.

Man can influence the process of acidification directly, e.g. by adding acid rain or applying lime-

stone, and indirectly by manipulation of the factors of soil formation, e.g. by removal of natural vegeta-

tion. Disturbance usually slows or even reverses the process of acidification, while abandonment of

land increases acidification. In this review ofwork here in Connecticut and elsewhere, we examine the

effects of acid rain and of changing land use on acidification of soil and water through their interactions

with natural processes of acidification.

The report itself is in three sections: Part I, Executive Summary; Part II, Literature Review; and
Part III, Bibliography.
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PART I. EXECUTIVE SUMMARY
From its very inception, soil formation in humid tem-

perate climates is an acidifying process. Thus, the im-

pact of acid rain on soil and water can only be judged by
placing it in perspective with the natural processes of

soil acidification.

While there is little doubt that rain in the industrial-

ized areas of the world is unnaturally acid, reports of the

extent of acidification are often misleading. Rain in equi-

librium with the C02 of the air has a pH of 5.6; hence,

rain at 4.6 is said to be acidified 10-fold. In the North-

east, rain has a mean pH of about 4.3 and is said to be
acidified 20-fold. These statements overlook the fact that

most of the natural acidity of rain is due to H 2C03 , a

weak acid that does not completely dissociate. Measure-

ments of pH only measure the free or dissociated

H-ions, which in "pure" rain at pH 5.6 represents less

than 20% of the total acidity. Thus, the strong acids in

acid rain at pH 4.6 or 4.3 represent only a two-fold or

four-fold increase in total acidity.

The acidity of rain can also be expressed in terms of its

ability to neutralize basic substances such as limestone.

These calculations often ignore the amounts that could

be dissolved by the COz present in unpolluted rain.

Thus, 1 meter of rain at pH 4 can dissolve about 500

kg/ha ofCaC03 , of which 50 kg/ha represents the strong

acid component of rain.

This misunderstanding of the chemistry of rainfall has

created the frightening impression that man has greatly

acidified rain over wide areas in recent decades. In fact,

these man-made inputs are very small when compared
with normal agricultural amendments with limestone, or

with the tremendous amounts of acidity produced in for-

est soils on highly siliceous parent material.

Acidity in soils is generated by biological decomposi-

tion which creates oxides of C, N, and S that react with

water to form acids, much as acid rain is generated by

burning fossil fuels. Initially, weathering rates of freshly

exposed siliceous bedrock by acid are relatively rapid.

With time, rates of neutralization of acid, weathering

and cation denudation decrease to very low levels. Acids

accumulate in the soil and the soil is capable of acidifying

water to increasingly lower pH. Most acid produced in

acid soils is not exported in runoff nor does it participate

in mineral weathering. It is simply lost from the system

as COa and H20.

Because cation exchange reactions are rapid, concern

exists that extra hydrogen ions from acid rain could have

the relatively immediate effect of leaching nutrient cat-

ions from the soil. Particular concern is expressed for

soils under the productive forests of northern Europe

and North America that are already relatively low in

nutrients.

The potential for acid rain to leach nutrient cations

can be estimated by comparing the ratio of these base

nutrients to acid (i.e., the percent base saturation) that is

found in rain to that found in soil. Data from areas of

concern around the world show that the percent base

saturation of rain is equal to or greater than that of the

acid forest soils. Moreover, the pH of the soils in these

areas is usually less than that of the rain. Experimental

data from numerous studies confirm that reactions of

acid soil with acid rain at pH 4, or higher, and at reason-

able leaching rates does not significantly alter the

leaching of bases.

Despite chemical and biological evidence that acid

rain will not enhance leaching of nutrient cations from

the acid forest soils of the Northeast, southeastern Can-
ada and Scandinavia, misconceptions about the nature of

soil acidity sustain the notion that acid rain is increasing

acidification of soil and water.

Areas thought to be especially vulnerable are alpine-

like landscapes with thin, organic-rich soils developed

on mountainous slopes from granitic parent material un-

der coniferous and heath vegetation. These soils have

long been known, however, to be more acid than the

deeper soils of the lower slopes and valleys. These thin

soils can be viewed as being similar to the uppermost
acid horizons of podzol soils. This is illustrated by the

geochemical soil catena, where upland soils act as acid

and leached A horizons and lowland soils are zones of

accumulation resembling the less acid B horizons. As

would be expected, gradients in stream acidity parallel

to such a catena have been observed, but the acidifica-

tion has generally been attributed solely to acid rain.

Another misconception is that the rate of acid produc-

tion in soil is equal to the rate of mineral weathering plus

acid export. If the only sink for H + was neutralization

by mineral weathering, acid rain would eventually have

a very serious impact on acid soils. However, this con-

ceptual model ignores the enormous acid sink provided

by humic materials, with resultant transformation of

these acids to C02 and H 20.

Despite attention given to acidification of lakes, it is

important to realize that most of the waters in "sensi-

tive" areas are not becoming acidified. Acid waters are

almost exclusively small headwater streams and lakes

receiving high proportions of near surface runoff. Waters
of the lower slopes and lowlands are not usually acidified

since they receive a large proportion of their water from

near-neutral subsoils where contact time is sufficient for



The Connecticut Agricultural Experiment Station Bulletin 811

neutralization of acid by mineral weathering. Similarly,

we do not expect that natural soil acidification or acid

rain will acidify drainage to lakes and streams in deep
granitic soils in lowlands in Connecticut.

Acid rain falling directly on lake surfaces can contrib-

ute to their acidification. In watersheds with granitic

soils, the alkalinity of the drainage water will be low. In

such lakes with exceptionally small ratios of drainage

area to lake area, inputs of acid rain may exceed inputs of

alkalinity. One such case has been documented in Can-

ada and others may well be found. Lakes with small ra-

tios of drainage area to lake area may have alkalinities re-

duced somewhat by direct inputs of acid rain.

Acid rain is also said to be dissolving and leaching

toxic quantities of aluminum into lakes and streams.

However, large amounts of soluble ionic aluminum are

normally present in acid soil. Indeed, below pH 5, the

cation exchange sites of acid siliceous soil materials are

nearly completely saturated with ionic aluminum. The
solubilization of aluminum by acid rain is not likely be-

cause soil pH is not altered by acid rain. The theory that

increased S04 from acid rain enhances leaching ignores

the direct evidence that acid rain is not measurably

enhancing rates of leaching from soils or watersheds.

Societal and technological changes associated with the

demographic transition are underlying factors responsi-

ble for both regional acid rain and drastic changes in land

use. The entire forest of northern Europe still bears the

influence of man. Careless land-use practices were
transported from Europe to eastern North America,

where forests of the lowlands and foothills were cleared

for farming or cut for lumber and fuel. Later, the spruce-

fir forests on the steep mountainous slopes were clear-

cut for pulp. Fortunately, the landscape was sufficiently

resilient that the forests of northern Europe and eastern

North America are increasing dramatically in both area

and biomass.

The net result has been a slow and steady increase in

depth and acidity of the forest floor as reforestation pro-
gresses. Indeed, the landscapes thought to be impacted
by acid rain are precisely those that develop the greatest

soil acidifiation following disturbance. There is little

doubt that changes in land use of the magnitude re-

ported here can contribute significantly to acidification

of lakes and streams.

In conclusion, direct acidification of lakes by acid rain

has been documented where watersheds are small rela-

tive to the lake. We believe that the largest cause of

acidification of lakes and streams is generally the re-

vegetation and reforestation of disturbed land. The de-

gree to which acid rain may be accelerating this natural

process of acidification needs to be evaluated on a water-

shed basis. These natural sources of soil acidity and their

interactions with acid rain need to be evaluated in esti-

mating the benefits expected from proposed reductions

of emissions of oxides of nitrogen and sulfur.
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PART II. LITERATURE REVIEW
Atmospheric Acidity

Biological materials contain carbon, nitrogen and sul-

fur that when burned create gaseous oxides that react

with water in the atmosphere to form the corresponding

acids: H2C03 , HNO3, and H2S04 . High temperature

combustion also combines atmospheric nitrogen and

oxygen to form acidifying oxides of nitrogen. Acid rain

has been recognized since the early 1700s as a local en-

vironmental problem caused by the burning of fossil

fuels (Cowling, 1980 and 1982). In Connecticut, rainfall

data collected from 1929-1948 indicate that the rain has

probably been strongly acidified near Hartford since

1929 (Frink and Voigt, 1976).

When coal and wood were major fuels much of this

acidity was apparently neutralized by particulate matter.

Likens and Bormann (1974) note that considerable sulfur

was present in rain in upstate New York prior to 1950,

but the rain was not unnaturally acid because of neutrali-

zation by smoke. Gorham and Overrein have made simi-

lar observations in Europe (Likens and Bormann, 1974).

The post World War II economic boom resulted in

greatly increased demands for energy which then in-

creased local air pollution problems. The use of tall

smokestacks, particle precipitators and cleaner burning

fuels soon converted these local soot problems into re-

gional acid rain (Likens and Bormann, 1974; and Patrick

et al., 1981). Since the mid-1950's, acid rain has spread

over wide areas of North America and northern Europe.

The strongly acidified central areas of these air masses

have likewise spread (Likens et al., 1979). Some atmos-

pheric chemists believe that further increases in emis-

sions of acid will not lower the pH of rain below about 4,

but rather will increase the areas receiving acid rain

(Hileman, 1982). Support for this view is available from

data at the Hubbard Brook Experimental Watershed in

New Hampshire where the pH of rain has been about

4.1 since 1964 (Likens et al., 1977, pp. 35-41). Similarly,

little change in acidity of rain has been observed at nine

USGS monitoring stations in New York during the pe-

riod 1965-1978 (Peters et al, 1982).

Because pure water at equilibrium with the carbon di-

oxide in the atmosphere has a pH of 5.6-5.7, precipita-

tion with a pH less than 5.6 is defined as acid rain (EPA,

1980a and b). However, unpolluted rain can be more or

less acid than pH 5.6. Biogeochemical cycling of nutri-

ents causes emissions of oxides of nitrogen and sulfur to

the atmosphere, and lightning produces oxides of nitro-

gen that are converted to nitric acid. Thus, it is not sur-

prising that the mean pH of rainfall is less than 5.6 at lo-

cations well removed from industrial areas (Charlson and

Rodhe, 1982). The rainfall at islands in the Indian and

Pacific Oceans, and locations in the Amazon Basin has

been reported to have mean pHs in the range of 4-5

(Hansen, 1981; and Kerr, 1981). Recent research in Nor-

way has assumed that unpolluted rain has a pH of 5.05

(Seip et al., 1979b; and Christophersen et al., 1982).

Rain in the airsheds of other regions has a pH above 5.6

because of dust as observed in the Great Plains of the

United States and Canada, and in parts of the far north

(Winkler, 1976; and Hileman, 1981). Also, soil develop-

ment in these regions is not strongly acidifying.

Globally, man-made sources of oxides of nitrogen and
sulfur are believed to be less than natural emissions.

However, there is little doubt that man has strongly

acidified rain in airsheds with high concentrations of

people and industry. Reports of the extent of acidifica-

tion are often misleading. Because the pH scale is loga-

rithmic, rain at pH 4.6 is said to have been acidified

10-fold relative to rain at pH 5.6. In heavily polluted

airsheds such as the northeastern United States and
southernmost Norway, rain has a mean pH of about 4.3

(Glover et al, 1980; and Kerr, 1981), and is said to be
acidified 20-fold. However, most of the acidity of rain at

pH 5.6 is due to H0CO3, a weak acid that does not com-
pletely dissociate into H +

, HC03
~ and C03

=
ions.

Measurements of pH determine only the free H +
,

which in "unpolluted" rain at pH 5.6 represent less than

20% of the total acidity. Thus, the amounts of sulfuric or

nitric acid present in acid rain at pH 4.6 or 4.3 represent

a two-fold or four-fold increase in total acidity respec-

tively; not the 10- and 20-fold increases often reported.

The acidity of rain can also be expressed in terms of its

capacity to dissolve and neutralize basic materials such

as limestone (CaC03 ). This is useful because it expresses

the potential impact of acid rain on earth and building

materials relative to what would be dissolved by C02

normally present in the rain. Dissolution of basic sub-

stances, including those in silicate rock, is expressed in

terms of the carbonate equilibria because of the pres-

ence of H 2C03 , e.g.

CaAl 2Si2 8 + 2H2C03 + H,0 ^± Ca + 2 +
2HC03

- + Al2Si2 5(OH)4

(Stumm and Morgan, 1970, pp. 390-393). Likens et al.
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(1977, p. 43) state that 1 m of rain at pH 4 can dissolve 50

kg/ha of CaC03 . This ignores the acidity of H2C03 : 1 m
of unpolluted rain can actually dissolve about 400 kg/ha

of CaC03 (Garrels and Christ, 1965, pp. 74-92) to 500

kg/ha (Stumm and Morgan, 1970, pp. 161-237) de-

pending on the precise values of the thermodynamic

constants chosen. Correctly put, 1 m of rain at pH 4 can

dissolve 450 to 550 kg/ha of CaC03 , of which 50 kg/ha

represents the strong acids in acid rain. Because CaC03

and H 2S04 have similar equivalent weights, only about

50 kg/ha of H 2S04 is required to acidify one meter of

acid rain to pH 4. Very little strong acid is required to

acidify large volumes of water.

Acidity is also deposited as acidic particulates and

sorbed gaseous oxides and may constitute up to 50% of

the total amount of acid deposited (EPA, 1980a). At

Hubbard Brook, this dry deposition is estimated to con-

tribute one-third of the input of sulfur (Eaton et al.,

1978). Dry deposition in the Adirondacks is estimated

to range from 9 to 13% of the total (Johannes and

Altwicker, 1980) while in southernmost Norway, dry

deposition is estimated to account for 40% of the total

(Gjessing et al., 1976). The relative amounts of wet and

dry deposition are largely controlled by distance from

the source; distant areas receive relatively more in wet

forms while nearby areas receive more acidic particu-

lates and gaseous oxides. Ulrich (1978) calculates that

forests near industrial areas scrub the atmosphere of

such dry acids: 42% of the total deposition of acid under

beech forests is dry, and 74% is dry under spruce

forests.

Not all atmospheric acidity reaches the ground. In the

Soiling District of Germany, 58% of atmospheric acid-

ity is neutralized before it reaches the ground (Ulrich,

1978). In the northeastern United States, Pearson and

Fisher (1971) calculate that two-thirds of the H 2S04 in

rain is neutralized by calcium in atmospheric dust.

There are materials other than dust that also neutralize

these acids. At Hubbard Brook, the mean pH of rain was
4.06 during the summer of 1969. After passing through

the canopy of a northern hardwood forest, the rain had a

mean pH of 5.01 (Hornbeck et al., 1976). Cole and

Johnson (1977) observed that most free H + was neutral-

ized when acid rain passed through the canopy of a

Douglas fir forest in Washington. Cronan and Schofield

(1979), however, did not observe net neutralization of

acid by the canopy of a balsam fir forest in New Hamp-
shire. It is not clear as to what extent acid is reacting

with foliar materials or with detrital materials deposited

on plant surfaces (Smith, 1981, p. 187).

As snow or ice ages, it beomes less acid. The snow-

pack at Hubbard Brook loses half or more of its free acid-

ity over the winter (Hornbeck et al., 1976; and Likens et

al., 1977, pp. 41-46). Two American atmospheric moni-

toring networks report a puzzling loss of acidity in

samples of rain and snow between collection in the field

and analysis in the laboratory (Pack, 1980). One explana-

tion is that snowpack acidity is lost by reaction with plant

litter in the snow. Other explanations involve phase sep-

aration, where concentrated liquid salt solutions work
their way out of the still frozen, purer water. Such acid-

ity is lost and, therefore, not measured (Clement, 1966;

Johannessen and Henriksen, 1977; Wright and Dovland,

1977; and Seip, 1980b). However, this does not explain

losses of acidity from samples stored in containers.

Neutralization of acidity in ice and snow, as well as in

water, should not be unexpected. Rain and snow are not

pure; water condenses on fine particles, and H +
is very

reactive in both ice and water. The mobilities ofH + and
OH ~ in water and in ice are much greater than those of

other ions. This is because "liquid" water is actually a

mixture of ice clusters and gaseous water molecules.

Other ions and particles slowly bounce their way
through water, but not H +

or OH~. While physical

chemists debate the exact mechanism by which these

ions move so swiftly, all explanations involve the ice-

water clusters found in "liquid" water. These clusters of-

fer frequent obstacles to the quick transport of H + and
OH ~ because the ice structure is not continuous in "liq-

uid" water. Solid ice has a continuous structure; there-

fore, the movement and reaction of H + and OH~ is at

an optimum while other particles are usually frozen in

(Samoilov, 1965; Zundel, 1969; and Adamson, 1973, pp.

321-322, 506-509). Indeed, reaction kinetics indicate

that the mobility of the hydrogen ion in ice crystals is

one or two orders of magnitude higher than in the liquid

phase (Zundel, 1969, p. 229).

Thus, although investigators found that ice originating

as snow some 180 years ago in Greenland had a pH of 6

to 7.6 (Likens et al., 1979; and EPA, 1980b), this does

not prove that the original snow was of that pH.
In conclusion, misunderstanding or misrepresentation

of the chemistry of rain has created the frightening im-

pression that man has greatly acidified rain over wide

areas in recent decades. That these man-made sources

are actually rather small is illustrated by the fact that

much acidity is neutralized by atmospheric dust and by
brief contact with biological materials and the detritus

accumulated on surfaces. Moreover, acid rain is not the

only source of acidity that can impact soil and water.

Considerable acidity is generated and retained in soils

under natural conditions, particularly in forest soils on

highly siliceous geologic parent material in humid tem-

perate climates.

Measurement of Soil Acidity

Measurements of acid in soil are similar to those

discussed for rain. The soil analog to the total acidity of

rain is exchange acidity, i.e. those hydrogen ions that are

rapidly exchangeable with solutions of neutral salts.

Typical acid humus has an exchange acidity of at least

1 eq/kg. The strong acid in an equal weight of soil solu-

tion or acid rain at pH 4 is 1 X 10
~ 4 eq/kg. Thus, ex-

change acidity is generally many thousands of times
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greater than the acidity expressed as the pH of soil solu-

tions or acid rain. For soil minerals, the proportion of ex-

change acidity relative to free hydrogen ions is less than

that of acid humus by about an order of magnitude (Fig-

ure 1). However, the bulk density of mineral soils is

greater than that of humus. Therefore, the exchange

acidity of acid mineral soil is only several-fold less than

that of an equal volume (or depth) of acid humus (Lunt,

1932; and Hoyle, 1973).

As with acid rain, the acidity of soil is also expressed as

pH. Typically, the pH of an aqueous solution mixed with

the soil is measured. Because soils are weak acids with

both minerals and organic macromolecules acting as im-

mobile anion phases, thermodynamic interpretation of

soil pH is uncertain. Nevertheless, certain principles ap-

ply. The larger the ratio of water to soil, the higher will

be the measured pH. Similarly, increasing salt concen-

trations will lower the measured pH. Because salt con-

centrations in soil vary seasonally, the pH measured in

water, pH (HaO), may also vary. As a practical matter,

soil pH is often measured in 0.01 M CaCl2 , pH(CaCl2 ),

which minimizes salt effects and approximates the ionic

strength of most nonsaline soils. The difference between
pH(H20) and pH(CaCl2 ) for mineral soil can be 0.5 pH
unit, and for acid humus can be up to 1 pH unit.

Soil acidity can also be expressed as the amount of

CaC03 that can be neutralized. Extraction with a mix-

ture of barium chloride and triethanol amine is often

used in place of equilibration with limestone because of

its ease and speed. Acidity determined in this fashion for

160 80 80 160 240 320

me H 2S04/kg soil ' me Ca(OH)2/kg soil

Figure 1 . Changes in pH Upon Additions of Acid and Base to

Swedish Podzol Soil Materials.*

* 5 g electrodialyzed soil mixed with 60 ml 0.01 N CaS04 .

2 = mor humus
A2 = bleached highly weathered mineral soil

Bh = humus-enriched subsoil

C = sandy-stony glacial parent material

Control = solution only.

Modified from Figure 2b, Mattson and Gustafsson, 1934.

acid humus may be several times its exchange acidity

and probably represents strongly bound or occluded

H + and Al
+ 3

. For mineral soils, this acidity usually

only adds fractionally to exchange acidity and mostly

represents bound or occluded Al that hydrolyzes slowly.

Soil Formation: The Acidification Process

Hans Jenny (1941) in his classic text expressed the five

soil-forming factors of geology, climate, biology, topog-

raphy and time in a first order partial differential equa-

tion. His goal was to establish quantitative estimates of

each factor while holding all others constant. While this

has not been accomplished to the degree that Jenny
must have hoped, it still provides a framework for the

discussion of soil formation.

Although influenced by geology, the more mature a

soil becomes the more it differs from its geologic parent

material. In humid temperate climates of the world, soil

formation is an acidifying process. Thus, soils in such

areas would be expected to be more acid than their par-

ent materials. For example, although water percolating

through freshly-ground granite will be alkaline (pH 8 to

9), as will water percolating through limestone, soils de-

veloped on granite will be quite acid. The strength of the

acidification process is such that even mature soil devel-

oped on limestone or marble can be surprisingly acid

(Lunt, 1948; Krebs and Tedrow, 1957; and Provan et al.,

1969).

There are far more basic than acidic substances in

most rock types, even in so-called acid rocks such as

granite. While chemical oxidation of reduced elements

in parent materials increases acidity, it cannot account

for the extremely acid podzolized soil and related acid

peaty soils formed on granite-like rocks in humid tem-
perate climates. Acidification of these soils is biological:

hence, the soils are most acid at the surface where most
decomposition occurs (Table 1).

Acidity is generated by decomposition which creates

oxides of C, N and S that react with water to form acids,

much as acid rain is generated by burning fossil fuels. In-

itially, weathering rates of freshly-exposed siliceous bed-
rock by acid are relatively rapid. The exchange sites are

largely base saturated (Figure 3) and cation leaching is

principally of bases (Figure 2, pathway 3d). Because the

partial pressure of C02 in soil can be as much as 100
times that in the atmosphere, potential weathering rates

by H 2C03 are immense. In carbonate-bearing sand
dunes that are newly formed, potential rates of weather-
ing by carbonic acid are nearly realized (Table 2). Neu-
tralization of hydrogen ions by mineral weathering fa-

vors the continued dissociation of carbonic acid to H +

and HCO 3
(Figure 2, pathway 2c). Thus basic cations

in runoff resulting from weathering of minerals by
H 2C03 are accompanied by bicarbonate anions (Figure

2, pathway 3d).

With time, both the ecology and chemistry of the soil

change. Rates of neutralization of acid, weathering and
cation denudation decrease to very low levels. Acids ac-

cumulate in soils and pH decreases accordingly. Most
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H2C03 is lost as C02 and H2 (Figure 2, pathway 2c)

with little consumed by mineral weathering, which is re-

flected by the low bicarbonate alkalinity of water in wa-

tersheds with acid soils. Most exchange sites are domi-

nated by H + and ionic aluminum (Figure 3) and the

remaining basic nutrient cations are tightly held: the

ease of their replacement by acid decreases with de-

creasing base saturation. Biologically, the ecosystem

that evolves is one that cycles nutrients tightly and toler-

ates quantities of ionic aluminum that are toxic to many
organisms (Lunt, 1938 and 1948).

The most obvious physical change accompanying acid

soil development is the accumulation of a surface hu-

mus layer frequently underlain by bleached mineral soil

(Figure 4). Earthworms and other organisms that mix

litter with mineral soil cannot survive in this acid en-
vironment.

Microbial populations also change. Production of sim-
ple organic acids is slight (Mattson and Koutler-
Andersson, 1946; and Schnitzer and Desjardins, 1969)
and production of partially-oxidized humic acids (with

molecular weights up to 500,000 amu) is apparently fa-

vored. Humic acids have the peculiar distinction ofmore
strongly acidifying their environment than do the final

oxidation products of CO£ and H20. Weathering of
the upper mineral horizons (Table 1) is now controlled

by export of H + and organic acids from the overlying
humus.
The formation of this acid humus layer creates a chem-

ical environment even more favorable for its formation

0. Acid Rain
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Figure 2. Major Sources and Sinks of Acidity in Soil.

Acid rain © is a source of acidity, and its composition may be altered before reaching the soil ©. Although biological processes© are net

sources of acidity, this obscures the fact that they serve as a substantial sink in acid soils through production of weak organic acids © with

ultimate conversion to C02 and H 2 ©. Mineral acids © can be cycled rather tightly with some S and N lost to the atmosphere by microbial

activity and some S and P can be converted to essentially insoluble secondary minerals. Weathering of minerals© generally consumes acid in

excess of cation export ©, as secondary minerals © and hydrolysis products of aluminum, iron, manganese © accumulate in soil.

Aggrading vegetation causes net cation uptake ©, and contributes to acidification. Rain less acid than the soil solution promotes acidification

by hydrolysis ©. The electrical charges exported by cations © and acids © are balanced principally by anions shown at the bottom of the

figure.
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Table 1. Northeast Podzol Soil Profile Data.

Site Horizon

Depth

(cm) pH(H20)

CEC
(me/100g)

Organic

Matter

(%)

Base
Saturation

(%)

Adirondacks, NY
Hubbard Brook, NH

o2

o2 9.0*

3.45

3.45

148.0

118.0

85.0

54.1 8.1

Adirondacks, NY
Hubbard Brook, NH

A2

A2 5.8

4.03

3.88

8.0

5.8

2.25

2.5 8.8

Adirondacks, NY
Hubbard Brook, NH

B2h

B2h 3.5

4.35

3.82

56.0

46.7

20.6

12.6 2.7

Adirondacks, NY
Hubbard Brook, NH

B2 ir

B2 ir 61.5

4.86

4.63

29.3

27.1

12.0

7.1 0.8

Adirondacks, NY
Hubbard Brook, NH

c„
cx

— 5.27

5.16

2.6

4.9

0.93

0.9 1.4

Both soils are Beckett pedons, well developed podzol soils. Adirondack soil data is pre-acid rain data from Lutz and Chandler (1946, p. 398).

Hubbard Brook soil data is from Wood (1980, pp. 16 and 92) and Whittaker et al. (1979). Hubbard Brook % organic matter is % weight loss

on ignition and B2ir CEC (cation exchange capacity) is grand average of 3 B2ir subhorizons. Hubbard Brook O, % base saturation = 14.5%.

S(Ca + 2 + Mg + 2 + K + + Na +
)

Percent base saturation
CEC

* Depth of O, + 2 horizons

since the increased acidity decreases the solubility of hu-

mic acids. This is because most soil humic materials are

in a solid or gel state. Electrostatic repulsion between
like charges of dissociated groups is required for dissoci-

ation of any humic fraction. Therefore, polar functional

groups and charged sites with counter-ions will be
strongly solvated in water. Replacement of readily disso-

ciated counter-ions by H +
causes contraction and pre-

cipitation of humic substances by reduction of charge

repulsion between weakly dissociated carboxyl groups,

enhanced hydrogen bonding, and expulsion of water

from within the macromolecular humate structure

(Hayes and Swift, 1978, p. 281: Ghosh and Schnitzer,

1980; and Ritchie and Posner, 1982).

A common misconception is that acid humus accumu-
lates because of greatly decreased rates of decomposition

of organic matter. Although this is true where peats de-

velop under sparse vegetation, it is not true for the pro-

ductive forests on acid humus soils in the Northeast,

Canada and Scandinavia where concern about the effects

of acid rain is greatest. The misconception probably

arises because the acid mor humus of these soils accu-

mulates on top of the mineral soil, rather than being

mixed with the mineral soil as in a more alkaline mull

humus. This was first made clear by M tiller in the 1880s
and verified and elaborated upon 50 years ago by Romell

(1932). He showed that soil organic matter content, litter

production, evolution of C02 , and the rate of organic

matter turnover were similar for northern European and
North American forests for comparable sites regardless

of soil type. Even the exceedingly thick and acid soils

(folists) under coniferous slope forests in the Adiron-

dacks have reasonable rates of turnover. Thus, the dif-

ference between formation of mor humus versus mull

humus is type of decomposition rather than rate.

Romell's (1932) observation of rates of production and

decomposition of forests on acid humus can be illus-

trated with data from Hubbard Rrook. The soil is ex-

tremely acid and low in nutrients (Table 1) yet the forest

is very productive: during 1956-1960 net productivity

was 11,000 lbs/acre per annum, of which about 6,000

lbs. was litter (Whittaker et al., 1974). The rate ofhumus
turnover was estimated to be 60 years (Johnson et al.,

1968), which is about the same rate observed in less acid

and more fertile soils. The rate of turnover of the consid-

erably thicker forest floor under high altitude balsam fir

at nearby Mount Moosilauke is estimated to be only 30

years (Cronan, 1978, p. 68).

Podzols form relatively rapidly on coarse-grained and

Figure 3. Generalized Relationship Between Soil pH and Ad-
sorbed Cations in Mineral Soil.*

•From Brady, 1974, p. 376.
** The difference between BaCI2-TEA and exchange acidity.

*** And probably some Fe(OH) x ions in the more acid range.
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highly siliceous bedrock such as granite because of its

high permeability and relatively low capacity to neutral-

ize acid when compared with more basic rock. Never-

theless, podzol soil formation from freshly exposed

unweathered materials is measured in thousands of

years. This is because the capacity of the parent material

for neutralizing acid is immense relative to the rates of

weathering in acid soils. For example, the capacity of

parent material at Hubbard Brook to neutralize acidity

(Table 2) is nearly 21,000 times greater than yearly in-

puts of acid rain, and 11,000 times greater than the rate

of mineral weathering (Figure 2, pathway 3a-d) esti-

mated by Driscoll and Likens (1982). Moreover, the alu-

minum oxides present in silicate minerals act to neutral-

ize acid in water (Figure 2, pathway 3c and Table 2)

where pH drops below about 5 and serves as an enor-

mous sink against acidification (Johnson, 1982). Al-

though preferential flow undoubtedly occurs in soils, so

that not all soil has an equal opportunity to react with

leachate (Tamm, 1976a; and Voigt, 1980), the time scale

of weathering is such that distinctive soil horizons de-

Table 2. Relative Acidity.*

J.C.F. Tedrow

Figure 4. A Podzol Soil Profile.*

Case Keq /ha lb. CaCCyacre

Strong acids

1 m pH 4.0 rain per annum

Moderate lime requirement

Northeast agricultural soils

45

per annum 90 4,000

Exchange acidity

New Hampshire podzol 910 41 ,000

Weathering rate of newly-

developed English sand dunes
per annum, 0.6 m depth 960 43,000

Acid to dissolve bases in 0.6 m
unweathered Hubbard Brook,

NH soil

Acid to dissolve bases plus Al in

0.6 m unweathered Hubbard
Brook, NH soil

27,230

109,840

1 ,200,000

4,900,000

Acid to dissolve 0.6 m of pure

CaCo3 soil 179,030 8,000,000

*Swartswood soil developed on the quartzite and sandstone of the

Kittatinny Ridge of northern New Jersey.

* Relative acidities are expressed both in metric units in terms of

reactive quantity per unit area and in English units converting

Keq to lime equivalents. Soil lime requirement from Weeks and
Lathwell (1967). Podzol exchange acidity from Lunt (1932). Ex-

change acidity is nearly equally divided between forest floor and
mineral soil. Acid to dissolve soil materials is calculated from av-

erage composite Hubbard Brook parent material from Johnson

et al. (1968). Sola (A + B horizons) of well-developed soils in the

Northeast, including Lunt's podzol and Hubbard Brook soil, are about

2 ft. Accordingly, a depth of 2 ft., or 0.6 m, is used for comparative pur-

poses. Weight of mineral soil is assumed to be 2,000,000 lbs. per 6 in.-

acre slice. Weathering rate of English sand dunes is calculated from

equivalents of CaC03 lost between the years 2 and 6 after dune for-

mation, from Salisbury (1925).

velop parallel to the earth's surface rather than along

channels of preferential flow. Given the rate of soil for-

mation, or even the 100 or more years said to be neces-

sary for significant leaching of cations by acid rain under
ideal conditions (McFee et al., 1976), strong acidification

of mineral soil will usually be restricted to the upper soil

profile even after thousands of years of weathering.

Finally, the earth's surface is unstable. Erosion, tree

throw, frost heaving, and soil creep constantly expose

new and less weathered mineral material. Although the

amounts of soil are small, the corresponding resistance

to acidification is large. Only where weathering can keep
pace with disturbance do we see mature, albeit hetero-

geneous, soil development.

Leaching of Nutrient Cations

Because cation exchange reactions are rapid, extra

hydrogen ions (H +
) from acid rain could have the rela-

tively immediate effect of reducing the quantity of ex-

changeable base nutrient cations (Ca+2 , Mg + 2
, and

K +
) in soils. Particular concern has been expressed for

the productive forests growing on acid soils of the

Northeast, southeastern Canada, and Scandinavia. The
nutrient status of these soils, expressed as the percent

base saturation of their cation exchange capacity, is natu-

rally quite low. Thus, it is thought that acid rain might

further decrease base saturation and destroy these

forests.
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The potential for nutrient leaching can be estimated

by comparing the ratio of base nutrients to acid in rain to

that in soil. This concept is widely used in arid regions

where the ratio of sodium to calcium in irrigation water

is compared with the same ratio in soil to determine

whether irrigation will make the soil more saline. The
presumed effects of acid rain on the base nutrient status

of soil are greatly exaggerated if the base cations in the

rain are ignored' (Wiklander, 1973/74, 1975, and 1980;

and Frink and Voigt, 1976; McFee et al., 1976; and

Bache, 1980).

Around the world, percent base saturation of rain

(excluding sodium) is equal to or greater than that of the

acid forest soils. Also, the pH of the soils in these areas is

usually less than that of the rain (Lag, 1968; Pearson and

Fisher, 1971; Wiklander, 1973/74; Gjessing et al., 1976;

Oden, 1976; Clayton et al., 1977; Likens et al. 1977, p.

32; Pilgrim and Harter, 1977; Johannes and Altwicker,

1980; Molliter and Berg, 1980; Overrein et al., 1980, p.

32; Vitousek et al., 1982; and Table 1). It is difficult to

see how such soils will be depleted of basic nutrient cati-

ons by rain of equal or greater base saturation.

The presumed impact of acid rain is further reduced

in acid soils (less than pH 5) with low base saturation be-

cause base cations are strongly held on cation exchange

sites (Wiklander, 1946, 1973/74, 1975, and 1980; McFee
et al., 1976; Taram, 1976a and b; Bache, 1980; and

Voigt, 1980). Addition of hydrogen ions (AH) to such

soils at rates typical of acid rain causes a relatively small

desorption and leaching of base cations (AM) so that

AM/AH « 1. Thus, the chemistry of acid soils greatly

minimizes the leaching of nutrient cations.

Studies of the reactions of acid soil with acid rain at

pH 4 or higher confirm that leaching of bases is little al-

tered. Experiments lasting up to five years show no

change in percent base saturation of acid soil (Overrein,

1972; Wiklander, 1973/74, and 1975; Abrahamsen et al.,

1976; Abrahamsen, 1980; Abrahamsen and Stuanes,

1980; Overrein et al., 1980; Singh et al., 1980; Stuanes,

1980; Morrison, 1981; and Smith, 1981, pp. 187-188).

Forcing large volumes of water through walled lysime-

ters has long been known to enhance leaching (Kohnke

et al., 1940), but such treatments are too extreme to pre-

dict the long-term effects of acid rain.

If the acidity of rain should increase dramatically, say

from about pH 4.0 (~1 Keq/ha per annum) to pH 3 or 2

(~ 10-100 Keq/ha per annum), the base saturation of the

rain would decrease by 10- to 100-fold. The base satura-

tion of acid rain would then be less than that of acid soils,

which commonly ranges from 1 to 20%, with the higher

figures generally occurring in the surface organic hori-

zons. Also, the greater the amount of acid addition (AH),

the greater the efficiency in replacing base cations (AM),

i.e., AM/AH increases (Wiklander, 1946, 1973/74, and

1975). Therefore, more bases will be removed from acid

soil not only by increases in acid but also by proportion-

ally greater removal of bases per unit addition of acid.

Some relatively long-term studies in Canada and
Norway indicate the effects of extreme acidification of

rain. Studies with two soils in Canada during 3 years

(Morrison, 1981) showed no effects of leaching by rain

down to pH 3. Treatment with rain at pH 2 greatly in-

creased leaching, but the effects on base saturation of

the soils were not reported. Three Norwegian soils were
studied over a period of 4 to 5 years (Stuanes, 1980).

T.-eatment with rain at pH 3 increased leaching about

10% and decreased base saturation of humus by 3-4%.

Treatment with rain at pH 2 greatly enhanced leaching

and also greatly decreased the base saturation of the sur-

face horizons, but did not affect the B horizon.

Thus, it appears that rain with pH 3 or less can de-

crease the base saturation of acid soils. As we noted

earlier, it is unlikely that the pH of rain will decrease to

such low values. Locations close to sources of emissions

can receive considerable acidity in dry deposition. In the

Northeast, however, rainfall near emission sources is

relatively high in base saturation (Pearson and Fisher,

1971). The relative effects of these two offsetting factors

near sources of emissions remains to be determined.

Studies of acid soil ecosystems around the world show
that they cycle nutrients tightly and lose nutrients

slowly, even in areas receiving high rates of acid rain

(Johnson et al., 1969; Likens et al., 1977; Johnson, 1979;

and Andersson et al., 1980). The biological control of nu-

trient leaching is well illustrated by forest soil lysimeters

in Connecticut (Table 3). In the presence of roots, as

noted by Frink and Voigt (1976), nutrient losses from

undisturbed lysimeters were even less than inputs from

rain. In the absence of roots, leaching was increased by

an order of magnitude. Not all of the differences in

leaching can be attributed to the absence of roots, since

the soil was disturbed by their removal. Disturbance ex-

poses fresh surfaces that weather rapidly, and, in the

Table 3. Leaching Losses of Several Nutrient Elements from
Connecticut Forest Soils.

Element Lysimeter type*

Annual loss (kg/ha)

Red Pine Mixed Hardwoods

N Tank
Pan

48.9

1.2

93.2

1.6

S Tank
Pan

37.0

2.2

42.2

6.2

K Tank
Pan

26.4

1.1

49.3

4.1

Ca Tank
Pan

53.9

3.4

27.7

2.5

Mg Tank
Pan

7.9

1.6

P Tank
Pan — 0.27

0.08

From Lunt (1948).

* Installed under forest plus 10 cm. mineral soil. Tank lysimeters

are under disturbed soil with no roots. Pan lysimeters are under
undisturbed soil with active roots. Red pine data for 1934-1936
near Hartford. Hardwood data for 1938-1940 near New Haven.
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absence of vegetation, nutrients are readily leached

(Joffe, 1933; Kohnke et al., 1940; Mattson and Koutler-

Andersson, 1942; and Lunt, 1948). The importance of

vegetation in conserving nutrients is further illustrated

by data from Hubbard Brook where a watershed was

clearcut and regrowth was inhibited with an herbicide.

For two years following the cutting, the concentrations

of Ca + 2
, Mg + 2 and K +

in streamwater increased

417%, 408% and 1558% respectively (Likens et al.,

1970).

When nutrients are scarce relative to demand, forest

ecosystems in acid soils are even more efficient in

conserving nutrients. For example, watersheds whose
forests are gaining biomass (i.e., aggrading) after lum-

bering export considerably less nutrients than mature

forests where nutrient uptake is balanced by nutrient re-

lease from decomposition (Vitousek, 1977; and Likens

et al., 1978). This uptake of nutrients by the rapidly

growing forest is supplied by precipitation and by
mineral weathering. With former lumbering practices,

these losses were 0.1 to 0.6 Keq/ha per annum. In

Scandinavia, lumbering sites have sustained such en-

hanced losses for at least three centuries with no appar-

ent ill effects (Rosenqvist, 1980). The current practice of

removing the whole tree will probably double the rate of

base nutrient removal (Likens et al., 1978; and Rosen-

qvist, 1980).

Thus, the biogeochemistry of acid forest soils is one
where some acceleration in losses of base nutrients

causes no apparent harm. Weathering of minerals in wa-

tersheds with very acid soils ranges from 1 to 2 Keq/ha
per annum (Stuanes, 1980), which is slow relative to

weathering in less acid soils (Jenny, 1941; Birkeland,

1974; and Andersson et al., 1980) and sets the limit of

nutrient losses, both natural and man-induced, that can

be replaced by mineral weathering.

Some researchers insist that H + from acid rains is

leaching one charge of cations for each charge of H +

(Gjessing et al., 1976; Galloway et al., 1980a and b;

Thompson et al., 1980; and Wright and Johannessen,

1980). However, such an assumption does not explain

their own research results. Cation losses in rivers in

eastern Canada are least where inputs of acid rain are

greatest (Thompson et al., 1980). In the Norwegian
watersheds (Gjessing et al., 1976; and Wright and
Johannessen, 1980), strict application of the assumption

of equivalent leaching implies that there would be no
cation loss without acid rain since losses of cations are

equivalent to inputs of H +
in acid rain. In the Adiron-

dacks (Galloway et al. , 1980a) we would have the physi-

cally impossible circumstance of negative concentra-

tions without acid rain since the rate of cation export

(including H +
) can be less than H +

inputs in acid rain.

Soils with higher base saturation are more easily

leached by acid (Wiklander, 1973/74, 1975, and 1980)

than are acid soils. If mineral weathering and biological

cycling cannot keep pace with acid leaching, these soils

will become more acid (Figure 3). This acidification

would eventually decrease weathering and biological

cycling of bases, shifting soil evolution to a more acidic

pathway.

Soils of naturally moderate base saturation are geo-

graphically located between soils with low base satura-

tion in humid climates, and soils with high base satura-

tion in prairies and deserts. In the United States, these

soils are found in western New York, the Midwest, and
the Mississippi Valley. Coarse-textured soils with low
cation exchange capacity, relatively slow mineral weath-

ering, rapid percolation, and supporting poor forest

growth are the most likely to be affected by acid rain.

Recently abandoned agricultural lands in the North-

east have moderate base saturation because of past ad-

ditions of lime and fertilizer, and may be potentially sen-

sitive to acid rain. However, they are evolving naturally

into acid forest soils that are insensitive to acid rain, as

did land abandoned in the Northeast over the last two
centuries.

Managed agricultural soils are not likely to be acidi-

fied by acid rain (Frink and Voigt, 1976). Farmers must
counter the normal course of nutrient leaching, plus re-

moval by harvesting, acidification by fertilizer elements

(N, P, S) and decomposition of plant residues through

addition of tons per acre of lime (Table 2). Additions ofN
and S in rain at rates equivalent to 20 to 50 lbs. of lime

per acre will have no impact on the acidity of such soils.

Moreover, the sulfur in rain may actually be beneficial.

The first nation-wide study of acid rain was conducted in

Sweden where agriculture was reported to suffer widely

from sulfur deficiency. At that time, sulfur deficiency

was least severe in areas receiving the most acid rain

(Johansson, 1959).

Nutrients in rain may also be important in acid forest

soils because nitrogen fixation is relatively slight. In-

deed, studies in southern Norway show that about 90%
of the N in acid rain is retained in the watershed

(Gjessing et al. , 1976). Since sulfur in rain generally ex-

ceeds the requirements of forests, sulfur is a prominent
anion in leachate from acid forest soils. The nutritional

benefits from N and S in acid rain appear to be site spe-

cific (D.W. Johnson et al., 1982).

Concern has been expressed that leaching of ex-

changeable nutrient cations may affect forest productiv-

ity. Future studies should recognize that exchangeable

cations are only a small fraction of available plant nutri-

ents in forest soils (Mortvedt et al. , 1972; Stone, 1975;

and Adams and Boyle, 1982). Such studies should also

recognize that physical site characteristics, such as dif-

ferences in soil texture, drainage, depth of soil, depth of

watertable, and aspect, are generally recognized as more
important variables in forest productivity than are differ-

ences in soil chemistry. It seems unlikely that acid rain

would significantly alter physical site characteristics.

In conclusion, both chemistry and biology predict that

present day acid rain will not measurably enhance
leaching of nutrient cations from the acid forest soils of

the Northeast, southeastern Canada, and Scandinavia.

Indeed, it is difficult to envision acid rain damaging
ecosystems that are producing environments more acid

than acid rain. However, misconceptions about the na-

ture of soil acidity sustain the notion that acid rain is

increasing acidification of soil and water. These are dealt

with in the next section.
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Acidification of Soil and Water

Acid rain is believed to be causing widespread acidifi-

cation of soil and water in the northeastern United

States, southeastern Canada and southern Scandinavia.

Alpine-like landscapes with their thin, organic-rich soils

developed on mountain slopes from granitic parent ma-

terials under coniferous and heath vegetation are

thought to be especially vulnerable. Susceptibility of

these soils to acidification is attributed to their lack of

"basic" materials capable of rapidly neutralizing acid

rain. Also, steep slopes act to minimize contact time be-

tween acid rain and neutralizing materials in the soil,

which is believed to be particularly important for the ini-

tial portions of heavy rains and rapid snowmelts that are

often more acid than the later periods of the storm or

melt. Accordingly, it is said that alpine-like streams and

lakes are being acidified by acid runoff: acid falling di-

rectly in lakes and streams is considered a minor but

contributing factor (Overrein et al., 1980; and Seip,

1980a).

The very existence of acid runoff is widely accepted as

proof that acid rain is acidifying soil and water (N.M.

Johnson et al., 1972; and Likens, 1972). Summaries of

the first four years of the Norwegian Acid Precipitation

Project (SNSF) attributed acid runoff solely to acid rain

(Gjessing et al., 1976; and Leivestad et al., 1976). Even
the existence of acid soils has been considered evidence

of acidification by acid rain. Oden (1976) attributes the

extremely acid podzols in southern Scandinavia to acidi-

fication by acid rain (Figure 5). However, the pH of pod-

zol humus is lower than that of acid rain; also, acid rain is

a relatively recent phenomenon. It is difficult to see how
acid rain could lower the pH of these soils below that of

the rain, particularly over a relatively short period of

time, with resultant large increases in their exchange

acidity (Bergseth, 1977).

Acidification of soil and water in mountainous envi-

ronments is said to herald the future of the lowlands as

acid rain eventually wears down the greater acid-

neutralizing capacity of these thicker soils. Accordingly,

the Northeast Acid Rain Task Force (Bridge and
Fairchild, 1981) estimates that 44% of Connecticut's

lakes will be acidified if acid rain is not stopped. The In-

stitute of Ecology in Indiana (Loucks et al., 1982) places

this figure at 100%.

Soil maps of New York, New England, Canada and
Scandinavia (Jenny, 1941, p. 182; Clayton et al., 1977;

Cline and Marshall, 1976; and Lag, 1979) show that the

areas considered to be affected severely by acid rain cor-

respond to the natural distribution of extremely acid

podzols and peaty soils. The coincidence between the

presumed effects of acid rain and the location of acid

soils grows stronger with the realization that thin,

pH

V7A DUD HI
<3.4 3.4- >4.0

4.0

1955 1970-73

Figure 5. Comparison of pH of Scandinavian Soil and Precipitation. (A from Oden, 1976; B from Dovland et al., 1976; and C from

Hileman, 1982.)
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organic-rich mountain soils are generally even more acid

than the podzols developed on deeper materials, a long-

known fact shown by Wherry's (1923) literature review.

Comparison of soil pH (H2O) data predating regional

acid rain confirms this: analysis of over 200 samples by
Heimburger (1934) of forest soils from the upper slopes

of the Adirondacks, the White Mountains of New
England, and the Laurentians of southeastern Canada
show that these soils are more acid, with the pH
averaging in the low 3s, than the thicker soils of the

lower slopes and valleys (Lunt, 1932 and 1948; Young,

1934; Brown and Byers, 1938; Chandler, 1939; Bichard

and Chandler, 1943; and Table 1). Likewise, Caine

(1931) demonstrated similar relationships between soil

pH and topography for the Great Smoky Mountains of

North Carolina and Tennessee. The recently completed
80,000 sample national soil survey in Sweden* shows

that humus developed over bare bedrock is more acid

than that of thin soils, which in turn is more acid than

that of thick soils. The Swedish soil survey also shows

thick humus soils to be more acid than thin humus soils,

and humus of very rocky soils to be more acid than less

rocky soils (Troedsson, 1980). Depth of mineral soil de-

creased and depth of humus and acidity increased with

altitude on the undisturbed forested slopes of Camels
Hump in the Green Mountains of Vermont (Siccama,

1968). Indeed, these thin mountain soils and very rocky

soils naturally develop such thick humus layers that they

can be classified as organic soils (Heimburger, 1934;

Diebold, 1941; Lutz and Chandler, 1946, p. 183;

Oosting and Billings, 1951; Witty and Arnold, 1970;

Lewis and Lavkulich, 1972; Bohn, 1976; Clayton et al.,

1977; and Braekke, 1981).

These organic-rich soils can be viewed as being similar

to the uppermost acid portion of podzol soils (Table 1);

the major difference is that they are generally even more
acid, have thicker humus, and the bleached A2 horizon

may be replaced by humus-enriched mineral soil hori-

zons, i.e. Aj and Bh horizons. Siccama (1974) shows that

the pH of the B horizon (probably Bh) decreases from
5.4 to 3.7 with increasing altitude on Camels Hump.
Thus, there is a topographic gradient in soil properties

and acidity, where leached upland soils resemble acid A
horizons, and lowland soils are zones of accumulation re-

sembling less acid B horizons. This sequence of soil

properties is known as a geochemical catena, with the

podzol soils on the forested mountains of Norway serv-

ing as a classic example (Glazovskaya, 1968 and 1970).

A gradient of stream acidity paralleling such a catena

should not be surprising, because the factors thought

to make runoff susceptible to acidification by acid rain

are the same factors that make runoff susceptible to

acidification by acid soil. Such gradients in acidity have
been observed in the Northeast, but they have been

* Method of pH (H 20) determination was not reported. Scandinavian

soil scientists commonly use very large water-to-soil ratios to deter-

mine soil pH. Consequently, their reported pH (H 20) values are

somewhat less acid than those reported hy American and Canadian soil

scientists for similar soils because of the dilution effect.

attributed entirely to acid rain (N.M. Johnson, 1979;

and N.M. Johnson et al., 1981).

The report of the first four years of the SNSF-project
also confused the effects of acid rain with those of acid

soil. Several Scandinavian scientists pointed out that

runoff from acid soil will be acid regardless of the pH of

rain (Wiklander, 1973/74 and 1975; Lag, 1976;

Bosenqvist, 1978 and Bueslatten and j0rgensen, 1978).

Bueslatten and j0rgensen (1978) showed that even small

patches of moss colonizing exposed granitic bedrock in

southern Norway acidify runoff substantially. For exam-
ple, these patches of moss and their underlying humus
acidified snowmelt, from its original pH of 4.9 to 5.1,

down to pH 3.9. After traveling about 50 meters, the pH
of the meltwater rose to the mid-4's because of relatively

rapid reaction with exposed grains of feldspar. Summer
rainfall ofpH 4.5 also produced runoff with pH values in

the mid-4's.

A review of the literature by Wiklander (1946) shows
that additions of neutral salts generally acidify leachate

from acid soils more effectively than do strong acids at

the concentrations present in acid rain. This so-called

"salt-effect" was discussed earlier under Measurements
of Soil Acidity. Wiklander (1973/74 and 1975) also notes

that basic cations in rain prevent reduction of the base

saturation of soils and thus prevent acidification (Figure

3). Hence, he concluded that the interaction of basic cat-

ions with acid soil is more likely to acidify runoff than the

strong acids of acid rain.

Bosenqvist (1978) describes acidification of runoff in

terms of hydrology and soil acidity. Bunoff from rapid

snowmelts and heavy rains moves primarily through the

upper and most acid horizons (Table 1) and hence, is

more acid than runoff from gentle rains or slower

snowmelts which percolates through near-neutral sub-

soil. Bosenqvist states that critical examination of SNSF
data shows that rainstorms of similar intensity produce
runoff of similar acidity regardless of the pH of the rain

itself. Bosenqvist (1978) also points out that areas of

Scandinavia believed to be affected by acid rain are areas

where there are also naturally acid waters. Patrick et al.

(1981) remind us that this is also true in North America.

Bosenqvist (1978) attributed the increasing acidification

of such waters to increasing soil acidity resulting from

changes in land use, a subject we shall later examine in

detail.

More recent research in the SNSF-project addresses

a number of the earlier criticisms. Abrahamsen et al.

(1978) studied the effects of simulated acid rain on a

large expanse of bedrock where about 20% of the surface

was covered with lichens. The simulated rain was col-

lected and analyzed after traveling about 40-50 feet over

the rock surface. The pH of the runoff was found to de-

pend on both the neutral salt and the acid content of the

simulated rain. The pH of runofffrom "rain" at pH 5 was
initially 4.1-4.3 and increased with time to pH 4.6-4.7.

When neutral salts were omitted from the "rain," the

pH of the runoff rose quickly to 5. Application of simu-

lated rain with pH 4.3 resulted in runoff of pH 4.3,

which is approximately the pH of rain observed in the
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southernmost tip of Norway in the late 1970's (Overrein

etal., 1980, p. 24).

In laboratory experiments, a 4 cm (1.6 in) thick layer

of mor humus was leached at various rates (2.4 in/hr to 7

in/day) with water acidified to pH 3, 4 and 5 and with

equivalent concentrations of NaCl, i.e. 10~ 3 M, 10~ 4

M, and 10~ 5 M. Rapid leaching with solutions at pH 4

and 5 gradually increased the pH of the leachate, but so-

lutions of pH 3 gradually decreased the pH. If the hu-

mus stood overnight, the leachate from the treatments at

pH 4 and 5 became more acid, while the leachate from

the treatment at pH 3 became less acid. Rapid leaching

with 10

~

4 and 10" 5 M NaCl produced slightly more
acid leachate than treatment with H2S04 at pH 4 or pH
5, while 10

~

3 M NaCl produced about the same acidity

as H2S04 at pH 3 (Overrein et al., 1980, p. 55). It is

worth noting that rain in coastal areas of Norway may av-

erage about 10
" 3 M salt (Lag, 1968).

Lunt (1941) leached forest soil materials in Connecti-

cut with distilled water for two weeks at a rate equiva-

lent to nearly 600 in/yr. The pH of leachate increased

gradually and color and conductivity decreased with

leaching. If the soil stood overnight the leachate re-

turned to nearly its original pH, color and conductivity.

These results strongly suggest that acidification occurred

by dissolution of organic acids. Rosenqvist (1978) noted

similar recovery of acidity. Humus leached with the

equivalent of 50 to 150 years of pH 8 precipitation in 3

days resulted in a decrease in the acidity of the leachate

of only about 0.5 pH unit.

These experiments confirm that humus has an enor-

mous acidifying and buffering capacity. Rapid leaching

lessens the control exerted by humus, with treatments at

pH 4 or higher actually raising the pH. However, the

soil soon returns to its original more acid condition.

In other SNSF-project studies, thin mountain soil and
podzols were placed in lysimeters and leached with syn-

thetic rain at normal rates for three to five years. Treat-

ments at pH 4 or higher produced no significant differ-

ences in leachate chemistry other than an increase in

S04
=

. Treatments at pH 2 and 3 increased leaching and

acidity (Abrahamsen, 1980; Abrahamsen and Stuanes,

1980; and Stuanes, 1980). The acidity of the leachate

varied due to both season and drought. These effects can

be as pronounced as treatment with rain at pH 2 (Abra-

hamsen, 1980; and Abrahamsen and Stuanes, 1980),

nicely illustrating the magnitude of the "salt effect" on
acid soils. Thus, soils are not only acid sinks but can be
acid sources as well.

Given the heterogeneity of soil, landscapes, and hy-

drology, Seip et al., (1979a) concluded that it is difficult

to observe the effects of acid rain even in watersheds as

small as 0. 1 km2
(about 25 acres).

Because the effects of acid soil are confounded with

those of acid rain in most watersheds, further studies in

the SNSF-project were conducted in small, bare bed-

rock catchments. Southern Norway has an abundance of

such landscapes, caused in part by the reduction in ele-

vation of the tree line and the severe erosion from sev-

eral thousand years of cutting, burning, and grazing

(Rosenqvist, 1978; and Overrein et al., 1980, p. 102).

More locally, examples of man-induced tree line and ex-

posed bedrock are found in the White Mountains
(Monahan, 1933; Baldwin, 1977; and Bormann and Lik-

ens, 1979, pp. . 188-189) and the Adirondacks (Eschner
and Satterlund, 1966).

Six mini-catchments were established in the Storgama
watershed in southernmost Norway. The bedrock is

principally granite and the soil cover is shallow, with

about 30% of the total watershed area exposed as bare

rock. The mini-catchments ranged in size from 30 m2
to

264 m 2
. From 46% to 74% of the catchments are ex-

posed bedrock (Seip et al., 1979a). Because of the shal-

low soil, very small size, and large percentage of exposed

bedrock, these catchments represent the worst case hy-

pothesis. The effects of acid rain should be most easily

demonstrated here.

On average, runoff from acid rain in these mini-

catchments was twice as acid as the rain. Only with the

heaviest rains in the smallest basins did the pH of rain

measurably influence the pH of runoff. Exchangeable

H-ions in the patches of thin soil ranged from 50 to 200

times the annual inputs of acid rain (Seip et al., 1979a).

Rosenqvists (1978) hypothesis that runoff chemistry is

controlled principally by soil and that snowmelt will be

acid regardless of the pH ofsnow was also tested in these

mini-catchments. The snowpack in both 1978 and 1979

had a mean pH of 4.3. In 1979 snowpack was neutralized

to about pH 7 with NaOH. Runoff from both snowpacks

had a high initial flush of acidity followed by a similar de-

crease in acidity. Runoff from the neutralized snowpack

was slightly more acid (Seip et al., 1980).

In another experiment, artificial rain at pH 3.85 was

sprayed on mini-catchments and acidified runoff by 0.2

to 0.4 pH units. However, the authors indicated that

further research would be necessary to determine

whether rain at pH 3.85 could acidify runoff from an en-

tire watershed (Seip et al., 1979b). These experiments

were not conducted since the SNSF-project terminated

in 1979.

Some believe that forest soils in the northeastern

United States freeze in winter and thus exert little con-

trol over the chemistry of snowmelt, although this is in-

consistent with the belief that aluminum is dissolved by

acid snowmelt. However, studies at Hubbard Brook

show that runoff does not flow overland (Likens et al.,

1977). Rarely is even a small fraction of the area of the

forest floor frozen, and this is usually restricted to soil

mounds during the coldest winters with no snowcover

(Hart et al., 1962). Hydrologic studies in northern

Vermont show that up to 50% of all runoff occurs during

spring snowmelt, with a large component of near-surface

interflow. This is because waterlogging limits deep per-

colation into soil (Pionke et al., 1982). Thus, the Rosen-

qvist hypothesis seems valid for the Northeast as well.

The final report of the SNSF-project (Overrein et al.,

1980) acknowledges that runoff from acid soils will be

acid and can affect the alkalinity and pH of streams and

lakes depending upon hydrology and the ionic strength

of the rain. The report also notes that acidification of
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streams and lakes predates acid rain, and that acidifica-

tion of soils due to changes in land use can contribute to

acidification of freshwaters. Also, the magnitude and ex-

tent of acidification of lakes is less than previous reports

because of the scarcity and uncertainties of early data

and the large seasonal and spatial variation in the pH of

lakes.

The magnitude of acidification of lakes in the Adiron-

dacks may also be less than previously reported. Scho-

field (1976a and b) reported that only 4% of the lakes at

high altitudes sampled in the 1930s were less than pH 5,

but that in the mid-1970's about 50% were less than pH
5. Pfeiffer and Festa (1980) have examined the colori-

metric method used in the studies and found that it gave

pH readings up to 1.5 units higher than do present

methods. They resampled the lakes in 1979, and, using

the old colorimetric method, found that only about 9%
had pH values less than 5. There is also evidence sug-

gesting that these lakes were acid and had declining fish

reproduction some fifty years ago. A report sponsored by
the New York State Department of Environmental Con-
servation (1982, p. 49) indicates that acidification of

these lakes may be due to long-term natural processes

accelerated by acid rain, and stresses the need to quan-
tify these two processes.

Although there is now agreement that acid soils can

create acid runoff, misconceptions about the nature and

measurement of soil acidity continue to create the notion

that acid rain is primarily responsible for acidifying

runoff. One misconception concerns anion leaching.

Acid rain has increased the inputs of S04
=
and N03

~

to landscapes. Much of the N03
~

is rapidly taken up by

vegetation and is generally not considered important in

the leachate from acid soils (D.W. Johnson et al., 1982).

Most acid in acid rain is H2S04 , and S04

=
moves

through thin, organic-rich soils and into drainage waters

because humic acids occupy reactive sites that can other-

wise immobilize S04
=

. Thus, to maintain charge neu-

trality, sulfate is asserted to enhance cation leaching on a

1:1 charge equivalent basis (Overrein et al., 1980; and

Seip, 1980a).

Wiklander (1973/74) showed by theory and experi-

ment that cation leaching is not enhanced by anions in

acid rain. Anions only alter the ionic strength and hence

alter activity coefficients, an effect which is negligible.

Other soil and watershed studies have failed to demon-
strate enhanced movement of cations, although there

has usually been a significant increase in the flux of

S04
=

in drainage water and leachate. Despite lack of evi-

dence of enhanced cation leaching, the observed in-

crease in flux of sulfate continues to be used to defend

the conclusion that acid rain increases the leaching of

H + and other cations. Others, observing that leaching

of basic cations (AM) is small relative to additions of hy-

drogen ions (AH), i.e. AM/AH« 1, argue that acid soils

buffer poorly against additions of H +
ions and there-

fore, most H + added to acid soil moves quickly through

it as H2S04 (Overrein et al., 1980; and Seip, 1980a).

However, it is well known that acid soils and espe-

cially acid humus strongly buffer water against changes

in pH (Figure 1). Acid humus is a strong buffer because

its acidity is due to humic acids whose dissociation

(Figure 2, pathway 2b) is controlled by pH. Added H +

hinders dissociation of humic acids and decreases their

solubility (Hayes and Swift, 1978, p. 281; Ghosh and
Schnitzer, 1980; and Ritchie and Posner, 1982), with the

net result that increased S04
=

flux should be compen-
sated for by decreased humate flux. Likewise, there

should be a tradeoff between H + from acid rain for H +

from humic acids:* H + now remaining associated with

organic acids as a result of acid rain is converted to COz

and HaO with the rest of the humic acids (Figure 2,

pathway 2c). An analogous phenomenon occurs with

acid soil development where increasingly acid leachate

from humus increasingly hinders the dissociation of

H2C03 (Figure 2, pathway 2c) to the point where it no

longer contributes to acid mineral weathering.

The second misconception is that rate of production of

acid by soil is equal to rate of mineral weathering and, in

environments where neutralization of H +
is incom-

plete, to the rate of acid export as well (Figure 2, path-

ways 3 and 4). As discussed earlier, as acid soils develop,

more and more acidity is lost as C02 and H 2 (Figure

2, pathway 2) and rates ofweathering and cation denuda-

tion decrease to very low levels. If the only sink for H +

was neutralization by mineral weathering or its by-

products, acid rain would indeed have a very serious im-

pact on acid soils. However, this conceptual model of

acidity ignores the enormous acid sink provided by hu-

mic materials (Figure 2, pathway 2b) and the ability of

humic acids to compensate for additions of H2S04 . Iron-

ically, little attention has been given this biological effect

on acidity beyond Rosenqvist (1980) alluding to such a

possibility.

Placing acid rain in perspective with other sources and
sinks of acid in soil (Figure 1) explains why net ion ex-

ports in some acid soil watersheds in the Northeast,

Canada and Norway are about as low as inputs of acid

rain (Gjessing et al., 1976; N.M. Johnson, 1979; Gallo-

way et al., 1980a; Kerekes, 1980; Thompson et al., 1980;

and Wright and Johanessen, 1980). It also explains why
numerous soil studies have shown no acidification or en-

hanced leaching. Finally, it explains the observation that

some Scandinavian lakes originally colored by humic
materials are becoming clearer and contain less dis-

solved organic carbon. This had previously been attrib-

uted solely to precipitation of humic acid in soil and

water by iron and aluminum dissolved by acid rain

(Aimer et al., 1978; and Dickson, 1980). However, the

amounts of dissolved aluminum in acid soils are enor-

mous (Pearson and Adams, 1967; and Figure 3) and such

an acid rain effect would be trivial. Indeed, if acid rain

did nothing but dissolve aluminum, hundreds of years of

rain at pH 4 would be required to dissolve the amounts

* During preparation of this manuscript, this hypothesis has been

verified, at least in part, by research presented at the 74th Annual

Meeting of the American Society of Agronomy, November 28-

December3, 1982 by J. G. McColl, B.A. Browne and M.K. Firestone,

and by unpublished data of P.J. Isaacson and E.C. Krug.
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Figure 6. Alkalinity in meq/l for 35 Connecticut Lakes. Data
from Norvell and Frink, 1975 and Frink and Norvell,

1984.

of aluminum found in these acid soils. There simply is

not enough acid in acid rain to measurably increase the

amount of dissolved aluminum.

The reduction of humic acid in lakes appears to be one
of the few measurable and potentially undesirable effects

of acid rain. Humic acids strongly combine with alumi-

num and other metals that can otherwise be toxic to or-

ganisms. These humic acids also contribute to the buff-

ering capacity of water. The importance of these effects

needs further study.

Despite the attention given to acidification of lakes

and streams, it is important to realize that most of the

waters in areas said to be sensitive to acid rain are not

becoming more acidic. Acid waters are almost exclu-

sively small headwater streams and lakes receiving high

proportions of near-surface runoff. Waters of the lower

slopes and lowlands are usually not acidified. N.M.
Johnson (1979, and 1982) notes that these lakes and
streams receive a large proportion of their water from

near-neutral subsoils and underlying geologic materials

where contact time is also greater. Because even granite

has enormous acid-neutralizing capacity (Table 2),

Johnson concludes that such waters will not be signifi-

cantly acidified by acid rain in the foreseeable future.

Similarly, we do not expect that natural soil acidifica-

tion will critically acidify drainage to lakes and streams

in deep granitic soils in lowland settings typical of

Connecticut. References cited earlier indicating that half

to all of Connecticut's freshwaters are highly susceptible

to acidification by acid rain are not supported by our ex-

perimental data (Figure 6), or by Tobin's limited survey

of the pH of municipal water supplies in Connecticut

(Tobin, 1980).

Acid rain falling directly on lake surfaces can contrib-

ute to their acidification. Ignoring biology and inter-

actions between water and sediments, the alkalinity

(chiefly bicarbonate) of lakes is a measure of their ability

to resist acidification. Alkalinity is supplied in large part

by weathering reactions in the watersheds, as well as by
aquatic sediments and biological activity. In watersheds

with granitic soils, rates of weathering are very low, and,

consequently, so is the alkalinity of their drainage

waters. In such areas, for lakes with small ratios of drain-

age area to lake area, direct inputs of acid rain may ex-

ceed inputs of alkalinity from the watershed. One lake

has been found in Canada where the lake itself occupies

42% of the watershed (drainage area to lake area ratio of

1.4) and its acidification by acid rain is reasonably well

documented (Dillon et al. , 1978). For low alkalinity

lakes with drainage area to lake area ratios of 3-7, inputs

of acid rain may be equivalent to a measurable fraction of

the alkalinity supplied by the watershed. The relative

contribution to acidification of these types of lakes by
acid soil and acid rain must be assessed lake by lake.

While acidification by direct precipitation is generally

thought to be a minor factor (Overrein et al. , 1980; and
Seip, 1980a), a Norwegian limnologist noted that for

waters naturally acidified to a critical level, a small in-

crease in acidity "may have fatal consequences (Dahl,

1927)" (Overrein et al., 1980, p. 36).

Dissolution and Leaching of Aluminum

The cation exchange sites ofacid siliceous soil materials

below pH 5 are nearly completely saturated with ionic-

aluminum. While podzols and associated peaty soils are

the most acid major soil groups in the world, other major

soil types are sufficiently acid to contain considerable

quantities of dissolved aluminum. For example, oxisols

and ultisols cover nearly three-quarters of the Amazon
River Basin, and are so acid that their natural vegetation

is reported to suffer from aluminum toxicity (Sanchez et

al., 1982).

Because of the importance of aluminum in soil, not

only in terms of its great abundance, but also because of

its role in soil acidity, toxicity, and interaction with nu-

trients, as well as its role in soil genesis, the chemistry of

aluminum in aqueous systems has been studied exten-

sively by soils chemists. A brief and arbitrary list of im-

portant studies and reviews published in English in-

cludes: Burgess and Pember (1923); Hardy (1926); Joffe

and McLean (1928a and b); Joffe (1930); Mattson and
Hester (1933); Boratyhski and Mattson (1939); Bower
and Truog (1940); Lindsay et al. (1959); Hsu and Rich

(I960); Jenny (1961); Frink and Peech (1962); Jackson

(1963); Schnitzer and Skinner (1963a and b); van

Schuylenborgh and Bruggenwert (1965); Pearson and
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Table 4. Comparison of Acid Rain and Snow on Mount
Moosilauke Forest Floor Leachate.*

Sample pH Concentration (|xeq/1)

Ionic

H + Al" Strength*"

"Unpolluted" water 5.6 2.5 — —
Mean snowpack 5.04 9.1 — 23t

Acid Rain 4.08 83 — 115

Throughfall 4.02 95 5 201

Throughfall Forest

Floor Leachate 4.04 91 54 219

Snow Forest Floor

Leachate 4.12 79 60 205

Spring water 4.66 22 67 163

* From Cronan, 1978, pp. 72, 73, and 114.
** Al species assumed to Al

+3

"*lonic strength = H + + Ca +2 + Mg +2 + K H
" + Na + +

NH4
+ + Al

+3 + Fe +2 + Mn + 2

t NH4
+

, Al
+3

, Fe +2 , and Mn + 2
not determined.

Adams (1967); and Thomas (1977). Despite the enor-

mous literature on the reactions of ionic aluminum in

naturally acid soils, the mere presence of soluble alumi-

num in soil and water at pH 5 or less is widely believed

as proof that acid rain is dissolving aluminum (N.M.

Johnson et al., 1969, 1972 and 1981; Wright et al., 1975;

Gjessing et al., 1976; Leivestad et al., 1976; Wright and

Henricksen, 1978; and Henricksen and Seip, 1980). The
rationale behind this assumption is that H2C03 is re-

sponsible for chemical weathering and leaching of earth

materials. Thus, waters more acid than pH ~5. 6 that con-

tain dissolved aluminum must be the result of acid rain.

While agreeing with this principal assumption, Cronan

and Schofield (1979) and N.M. Johnson et al. (1981) rec-

ognize that organic acids also have a role in acidification

and mobilization of aluminum.
Cronan and Schofield (1979) have been widely cited

and credited by Cowling (1982) as having made a prin-

cipal and historic discovery that aluminum ions are

leached from soil into lakes and streams by acid rain at

concentrations toxic to fish. This discovery is based on

observations that mobilization of aluminum is consider-

ably less in "pristine" sites in New Mexico (studied by
Graustein, 1981) and Washington (studied by Ugolini et

al., 1977a and b) than in "polluted" sites at Mount
Moosilauke in New Hampshire studied by Cronan

(1978). Although solution chemistry and some soil prop-

erties were determined at this latter site in the White
Mountains, soil pH apparently was not (Cronan, 1978;

Cronan et al, 1978; and Cronan and Schofield, 1979). In

New Mexiqo, the pH (H20) of the soil was 6.6 to 7.2

(Graustein, 1981) and in Washington, the pH (H20) of

the soil was ~4. 5 (Ugolini etal., 1977a and b). Thus, these

soils are considerably less acid than White Mountain for-

est soils where, according to Hoyle (1973), the pH (HzO)

of humus may be less than 3, the surface mineral hori-

zons vary from pH (H20) 3 to 4, and the subsoil is pH
(H20) 4 to 5.5. Data for nearby Hubbard Brook soil, 8

miles to the southeast of Mount Moosilauke, where soils

are developed from the same parent material (Cronan,

1978, p. 25; and Johnson et al. , 1968) but under north-

ern hardwood rather than coniferous forest, are in Table

2. Despite the fact that all three locations are similar

subalpine coniferous forest ecosystems in humid tem-

perate climates, it is not surprising that concentrations of

ionic aluminum are lower in the less acid "pristine" sites

in New Mexico and Washington, because the soils are

naturally less acid than those of the "polluted" sites in

New Hampshire.
Analyses of leachate from the same New Hampshire

soil treated with water varying in pH would help deter-

mine whether acid rain is acidifying leachate and dissolv-

ing aluminum. Fortunately, Cronan (1978) presents data

that can be used for this purpose (Table 4). Mean forest

throughfall to the soil was extremely acid, with 95 u,eq

H +
/l (pH 4.01), while mean snowpack contained only

9.1 (i-eq H +
/l (pH 5.04), and is similar in acidity to

"unpolluted" rain with 2.5 |xeq H +
/l (pH 5.6). Table 4

shows only small differences between aluminum in

leachate from the acid throughfall with ionic strength

201 (i.eq/1, and from the less acid snowmelt with ionic

strength 23 u.eq/1. Clearly, acid rain is not increasing

leaching by the difference of 83-95 |xeq H +
/l that

reaches the forest floor, nor is the rain increasing acid

mineral weathering and dissolving aluminum by a simi-

lar amount.

The small differences in composition of the leachate

from rain and snowmelt probably reflect the differences

in hydrology of Cronan's sites and in analysis of the data

for throughfall and snowmelt. From late April to early

May leaching of snowmelt occurs for a good part of the

day so that the average composition of the leachate is

probably representative of individual teachings. This is

not true for throughfall leachate that usually represents

Table 5. Comparison of Volume and Chemistry of Mount
Moosilauke Forest Floor Leacheate.*

Lysimeter Date

Volume
(ml) PH

Concentration

(ixeq/l)

Ionic

H + Strength

GBLyl 8/31/76 380 3.64 229 838

GBLyl 9/14/76 1,100 3.87 135 313

GBLyl 8/11/76 1,950 4.32 48 152

GBLy2 9/14/76 1,200 4.17 68 268

GBLy2 6/09/76 1,990 4.52 30 184

* From Cronan, 1978, p. 72.

Grand average H H

Vol wt mean H +
=

= 102 x 10~ 6 = pH3.99
71 x 10" 6

eq/l = pH4.15
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substantial rain following a dry period and is therefore

affected by varying salt content. Since most samples

were not volume averaged to give mean concentrations

(Cronan, 1978, p. 72), this effect is obscured. Analyses

of five comparable samples collected from two lysime-

ters during the summer of 1976 (Cronan, 1978, p. 72)

clearly demonstrate the salt and volume effect: as salt

increases and volume decreases, pH decreases dramati-

cally (Table 5). Also the difference between grand aver-

age H +
concentration and volume weighted mean H +

concentration is about the same as the difference be-

tween H +
concentrations of throughfall versus snow-

melt. In Norway, Abrahamsen (1980) correctly noted the

salt effect: low pH of leachate occurred after periods

of drought and was associated with smaller volumes of

water.

Cronan and Schofield (1979) also maintain that acid

rain is dissolving Al from the B horizon, thus reversing

the historical trend of accumulation of Al in podzol sub-

soils. They assume that all aluminum leached from the A
horizon is normally immobilized in the B horizon. How-
ever, leaching of Al from soil and its subsequent appear-

ance in surface waters was reported as early as 1930 by
Joffe. He attributed the presence of aluminum in some
rivers to soil-forming processes and urged further study

because aluminum is a "toxic agent" and a "disturbing

factor in connection with soil acidity." That the B hori-

zon is not a perfect barrier against movement of alumi-

num has since been confirmed by a number of studies

(Tamm, 1950, p. 144; Rode, 1955, p. 155; Petersen,

1976; and Krug, 1981).

In further support of the contention that acid rain is

removing Al from the B horizon, Cronan and Schofield

(1979) compare the high concentrations of aluminum in

spring water near the New Hampshire site with a low

concentration in spring water near the Washington site

(Ugolini et al., 1977a). At the Washington site, one third

to one half of the aluminum remained in solution in the

B horizon. It does not appear in the nearby spring water

because it precipitates as water moves through the frac-

tured basic andesite bedrock (Ugolini et al., 1977a). In

contrast, the Mount Moosilauke site is underlain by the

Littleton Formation, an impervious and "acid" rock for-

mation (Cronan, 1978, p. 25; and Johnson et al., 1968).

Cronan and Schofield (1979) further state that leachate

at the New Hampshire site from the forest floor and the

mineral A2 horizon contains less aluminum than adja-

cent spring water. The difference is attributed to Al

leached from the subsoil by acid rain. Examination of

Cronan's data (1978, p. 73), however, indicates that the

leachate is only that from the forest floor (Table 4) and
does not include any leachate from mineral soil horizons.

Organic matter contains relatively little Al that is ex-

tractable with acids; hence, it is not surprising that

leachate from the forest floor is considerably more acid

than spring water and yet has less aluminum. Also,

volume and composition of leachate from each horizon

need to be measured to determine the net flux of alumi-

num. This was not done at the Mount Moosilauke site. It

is even possible that the quantity of aluminum exported

Table 6. Dissolved Aluminum and pH of 100 ml of Dilute

H2S04 and Water After 24 Hours of Reaction with 20
g. of Hubbard Brook Soil*.

Sample
Horizon 3.5x10

(PH '

5 NH2S04

= 4.45)

Deionized H2

(pH = 5.41)

PH Al pH Al

o, 4.11 9.6 4.07 15.6

o2 3.81 4.4 3.79 4.1

A2 4.58 4.1 4.71 2.6

B2h 4.34 15.9 4.37 23.7

B2 ir 4.51 14.8 4.50 21.1

B3 4.67 14.6 4.80 13.7

From Mulder, 1980, p. 20. [Al] reported as n-moles/l.

in spring water may be less than from the forest floor be-

cause not all of the water reaches springs, some of it is

lost from the mineral soil by evapotranspiration.

Finally, Cronan and Schofield (1979) apparently be-

lieve that all aluminum is normally combined with or-

ganic anions in acid soils. The presence of ionic alu-

minum in solution, particularly where S04
=

is the

dominant anion, is therefore attributed to acid rain.

While S04
=

can replace humate in leachate from acid

soil receiving acid rain, this is not evidence that alumi-

num and cation leaching is enhanced. The presence of

considerable S04
=

in runoff and leachate from many
acid soils has been known since the early 1930's

(Heimath, 1933; Joffe, 1933; Atkinson and McKibbin,

1934; Hutchinson, 1957, p. 682; and Gorham, 1958)

when mineral acids rather than organic acids were
thought by many to be the principal acidifying compo-
nents of soil.

Not all aluminum in leachate from the forest floor is

necessarily combined with organic acids. Humic acids

have long been known to increase total concentrations of

aluminum in solution, with Mattson and Hester (1933)

being the first to show that the formation of organo-

aluminum complexes decreases the concentration of

ionic aluminum in soil solution. In moderately acid pod-

zols this may remove nearly all ionic aluminum from so-

lution. In extremely acid podzols it removes only a frac-

tion. This is because ionic aluminum (while depressed in

concentration) becomes naturally more important, and
organo-aluminum less important as soils become more
acid (Boratyriski and Mattson, 1939). The decreasing af-

finity of Al for humic acids with decreasing pH has been
well established in the recent literature (Schnitzer and
Hanson, 1970; Kerndoff and Schnitzer, 1980; and
Hargrove and Thomas, 1981). Boratyriski and Mattson

(1939) also showed that the solubility of organo-

aluminum decreases with decreasing pH, becoming es-

pecially significant at pH 4 or less. This dependence of

the solubility and mobility of humic acids on pH is also

well documented in recent years (Hayes and Swift,

1978, p. 281; Ghosh and Schnitzer, 1980; and Ritchie
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and Posner, 1982). Therefore, the lower mobility of hu-

mic acids in the New Hampshire sites relative to the

Washington sites is probably due to the naturally greater

acidity of the New Hampshire soils. It could also be at-

tributed in part to immobilization of humic acids by acid

rain(McColletal., 1982).

While it is popular to attribute all leaching phenom-

ena in podzols to leaching of humic acids, van Schuy-

lenborgh and Bruggenwert (1965) note that leaching of

Al from the A horizon of podzols at about pH 4 can be ex-

plained by the effects ofpH on the solubility of Al. Ionic

aluminum can then accumulate in the lower horizons by

a variety of mechanisms, including immobilization by

humic materials.

All constituents in acid rain must be considered in

evaluating its effects on Al chemistry. Basic cations in

rain may promote exchange of ionic aluminum from acid

soil into leachate and runoff. Indeed, the snowmelt

study of Seip et al. (1980) shows that for a period of sev-

eral weeks, Na in neutralized snowpack replaced Al on

exchange sites, increasing the concentration of Al in the

runoff from neutralized snow to about twice that ob-

served in the runoff from the snowpack with pH 4.3.

Acid rain may also increase the concentrations of basic

cations in forest throughfall. Although these leached cat-

ions are apparently taken up again by the forest (Eaton

et al. , 1973), the effect of this on Al chemistry is un-

known.

Future studies need to distinguish between ion ex-

change by neutral salts and dissolution of aluminum by
acids. The usual criteria for determining the presence of

a solid crystalline phase is the constancy of the apparent

solubility product in soil solutions or soil extracts. Unfor-

tunately, ion exchange can produce the same apparent

constancy over a fairly wide range of salt concentrations

and soil-to-solution ratios (Lindsay et al., 1959). Thus,

pH-Al relationships which appear to reflect the presence

of a solid phase must be carefully examined (Frink,

1973). The effects of anions on ionic aluminum must also

be considered. Burgess and Pember (1923) showed that

large additions of acid phosphate more acid than soil ac-

tually reduced concentrations of ionic aluminum. Re-

search in agricultural soils has also shown that sulfate

may be retained in acid soils by reaction with amorphous
or poorly crystalline hydrolysis products of iron and
aluminum.

Joffe and McLean (1928a and b) studied the move-
ment of various forms of Al in agricultural soils. Alumi-

num able to diffuse through semi-permeable mem-
branes was defined as ionic. In soils at pH 5 or above,

most aluminum in soil solution was in colloidal or non-

diffusible form. Ionic aluminum increased with decreas-

ing soil pH, and at pH (HsO) 4.2, most aluminum was
ionic and hence soluble. They also showed that sulfate

and other polyvalent anions decreased the concentra-

tions of both ionic and colloidal Al in soil solutions.

Later, Mattson and Hester (1933) added organic anions

to the list of anions that can reduce concentrations of

ionic Al in solution. More recently, Yuan and Hsu (1971)

have shown that fluoride and various clay minerals, as

well as sulfate, all enhance precipitation on the acid side

of the optimum precipitation pH for the Al-OH-P04 sys-

tem. In summary, it seems possible that sulfate in acid

rain may act in conjunction with other inorganic anions

to limit the concentrations of ionic aluminum in solution.

The effects of adding H2S04 to soil from Hubbard
Brook are shown in Table 6. These results caused

Mulder (1980) to wonder whether H2S04 was increas-

ing or decreasing leaching: the concentration of Al in

solution from horizons normally having high concen-

trations was depressed by about one third by addition

of H2S04 , while Al and acidity from the A2 and B3

horizons was increased slightly upon treatment with

acid. Sulfate also seems to limit the concentration of Al

in leachate from the forest floor at nearby Mount
Moosilauke: the correlation coefficient between H + and

S04
=

in the 10 samples reported (Cronan, 1978, p. 72) is

r
2 = 0.88. The concentration of sulfate in the leachate

was about 2.6 times greater than H + on an equivalent

basis, while in rain this proportion is about 0.9 (Cronan,

1978, pp. 72-73). Indeed, as Figure 7 illustrates, the

concentration of Al in leachate decreases with increasing

acidity.
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Figure 7. The correlation of H* and Al Concentration in

Samples of Leachate from the Forest Floor at Mount
Moosilauke.*

* From Cronan, 1978, p. 72. Al in |xeq/l assumes that Al is Al
+3

.

In conclusion, the interaction of acid rain with soil is

more than simple dissolution of aluminum compounds

by acid. Further studies are necessary to predict the im-

pact that H +
, S04

=
, and basic cations in acid rain will

have on organo-aluminum and other aluminum species

in soil.
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Changing Land Use

Societal and technological evolution associated with

demographic transition are underlying factors responsi-

ble for both acid rain and drastic changes in land use.

Earlier, exploitation of forests was widespread and
highly destructive. The remaining forests of western

Europe all bear the influence of man (Stone, 1975). The
extensive heaths of Great Britain, Scandinavia, and the

borders of the North Sea are the consequence of earlier

and careless land use (Bramryd, 1979). Several thousand

years of burning, grazing, and lumbering caused severe

erosion that helped to create the unusually thin soils and
low tree line of the uplands and low mountains of south-

ern Norway (Rosenqvist, 1978 and 1980; Overrein et al.,

1980, p. 102). These careless practices were transported

to eastern North America with the arrival of Europeans
over three centuries ago (Defebaugh, 1906 and 1907).

Fortunately, the temperate forests of northern

Europe and eastern North America are now recovering.

Indeed forest recovery is so extensive in temperate cli-

mates that it is thought by some to be influencing the

global carbon cycle (Bramyrd, 1979; Clawson, 1979;

Armentano and Ralston, 1980).

The hypothesis that these changes in land use are

largely responsible for acidification of soil and water in

southern Norway was first advanced by Rosenqvist (1978

and 1980). There, land is reverting to acid heath and for-

est producing humus which becomes thicker and more
acid with time. Rosenqvist (1980) documents the in-

crease in forested land with statistics showing an in-

crease of over 70% in the volume of standing wood in the

southernmost counties of Norway during the period

1927/28 to 1964/73. The acidification potential of the ac-

companying humus is enormous: Rosenqvist (1978) esti-

mates that the exchange acidity of the surface humus ac-

cumulated under a 90-year-old spruce forest on an

abandoned Norwegian farm is equivalent to about 1000

years of acid rain of 1 m/yr with pH 4.3. Experiments

showed that this humus acidified the equivalent of about

100 years of pH 8 rain applied during three days, again

demonstrating the enormous buffering and acidification

potential of humus. He states that increasing amounts of

increasingly acid humus and soil are acidifying runoff in

watersheds where there is incomplete neutralization of

acids by mineral weathering.

Forests are also recovering in other areas thought to

be impacted by acid rain. The volume of wood in Swed-
ish forests increased nearly 40% between 1927/1929 and

1968/1972, with two-thirds of the net increase in stand-

ing wood occurring in southern Sweden alone (Bramryd,

1979). Fewer data are available for Canadian forests, but

Armentano and Ralston (1980) estimate that present re-

growth exceeds harvesting by about 100 x 106m3
/yr.

Likewise, in New England, the volume of wood has in-

creased by about 70% between 1952 and 1976, while the

area of forest has been relatively constant (USDA, 1978).

Clearly, regions experiencing regional acid rain are

undergoing dramatic regional changes in land use.

Given the biological nature of soil acidification in humid

temperate climates, it is clear that acid rain is not the

only source of increasing acidity.

Land-use changes in southern New England and the

coastal Northeast can be illustrated by Connecticut's his-

tory. Connecticut, like the rest of the Northeast, was es-

sentially completely forested prior to the arrival of set-

tlers. The role of the American Indian in burning the for-

ests has apparently been overstated: descriptions of the

pre-colonial forests by some 17th century commentators
as being parklike and open may well have been propa-

ganda designed to attract settlers (Russell, 1981). Those
who did arrive treated the seemingly endless forest as an

enemy and destroyed most of it by fire to clear the land

(Fox, 1902; Moss, 1916; Harper, 1918; Dana, 1930; and
Kingsley, 1974). By 1790, less than 40% of Connecticut

was estimated to be forested (Harper, 1918; and
Kingsley, 1974), and by 1820, the virgin forests had vir-

tually disappeared. About 25% of the area was then in

second and later generations of thickets that were peri-

odically cut. The scarcity of wood was one of the major

causes of abandonment of mining in Connecticut. Wood
remained in short supply in southern New England for

some time because of slow replacement by coal as fuel

(Moss, 1916; Harper, 1918; Lunt, 1948, p. 10; and
Kingsley, 1974). The landscape of 1850 must have been
particularly dreary in Connecticut where even the hill-

sides "have been rendered bleak by the removal of trees

which formerly grew upon them" (Sec, Conn. Bd. of

Agr., 1877, p. 199).

Since the mid-1800's, the acreage of forest in Con-
necticut has increased steadily. Census figures indicate

that 21% of the state was wooded in 1860. A United

States Geological Survey study found 38.5% to be
wooded in 1889. Reforestation by planting of trees was

encouraged in the 1870s by financial incentives (Sec,

Conn. Bd. of Agr., 1878, p. 70), which resulted in con-

siderable planting of pine. By 1910, 50% of Connecticut

was wooded, exceeding the area estimated to be in forest

in 1790 (Sec, Conn. Bd. of Agr., 1877, p. 199, 1901, pp.

262-266, 1914, pp. 63-68; and Harper, 1918). By 1952,

63% of Connecticut was forested, a figure that has

dropped slowly to 58% in 1972 (Kingsley, 1974; and

Dickson and Bowers, 1976). During these latter 20

years, the volume of wood increased by 61% per acre,

with large sawtimber trees increasing 88% per acre

(Dickson and Bowers, 1976).

Thus, essentially all of the forest in Connecticut has

been disturbed repeatedly, with only a few acres un-

touched. The largest such area is located in Norfolk and

is about five acres (Winer and Childs, 1956). At two lo-

cations, the forest is believed to have been only occa-

sionally disturbed by man. One is the Cathedral Pines,

an old field stand of about 20 acres of white pine now
reverting to northern hardwoods (Hicock, 1956). The
second site is Catlin Wood, a 15-acre stand of 150-170-

year-old northern hardwoods believed to be the only re-

maining reasonable representation of our pre-colonial

forest (Smith, 1956).
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As the colonists moved inland, they continued to

exploit the forests. By the 1770's, the Adirondacks were

a region of continual lumbering, even serving the needs

of Europe. By the early 1800s, lumbering was so intense

that the rivers of the Adirondacks were regulated as pub-

lic highways. White pine was the prize to be had then,

but by 1850 most had been cut and other trees gained in

commercial importance (Fox, 1902; and Defebaugh,

1907, pp. 387-404).

As demand increased, lumbering in the North woods

intensified. In 1840, the first year with such data availa-

ble, the Northeast accounted for 65% of the lumber pro-

duced in the United States (Dana, 1930, p. 8). In 1850,

New York was the leading state in production of lumber

(Ayres, 1909, p. 5). Such lumbering rates could not be

sustained indefinitely. Lumbering in New York peaked

sometime prior to 1865, and then bottomed between

1880-1900, with the timber supplies of the Catskills and

the Adirondacks having been virtually exhausted (Fox,

1902, p. 5). Logging in other states in the Northeast fol-

lowed a similar pattern (Fernow, 1902-03; Chittenden,

1905; and Harper, 1918) with little uncut forest re-

maining by 1900.

Soon after the Civil War it became apparent that log-

ging and fire had considerably damaged the Catskills and

the Adirondacks. Defebaugh (1907, pp. 396-397) noted

that not only was their usefulness as recreation threat-

ened, but also waterflow was severely affected. In 1872,

efforts were begun to preserve lands north of the Mo-
hawk River, and eventually the Adirondack Park and
Forest Preserve was established.

Following logging and farming in New England, land

began to be abandoned because of ready access to the

"new lands" to the west (Kingsley, 1974). The amount of

cleared land in New England reached a peak about 1870

(Lunt, 1948). With the exception of Maine, much of

New England was farmed (Dodge, 1891). Even in moun-
tainous New Hampshire, only 37% was not farmed, but

the flight to the west soon caused abandonment (Ayres,

1909). Some abandoned land reverted to stands of white

pine (Ayres, 1902-03; and Chittenden, 1905) and even
supported a modest resurgence of the white pine indus-

try from 1900-1920 (Kingsley, 1974, p. 3).

The net result of fire, lumbering, and farming, how-
ever, was the conversion of most of the original mixed
hardwood and coniferous forest into today's nearly pure
hardwood forest of the lower slopes and valleys of the

Adirondacks (Fox, 1902; Knechtel, 1902-1903; Bryant,

1917; and McCarthy, 1919), the White Mountains
(Chittenden, 1905; and Bormann et al., 1970), and other

areas throughout New England (Westveld et al., 1956).

In northern New Hampshire and Vermont alone, it has

been estimated that 1 to 2 million acres of spruce-fir for-

est have been converted to hardwood or northern hard-

wood forest (Lull, 1959; and Hart, 1964).

Following the decline in cutting of lumber and fire-

wood in the Northeast, technology gave forestry in the

Northeast a new industry—paper. Large areas of virgin

spruce and fir forests existed in the Adirondacks and
northern New England. While not especially desired for

lumber, spruce (and later fir) were ideally suited for the

paper-pulping technology of the time. Because these

forests lay close to the major American markets for pa-

per, they were heavily exploited. We shall show that the

demand for pulpwood caused dramatic changes in land

use in precisely those landscapes where such changes

have the greatest impact on runoff, the thin and organic-

rich soils of the slopes.

Production of pulp began about 1870-1875, and by
1890-1895 cutting of spruce began in earnest (Murphy,

1917, p. 2). From 1890-1905, cutting ofpulpwood in the

Adirondacks increased nearly six-fold (Defebaugh, 1907,

p. 405). Similar increases occurred in New Hampshire
and Maine (Chittenden, 1905, p. 83).

Initially, when demand was not great, individual

spruce trees were culled from the more accessible mixed
forest of the valleys and lower slopes. As demand later

increased, the nearly pure stands of spruce and fir on the

steep slopes were clear cut. The hazards of erosion

caused by clear-cutting watersheds were pointed out by
Hawley and Hawes (1912, p. 217), who concluded, how-
ever, that clear-cutting was the most logical and eco-

nomical method of harvesting the wood. For a change,

the most widespread method of cutting also became the

recommended practice (Ayres, 1902-1903; Cary, 1902-

1903; Chittenden, 1905, p. 78; Bradley, 1908; Hawley
and Hawes, 1912, pp. 209-220; Bryant, 1917; Belyea,

1922; Marshall, 1925; and Westveld, 1931, p. 6).

Concern about the extent of lumbering in the White
Mountains caused the New Hampshire legislature to or-

der a study of the region by Chittenden (1905). His re-

port and land-use map are unique, being the only study

of its kind that can be found in the Northeast. Chitten-

den surveyed about 2,000,000 acres in the northernmost

part of New Hampshire, the only area still containing

any major areas of virgin timber. He found that only

about 200,000 acres of timber was uncut in 1903. Almost

all the virgin timber was spruce-slope forest; essentially

all of the hardwoods had been lumbered. Although the

survey excluded the agricultural land along the

Connecticut River, there was actually more farmland

(244,000 acres) in 1903 in the White Mountains than

virgin forest. His land-use map also shows railway spurs

coming from the south along the valleys (Chittenden,

1905), presumably to reach the last good stands of

spruce. The rush to cut the remaining spruce is docu-

mented by Ayres (1909) and Very (1912).

From 1904 through 1923, the Northeast produced

56% of the nation's pulpwood, with 22% coming from

New York alone (Kingsley, 1971). By 1927, Maine had

become the lead state, with New York, Pennsylvania

and New Hampshire in third, fifth and sixth places, re-

spectively (Dana, 1930, p. 9). By this time, lumber in-

terests became concerned that supply could not con-

tinue to meet demand in the Northeast. Virgin timber

was nearly gone and second-growth wood was increas-

ingly cut and processed. Conservation and silvicultural

management was urged by the United States Forest

Service (Meyer, 1929; Dana, 1930; and Westveld, 1931).

The South gained pre-eminence in pulp production with
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development of a method for pulping of southern soft-

woods in the 1930s. Demand on spruce and fir in the

Northeast further decreased with the pulping of hard-

woods: by 1969, about half of the wood harvested for

pulp in the Northeast was hardwood (Kingsley, 1971).

By 1940, Brown (in Bormann and Likens, 1979, p.

209) stated that few virgin forests remained in northern

New Hampshire. This assessment is well illustrated by
Oosting and Billings (1951) who compared virgin spruce-

fir forests of the southern Appalachians with those in the

White Mountains in the northern Applachians. Al-

though less than 10% of the original southern spruce for-

ests were left in the 1930s (Korstian, 1937), Oosting and
Billings easily selected nine virgin stands large enough
for quantitative species analysis. However, in the White
Mountains, even with the help of the United States For-

est Service, they located only four stands—one of which
was being cut as the study was in progress. Oosting and
Reed (1944) also reported that there are few, if any, rel-

ics of the original coniferous forest in Maine.

A fraction of the spruce-fir forests in the Adirondacks

was saved from clear-cutting by early action in New York

to conserve the 7 million-acre region. By 1905, 1.3 mil-

lion acres were owned by the State and protected from

further cutting (Defebaugh, 1907, pp. 397-406). Today,

the Adirondack Park covers 6 million acres with 2.3 mil-

lion owned by the State (Dwyer, 1976). Less than

100,000 acres of all state-owned land in New York are

believed to be virgin timber. It was estimated that

99.5% of forests in New York had been lumbered or

farmed by the 1920's (Marshall, 1925).

In conclusion, the net result of the paper-pulping in-

dustry was that the spruce-fir forests of the Northeast

were heavily cut during the late 19th and early 20th cen-

turies. These forests cover Adirondack and northern Ap-
palachian slopes from elevations of about 2,500 to 4,900

or more feet. Further north, the altitudinal gradient de-

creases to about 2,000 feet in the Canadian Laurentians

and as low as sea level in Maine. Going south, the alti-

tude range of these forests increases, reaching 4,500 to

6,500 feet or more in the Great Smoky Mountains

(Heimburger, 1934; Diebold, 1941; Oosting and Bill-

ings, 1951; Westveld, 1953; Whittaker, 1956; and Mcin-
tosh and Hurley, 1964).

The Effects of Changing Land Use

Changes in land use were so dramatic in Connecticut

that Station scientists began studies of the effects of red

pine planted on abandoned corn and tobacco fields

around 1900. By 1929, an organic surface horizon had

developed with a pH (HaO) of about 4.4. By 1944, the

forest floor had thickened, and its pH (HaO) had
dropped to about 3.8 (Lunt, 1951).

Other plots were established in 1926 and 1927 in

Connecticut's young hardwood forests to study changes

in forest and soil over time (Hicock et al., 1931). While

protected from cutting and burning, these forest plots

have suffered various degrees of mortality from disease,

drought and defoliation. Consequently, the forest at spe-

cific sites is now older, of approximately the same age

(moderate dieback), or younger (severe dieback) than

when established over 50 years ago (Table 7). Where the

forest is older, mull humus has changed to acid mor hu-

mus. Where the forest is approximately the same age,

the soil is little changed. Where the forest has died back

recently, the acid mor humus is largely replaced by a

less acid (Oi) organic horizon (Table 7). If Connecticut's

forests are allowed to mature in age and species compo-
sition as in Catlin Wood, we might expect the weight of

the forest floor to increase and become more acid. At

well-drained sites in Catlin Wood, the forest floor is 5 to

10 cm thick and the humus pH (HaO) is 3.6 to 3.8. The
increase in weight, thickness and acidity under such

hardwood forests in the humid temperate zone is well

documented (Salisbury, 1922; Cain and Friesner, 1929;

Griffith et al., 1930; Morgan, 1931; Lunt, 1932 and 1948;

Hough, 1943; Lull, 1959; Hart, 1961; Maderetal., 1977;

Bormann and Likens, 1979; and Covington, 1981). The
decrease in pH is particularly pronounced in agricultural

soils as they become reforested by hardwoods as shown

in New England (Griffith et al., 1930; Lunt, 1932 and

1948), New Jersey (Hanks, 1971), and England (Jenkin-

son, 1971).

Humus developed under coniferous and ericaceous

vegetation in areas said to be sensitive to acid rain is par-

ticularly thick, acid, and low in nutrients in comparison

to that under other vegetation. The differences in acidity

are generally reflected in the mineral A and B horizons

as well (Griffith et al., 1930; Lunt, 1932; Potapov, 1933;

Young, 1934; Chandler, 1939; Donahue, 1940; Hough,
1943; Nihlgard, 1971; Bergseth, 1977; and Mollitor and
Raynal, 1982). Under such vegetation, the humus con-

tinues to become thicker, more acid and poorer in nutri-

ents with time, sometimes to the point where forest pro-

duction and growth suffer greatly.

Plice (1934) showed that the pH and thickness of for-

est floors of mixed hardwood-conifer stands in the

Northeast are intermediate between pure hardwood and
coniferous stands, although the forest floor tends to

more closely resemble that of the coniferous forest. His

observations are well supported by data on Adirondack

forest soils (Young, 1934; Chandler, 1939; Donahue,
1940; Diebold, 1941; and Eaton and Chandler, 1942),

New England forest soils (Lunt, 1932 and 1948) and by
studies in the Allegheny National Forest in Pennsylvania

on the same soil types and parent materials (Hough,

1943).

An important task of the northern European forester

—and particularly the Scandinavian—is to prevent for-

est dieback caused by excessive accumulation of mor hu-

mus under aging coniferous forests and to prevent rever-

sion of productive hardwood forest to less productive

conifers. For example, the 80,000 sample soil survey of

Sweden shows that coniferous forests older than 100
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Table 7. Hardwood Forest Plots in Connecticut, 1 927-1 981

.

Aged Forest

1927 1981

Horizon Depth (cm) pH H2o Horizon Depth (cm) PHh
2o

o, 0.6 5.46 0, 0.6 3.95

A
(mull humus)

Bh

2.5

9.5

5.55

5.10

o2

(mor humus)
Bh

2.5

10.0

3.90

4.64

Mixed Dieback

1927 1981

Horizon Depth (cm) pH Hzo Horizon Depth (cm) PHh
2o

o1 0.6 3.91 0, 0.6 4.56

o2 2.5 3.61 o2 2.5 3.75

Bh 7.0 4.20 Bh 7.0 4.18

Recent Severe Dieback

1927 1981

Horizon Depth (cm) PHh2o Horizon Depth (cm) PHh
2o

0, 1.3 4.17 0, 3.2 4.17

o2 3.8 3.84 2 + A, 1.4 3.86

Bh 13.0 4.32 Bh 2.5 4.25

years have been thinned and the pH of the humus is

slightly higher than that of 80 to 100 year-old forests not

thinned (Troedsson, 1980). A variety of techniques have

been developed to prevent buildup and acidification of

humus, including selective-cutting or thinning, clear-

cutting, planting hardwoods in coniferous forests, and

replanting with the desired species after treatment of

the forest floor. The more extreme the treatment (e.g.,

clear-cutting versus selective-cutting, more intensive

burning), the greater the reduction of acidity and depth

of humus and forest floor. Often, combinations of these

techniques are used with results discussed by Lutz and
Chandler (1946, pp. 183-188); (Tamm, 1950; Marbut,

1951, pp. 87-88; Ahlgren and Ahlgren, 1960; and Viro,

1974). Studies ofvarious lowland Adirondack forest types

show that, 20 to 50 years after cutting and burning,

depth of humus is substantially reduced and the pH of

the humus is generally about 1 unit higher when com-
pared with relatively undisturbed sites (Young, 1934).

Clearly, this cycle of growth, cutting and burning, and
subsequent regrowth has had measurable and substan-

tial effects on soil acidity.

As noted earlier, much of the original mixed hard-

wood-coniferous forests of the lowlands and foothills of

the Northeast have been replaced by essentially pure
stands of hardwoods as a consequence of disturbance. As
these stands mature, we expect that forest floors will

thicken and become more acid with time, but will not

become as thick and acid as the forest floor under the

original forest. Thus, maturing forests of lowlands and
foothills of the Northeast are not expected to cause sig-

nificant widespread acidification of water. Soils in these

areas are generally deep and have enormous acid-

neutralizing capacity. Contact time of runoff with soil is

generally sufficient to neutralize acidity exported from

the upper horizons.

Acidification of water may occur where runoff does

not have an opportunity to thoroughly react with and

thereby be neutralized by subsoil and deeply permeable

geologic materials. Examples can be found in the inter-

mittent headwater streams in Hubbard Brook and simi-

lar locations. Others are found with ponds and streams

in peaty wetlands as exemplified by a pond in the Arbo-

retum at Connecticut College in New London, or Miry

Brook at Catlin Wood. Also, such sites have restricted

rooting caused by relatively shallow depths of soil to

bedrock or water table and tend to be more coniferous

than adjacent sites. Additionally, streams running

through beds of sphagnum moss, as at Emmons Pond in

Connecticut, may be acidified in part by biological ion

exchange.

Another exception would be areas where deep humus
podzols have developed on highly permeable materials

poor in aluminosilicate minerals, such as the New Jersey

Pine Barrens (Krug, 1981). Acidity from increasingly

acid surface horizons may be transmitted into surface

and ground waters. In the Pine Barrens, where this

process has not been interrupted by glaciation, a unique

flora and fauna have had time to develop and adapt to

the extremely acid water (Patrick et al. , 1979; and

Patrick et al. , 1981).

However, soils developed under productive forests of
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the upper slopes, and thin and rocky soils in general,

naturally have extremely thick and acid humus—thicker

and more acid than those of the lower slopes and valleys.

Similar land-use changes will result in greater increases

in depth and acidity under recovering upland forests rel-

ative to the more lowland forests.

The relationship between soil acidity and vegetation

had attracted considerable attention by the 1920's, at-

tested to by a review article with 750 citations, of which
more than 500 dealt directly with acidification (Wherry,

1928). It is not surprising that Salisbury (1922) con-

cluded 60 years ago that forest recovery was causing

widespread acidification of soils in Great Britain. He fur-

ther concluded that changing land use caused greater

acidification of landscapes at higher elevations because
soil formation is naturally more acid there than on the

lower slopes and valleys. Given that neutralization of

acids by mineral weathering may not be complete in

many thin and rocky soils, especially those on steep

slopes, there can be little doubt that increasing amounts
of increasingly acid humus and soil can acidify water as

well.

In the Northeast, the most extreme changes in land

use occurred as a result of clear-cutting of the spruce and

fir forests on the upper slopes. Clearly, such lumbering
of these slope forests was more destructive than at low-

land sites. Another extremely severe consequence of

lumbering the slope forests was fire. Although forest

fires are a major factor in most forest ecosystems, early

literature indicates that fires were rare in the spruce and
fir forests of eastern North America. Lumbering, how-
ever, was almost invariably followed by fire with the

thick humus layer being largely or completely destroyed

(Knechtel, 1903-1904; Chittenden, 1905; Ayres, 1909;

Bryant, 1917; Belyea, 1922; MacDonald, 1925; Korstian,

1937; Minckler, 1945; and Lutz and Chandler, 1946,

p. 183).

During clear-cutting, the logs were removed after

slashing-off tops and branches. After drying, this resin-

ous slash burns readily. Likewise, the now unshaded for-

est floor dries quickly and will also burn. Steep slopes

provide updraft, and the resulting fires are particularly

severe. Knechtel (1903-1904) described the scene in the

Adirondacks in 1903 when about 300,000 acres burned
that summer, producing sufficient smoke so that "at

night the stars were obscured and the moon was dull and
red above the smoky and smoking horizon."

Fires induced by man were an acute problem in the

Adirondacks soon after the Civil War and were in part

responsible for the creation of the State Park Commis-
sion (Defebaugh, 1907, pp. 396-397). Between 1891 and
1920, nearly 1.3 million acres were burned (Diebold,

1941). The result was a considerable increase in interest

in the effects of fire on hydrology and soil erosion. A par-

ticular concern was the effect of fire on depth of the for-

est floor. Fires in spruce-fir forests seem to have the

greatest effect on depth of forest floor of any Adirondack

forest type, being reduced from an average thickness of

14 inches for virgin forests to an average of 2 inches

when measured 20 to 30 years after burning. Likewise,

thick forest floors are found under similar virgin slope

forest types in the White Mountains and Laurentians

(Heimburger, 1934; and Oosting and Billings, 1951).

According to Hoyle (1965), the depth of forest floor

on the steeper slopes of the White Mountains ranges

from discontinuous to several inches, indicating wide-

spread destruction of the original forest floor. Such re-

ductions in depth may also occur in the absence of fire.

In cut-over, but unburned Adirondack spruce forests,

Kittredge and Belyea (1923) observed that the humus
was typically 1-3 inches deep over loamy and usually

shallow soils with frequent outcrops of rock.

Presently, the White and Green Mountain regions of

northern New England have an exceptionally low sus-

ceptibility to forest fire (Bormann and Likens, 1979,

pp. 201-212). This, combined with efficient fire control,

accounts for the fact that only 8 out of 1,000,000 acres on
the average burns annually in the White Mountain Na-

tional Forest. Fahey and Reiners (1981) have recently

shown that the spruce-fir forests are the least susceptible

to fire of any forests in northern New England, with a

mean fire rotation time measured in thousands of years.

The longest rotation times in other North American for-

ests are about 500 years for the forests in the extremely

moist climates of the northern Rockies and Pacific Coast.

Another consequence of exploitation was vast and de-

structive outbreaks of insects and diseases (Hopkins,

1899; Korstian, 1937; Spaulding and Hansbrough, 1944;

Westveld, 1953; Eschner and Satterlund, 1966; Fergu-

son and Kingsley, 1972; and Frank and Bjorkbom, 1973).

Between clear-cutting, fire, and attack by insects and

disease, the forests occupying landscapes believed to be

especially vulnerable to acid rain were widely devas-

tated around the turn of the century.

Today, the forests are recovering (USDA, 1978).

Maine contains about 80% of the spruce and fir in New
England (Hart, 1964). Between 1959 and 1971, the

amount of wood in spruce and fir increased two to three

times as much as the average for all other wood types in

Maine, although spruce and fir are the mainstay of the

large paper industry in the state (Ferguson and Kings-

ley, 1972). The increase is attributed in large part to re-

covery from budworm attacks and fires, since the area

of spruce-fir forest has remained relatively constant

(Ferguson and Kingsley, 1972, p. 11). In New Hamp-
shire, the area of spruce-fir forests nearly doubled be-

tween 1949 and 1960, reaching a total of 1.1 million

acres (Ferguson and Jensen, 1963). In Vermont, the

acreage increased 18% in seven years, to a total of nearly

0.8 million acres in 1973 (Kingsley, 1977).

There seems little doubt that changes in land use of

the magnitude reported here can contribute significantly

to acidification of lakes and streams. High altitude wa-

ters of the Adirondacks have become somewhat more
acid between the 1930s and the 1970's. The great acidi-

fication reported earlier (Schofield, 1976a and b) is ap-

parently largely due to differences in measurement of

pH, and the reported fish declines are due in part to dis-

continuation of stocking (Pfeiffer and Festa, 1980). How-
ever, acid rain was not reported to occur in upstate New
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York until the 1950's (Likens and Bormann, 1974). Re-

cently, a parallel has been drawn between acid rain and

Theodore Dreiser's novel "An American Tragedy." As a

man, motivated by greed, drowned a woman in Big

Moose Lake in the Adirondacks, so today society is ac-

cused of killing Big Moose Lake with acid rain (Blumen-

thal, 1981; and Boyle, 1981). By local accounts, however,

Big Moose Lake began dying in the 1930s (Blumenthal,

1981).

While the report of the first four years of the SNSF-

project considered acid rain to be the sole source of acid-

ification of lakes and streams in Norway (Abrahamsen

et al., 1976; Gjessing et al., 1976; and Leivestad et al.,

1976), the final report acknowledges that changes in land

use have long been known to acidify soil and that these

changes in general affect the alkalinity and pH of rivers

and lakes (Overrein et al., 1980). The report further

notes that "agriculture and silviculture in Norway have

undergone dramatic changes during the last 100-150

years" (Overrein et al., 1980, p. 92). However, the re-

port considers changes in land use to be a minor factor

and concludes that the observed increases in sulfate in

runoff and the presumed equivalent increases in

leaching of hydrogen, aluminum and other cations are

responsible for the most substantial portion of the ob-

served increases in acidity and mortality of fish

(Overrein et al., 1980). However, acidification of moun-

tain lakes in southern Norway apparently began around

1900 (Bosenqvist, 1978 and 1980; and Overrein et al,

1980). Where losses of salmon fisheries have been re-

ported in rivers in southern Norway, most of the decline

is reported to have occurred between 1910 and 1920,

with massive fish kills being observed as early as 1911

after heavy rains and rapid snowmelts. Acidification of

fresh waters in southern Norway created growing public

concern by the 1920's (Leivestad et al. , 1976). Acid rain,

however, was first observed in southernmost Norway
around 1950, with a large increase in the area and acidity

of rain occurring in the mid-1960's (Egner and Ericks-

son, 1955; Dovland et al., 1976; Cogbill, 1976; Likens,

1976; and Overrein et al., 1980).

The recent Proceedings of the Acid Precipitation Re-

search Needs Conference in New York (N.Y.D.E.C.,

1982, p. 19) also recognizes the possible acidification by

changing land use: "Acidification of Adirondack Lakes

may be related to long-term natural trends accelerated

by acid rain. There is a need to quantify and differentiate

between these two acidification processes. ..." Again, it

is proposed that the effects of acid rain can be quantified

by measuring leaching of sulfate (N.Y.D.E.C., 1982).

The role of changing land use was dismissed in one

paragraph in a recent report of the National Academy of

Sciences (National Research Council, 1981, p. 147):

"The theory that the acidification observed in poorly buffered

fresh waters was due to changing land-use patterns (Rosenqvist,

1978a, b) has now been discounted as an explanation for the

widespread effects observed, particularly in remote areas. De-
tailed study over several years of watersheds in Norway, some
with changing land-use patterns and some without, has shown
that, on the average, both are acidified at equal rates (Drabl0s

and Sevaldrud, 1980; Drabl0s et al., 1980). Moreover, studies of

lakes in North America in areas where land-use patterns have

never changed have also shown substantial increases in hydrogen

ion or losses in buffering capacity (Dillon et al. , 1978; Watt et al.

,

1979)."

Careful examination of the four studies said to dis-

prove the land-use hypothesis reveals that substantial

changes in land use have occurred in three of the four

areas studied. The fourth was a lake with an unusually

small ratio of drainage area to lake area that we discussed

earlier as an example of the acidification by direct rainfall

on the lake (Dillon et al., 1978).

One of the studies cited shows that a series of lakes

and ponds in Nova Scotia are more acid than when ex-

amined 21 years earlier in 1955 (Gorham, 1957; and

Watt et al., 1979). Surprisingly, near neutral waters with

the greatest buffering capacity suffered greatest acidifi-

cation. Because the watersheds had been largely

undisturbed between studies, acidification was attrib-

uted to acid rain (Watt et al., 1979). However, what is

important is what happened prior to 1955. Woodward
(1906) notes that this area of Nova Scotia was treeless

and barren as the result of widespread and very destruc-

tive fires set by gold miners to remove both the forest

and forest floor in order to locate gold-bearing rock. This

history was acknowledged by Gorham (1957), who noted

that probably all of the watersheds have been subjected

to repeated burning and cutting and that differences in

lake chemistry at the time were probably associated with

differences in soils and vegetation. Gorham (1957) fur-

ther described these waters as located in heathy spruce

forest, with peaty soils and floating bog mats around the

edges of many of the lakes.

We propose that the more recent acidification can be

attributed largely to differences in soil formation as re-

flected by differences in types of bedrock. Lakes in gra-

nitic watersheds were quite acid by 1955: one lake had a

pH of 3.95 (Gorham, 1957), indicating that acidification

of soil in granitic watersheds was already quite ad-

vanced. In the remaining watersheds, the bedrock is

more basic as indicated by the greater alkalinity of the

lakes. In these watersheds, chemical weathering rates

are higher and soil acidification is slower. The land-use

argument explains the otherwise puzzling observation

that waters of greatest alkalinity underwent greatest

acidification after 1955 (Watt et al., 1979).

The second case cited dealing with changes in land

use involves two studies in southern Norway where

changes in grazing were inferred from changes in num-

bers of livestock. In the first study (Rosenqvist, 1978 and

1980), a large net decline in livestock in a county in

southernmost Norway was used to illustrate changes in

land use. However, data from adjacent counties showed

continued acidification but little net change in numbers

of livestock, leading to the conclusion that land use is not

a factor in acidification (Drabl0s and Sevaldrud, 1980;

Drabl0s et al., 1980). This latter SNSF study is amplified

upon in the Final Report of the SNSF-project (Overrein

et al., 1980, pp. 91-104), which notes that locally,

changes in grazing vary considerably and that more de-

tailed studies are required to relate changes in grazing to
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acidification of lakes. The final report also indicates that

forestry has undergone "dramatic change," and we note

that these changes were not dealt with in the SNSF
study.

The third case cited was several hundred miles to the

northeast in Norway where there were substantial re-

gional changes in grazing. However, local detailed sur-

veys showed acidification restricted primarily to small

lakes and ponds at or above local tree lines. Because

little change in land use is reported to have occurred in

this particular zone, acidification was attributed to acid

rain. However, acidification was observed as early as

1950 (Drabl0s and Sevaldrud, 1980; Drabl0s et al., 1980;

Overrein et al., 1980^ pp. 91-104), while monitoring sta-

tions show that acid rain did not reach the area until the

1960's (Egner and Eriksson, 1955; Dovland et al., 1976;

and Overrein et al., 1980, p. 28).

Clearly, the case presented by the National Research

Council (1981, p. 147) for dismissing the changing land-

use hypothesis proposed by Rosenqvist is not particu-

larly strong.

To summarize the land-use issue for the Northeast,

the Adirondacks and other mountainous areas of the

Northeast are not pristine environments upon which
only acid rain is acting. Nearly the entire region has

undergone extreme changes in land use with the areas

that were ruthlessly cut and burned, reverting to a more
natural state. Thus, the landscapes asserted to be im-

pacted by acid rain are precisely those that are under-

going the greatest soil acidification following disturb-

ance. These natural processes are precisely those

attributed to acid rain: acidification, dissolution of alumi-

num, and depletion of nutrients. Because sulfuric acid in

acid rain is not proportionally increasing leaching of cat-

ions from acid soils, it is clear that neutralization of acid

rain is not restricted simply to mineral weathering. We
believe that there is now sufficient evidence to indicate

that increased leaching of sulfate can be countered by
decreased leaching of humate. Buffering of soils and wa-

tersheds by humic acids is probably increasing as a con-

sequence of changing land use. Accordingly, the inter-

actions between acid rain, acid soil and land use cannot

be ignored and need to be carefully examined on a

watershed-by-watershed basis.
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