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PREFACE

The Acidic Deposition Phenomenon and Its Effects: Critical Assessment Review
Papers was written at suggestion in the summer of 1980, by the Chairman of
ﬁ Clean Air Scientific Advisory Committee of EPA's Sc1ence Advisory Board.
The document was prepared for EPA through the Acid Deposition Program at
North Carolina State University. This document is the first of several
documents of increasing sophistication that assess the acidic deposition
phenomenon. It will be succeeded by assessment documents in 1985, 1987, and
1989, based largely on research of the National Acid Precipitation Assessment

Program.

The document's original charge was to prepare "a comprehensive document which
lays out the state of our knowledge with regard to precursor emissions, pol-
lutant transformation to acidic compounds, pollutant transport, pollutant
depos1t1on and the effects (both measured and potential) of acidic deposi-
tion." The decision of the editors provided the following guidelines to the
authors writing the Critical Assessment Review Papers to meet this overall
objective of the document:

1. Contributions are to be written for scientists and informed lay
persons.

2. Statements are to be explained and supported by references;
i.e., a textbook type of approach, in an objective style.

3. Literature referenced is to be of high quality and not every
reference available is to be included.

4. Emphasis is to be placed on North American systems with
concentrated effort on U.S. data.

5. Overlap between this document and the SO, Criteria Document
is to be minimized.

6. Potential vs known processes/effects are to be clearly noted to
avoid misinterpretation.

7. The certainty of our knowledge should be quantified, when
possible.

8. Conclusions are to be drawn on fact only.
9. Extrapolation beyond the available data is to avoided.

10. Scientific knowledge is to be included without regard to
policy implications.

ix



11. Policy-related options or recommendations are beyond the scope
of this document and are not to be included.

The reader, to avoid possible misinterpretation of the information pre-
sented, is advised to consider and understand these directives before
reading.

Again, the document has been designed to address our present status of know-
ledge of the acidic deposition phenomenon and its effects. It is not a
Criteria Document; it is not designed to set standards and no connections to
regulations should be inferred. The literature is reviewed and conclusions
are drawn based on the best evidence available. It is an authored document,
and as such, the conclusions are those of the authors after their review of
the literature.

The success of the Critical Assessment Review Papers has depended on the
coordinated efforts of many individuals. "The document involved the partici-
pation of over 60 scientists contributing material on their special areas of
expertise under the broad headings of either atmospheric processes or ef-
fects. Coordination within these two areas has been the responsibility of A.
Paul Altshuller and Rick A. Linthurst, the atmospheric and effects section
editors, respectively. Overall coordination of the project for EPA is under
David A. Bennett's direction. Dr. Altshuller is an atmospheric chemist, past
recipient of the American Chemical Society's Award in Pollution Control,
and recently retired director of EPA's Environmental Sciences Research
Laboratory; Dr. Linthurst is an ecologist and served as Program Coordinator
for the Acid Precipitation Program at North Carolina State University. He is
currently at Kilkelly Envirommental Associates, Inc. Dr. Bennett is the
Director of the Acid Deposition Assessment Staff in EPA's Office of Research
and Development.

The written materials that follow are contributions from one to eight authors
per chapter, integrated by the editors. Approximately 75 scientists, with
expertise in the fields being addressed, reviewed early drafts of the chap-
ters. In addition, 200 individuals participated in a public workshop held
for the technical review of these materials in November 1982. Numerous
changes resulted from these reviews, and this document reflects those com-
ments. A public review draft of this document was distributed in June 1983
for a 45-day comment period. During that period, 130 sets of comments from
53 reviewers were received. These comments were summarized and evaluated by
a technical and editorial panel, and then provided to the authors who ad-
dressed them by revision and rewriting to produce this final document. in
response to the comments received, revisions were made to all chapters in-
cluding a major revision of Chapter E-4, Effects on Aquatic Chemistry, and
the addition of a section on Corrosion in water piping systems in Chapter
E-7, Effects on Materials.
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ESRL Environmental Sciences Research Laboratory, EPA
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FWS Fish and Wildlife Service, DOI

9 Gram
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g m2 yp-l Grams per square meter per year

g ha~1 nr-l Grams per hectare per hour
GAMETAG Global Atmospheric Measurement Experiment of

Tropospheric Aerosols and Gases
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H Hydrogen

Ht Hydrogen ion
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HO
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hr
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K+
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K2S04
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Formaldehyde
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Mercury

High-volume
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Department of Health and Human Services
Nitrous acid

Nitric acid

Peroxy radical

Pernitric acid

Hydroxyl
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Potassium
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KMn0g Potassium permanganate

2 Liter .

(2) Liquid phase

£ m-3 Liters per cubic meter

LAI Leaf area index

LI Langelier's index
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LR Larson's ration

LRTAP Long-Range Transport of Air Poliutants
LSI Langelier Saturation Index

m Square meter

m3 yr-1 Cubic meter per year

ueq Microequivalent

peq 2-1 Microequivalents per liter
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Hg

ug 271

ug 100 mi-1

g d1-1
ug m3
um

um 2-1
uM

um yr-1
umho cm-1
m

M

ms-1

m yr-1
MAP3S

mb
MCC
MCL
MCPS
ME

meq -1

meq 100 g-1

meq m~2 yr-1

METROMEX
Mg

Micrograms

Micrograms per liter

Micrograms per 100 milliliters

Micrograms per decaliter

Micrograms per cubic meter

Micrometer

Micrometers per liter

Micromolar

Micrometers per year

micromhos per centimeter (conductivity)

Meter

Molar

Meters per second

Meters per year

Multi-State Atmospheric Power Production
Pollution Study

Millibars ,

Mesoscale convective complex

Maximum contaminant level

Mesoscale convective precipitation systems

Momentary excess

Milliequivalents per liter

Milliequivalents per 100 grams

Milliequivalents per square meter per year

Metropolitan Meteorological Experiment

Magnesium
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Mg2+ Magnesium fon

mg Milligram

mg 2-1 Milligrams per liter

mg m3 hr-l Milligrams per cubic meter per hour

MgC03 Magnesium carbonate

Mg2Si0s Olivine and (Fe2Si0g)

MgSO0, Magnesium sulfate, sulfate salt

mho cm-1 mhos per centimeter (conductivity)

MISTT Midwest Interstate Sulfur Transport and
Transformations

mm Millimeter

mn hr-l Millimeters per hour

mm s-1 Millimeters per second

mm yr-1 Millimeters per year

mM Millimolar

Mn Manganese

Mo Molybdenum

MOI Memorandum of Intent on Transboundary Air Pollution

mol Mole

mol ¢-1 Moles per liter

mol ¢-1 atm-1 Moles per liter per atmosphere

mT Metric ton

mT yr-1 Metric tons per year

MW Megawatt

N204 NO2 dimer

N20s Nitrogen pentoxide
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(-NH)

N(III)
Na

Nat
NaCl
Na2C03
NaNO,
NapS04
NADP
NAS
NASA
NASN
NATO
NBS
NCAC
NCAR
NECRMP
NEDS
ng 2-1
ng kg-1
ng m3
NH3
NHg*

Nitrous oxide

Inide

Nitrogen

Liquid phase nitrogen

Sodium

Sodium jon

Sodium chloride

Sodium carbonate

Sodium nitrite

Sodium sulfate, sulfate salt

National Atmospheric Deposition Program
National Academy of Sciences

National Aeronautics and Space Administration
National Air Sampling Network

North Atlantic Treaty Organization
National Bureau of Standards, DOC
National Conservation Advisory Council
National Center for Atmospheric Research
Northeast Corridor Regional Modeling Program
National Emissions Data System

Nanograms per liter

Nanograms per kilogram

Nanograms per cubic meter

Ammonia

Ammonium fon

Xxxviiij



NH4C1
NH40Ac
(NHg ) 3H(S04)5
(NHg ) 2HPO4
NHaNO3
(NHg ) 2S04
NH, 0H

Ni

nm

NMAB

NO

NO3~

NO

Ammonjum chloride
Ammonjum acetate

Letoricite
Ammonium phosphate

Ammonium nitrate

Ammonium sulfate

Ammonijum hydroxide

Nickel

Nanometer

National Materials Advisory Board
Nitrogen dioxide

Nitrate ion

Nitric oxide

Nitric oxides

National Oceanic and Atmospheric Administration
National Park Service, DOI
National Research Council Canada
National Science Foundation

New Source Performance Standards
National Trends Network

National Weather Service, NOAA
Oxygen

Elemental oxygen

Ozone

Phenol
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OECD Organization for Economic Cooperation and

Development
OH Hydroxyl
omMB O0ffice of Management and Budget
ORNL Oak Ridge National Laboratory
0SM Office of Surface Mining, DOI
P Phosphorus
PAH Polycyclic aromatic hydrocarbons
PAN Peroxyacetyl nitrate
Pb Lead
Pb2+ Lead ion
PBCF Practical bioconcentration factor
PBL Planetary boundary layer
PbS04 Lead sulfate
PCB Polychlorinated biphenyl
PGF Pressure gradient force
PHS Public Health Service
P04 3- Phosphate ion
ppb Parts per billion
ppm Parts per million
RAM St. Louis Regional Air Modeling Study
RAPS St. Louis Regional Air Pollution Study
RI Ryznar index
RSN Research Support Network
s Second
S cm-1 Seconds per centimeter
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Sul fur

(%]

§2- Sulfide

S(1IV) Gas-phase sulfur, an oxidation state
SAC Sulfate adsorption capacity

SAES State Agricultural Experiment Station, DOA
Sb Antimony

SCS Soil Conservation Service, DOA

Se Selenium

Si Silicon

Si02 Silicon dioxide

SMA Swedish Ministry of Agriculture
S02 Sulfur dioxide

S032- Sulfite

s042- Sulfate ion

STP Standard temperature and pressure
SURE Sulfate Regional Experiment, EPRI
TDS Total dissolved solids

TFE Total fixed endpoint alkalinity
Tg Teragram (1012 gram)

Tg yr-1 Teragrams per year

TIC Total inorganic carbon

TIP Total inflection point alkalinity
TPS Tennessee Plume Study

TSP Total suspended particulates
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TVA
USGS

V205

V cm-1
VD1
voC
WHO
WMo
yr

in

ZnS

Tennessee Valley Authority

United States Geological Survey, DOI
Yanadium

Yanadium pentoxide

Volts per centimeter

Verein Deutcher Ingenieure
Volatile organic compounds

World Health Organization

World Meteorological Organization
Year

Zinc

Zinc sulfide
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GLOSSARY

Acceptable daily intake (ADI) - rate of safe consumption of a particular
substance or element in human food or water, as determined by the U.S. Food
and Drug Administration.

Acidic deposition - the deposition of acidic and acidifying substances from
the atmosphere.

Acid neutralizing capacity (ANC) - equivalent sum of all bases that can be
titrated with a strong acid; also known as alkalinity.

Adiabatic - occurring without gain or loss of heat by the substance
concerned.

Adsorption - adhesion of a thin layer of molecules to a liquid or solid
surface.

Advection - horizontal flow of air to the surface or aloft; one of the means
by which heat is transferred from one region of the Earth to another.

Aerosols - suspensions of liquid or solid particles in gases.
Aliquoting - dividing into equal parts.

Alkalinity - measure of the ability of an aqueous solution to neutralize acid
(also known as acid neutralizing capacity or ANC).

Allochthonous inputs - substances introduced from outside a system.

Ambient - the surrounding outdoor atmosphere to which the general population
may be exposed.

Ammonium - cation (NHz*) or radical (NH4) derived from ammonia by
combination with hydrogen. Present in rainwater, soils, and many commercial
fertilizers.

Anion - a negatively charged ion.

Aqueous phase - that part of a chemical transformation process when
substances are mixed with water or water vapor in the atmosphere.

Antagonistic effects (less-than-additive) - results from joint actions of
agents so that their combined effect is less than the algebraic sum of their

individual effects.
Anthropogenic - manmade or related to to human activities.

Artifact - a spurious measurement produced by the sampling or analysis
process.
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Atmospheric residence time - the amount of time pollutant emissions are held
in the atmosphere.

Autochthonous inputs - indigenous, formed or originating within the system.

Autotrophic - able to synthesize nutritive substances from inorganic
compounds.

Background measurement - pollutants in ambient air due to natural sources;
usually taken in remote areas.

Base neutralizing capacity - equivalent sum of all acids that can be titrated
with a strong base.

Base saturation (BS) - the fraction of the cation exchange capacity satisfied
by basic cations.

Benthic organisms - life forms living on the bottoms of bodies of water.

Bioaccumulation - the phenomenon wherein toxic elements are progressively

amassed in greater quantities as individuals farther up the food chain ingest
matter containing those elements.

Bioconcentration factor (BCF) - the ratio of the concentration of a substance
in an organism to the concentration of the substance in the surrounding
habitat.

Bioindicators - species of plants or animals particularly sensitive to
specific pollutants or adverse conditions.

Biomass - that part of a given habitat consisting of living matter.

Biosphere - the part of the Earth's crust, waters, and atmosphere where
living organisms can subsist.

Brownian diffusion - spread by random movement of particles suspended in
liquid or gas, resulting from the impact of molecules of the fluid
surrounding the particles.

Brownwater lakes and streams - acidic waters associated with peatlands,
cypress swamps; acidity is caused by organic acids leached from decayed plant
material and from hydrogen ions released by plants such as Sphagnum mosses.

Budget - a summation of the inputs and outputs of chemical substances
relative to a given biological or physical system.

Buffer - a substance in solution capable of neutralizing both acids and bases
and thereby maintaining the original pH of the solution.

Buffering capacity - ability of a body of water and its watershed to
neutralize introduced acid.
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Bulk sampling - method for collecting deposition that does not separate dry
and wet deposition (see Chapter A-8).

Calcareous - resembling or consisting of calcium carbonate (1ime), or growing
on limestone or lime-containing soils.

Calcite saturation index (CSI) - measure of the degree of saturation of water
with respect to CaC03, integrating alkalinity, pH, and Ca concentration.

Cation - a positively changed ion

Cation exchange capacity (CEC) - the sum of the exchangeable cations,
expressed in chemical equivalents, in a given quantity of soil.

Chemoautotrophic - having the ability to synthesize nutritive substances
using an inorganic compound as a source of available energy.

Colorimetric - a chemical analysis method relying on measurement of the
degree of color produced in a solution by reaction of the compound of
interest with an indicator.

Conductivity - the ability to conduct an electric current; this is a function
of the individual mobilities of the dissolved ions in a solution, the concen-
trations of the ions, and the solution temperature; measured in mho cm-l,

Continental scale - measurement of atmospheric conditions over an area the
size of a continent.

Coriolis effect - an effect caused by the Earth's eastward rotation in which
the speed of the movement falls off as the circumference of the Earth gets
progressively smaller at higher latitudes; this results in the movement of
winds, and subsequently ocean currents, to the right in the northern
hemisphere and to the left in the southern hemisphere.

Cosmic ray - a stream of ionizing radiation of extraterrestrial origin,
chiefly of protons, alpha particles, and other atomic nuclei but including

some high energy electrons and protons, that enters the atmosphere and
produces secondary radiation.

Coulomb - "a meter/kilogram/second unit of electric charge equal to the
quantity of charge transferred in one second by a steady current of one
ampere.

Coarse particles - airborne particles larger than 2 to 3 micrometers in
diameter.

Cultivar - cultivated species of crop plant produced from parents belonging
to different species or different strains of the same species, originating
and persisting under cultivation.

Cuticular resistance - the resistance to penetration of a leaf cuticle.
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Cyclone track - the path of a low pressure system.

Denitrification - a bacterial process occurring in soils, or water, in which
nitrate is used as the terminal electron acceptor and is reduced primarily to
N2. It is essentially an anaerobic process; it can occur in the presence
of low levels of oxygen only if the microorganisms are metabolizing in an

anoxic microzone (an oxygen-free microenvironment within an area of low
oxygen levels).

Deposition velocity - rate at which particles from the atmosphere contact
surfaces and adhere.

Detritus - loose material resulting directly from disintegration.
Diffusiophoresis - an effect created when particles approaching an

evaporating surface are impacted by more molecules on the side nearer the
surface.

Dissolved organic carbon (DOC) - the amount of organic carbon in an aqueous
solution,

Dissolved inorganic carbon (DIC) - the amount of inorganic carbon in an
aqueous solution.

Dose - the quantity of a substance to be taken all at one time or in
fractional amounts within a given period; also the total amount of a
pollutant delivered or concentration.

Dose-response curve - a curve on a graph based on responses occurring in a
system as a result of a series of stimuli intensities or doses.

Edaphic differences - soil differences.
Eddies - currents of water or air running contrary to the main current.

Eddy diffusities - dispersive movements of particles, caused by circular
motions in air currents.

Ekman layer - a layer of the atmosphere typically extending between 1 and 3
kilometers above the surface; see Section A-3.2.2 for detailed discussion.

Electromotive force (emf) - the amount of energy derived from an electrical

source per unit quantity of electricity passing through the source (as a cell
or generator).

Entrainment - the process of carrying along or over (as in distillation or
evaporation).

Epifaunal - organism Tiving on an animal.
Epilimnion - the upper layer of a lake in which the water temperature is

essentially uniform,
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Episodic precipitation event - a period during which rain, snow, etc., is
occurring.

Ericaceous - heathlike or shrubby; a member of the Ericaceae family.

Eucaryotic algae - algae composed of one or more cells with visibly evident
nuclei.

Eulerian models - models with reference frames fixed on the source or at the
surface.

Eurytopic - having a wide range of tolerance to variation of one or more
environmental factors.

Eutrophic - relating to or being in a well nourished condition; a lake rich
in dissolved nutrients but frequently shallow and with seasonal oxygen
deficiency in the hypolimnion.

Eutrophication - the process of becoming more eutrophic either as a natural
phase in the maturation of a body of water or artificially, as by
fertilization.

Exposure level - concentration of a contaminant with which an individual or
population is in contact.

Extinction coefficient - a measure of the space rate of diminution, or
extinction of any transmitted 1ight; thus, it is the attenuation coefficient
applied to visible radiation.

Fine particles - airborne particles smaller than 2 to 3 micrometers in-
diameter.

Fly ash - fine, solid particles of noncombustible ash carried out of a bed of
solid fuel by a draft.

Foliar - referring to plant foliage (leaves).
Fumigate - to subject to smoke or fumes.

Gas-phase mechanism - a process occurring when poliutants are in a gaseous
state, as opposed to being combined with moisture.

Geostrophic - of or pertaining to the force caused by the Earth's rotation.
Global scale - measurement of atmospheric conditions on a world-wide basis.

Ground loss - the effect of deposition of pollutant from atmposhere to
Earth's surface.

Ground sink - the Earth's surface, where airborne substances may be
deposited.
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Haze - an aerosol that impedes vision and may consist of a combination of
water droplets, pollutants, and dust.

Hemispheric scale - measurements of activity covering half of the Earth.

Heterotrophic - obtaining nourishment from outside sources, requiring complex
organic compounds of nitrogen and carbon for metabolic synthesis.

Humic acid - any of various organic acids that are insoluble in alcohol and
organic solvents and that are obtained from humus.

Hydrocarbons - a vast family of compounds containing carbon and hydrogen in
various combinations; found especially in fossil fuels.

Hydrologic residence time - the amount of time water takes to pass from the
surface through soil to a lake or stream.

Hydrometeor - a product of the condensation of atmospheric water vapor (e.g.,
raindrop).

Hydrophilic - of, relating to, or having a strong affinity for water; readily
wet by water.

Hydrophobic particles - particles resistant to or avoiding wetting; of,
relating to, or having a lack of affinity for water.

Hydroxyl radical - chemical prefix indicating the [OH] group.
Hygroscopic particles - absorbing moisture readily from the atmosphere.

Hypolimnion - the lowermost region of a lake, below the thermocline, in which
the temperature from its upper limit to the bottom is nearly uniform.

Hysteresis - the failure of a property to return to its orginal condition
after the removal of the causal external agent (i.e., irreversibility).

Infauna - population of organisms living in sediments.

Inorganic acidotrophic lakes - waters associated with geothermal areas or
lignite burns; extremely acidic, often heated, and frequently containing
elevated metal concentrations.

Interstitial water - water in the space between cells.

Isopleth - 1. a line of equal or constant value of a given quantity with
respect to either space or time, also known as an isogram; 2. a line drawn
through points on a graph at which a given quantity has the same numerical
value as a function of the two coordinate variables.

Labile - readily or continually undergoing chemical or physical or biological
change or breakdown.
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Lacustrine sediments - deposits formed in lakes.

Lagrangian models - models with reference frames fixed on the puff cf
pollutants.

Langmuir equations - empirical derivations from kinetic treatment of the
physical adsorption of gases or solids by soils; relating to the relative
adsorption capacity of a soil for a specific anion.

Leaf area index (LAI) - ratio of the total foliar surface area to the ground
surface area that supports it.

Lentic - of, relating to, or living in stiil waters.
Lidar - a laser-radar system operated from a mobile van.

Ligands - those molecules or anions attached to the central atom in a
complex.

Limnological - of or relating to the scientific study of physical, chemical,
meteorological, and biological conditions in freshwaters, especially ponds
and lakes.

Lipophilicity - the strong affinity for fats or other lipids.

Liquid-phase mechanism - a process occurring when pollutants are combined
with moisture, as opposed to being in a purely gaseous state.

Littoral - the shore zone between high and low watermarks.

Loading rate - the amount of a nutrient available to a unit area or body of
water over a given period.

Long-range transport - conveyance of pollutants over extensive distances,
commonly referring to transport over synoptic and hemispheric scales.

Macrophytes - higher plants.
Manometer - an instrument for measuring pressure of gases or work.
Mean (arithmetic) - the sum of observations divided by sample size.

Median - a value in a collection of data values which is exceeded in
magnitude by one-half the entries in the collection.

Mesoscale - of or relating to meteorological phenomena from 1 to 100
kilometers in horizontal extent.

Metalimnion - the thermocline.

Microbial pathogens - microscopic organisms capable of producing disease,
such as viruses, fungi, etc.
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Microflora - a small or strictly localized plant.

Micrometeorological - referring to conditions specific to a very small area,
such as a surface, a particular site, or locale.

Mist - suspension of liquid droplets formed by condensation of vapor or

atomization; the droplet diameters exceed 10 micrometers and in general the
concentration of particles is not high enough to obscure visibility.

Mixing layer - also called the planetary boundary layer (PBL); usually the
domain of microscale turbulance.

Mobile sources - automobiles, trucks, and other pollution sources that are
not fixed in one location.

Mole - The mass, in grams, numerically equal to the molecular weight of a
substance.

Morphology - structure and form of an organism at any stage of its Tife
history.

Mycorrhizal - relating to symbiotic association of a fungal mycelium with the
roots of a seed plant.

Nitrification - the principal natural source of nitrate, in which ammonium

(NHg*) ions are oxidized to nitrates by specialized microorganisms.
Other organisms oxidize nitrites to nitrates.

Nocturnal jet - phenomenon in the atmosphere of a high-velocity air stream
occuring at night above the nocturnal inversion layer.

Non-humic lakes - lakes without significant inputs of humic acid.

Ohm's law - a law in electricity: the strength or intensity of an unvarying
electrical current is directly proportional to the electromotive force and
inversely proportional to the resistance of the circuit.

Oligochaete worms - an annelid worm of the class Oligochaeta, i.e., having a
segmented body.

Oligotrophic - a body of water deficient in plant nutrients; also generally
having abundant dissolved oxygen and no marked stratification.

Ombrotrophic peat bog - a peat bog fed solely by rain water.
Oxic condition - the presence of oxygen.

Oxidant - a chemical compound that has the ability to remove electrons from
another chemical species, thereby oxidizing it; also a substance containing
oxygen which reacts in air to produce a new substance, or one formed by the
action of sunlight on oxides of nitrogen and hydrocarbons.



Palearctic lake - a lake in the biogeographic region that includes Europe,
Asia north of the Himalayas, northern Arabia, and Africa north of the Sahara.

Particle morphology - the structure and form of substances
suspended in a medium.

Particulates - fine liquid or solid particles such as dust, smoke, mist,
fumes, or smog found in air or in emissions.

Ped surfaces - surfaces of natural soil aggregates.
Pelagic - of, relating to, or living in the open sea.
Periphyton - organisms that live attached to underwater surfaces.

Photoautotrophic organisms - autotrophic organisms able to use light as an
energy source.

Photochemical oxidants - primarily ozone, NO2, PAN with lesser amounts of
other compounds formed as products of atmospheric reactions involving organic
pollutants, nitrogen oxides, oxygen, and sunlight.

Phytophagous insects - insects feeding on plants.
Phytoplankton - autotrophic, free-floating, mostly microscopic organisms.

Planetary boundary layer (PBL) - first layer of the atmosphere extending
hundreds of meters from the Earth's surface to the geostrophic wind level,

including, therefore, the surface boundary layer and the Ekman layer; above
this level lies the free atmosphere.

Plume - emission from a flue or chimney, normally distributed streamlike
downwind of the source, and which can be distinguished from surrounding air
by appearance or chemical characteristics.

Plume touchdown - point of a plume's contact with the Earth's surface.

Podzol - any of a group of zonal soils that develop in a moist climate,
especially under coniferous or mixed forests.

Point source - a single stationary location for pollutant discharge.

Precipitation scavenging - a complex process composed of four distinct but
interactive steps: intermixing of pollutant and condensed water within the
same airspace, attachment of pollutant to the condensed water, chemical
reaction of pollutant within the aqueous phase, and delivery of
pollutant-laden water to surfaces.

Precursor - a substance from which another substance is formed, specifically
one of the anthropogenic or natural emissions or atmospheric constituents

that reacts under sunlight to form secondary pollutants comprising
photochemical smog.
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Primary particles (or primary aerosols) - dispersion aerosols formed from
particles emitted directly into the air that do not change form in the
atmosphere.

Quasi-laminar layer - the internal viscous boundary layer above non-ideal or
natural surfaces; it is frequently neither laminar nor constant with time.

Rayleigh scattering - spread of electromagnetic radiation by bodies much
smaller than the wavelength of the radiation; for visible wavelengths, the
molecules constituting the atmosphere cause Rayleigh scattering.

Secondary particles (or secondary aerosols) - dispersion aerosols that form
in the atmosphere as a result of chemical reactions, often involving gases.

Sensitivity - the degree to which an ecosystem or organism may be affected by
inputs or stimuli.

Sequential sampling - repeated, periodic collection of data concerning a
phenomenon of interest.

Sinks - reactants with or absorbers of substances; collection surfaces or
areas where substances are gathered.

Steady state exposure - exposure to air pollutants whose concentration
remains constant for a period of time.

Stefan flow - results from injection into a gaseous medium of new gas
molecules at an evaporating or subliming surface; Stefan flow is capable of
modifying surface deposition rates by an amount that is larger than the
deposition velocity appropriate for many small particles to aerodynamically
smooth surfaces.

Stokes's law - a law in physics: the force required to move a sphere through
a given viscous fluid at a low uniform velocity is directly proportional to
the velocity and radius of the sphere.

Stoma - opening on a leaf surface through which water vapor and other gases
diffuse; often term applies to the entire stomatal apparatus including
surrounding specialized epidermal cells, guard cells.

Stream order - positions a stream in Eelation to tributaries, drainage area,
total length, and age of water. First-order streams are the terminal twigs

(headwaters or youngest segments of a stream system, having no tributaries).
Second-order streams are formed by the junction of two first order streams,

and so on. At least two streams of any given order are required to form the
next highest order,
Sub-optical range - particles too small to be seen with the naked eye.

Surfactant - a substance capable of altering the physiochemical nature of
surfaces, such as one used to reduce surface tension in a liquid.
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Symbiotic - a close association between two organisms of different species,
in which at least one of the two benefits.

Synergistic effects (more-than-additive) - result from joint actions of
agents so that their combined effect is greater than the algebraic sum of
their individual effects.

Synoptic scale - relating to or displaying atmospheric and weather conditions
as they exist simultaneously over a broad area; the scale of weather maps.
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Teragram (Tg) - one million metric tons, 1 grams.

Thermocline - the stratum of a lake below the epilimnion in which there is a
large drop in temperature per unit depth.

Thermophoresis - a force near a hot surface that drives small particles away
from that surface.

Throughfall - precipitation falling through the canopy of a forest and
reaching the forest floor.

Titration - the process or method of determining the concentration of a
substance in solution by adding to it a standard reagent of a known
concentration in carefully measured amounts until a reaction of definite and
known proportion is completed, as shown by a color change or by electrical
measurement, and then calculating the unknown concentration.

Tota) fixed endpoint alkalinity (TFE) - a measure of acid neutralizing
capacity involving acidimetric titrations performed to an endpoint of pH 4.5
determined electrometrically or to an endpoint determined by either a
colorimetric indicator or mixed indicators.

Total inflection point (TIP) - a measure of acid neutralizing capacity,

involving acidimetric titration to the HCO3-H* equivalence point of the
titration curve.

Total suspended particulates (TSP) - solid and liquid particles present in
the atmosphere.

Toxicity - the quality, state, or relative degree of being poisonous.

Trajectory - a path, progression, or line of development, as from a plume of
pollutant carried through the atmosphere from a source to a receptor area.

Transport layer - the layer between the earth's surface and the peak mixing
height of the day; for any given instant, it is made up of the current mixing
layer below and the relatively quiescent layer above.

Troposphere - that portion of the atmosphere in which temperature decreases
rapidly with altitude, clouds form, and mixing of air masses by convection
tak:s place; generally extending to about 11 to 17 km above the Earth's
surface.
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Ultra oligotrophic lakes - lakes in areas where glaciation has removed
calcareous deposits and exposed weather resistant granitic and siliceous
bedrock; such lakes have 1ittle carbonate-bicarbonate buffering capacity and
are very vulnerable to pH changes; they tend to be small and have low
concentrations of dissolved ions.

Variance - a measure of dispersion or variation of a sample from its expected
value.

Washout - the capture of gases and particles by falling raindrops.

Wet deposition - the combined processes by which atmospheric substances are
returned to Earth in the form of rain or other precipitation.

Wind shear - a sudden shift in wind direction.

X-ray diffraction - technique by which patterns of diffraction can be used to
identify a substance by its structure.

Zooplankton - minute animal life floating or swimming weakly in a body of
water.
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THE ACIDIC DEPOSITION PHENOMENON AND ITS EFFECTS
E-1. INTRODUCTION
(R. A. Linthurst)
1.1 OBJECTIVES

The basic and applied scientific knowledge that can be gained through the
study of the acidic deposition phenomenon will undoubtedly advance our under-
standing of emissions, transport, scavenging, and deposition interactions.
This knowledge is essential for a more complete understanding of the causes
of acidic deposition and for defining the loadings of acidic and acidifying
substances that ultimately interact with the ecosystem. However, it is the
perception that acidic deposition may be harming our natural and managed
environment that has stimulated world-wide interest. As a result, the
effects and/or the potential effects of acidic deposition are the primary
motivation for public concern and research activities now designed to learn
more about this phenomenon.

The objectives of the effects portion of this document are to define the
logic behind the concerns of potential effects, present the support, or lack
of support, for these concerns and draw conclusions relative to the effects
of acidic deposition based on the best available evidence. Special attention
is given to quantitative information on the magnitude and extent of effects.
However, it will become evident that placing statistical confidence 1imits on
the data presently available is difficult, and in most instances, impossible.
A lack of quantitative cause and effect data, in itself, defines the state of
knowledge in many of the research areas.

1.2 APPROACH

An ecosystem approach to the acidic deposition effects iscues has been used.
Figure 1-1 diagrammatically presents a conceptual flow of wet and dry depo-
sition through a forested system. As most of the terrestrial landscape is
covered by vegetation, most acidic inputs to a system pass through the canopy
or down the stems of plants, to the soil, and finally, over or through the
soil to aquatic systems, lakes and/or streams, or into the groundwater
system. At any point along this pathway, the chemistry of precipitation can
be significantly altered. As a result, attempts to quantify effects in
relation to a chemical dose become increasingly complex and difficult.

Direct deposition of acidic and acidifying substances to soils and aquatic
systems also occurs. The size of the receiving system of interest, in
relation to the size of any other ecosystem component which may alter the
deposition chemistry prior to contact, becomes important. A common example
of this concept is lake and watershed interactions. Small lakes surrounded
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Figure 1-1. Conceptual diagram of wet and dry deposition pathways in
an ecosystem context (from Johnson et al. 1982. The effects
of acid rain in forest nutrient status. Water Res.
18(3):449-461)
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by large watersheds are more greatly influenced by those waters which pass
through the terrestrial landscape prior to entering the lake; most of the
water received is from the terrestrial pathway. Thus, the effect of the
terrestrial system on precipitation/deposition chemistry becomes a variable
which ultimately defines the chemistry of the water entering the aquatic
systems via this path. If a lake is large in relation to the area it drains,
direct deposition to the lake surface becomes increasingly important and the
terrestrial component of the system plays a less important role.

Having defined a representative flow path through a system from a chemical
perspective, one must recognize that any part of the system which alters the
chemistry of precipitation can be affected. Thus, the vegetation, the soil,
and the waters may be altered by incoming wet and dry deposition. In addi-
tion to these direct alterations of the system components, indirect effects
can also occur. Soils, for example, if chemically altered, ultimately affect
vegetation responses. If water chemistry is affected, the biota in those
waters are then subject to change. Subsequently, these changes can be of
significance to human health since both vegetation and aquatic organisms are
part of the human food chain.

This ecosystem perspective, with all its complexities and 1inkages, should be
kept in mind throughout the reading of the chapters. The concept of acidic
deposition effects can be understood fully only with this perspective in
mind. However, for convenience of presentation, each major ecosystem com-
ponent has been somewhat artificially separated from the others and subse-
quently discussed in partial isolation from the holistic approach.

1.3 CHAPTER ORGANIZATION AND GENERAL CONTENT

Because soils affect both vegetation and water, the effects of acidic depo-
sition on soils are discussed first. Secondly, vegetation effects are
evaluated from a more direct influence perspective, capitalizing on the
knowledge of soils/nutrient cycling, i.e., the potential indirect effects.
Next, the water chemistry component of the system is reviewed from a water-
shed perspective, continuing to build the ecosystem perspective. Having
defined the effects of acidic deposition on water chemistry, a discussion of
aquatic organism responses to changing water chemistry follows.

Indirect effects on human health and a discussion of acidic deposition on
materials, man's structures of art and shelter, are also presented. Although
manmade structures are not part of the 'natural ecosystem' concept, they are
certainly a part of our landscape and any effects of acidic deposition on
them are of concern.

The general content of the chapters is presented briefly below to establish a
general sense of what will be found in more detail in the chapters that
follow.

1.3.1 Effects on Soil Systems

Soils are natural integrators of ecosystem structure and function. They
provide a pathway for water delivered to aquatic systems or for uptake by
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vegetation. Therefore, in this chapter, emphasis is placed on the natural
processes that contribute to acidification, nutrient status, and metal move-
ment in soils. The effects of acidic and acidifying substances on these
natural processes is then superimposed as an additive factor, and their con-
tribution to these processes is examined. Natural and managed systems are
discussed separately. Reversibility concepts are presented and predictions
of changes over time are made after making several assumptions. These sec-

tions of the chapter are chemically oriented and some basic soil chemistry is
also included.

Nutrient cycling aspects of acidic deposition influences on soils are the
primary emphasis of the chapter. Both the chemical and biological compo-
nents of this process are discussed in detail. The importance of changing
nutrient/metal mobilization activity in soils is discussed as it relates to
both vegetation response and water chemistry. Soil organisms, their role in
nutrient cycliing, and the potential and measured effects of acidic deposition
are also discussed.

Soils are chemically and biologically complex systems. The effect that
acidic deposition will have on such systems is dependent on numerous vari-
ables. Because of this complexity and the expectation that potential effects
may be long-term, the definitive conclusions one can draw are not as numerous
as some might expect.

1.3.2 Effects on Vegetation

Most of the terrestrial landscape is covered by vegetation. Because vegeta-
tion collectively includes the primary producers in the food web, its impor-
tance to man is without question. Thus, any change in plant productivity,
whether it be an increase or decrease, can have significant implications for
man's food and fiber system.

The material presented in the vegetation chapter discusses a diverse range of
acidic deposition-plant interactions. These include direct effects on the
smallest scale, i.e., physiological and cell/leaf response, to the gross
scale of forest and crop productivity. The potential effects of acidic depo-
sition, plant, and environmental condition interactions, leading to quantifi-
cation of plant response, are presented. Special attention is given to the
concept of cumulative effects on forests over time and the current lack of
data in this field of acidic deposition effects. The effects of vegetation

on deposition chemistry, as it passes through/over vegetation to soils, is
not discussed in detail.

Plants are subject to more environmental stress factors than most other com-
ponents of the system. Their fixed position in the system causes them to be
exposed regularly to changes in air quality, precipitation chemistry, soil
physiochemical characteristics, disease influence, and climate, to which
their 1limited avoidance/tolerance mechanisms may or may not be able to
respond. This immobility and dependence on air, soil, and water regimes of
high variability make it difficult to isolate single causes of response,
whether they be beneficial or detrimental. At the present level of under-
standing of plant response as influenced by general stress factors, the
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direct and indirect effects of acidic deposition that can be definitively
stated are extremely 1limited.

1.3.3 Effects on Aquatic Chemistry

Most of the present concern for the potential effects of acidic deposition,
and the significance of these effects, has been derived from the aquatics
literature. As already noted, lakes and streams in an ecosystem are not
isolated units. They are directly subject to acidic deposition inputs, but
they are also dependent on the terrestrial system buffering, or Tlack of
buffering, of these inputs. Unlike the longer term, chronic changes in soils
and vegetative productivity, evidence suggests that aquatic systems are
responsive to both episodic shocks of acidity (e.g., during snow melt) and
chronic inputs of acidic and acidifying substances over time.

The discussion of aquatic chemistry is designed to deal with the complexity
of processes that influence water quality and the relative importance of
these processes/events. Because considerable emphasis has been placed on
aquatic resources in the study of acidic deposition, rather lengthy dis-
cussions of methodology and historical trends are relevant to drawing con-
clusions regarding impacts of acidic deposition and are included. These
topics have been an important source of controversy and are therefore dealt
with in detail in this section. Predictive models, sensitive regions,
significance of metals, and mitigative strategies are also discussed
extensively.

The data base for defining historical changes in aquatic chemistry as a
result of acidic deposition is among the strongest for the ecosystem com-
ponents discussed in this document. Like any of the other system components,
however, predictions of water quality require an understanding of a large
number of other influencing variables, e.g., soils. Unfortunately, our pres-
ent ability to predict changes expected from acidic deposition is limited
since predictive models have yet to be adequately validated.

1.3.4 Effects on Aquatic Biology

The emphasis of the aquatic biology chapter is placed on the response of
aquatic organisms to acidification. For the most part, these discussions do
not attempt to link the acidic deposition phenomenon to observed biological
changes, but instead define the 1ink between biological response and
acidification, whatever the cause.

The chapter discusses the biota found in naturally acidic systems, recog-
nizing that such systems have and will always exist. Such information proves
useful for comparing naturally vs artificially acidified systems and the
biota that are found in both. The components of the food chain in oligo-
trophic water systems most susceptible to change are discussed relative to
their importance and response to acidity. Benthos, macrophytes, plankton and
fish are included. Organisms which are dependent on aquatic systems, for at
least a portion of their life cycle, are also discussed. Mechanisms of re-

sponse, field and laboratory evidence for changes in aquatic biota resources,
and biological mitigation options are also presented and evaluated.
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Although predictions of species survival as a function of water quality are
feasible, the limited resource inventory and lack of predictive chemistry
models inhibits quantification of the magnitude and extent of acidic depo-
sition impacts on aquatic resources. Quantification of direct impacts of
acidification is most Tikely for the higher trophic levels, e.g., fish,
especially as better resource inventories become available. However, the

effects of acidification on the interactions between trophic levels remain
unclear at this time.

1.3.5 Indirect Effects on Health

Limited data are available on the potential and known effects of acidic
deposition on human health. Food chain dynamics are discussed in a bioac-
cumulation context. Particular emphasis is placed on aquatic organisms of
importance to man, and drinking water from ground, surface, or cistern
systems. Those metals suspected as being influenced by acidity are high-
lighted. These include mercury, lead, and aluminum.

Although the acidic deposition oriented 'toxicity data base', is somewhat
limited, the authors have capitalized on the extensive toxicity literature
and research in other fields of science. Superimposed on these concepts is
the effect of acidification, and conclusions are drawn.

1.3.6 Effects on Materials

Like the natural ecosystem, materials, both natural and manmade, are subject
to many environmental influences. Among them are the effects of acidic and
acidifying substances. This chapter of the document reviews the rather
limited data available on the specific topic of acidic deposition effects, as
defined in this document, and discusses the major building and construction
materials that might be affected by acidic deposition. A separate section
discusses corrosion on water piping systems. Mechanisms of damage, economic
implications, and mitigative measures are presented and evaluated. The
importance of dry deposition over wet deposition is highlighted.

1.4 ACIDIC DEPOSITION

The previous sections refer to acidic deposition without definition. Volume
I, Chapter A-1 defines this term for technical use in the atmospheric/
deposition sciences. However, from an effects point of view, the chemical
quality of precipitation is as, if not more, important than the pH. Depo-
sition, both wet and dry, contains both essential and nonessential substances
needed by ecosystems as part of their natural nutrient cycle. Therefore, the
materials presented in the effects chapters concentrate on the generic
concept of acidification and the importance of sulfate and nitrate loadings
to the ecosystem. Whether these substances are deposited in dry or wet form
is not differentiated. Because inputs of sulfur and nitrogen can be acidic
upon delivery, or can become acidifying as they are cycled through the
system, these substances are the critical elements for discussion. Because
the data bases were not sufficient to conclusively define input limits for
‘protection' of biological resources, there was no need to deal with a sepa-
ration of wet and dry forms of deposition. When simulated treatments are
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involved, differentiation of deposition forms is noted as necessary, e.g., in
the crop productivity discussion. Although an effort to separate the com-
ponents of deposition was not undertaken, this does not minimize the
potential for differential effects of wet vs dry deposition exposures.

Therefore, reference to acidic deposition will refer to total deposition of
acidic or acidifying substances. Differentiation is made only as deemed
appropriate by the authors on an issue-by-issue basis.

1.5 LINKAGE TO ATMOSPHERIC SCIENCES

Every effort to use information from the atmospheric chapters of the document
was made. Reference to deposition changes over time, emissions levels,
natural vs anthropogenic sources of sulfur and nitrogen, and/or sulfur and
nitrogen loadings are consistent with those presented in Volume I. Any con-
clusion which would have been drawn using data not consistent with the
atmospheric/deposition chapters was modified or removed. Therefore, Volume I
appropriately sets the stage for the Tlevels of acidity/deposition, the
‘cause', that was considered in the development of the effects presentations.
References to chapters in Volume I are made, as necessary.

1.6 SENSITIVITY

In addition to problems of interpreting the meaning of the acidic deposition
concept, other termminology is equally subject to misinterpretation. In
particular, the term 'sensitivity' lends itself to varied interpretations.
Sensitivity, as used in the effects chapters, refers to the relative poten-
tial for changes to occur within an ecosystem or one of its components. A
highly sensitive portion of an ecosystem will change more noticeably, or
rapidly, in response to acidic inputs than will one that is generally classi-
fied as having moderate, low, or no sensitivity. However, the reader must be
cautious in many of the effects areas to be certain the reference to sensi-
tivity is clear. For example, reference to a sensitive soil is not meaning-
ful. Acidic deposition effects must be considered with respect to a specific
physiochemical property of the soil. Soil-metal mobility or pH, for example,
can be classified as 'sensitive' to change. Likewise, particular tree
species, aquatic organisms, processes, and/or materials can be sensitive to
change due to acidic deposition. However, developing sensitivity classifi-
cations for larger units of the ecosystem can be misleading, and comparing
dissimilar ecosystem components, e.g., soils and fish, is inappropriate. 1In
addition, quantification of 'sensitivity' is defined in the aquatic chemistry
chapter but only qualitative relative usage of the word appears in discus-
sions of other ecosystem components.

1.7 PRESENTATION LIMITATIONS

A phenomenon as complex as acidic deposition cannot be presented with respect
to every environmental factor that might influence ecosystem response. In
the discussions that follow, it is recognized that acidic deposition is
treated as if it were isolated from other pollutants with which it might
interact. Thus, not every possible link between the ecosystem and influenc-
ing has been considered. What is presented is the authors'/editors'
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unimportant. Rather, an absence of discussion suggests that the issue has
not, as yet, been recognized as essential to our understanding or that data
to support any relevant comments were lacking.
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THE ACIDIC DEPOSITION PHENOMENON AND ITS EFFECTS
E-2. EFFECTS ON SOIL SYSTEMS

(W. W. McFee, F. Adams, C. S. Cronan, M. K. Fireftone,
C. D. Foy, R. D. Harter, and D. W. Johnson)

2.1 INTRODUCTION

Soil plays a key role in ecosystems. It is one of their most stable com-
ponents and, when combined with climate, defines a terrestrial ecosystem's
productivity limits. Moreover, because much of the water entering streams
and lakes directly contacts soil, soil properties also exert important
influences on aquatic systems.

Because of soil's dimportance to most ecosystems, the impact of acidic
deposition on soils assumes prominence in our discussion. Defining soil
sensitivity to acid inputs depends on understanding soil properties and
chemistry, which are discussed early in this chapter. Thereafter, we can
locate vulnerable soils and determine expected and potential effects on
various soil components. Types and rates of changes can be determined, and
the effects of soil changes on aquatic and terrestrial ecosystems can be
considered. Specifically, questions concern impacts on soil fertility;
nutrient, toxic substance, and organic acid availability; plant vitality; and
water quality. Both short and long-term implications must be considered in
relation to numerous soil components, to soil-plant relationships, and to
soil-water relationships.

2.1.1 Importance of Soils to Aquatic Systems

Aquatic systems receive diverse inputs from terrestrial ecosystems. In-
fluences of acidic deposition on transfers from terrestrial to aquatic
systems may be direct, when material deposited from the atmosphere passes
over or through the soil with l1ittle interaction, or they may be indirect,
when deposited materials cause changes in soil processes, such as weathering,
leaching, and organic matter decomposition. Thoroughly assessing effects of
atmospheric deposition on any element transferred from a terrestrial to an
aquatic system requires extensive measurements of inputs, internal processes,
and outflows (Gorham and McFee 1980). These authors note that our under-
standing of the processes is rather incomplete.

1A11 of these authors have contributed to this chapter. Because of sub-
sequent integration of the material, these authors are not identified by
section.
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2.1.1.1 Soils Buffer Precipitation Enroute to Aquatic Systems--Soil systems
are generally strongly buffered against changes in pH. They are usually
thousands of times more resistant than water to pH shifts (Brady 1974).
Therefore, pH of deposited precipitation tends to shift toward that of the
soil if the water comes into intimate contact with the soil. The cation
exchange capacity (CEC) of the soil and the extent of its saturation with
basic cations (e.g., Ca2+, M92+, K*) determine the soil buffering
capacity in moderately acid soils (see Section 2.2). Strongly acid soils may
be buffered by the soil minerals. In general, soils with high clay content,
especially smectite clays, and with high organic matter content are strongly
buffered. These soils tend to deliver water that has come in intimate
contact with the soil matrix to aquatic systems at or near the soil pH. In
areas with alkaline, neutral, or slightly acid soils, the soil buffer system
removes much of the acidity in acidic deposition. Where the soils are near
the acidity of the incoming precipitation, they may not change the pH of
water as it passes through, especially if the soil solution remains rather
dilute.

2.1.1.2 Soil as a Source of Acidity for Aquatic Systems--Many of the soils
in the worTd's humid regions have been acid for very Tong periods. Bailey
(1933) pointed out that podzol soils (soil order Spodosol) were generally the
most acidic, followed by lateritic (Oxisols and Ultisols) and podzolic (Ulti-
sols and Alfisols) soils. He did not consider organic soils (Histosols),
many of which are quite acid. For example, all of those designated "Dysic"
at the family level of classification have a pH less than 4.5, and some have
a much lower pH (Soil Survey Staff 1975). Drainage waters from such acid
soils may be equally acidic as the soil and essentially control the pH of
receiving lakes or streams. In many cases, however, after percolating water
passes through acid soil, it interacts with more basic materials underneath
before reaching a stream. Thus, a lake may be surrounded with surface soil
considerably more acid than the water. Such is the case around many lakes in
the Adirond?ck mountains where most of the soils are strongly acid (Galloway
et al. 1980).

2.1.2 Soil's Importance as a Medium for Plant Growth

A1l of the other roles of soil fade into insignificance when compared to its
importance as a medium for plants. Soil provides the physical support, most
of the water, nutrients, and oxygen needed by plant roots for normal growth
and development. Well over 95 percent of our food and much of our fiber come
directly or indirectly from terrestrial plants. Soil properties set limits
on the productivity of terrestrial ecosystems. Even though soils tend to
resist rapid change, any significant reduction in their ability to support
plants, such as the increased Al toxicity cited by Ulrich et al. (1980) and
A. H. Johnson et al. (1981), is a serious matter.

2.1.3 Important Soil Properties

Any changes deleterious to the soil's role as a plant growth medium or that
alter its output to aquatic systems are causes for concern. These include
chemical changes, such as in acidity, nutrient supply, cation exchange
capacity, leaching rates of nutrients, or mobilization of toxic substances;
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physical changes, such as accelerated weathering rates or changes in aggre-
gation; or biological changes, such as reductions in nitrification or other
processes.

2.1.3.1 Soil Physical Properties--Soil physical properties are never inde-
pendent of chemical and biological properties; however, water movement, water
retention/storage capacity, and soil aeration are determined primarily by
physical properties. Controlling water flow is the most important influence
of soil physical properties on interaction of soil with acid rain. Soils
that have high surface runoff rates, such as those on steep slopes or with
low porosities, tend to transmit water rapidly without changing its compo-
sition. Likewise, if the soil has many coarse pores and is well drained, as
are many sands and loamy sands, water passing through may be changed only
slightly. Therefore, if the primary consideration is protection of a body of
water by the soil's buffering capacity, the two situations described are
"sensitive." On the other hand, if changes in the soil itself are the
concern, these soils are not particularly sensitive from the physical
standpoint.

2.1.3.2 Soil Chemical Properties--Resistance of soil chemical properties to
the effects of acidic deposition is measured in terms of the bufferin$
capacity, initial pH, sulfate adsorption capacity, and amount and type o

weatherable minerals. Soils with high buffering capacities due to high CEC
and high base status will be very slow to respond to acid inputs of the
magnitude acidic deposition introduces. Weatherable minerals containing
carbonates are common in lower horizons of the younger soils in many regions
and will effectively neutralize acids from all sources. Details of these
relations are discussed in later sections.

2.1.3.3 Soil Microbiology--Biological processes in soils may be influenced
by acid deposition and, at the same time, provide some of the means of
resistance and/or recovery. If important soil biochemical processes, such as
N fixation, nitrification, organic matter decay, and nutrient release are
changed by acid deposition, the impact could be significant. Studies of
relationships of soil acidity to biochemical activity are plentiful. How-
ever, most have doubtful applications to the acid deposition problem because
they were studies of natural pH differences, not of shifts due to acid
inputs. A few recent studies indicate alteration in microbial activity near
the soil surface due to simulated acid precipitation (Strayer and Alexander
1981, Strayer et al. 1981). The capacity of most soils to buffer acid inputs
as well as the diversity and adaptability of microbes in the soil contribute
to resistance to acid deposition effects. A more complete discussion of soil
biology and acidic deposition follows in Section 2.4.

2.1.4 Flow of Deposited Materials Through Soil Systems

A generalized depiction of the flow of deposited materials through a ter-
restrial ecosystem is shown in Figure 2-1. 1In a forested ecosystem (and to a
lesser degree on cropland), a major portion of the precipitation is inter-
cepted by foliage. The chemical properties of the resultant throughfall and
stemflow can be substantially altered from the incipient precipitation (see
Section 3.2.1.2). While this alteration may be of no importance in
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constructing the total system input-output balance, it has a big impact on
the nature of reactions expected at the soil surface.

Upon striking the surface, the water may infiltrate the soil or move later-
ally as surface flow. In a forested ecosystem, surface flow will usually not
be visible on the forest floor but will flow through the surface organic
layers. This provides opportunity for water to react chemically with sur-
ficial materials to a greater extent than does surface flow in cultivated
areas. The amount of interaction will be proportional to path length and
flow rate.

In cultivated or uncultivated areas, large channels can be established by
burrowing animals and decomposing roots. These are frequently open to the
surface and provide open conduits for flow of drainage water. These channels
may carry nearly all drainage water during saturated flow, and may be domi-
nant conduits during all rainfall events. Little opportunity for soil
interaction is provided, and the precipitation may be conducted through the
soil with Tittle or no alteration.

Water movement by unsaturated flow will usually be through the capillary
pores where maximum opportunity exists for interaction with the soil. This
is the major source of water to plants. Flow through fine pores is necessary
in many deeper soil layers that have limited macropore space. The various
flow paths are depicted in Figure 2-1.

2.2 CHEMISTRY OF ACID SOILS

A brief discussion of important concepts in the chemistry of acid soils is
presented here as background for understanding the sections that follow.
Those already familiar with these concepts may wish to proceed to Section
2.3.

Although 1ittle is known about the impact of acidic deposition per se on
soils, much is known about acid soils in general. The factors which deter-
mine the natural acidification of soils are important to the development of
an adequate comprehension of recent and/or future acidic deposition impacts.
There are many acid soils in the United States, and it is appropriate to
capitalize on our understanding of these systems.

2.2.1 Development of Acid Soils

The eastern half of the United States has a climate in which rainfall exceeds
the combined losses of water by runoff, evaporation, and transpiration from
the soil. The excess water leaches through the soil, carrying with it basic
cations and other soluble materials. If leaching removes basic cations
faster than they are replenished by natural processes or human activities,
the soil profile becomes increasingly acid and impoverished of nutrients
(Pearson and Adams 1967). However, a prerequisite for leaching to cause soil
acidity is the addition of H* jons to the system (Bache 1980, Ulrich 1980)
along with the presence of mobile anions. The H* ions can be donated from
a variety of sources. (See Chapter A-8 for discussion of deposition of
acidic and acidifying substances.)
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2.2.1.1 Biological Sources of H* Ions--Although H* ions may be generated
by chemical weathering of minerals through hydrolytic reactions, the sig-

nificant sources of H' production in soils are all based on biological
reactions.

Oxidation of sulfur and sulfidas can be important natural sources of acidity.
Much of the sulfur in soils is present in a highly reduced state. This in-
cludes combined S in soil organic matter and such common minerals as pyrite,
FeSp. The release of sulfur from organic-matter in aerobic soils is
followed by the H*-producing oxidation reaction

S + 3/2 02 + Hp0 = S042~ + 2H*.

Elemental S is sometimes used in agriculture for disease control and as a
fertilizer material. Its contribution to soil acidity is readily calculable
from the equation above, i.e., 16 kg of S per hectare is equivalent to one
hundred cm of pH 4.0 precipitation, 1 keq H* ha-1,

When sulfide minerals, e.g., pyrite, are exposed to atmospheric oxygen, oxi-
dation of these minerals results in significant H* production, according to
the reaction

2FeSy + THy0 + 7 1/2 0y = 2 Fe(OH)3+ 45042- + 8H*.

Significant quantities of sulfide minerals are found only in recently exposed
soil materials or those that have been maintained in anaerobic conditions,

e.g., coastal marshes. Therefore, their influence is important only in very
1imited areas.

Acidity from nitrification is an important contribution in most soils of the
humid regions. Nitrogen is one of the most abundant elements in plants and
in soil organic matter and is present mostly in a highly reduced state. It
is released from organic matter as NH3, which hydrolyzes to NHa* in
soil solution. . Much of the NH4t is oxidized to nitrate by bacteria,
according to the reaction

NHg* + 202 = NO3- + 2HT + H20.

By this reaction, 9 kg NHg* ha-l could produce 1 keq H" ha-l. The
theoretical maximum acidity from nitrification is never realized in soils
because concurrent or subsequent reactions involving N neutralize a portion
of the H' produced. This process, when coupled with heavy additions of
ammoniacal fertilizers, can have significant effects (see Table 2-1).

Under poor aeration conditions, some oxidized forms of N and S can be
reduced, resulting in the addition of bases to the soil. This process
becomes dominant only in soils that are submerged or saturated for long
periods each year.

2.2.1.2 Acidity from Dissolved Carbon Dioxide--Atmospheric COp contributes

some acid to soils; however, the respiratory activities of plant roots and
soil microbes result in soil air containing considerably more CO than
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atmospheric air. Soil air commonly contains up to 1 percent CO2, in com-
parison to the 0.033 percent of a normal atmosphere (Patrick 1977). This
CO» lowers the pH of pure water according to the equation below, which can
be derived from the relationships among COp content of air, dissolved
HpoCO3, and H* activity.

(H*) = [1.50 x 10-10 x % c0,]1/2,

If atmospheric COp is 0.033 percent, then H' activity of rainwater is 2.2
x 10-6M (moles per 1liter) or pH 5.65. If soil air contains 1.0 percent
C0p, then H* activity is 1.2 x 10-5M or pH 4.91. Thus, biologically
generated CO0, 1is a source of H* djons in soils but has very 1little
influence below a pH of about 5.0.

The dominant source of Ht in many soils used in nonleguminous agricultural
production in the United States is from the use of ammoniacal fertilizers,
e.g., NH3, NH4N03, (NH2)2C0, NHgHoPO4 , (NH412HP04, and (NH )2504. Because
nitrogen is often used at 100 to 200 kg ha~!, fertilizers alone may gener-
ate H' in soils at rates of 3.6 to 21.6 keq H' ha-1. It should be
noted that the net acidification from ammoniacal N is frequently less than
the theoretical due to direct uptake of NHgt by plants and H'-consuming
reactions in soils. Although these calculations are based on fertilizer
application to agricultural lands, these same relationships are applicable
for determining the acidification impact on soils from atmospheric N sources.
Nitrogen additions contribute to acidification by increasing basic cation
removal 1in plants harvested and by furnishing a mobile anion, NO3~, for
leaching losses.

Acidity is also added from soil organic matter. The microbial process by
which plant residues are converted into soil humus generates many carboxyl
1igands, RCOOH, on the humus. The protons of such 1igands partially dissoci-
ate, adding H' to the soil solution. This source of H' production
becomes increasingly important when large amounts of soil humus are present.

Roots can absorb unequal amounts of anions and cations because the uptake
mechanisms are relatively independent of each other. The electroneutrality
of the soil solution 1is maintained by plant release of H' or HCO3~
during the uptake process. Plants with N-fixing rhizobia absorb more cations
than anions from the soil when N is obtained almost entirely from N». High
yielding legumes may produce H* equivalent to several hundred kg CaCO3
per hectare (several keq H* ha-1).

2.2.1.3 Leaching of Basic Cations--Production of H* resulting from the
various mechanisms does not produce acid soils unless it is accompanied by
leaching. In the absence of leaching (arid and semi-arid regions), HCO3~
tends to accumulate in soil solution, leading to H' neutralization and
precipitation reactions with Ca. In the presence of leaching, H' in the
soil solution replaces some of the adsorbed basic cations (Ca, Mg, K) on the
exchange surfaces of soil particles. As the excess soil solution moves down-
ward through the soil profile, it carries basic cations equivalent to its
anionic content. Meanwhile, the adsorbed H' remains in place with the soil
particles, causing the soil to become more acid. In this example, H' was

2-7



used for simplicity. Many of the basic ions may actually be replaced by Al
ions [A13*, A10HZ*, and A1(OH)2*] as the acid is dintroduced, but the
net effect on soil acidity is the same (Section 2.2.3).

2.2.2 Soil Cation Exchange Capacity

Many differences in the sensitivity of soils to acidic inputs can be traced
to the extent of base saturation and to differences in cation exchange
capacity (CEC), the sum of the exchangeable cations, expressed in chemical
equivalents, in a given quantity of soil. It is the major characteristic of
soils that prevents them from becoming rapidly impoverished when Teached.
This section is presented to explain the source of CEC and some of the
variables which affect it.

2.2.2.1 Source of Cation Exchange Capacity in Soils--To have a CEC, soil
particles must have a net negative charge. Soil clay particles may have a
negative charge due to isomorphous substitution of A13t  for Si4t in
tetrahedral layers and of Mg2t or Fe2* for A13t in octahedral layers of
the clay structure. This charge is termed a "permanent charge" (Coleman and
Thomas 1967). A second mechanism is the result of the terminal metal atom's
reaction with water to complete its coordination with either OH- or H0.
At low pH, the coordinating 1igand tends to be Hy0, which results in a site
with a positive charge; at high pH, the coordinating ligand tends to be
OH-, which results in a negatively charged site. Minerals with this kind
of negative charge as their primary source of CEC are referred to as having a
"pH-dependent charge." Therefore, these soil particles change CEC as the pH
changes.

In most soils, a significant component of the CEC comes from organic matter.
The major portion of soil humus is associated with the clay fraction, except
in extremely sandy soils (Schnitzer and Kodama 1977). Its pH-dependent CEC
is a major component of the CEC of surface soils and may be almost the sole
source of CEC in sandy soils. Soil humus has many ligands from which protons
dissociate, such as carboxyl (-COOH), phenol (-0H), and imide (-NH). In
acidic soils, however, only the carboxyl ligand ionizes enough to affect pH,
i.e., R-COOH -~ R-C0O0~ + H*, creating a negatively charged exchange site. The
fraction of H' that ionizes from carboxyl ligands increases with increasing
pH, thereby increasing soil CEC.

The CEC of surface soils is determined by their clay and organic matter con-
tents. In the highly weathered Ultisol soils common to the Southeast,
surface-soil clays are usually kaolinite and hydroxy-Al intergrade vermicu-
lite. These soils contain a high percentage of sand and low contents of clay
and organic matter, and commonly have a CEC of about 5 meq 100 g‘l. In
soils with a more temperate climate in the eastern half of the United States,
soil organic matter is usually greater and smectite clays are sometimes more
abundant; hence the CEC is normally higher, about 15 meq 100 g'1 (Coleman
and Thomas 1967).

2.2.2.2 Exchangeable Bases and Base Saturation--The exchangeable cations in
acid soils consist primarily of Ca, Mg, K, AT, H, and Mn. The basic cations
are Ca, Mg, and K, while Al and H are measures of soil acidity. The fraction
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of the CEC that is satisfied by basic cations is defined as "base satura-
tion." For a particular soil and CEC method, a well-defined, positive
correlation between pH and base saturation exists. Unfortunately, the CEC
reported in the literature is method dependent. The most common methods of
determining CEC are (1) sum of exchangeable cations by neutral salt ex-
traction, (2) NH4* adsorption at pH 7.0, (3) Nat adsorption at pH 8.2,
and (4) sum of exchangeable cations by neutral salt extraction plus
titratable acidity by triethanolamine at pH 8.0. The most commonly used
method is probably 1.0 N NHg0Ac extraction at pH 7.0, method (2) above.
For soils with similar characteristics, pH can be used as a reasonable
estimate of base saturation. For example, the "soil pH" - “"base saturation"
relationship of Ultisols in Alabama is similar to the combined relationship
of Alfisols, Inceptisols, and Spodosols in New York (Figure 2-2).

Analogous to the base-saturation concept, quantities of individual exchange-
able cations can be expressed in terms of saturation of the CEC. This con-
cept is particularly useful in defining the relative availability of cations.
The cation-saturation concept is also useful in predicting probable toxic
levels of Al. Although Al phytotoxicity is a function of soil-solution Al
activity, it is more convenient to measure exchangeable Al.

2.2.3 Exchangeable and Solution Aluminum in Soils

Aluminum mobility is a key area of concern for both aquatic impacts and
terrestrial vegetative response relative to acidic deposition. The soluble
Al in soils is a product of acid weathering of clay minerals and other solid
phases in acid soils. As H' concentration increases in soil so]utign, the
stability of clay minerals decreases, resulting in the release of Al3t jons
from their surface structure. Measurable amounts of soluble Al are found
only at a pH lTess than 5.5. Only a small portion of the dissolved Al resides
in the soil solution. Most becomes exchangeable, since cation-exchange sites
in soils have a strong affinity for A13* jons.

Even though Al saturation of strongly acid soils (pH < 5.0) will normally
exceed 50 percent of the CEC, the concentration of Al in soil solution is
usually < 1 ppm. The significance of exchangeable Al is two-fold: (1) it is
the major component of exchangeable acidity in soils (i.e., acidity displaced
by a neutral-salt solution), and (2) it is the source for the immediate
increase of Al into soil-solution from an acid soil when replaced by other
cations on the exchange sites.

Soil-solution Al concentration is determined by the pH dependent solubility
of Al-containing clay minerals. For example, kaolinite dissolves according
to the reaction

A12Si205(0H)4 + 6H = 2A13+ + 25i(0H)4 + Ho0.

Thus, soil-solution Al concentration will be determined by the activities of
H, Si(OH)4, or other products of weathering reactions.

Aluminum oxides are common in acid soils, and it is frequently assumed thg}
solution Al s controlled by A1(OH)3 solubility. In that case, Al
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activity in soil solution is a function only of pH because of the reaction

A1(OH)3 + 3H* = A13+ + 3HZ0.

The equilibrium log K for this reaction, log m3t - 3 log H*, varies from
9.7 for the 3morphous oxide to 8.0 for crystalline gibbsite. At pH 5.0, for
example, A13* ‘activity would vary from 5 uM for the more-soluble
amorphous oxide to 0.1 uM for gibbsite at equilibrium with the soil
splution.

In most acid soils of the United States, clays are primarily aluminosili-
cates, and solution Al is controlled by soil-solution Si as well as pH. When
both Al and Si are present in soil solution, their activities frequently
depend upon a solid-phase component with the general composition of
A1251205(0H)4. Its solubility in acid soils 1is expressed by the
equation

1/2A1,S1905(0H) 4 + 3H* = A13* + Si(OH)4 + 1/2H0.

The equilibrium log K for this reaction, log A13t + log Si(OH)4 - 3 log
H*, varies from 5.6 for amorphous halloysite to 3.25 for crystalline
kaolinite. If Si(OH)% in soil solution is 0.2 mM (a reasonable value for
acid soils), then A13* activity at pH 5.0 would range from 2 uM for
amorphous halloysite to 0.01 uM for crystalline kaolinite at equilibrium
with the soil solution.

This genera]ized equation for aluminumosilicate weathering also illustrates
the H'-consuming potential of the weathering process. Thus, in acid soils
(pH < 5.5) weathering of Al minerals may become the dominant buffering effect
in the soil (Section 2.2.9).

The relative solubilities of Al oxides and aluminosilicates in soils show
that soil-solution A13* activity, at the same pH, varies according to the
solubility of the Al-controlling mineral as follows: amorphous Al oxide >
amorphous halloysite > gibbsite > kaolinite > smectite. Consequently, the
level of soil-solution Al, and its phytotoxic effect on plants or its
transport to aquatic systems, varies among soils at the same pH, depending
upon which mineral is controlling solution Al.

Under nonagricultural ecosystems, soils generally contain too little solution
phosphorus (P) to affect soluble Al. However, fertilizer P is an effective
agent for lowering solution Al by forming insoluble precipitates such as
variscite, AI1(OH)pHpPO4.  Dilute acid solutions of Al react with
sulfate to form insoluble compounds but these compounds will be the con-
trolling factor very infrequently. The influence of Al and Mn on plant
nutrition is discussed in Section 2.3.3.3.

In the presence of organic 1igands, the solubility of aluminum can be greatly
enhanced (Lind and Hem 1975). Numerous reports emphasize the importance of
polyphenols and other components of soil organic matter in the transport of
Al within soils (Bloomfield 1955, Davies et al. 1964, Malcolm and McCracken
1968). In many cases, organic-aluminum complexes are the major form of
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mobile Al. Cronan (1980b,c) points out the importance of organic substances
in Al leaching and discusses the changes 1ikely when strong acid anions such
as sulfate are present.

Inorganic aluminum is present in acid soil solutions primarily as monomeri$
jons, the most common ones being A13*, A10HZ*, AI(OH),*, A1(OH)30, A1S04

and ATHpP042*. In most acid soils, AT(OH)p* is the most abundant solution
ion.

Since about 1920 soluble Al has been recognized as an important factor limit-
ing plant growth in acid soils (Adams and Pearson 1967). Because of the
pH-dependent solubility of Al, phytotoxic levels of solution Al can be ex-
pected in most mineral soils when soil pH is < 5.0 to 5.5. Only a fraction
of a ppm is needed for sensitive species to exhibit symptoms (see Section
2.3.3.3.2.1).

2.2.4 Exchangeable and Solution Manganese in Soils

Another result of acidification is associated with the mobility of manganese.
Manganese occurs in soils in three valency states. Since divalent Mn
(Mn€*) is the most soluble form, Mn availability depends upon the redox
po%entia] of the system. The equilibrium between Mn oxides and solution
Mnc* js subject to rapid shifts in the soil.

In most soils with significant levels of easily reducible Mn, toxic levels of
Mn2* in soil solution can be expected when soil pH is < 5.5 (see Section
2.3.3.3.2.2). The lower the pH, the more 1likely phytotoxicity will occur.
Lower redox potentials favor Mn-oxide dissolution. In turn, lower redox
potentials are favored by waterlogged conditions, particularly when accom-
panied by the rapid decomposition of organic matter. Consequently, over the
short-term, toxic levels of Mn are more likely under poorly aerated condi-
tions. A long-term consequence of poor aeration, however, is the depletion
of easily reducible Mn and soluble Mn to quite low levels through leaching.

It is normal for Mn and Al phytotoxic symptoms to occur concurrently in many
acid soils because the pH-dependent solubility of Mn oxides and the Al-
containing soil minerals release toxic levels of Mn and Al at about the same
pH level, i.e., < pH 5.0 to 5.5. Whereas Al phytotoxic symptoms are not
generally evident on aerial plant parts, symptoms of Mn phytotoxicity are
quite severe before plant growth is affected significantly.

2.2.5 Practical Effects of Low pH

Low soil pH influences most chemical and biological reactions. It acceler-
ates mineral weathering and the release of phytotoxic ions to the soil
solution; it affects the downward migration of clay and organic-matter
particles in the soil-profile development process, and it affects the level
and availability of most plant nutrients in the soil-solution.

The solubility of soil minerals at low pH is important to plant growth and

transport of ions to aquatic systems. The common Al minerals or compounds in
acid soils are the aluminosilicates, hydrated oxides, phosphates, and
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hydroxy-sulfates. The relationship of low pH to Al and Mn solubility was
covered in Sections 2.2.3 and 2.2.4, and their influence on plant nutrition
is covered in Section 2.3.3.3.

Low soil pH affects the availability of all macronutrients (N, P, S, Ca, Mg,
K) to some extent (Adams and Pearson 1967, Adams 1978, Rorison 1980). These
effects, however, are seldom great enough to influence plant yields. Nitro-
gen availability is affected because low pH decreases the rate at which
organic matter decomposes and releases N to the soil solution. Phosphorus
availability is affected primarily via chemical solubilities. At low pH (<
pH 5.5), P is made increasingly less available because of its reaction with
Al and Fe. Sulfate availability is determined by both organic-matter decom-
position and by inorganic reactions with Al and Fe. The result of these
effects is that sulfate becomes progressively less available as pH decreases
below 6.0.

Cation (Ca, Mg, K) availability is not readily expressed as a function of
soil pH. The relative availability of these nutrients as a function of pH is
of no practical consequence in most cases, except that most soils become acid
only after depletion of these cations. In strongly acid soils, however,
toxic levels of solution Al render vegetation less able to utilize the Ca and
Mg.

Low soil pH affects the availability of all micronutrients (B, C1, Cu, Fe,
Mn, Mo, Zn) except chloride (Adams and Pearson 1967, Rorison 1980). The
availability of Cu, Fe, Mn, and Zn is significantly increased by lower soil
pH in the range 6.5 to 5.0. Boron availability increases only slightly with
decreasing pH. Molybdenum availability decreases with decreasing pH because
of decreased solubility of molybdate forms. Additional information on soil
acidity and plant nutrition is given in Section 2.3.

2.2.6 Neutralization of Soil Acidity

In unamended soils, the natural forces that neutralize acidity are weathering
of neutral or basic minerals, the addition of basic materials from the atmos-
phere or floods, and the deposition of basic cations by vegetation recycling.
In humid temperate regions outside of floodplains, the uptake of basic
cations by plant roots and their deposition on the soil surface and weather-
ing are the important neutralizing forces. These forces do not normally
reverse the natural acidification trends, but modify the rate and distribu-
tion of acidification within the soil profile.

The effectiveness with which soil acidity can be neutralized by 1iming de-
pends upon the purity and particle size of the lime, the amount of lime
applied, the soil pH, the cation exchange capacity, the uniformity with which
the 1ime is spread, and the extent of soil-lime mixing (Barber 1967). Liming
materials are restricted to the Ca and Mg salts of carbonate, silicate, and
hydroxide. The bulk of agricultural 1ime comes from ground 1imestone.

The net reaction that causes lime to neutralize soil acidity is the result of

two separate reactions. One is the cation-exchange reaction that releases
A1°T and H* to the soil solution from exchange sites; the other is lime
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dissolution and the hydrolysis of C032-. When exchangeable AI3* s
displaced by cat from dissolving lime, it undergoes stepwise hydrolysis to

form a precipitate of A1(OH)3 and solution H* ions. The overall
exchange-hydrolytic reaction is expressed by the equation

2 Al-soil + 3 CaC03 + 3 Hp0 = 3 Ca-soil + 2 A1(OH)3 + 3 CO2-

With thorough mixing of small lime particles with an acid soil, the neutra-
lization reaction is quite efficient in raising soil pH to about 6.0. Lime
becomes increasingly less effective in dissolving and raising soil pH beyond
this value.

2.2.7 Measuring Soil pH

The term “soil pH" as it is commonly used refers to the pH of the solution in
contact with the soil. Soil pH is one of the most useful measurements made
on soils (Adams 1978). 1t is used to predict the 1ikelihood of excessive
toxic ions, the need for 1liming a soil, a variety of soil microbial
activities, and the relative availability of several inorganic nutrients.

The usual method of measuring soil pH is to immerse a glass-electrode,
reference-electrode assembly into a soil-water suspension and measure the
electromotive force (emf) of the cell. Part of the measured emf is due to a
junction potential at the salt-bridge, test-solution interface. A basic
premise of soil pH measurements is that the junction potential between the
salt bridge and the test solution (or soil suspension) is the same as with
the standard solution. This equality is realized only where test solutions
and standard solutions are similar in ionic compositions. Soil suspensions
hardly meet this requirement, but they approximate it if the reference
electrode is placed in the supernatant while the glass electrode is immersed
in the settled suspension.

Because soil pH is an empirical value, the method of measurement must be
standardized. Samples should be either air-dried or oven-dried at 1low
temperature (< 50 C); oven drying at 105 C produces meaningless pH values.
When soil solution is separated from solid-phase soil, its pH seldom matches
that of the soil suspension. One reason for the discrepancy is the loss or
dilution of CO» in the soil solution upon drying of the soil sample and the
subsequent addition of water.

Soil pH is influenced by the soil-water ratio and the salt concentration of
the water used. There is no universal agreement on what the ratio shouid be.
Soil to water ratios of 1:1 up to 5:1 are commonly used. Since most soils
are highly buffered, the differences obtained due to variations in soil:water
ratio are not of practical importance as long as the procedure is consistent
and stated with the results.

In acid soils, soil pH generally decreases temporarily with the addition of
fertilizer or other salts and increases with the dissipation of fertilizer,
either by crop removal or by leaching. In poorly buffered soils, this pH
change may be as much as 0.5 to 1.0 pH unit for normal fertilizer rates.
These changes in soil pH are not due to changes in total soil acidity but are
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due to shifts of Al and H ions from exchange sites to soil solution because
of cation-exchange reactions. Some of this variation can be overcome by use
of a 0.01M CaCly solution instead of water when measuring pH.

If soil acidity of an area is to be monitored over years, time of sampling
should be consistent with annual inputs of fertilizers, natural vegetative
cycles, and weather cycles. The most consistent values will be obtained if
samples are taken when salt content is at a minimum.

Spatial variation of soil pH within a field, both vertically and horizon-
tally requires careful sampling to obtain a sample that represents the area
of interest. The area to be represented should be reasonably uniform in
appearance within one soil series and uniform in history. Several identical
soil cores should be composited and thoroughly mixed before a subsample of
the composite for pH measurement is taken.

2.2.8 Sulfate Adsorption

As pointed out in Section 2.2.1.3, the presence of mobile anions is necessary
for the leaching of cations to occur. The dominant anion in the atmospheric
deposition in North America is sulfate (5042'). Therefore, the reaction
of sulfate, especially its adsorption or free movement, is an important soil
characteristic.

Soils containing large quantities of amorphous Fe and Al oxides or hydroxides
have a capacity to adsorb 5042‘. Sulfate adsorption results from the
displacement of OH- or the protonation of OH to form OHp* on iron or
aluminum hydroxide surfaces (Rajan 1978). This results in an increased nega-
tive charge on the hydroxide surface which accounts for the simultaneous
retention of sulfate and associated cations in soil. Sulfate adsorption is
strongly affected by pH since deprotonization of amphoteric adsorption sites
can make them negatively-charged and cause repulsions of anions. Sulfate
adsorption is also affected by the cations present on exchange sites, with
the presence of polyvalent cations causing more adsorption than monovalent
jons. Soil pH is a more important factor than cation type, however (Chao et
al. 1963). Recently, it was shown that organic matter has a decidedly
negative influence on sulfate adsorption, even when free Fe and Al oxide
content is high (Johnson et al. 1979, 1980; Couto et al. 1979). This effect
is thought to be due to the blockage of adsorption sites by organic ligands.

The question of reversibility of sulfate adsorption is crucial to the long-
term effects of acidic deposition on soil leaching. If sulfate is irre-
versibly adsorbed, sulfate adsorption can be viewed as increasing the soil's
capacity to accept acidic deposition before significant leaching of cations
begins. If sulfate is reversibly adsorbed, however, its effects on reducing
leaching are only short-term, since desorption of sulfate will result in
equivalent losses of sulfate and cations from the soil.

The reversibility of sulfate adsorption varies with soil properties and the

desorbing solution used. In some cases, H20 recovers all adsorbed sulfate
whereas in other cases, full recovery 1is achieved only with phosphate or
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acetate extractions. Reasons for the better recovery with phosphate or
acetate include the greater affinity of these anions for adsorption sites
and, in the case of acetate, the increase in pH as well. Pre-treatment of
soils with phosphate (such as by fertilization in the field) is known to
reduce sulfate adsorption capacity since sulfate does not displace phosphate
from adsorption sites. However, phosphate does not always displace all
adsorbed sulfate, as shown by Bornemisza and Llanos (1967) for highly-
weathered tropical soils rich in Fe and Al oxides.

There is evidence that "aging" or prolonged contact between soil and solution
reduces the recovery of sulfate (Barrow and Shaw 1977). This effect is
attributed to slow reactions and occurs with other adsorbed anions as well.
Some soils are known to adsorb sulfate irreversibly (against H,0) under
field conditions but not in Tlaboratory conditions (Johnson and Henderson

1979), a phenomenon 1ikely related to slow reactions. Microbial immobiliza-
tion may be a factor in the "aging" phenomenon as well.

Sulfate adsorption 1is concentration-dependent, i.e., sulfate adsorption
increases with solution sulfate concentration (Chao et al. 1963). Thus, for
any given input concentration, sulfate will adsorb on to soil sesquioxide
surfaces until the corresponding soil adsorbed sulfate value is reached on
the sulfate adsorption isotherm. When that point is reached, the soil should
be in steady-state with outputs equalling inputs. In the case where sulfuric
acid inputs increase, concentrations increase, thereby activating "new"
sulfate adsorption sites and causing a net sulfate retention in the soil.
With continued inputs, a new steady-state condition would eventually be
r;gg?ed. This is schematically depicted in Figure 2-3 (Johnson and Cole
1 .

This concentration-dependent relationship will result in a "front" moving
downward through a sulfate adsorbing soil when a new, higher level of sulfate
concentration is introduced, and continually applied to the soil. Soil above
(or behind) the front will have a new higher level of sulfate on the soil in
response to the higher solution levels. Soil solution samples taken behind
the front might indicate signficant movement of cations and sulfate, while
samples at a lower depth indicate essentially no leaching of cations and
sulfate. Thus, the sulfate adsorbing soil delays cation leaching effects of
dilute sulfuric acid inputs until the adsorbing capacity (dependent on input
concentration) is satisfied down through the soil zones of interest. The
length of time associated with these processes likely ranges from a few weeks
for small changes in soils of low sulfate adsorbing capacity to decades for
large changes to occur in soils of high sulfate adsorbing capacity (Johnson
and Cole 1980, Lee and Weber 1982).

Where sulfuric acid inputs decrease, sulfate will desorb from the soil,
unless it is irreversibly adsorbed, to a point on the isotherm at which the
equiTibrium suTfate concentration equals input concentrations. At this
point, inputs and outputs are equal. Prior to this point, outputs exceed
inputs during sulfate desorption and the sulfate and cations previously
retained during adsorption are leached from the soil.
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SOIL ADSORBED SULFATE

4351

SULFATE ADSORPTION
UNTIL STEADY-STATE
IS ACHIEVED

Figure 2-3.

SOLUTION SULFATE CONCENTRATION

Schematic representation of a soil sulfate adsorption
isotherm. U = undisturbed soil conditions, I = soil
conditions following increased HoS04 input, SS and NON-SS
refer to steady-state and non-steady-state conditions,
respectively. Adapted from Johnson and Cole (1980).
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Sulfate adsorption capacity of soils is not routinely determined; therefore,
the extent of soils with significant capacity to adsorb sulfate has not been

established. Some adsorption is a common property of many Ultisols, Oxisols,
some Alfisols, and is reported for other soils (Singh et al. 1980). The work

of Johnson and Todd (1983) shows sulfate adsorption is low in Spodosols. The
distribution of these soil orders within the United States is depicted in
Figure 2-4 in Section 2.3.5.

2.2.9 Soil Chemistry Summary

Acid soils are a natural consequence of long exposure to a climate of excess
rainfall because of the Teaching action of natural inputs of acidic ions.
Unleached soils do not become acid. The rate at which leached soils become
acid depends upon soil characteristics, including buffer capacity, and the
rate of H" input and the accompanying anion. Natural H* inputs come from
C0p, organic matter, nitrification, and sulfur oxidation. The buffer
capacity of soils partially neutralizes H' input by reactions with carbo-
nates (> pH 7.0), with exchangeable bases (pH 5.5 to 7.0), and with clay
minerals (< pH 5.5). Soil-mediated injury to vegetation from H* inputs
occurs only when pH is low enough to cause significant dissolution of Al- or
Mn-containing clay minerals (< pH 5.0 to 5.5).

The amount of H' required to lower pH of an acid soil depends upon the CEC
of that soil. For example, a loamy sand Ultisol with the rather low CEC of
2.0 meq 100 g-1 requires about 1.1 meq H* 100 g-! to lower pH from 6.0
(65 percent base saturated) to 4.5 (10 percent base saturated). That would
be about 22 keq H' ha-l to effect the change to a depth of 15 cm. A
finer textured Ultisol with a CEC of 10 meq 100 g-1 requires about five
times that amount. Soils high in smectites (expandible clays) or organic
matter require considerably more H* for a comparable pH change.

The weathering of aluminosilicate clays will produce strong buffering in
soils that are already acid (5.5 or below) such that calculations of pH
changes, based on changes in basic cation removal by H* additions, grossly
underestimate the amount of acid required to cause the changes in these
soils. The presence of sulfate adsorption capacity (see Section 2.2.8)
increases their capacity to absorb dilute HyS04 inputs before significant
change in pH or base status occurs.

2.3 EFFECTS OF ACIDIC DEPOSITION ON SOIL CHEMISTRY AND PLANT NUTRITION

It is not always clear what deposition is acidic or acidifying. From the
standpoint of the effects on neutral to acid soils, the following deposi-
tional materials could be expected to have acidifying effects: H2S04,
HNO3, HpSO3, SOp, S, NH3, (NHg)2S04, whereas the following sulfate salts are
essentially neu%ra] or s]ight?y basic in effects on long-term soil pH: CaSO4,
K2S04, NapSO4, MgSO4. Carbonates of calcium and magnesium would raise the pH.

To alter the soil chemically, precipitation must bathe the soil particles.
Runoff water will minimally impact soil due to its brief contact with soil
particles. As Tamm (1977) has noted, water percolating through soil is not
necessarily at equilibrium with the soil solution but may move directly
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through old root channels, animal burrows, and large pores at ped surfaces.
Soils percolating similar quantities of water may differ in the extent of
their reaction with the water. Under unsaturated conditions, water tends to
move through the small pores of soil aggregates and has the best opportunity
to attain chemical equilibrium with the soil. During a rainfall, the flow
velocity in the small pores within aggregates becomes negligible relative to
that in the large pores between aggregates. Drainage water, therefore, only
reacts with the soil to the extent that dissolved constituents diffuse
between the small and large pores (Bolt 1979). This effect can be demon-
strated by comparing soil solution chemistry, obtained by porous ceramic
cups, with that of free leachate water. Using this system, Shaffer et al.
(1979) demonstrated that solutions applied to a saturated soil can pass
through the soil rapidly and nearly unchanged.

2.3.1 Effects on Soil pH

In considering the effects of acidic deposition, it is essential to realize
that acids are produced naturally within soils (Reuss 1977, Rosenqvist 1977,
Rosenqvist et al. 1980; also see Section 2.2.1). Atmospheric acidic inputs
must be viewed as an addition to natural, continual acidification and leach-
ing processes due to carbonic acid formation, organic acid formation, vege-
tative cation uptake, and a variety of management practices (Reuss 1977,
Johnson et al. 1977, Andersson et al. 1980, Sollins et al. 1980). In Table
2-1 several values are given for potential acidifying or neutralizing effects
of 1lime, N fertilizer, acidic precipitation, and internal acid production in
soils. Even though most of the values are only approximate, it is clear that
a year of rather heavy acidic deposition has potential acidifying effects
that are small compared to common agricultural amendments. For that reason,
it is generally concluded (McFee et al. 1977, Reuss 1977) that acidic depo-
sition will not have a measurable effect on the pH of soils that are under
normal cultivation practices.

The values for internal acidity production (see Table 2-5 in Section 2.3.3.1)
span a wide range. If the lower values occur, then acidic deposition is
potentially as influential as natural processes, but in other cases it would
be quite small and of 1little consequence in natural ecosystems. Unfortu-
nately, the data base for including natural acid formation in assessments of
impact on soils is extremely limited. Thus, current schemes, by default,
often assume that atmospheric inputs add significantly to internal acid
production, an assumption that is not universally accepted (e.g., Rosenqvist
1977, Rosenqvist et al. 1980). Carbonic acid is a major leaching agent in
some forest soils (McColl and Cole 1968, Nye and Greenland 1980), yet it does
not produce low pH (i.e., < 5.0) solutions under normal conditions (McColl
and Cole 1968; Johnson et al. 1975, 1977). Organic acids may contribute
substantially to elemental leaching in forest soils undergoing podzolization
(Johnson et al. 1977) and can produce low pH (i.e., < 5.0) in unpolluted
natural waters as well (Johnson et al. 1977, Rosenqvist 1977, Johnson 1981).

Experiments that directly indicate a change in pH due to acidic deposition
inputs (Tamm 1977, Abrahamsen 1980b, Farrell et al. 1980, Wainwright 1980,
Stuanes 1980, Bjor and Teigen 1980) either used accelerated application rates
far exceeding natural precipitation or applied concentrated acid. Both
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TABLE 2-1. RELATIVE ACIDIFYING AND NEUTRALIZING POWER OF
MATERIALS ADDED TO SOILS

Source

Potential acid or base effect

Agricultural 1imin? operation
5000 kg CaCO3 ha-

Nitrogen fertilization with

reduced form of N, such as
urea or NHg
70 kg N ha”

Atmospheric deposition
1 year (100 cm) pH 4.0 rain

16 kg S ha-1 dry deposition

Internal acid production in
soils due to carbonic and
organic acids in one year
from Table 2.5

Neutralizing ?r basic effect

100 keq ha~
Acidifying effect?

10 keq ha-l
Acidifying effect

1 keq ha-}

Acidifying fffect
1 keq ha~

Acidifying effect

0.23-22.7 keq ha~}

10 eq m-2

0.l1eq m

0.1 eq m™2

.023-2.27 eq m~2

aN fertilization usually has somewhat less actual acidifying effect.
This is the maximum assuming complete nitrification of the N fertilizer.
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create situations unlikely to exist in nature because they do not allow for
normal influences of weathering, and nutrient recycling. It is also clear
that soils exposed to concentrated acids over short periods will undergo
reactions and changes that would never occur with more dilute acid over
longer periods. Therefore, the effects of acidic deposition on soil pH are
often predicted from known soil chemical relationships, using input values
similar to those measured in recent years and without the benefit of

long-term experiments under simulated natural conditions.

McFee et al. (1976) calculated theoretical reductions in both soil pH and
base saturation from atmospheric H' inputs, assuming no concurrent inputs
of basic cations. They concluded that most soils resist pH change and that
there is only a "small 1ikelihood of rapid soil degradation due to acid
precipitation." However, they also suggest that long-term (e.g., 100 years)
soil acidification trends could have an impact on non-agricultural soils and
that these trends are very difficult to evaluate in short-term experiments.
Models of soil acidification processes range from complex ecosystem budget
approaches (Andersson et al. 1980, Sollins et al. 1980) to process-oriented
soil leaching models (Reuss 1978). Their quantitative applicability on a
wide range of sites has not been tested, but they can add to our
understanding of the concepts involved and may be applied to many terrestrial
ecosystems.

Despite uncertainties in estimating potential acidification rates, the
authors of this chapter provide some illustrations in Table 2-2. The data
illustrate that large differences in potential acidification rates can be
expected due to CEC alone, even without considering such other soil
properties as anion adsorption capacity or hydrologic characteristics. It
also illustrates how the assumptions concerning accompanying cations, H'
replacement efficiency, and weathering rates change estimates of
acidification rates.

Several considerations embodied in Table 2-2 must be understood if the data
are to be used correctly.

1) The input rates of acidic deposition are considerably higher than those
now reported for the United States.

2) Most natural ecosystems within humid regions have acid soils. Soils
with neutral to slightly-acid pH and with very low CEC, 3 to 6 meq 100
g-+, are uncommon in the humid regions.

3) A 50 percent decrease in base saturation in many mineral soils could
lower pH from the slightly acid (6.6 to 6.8) range to strongly acid
(5.0 to 5.5) range.

4) These estimates 1ignore anion adsorption capabilities and natural
acidifying processes.

5) Assumptions under scenario 1 are not realized in nature. Those under 2

and 3 are realistic for many soils and many deposition situations, but
cannot be considered universally applicable.
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TABLE 2-2. ESTIMATES OF TIME REQUIRED TO EFFECT A 50% CHANGE IN BASE
SATURATION IN THE TOP 15 CM OF SOIL. TIME REQUIRED FOR SIGNIFICANT
ACIDIFICATION OF UNCULTIVATED SOILS THAT ARE SLIGHTLY ACID OR NEARLY
NEUTRAL UNDER HIGH RATES OF ACIDIC DEPOSITION--100 CM OF PH 4.0
PRECIPITATION PLUS 16 KG S HA-1 YR-1 IN DRY DEPOSITION

(TOTAL ACID INPUT OF 2 KEQ H* HA-1 yR-1)

Assumption
Soil CEC meq 1 2 3
100 g-1
years
Midwestern Alfisol 15 75 110 220
Southeastern Ultisol 9 45 67 125 =
Quartzipsamnent 3 15 22 45-90

with Tow orga

nic matter

Assumption 1.

Assumption 2.

Assumption 3.

A11 incoming H* exchanges for (replaces) basic cations on
the soil exchange complex. There are no accompanying basic
cations and no weathering or other input of basic cations.

This 1is the "worst case" situation and cannot exist in
nature.

The incoming H* is accompanied by 0.3-0.5 keq ha-1 yr'l
of basic cations Ca, Mg, K (Cole and Rapp 1981), and the
replacing efficiency of H' for basic cations drops below
1.0 )as the base saturation of the soil drops (Wiklander
1975).

Same as under 2 except that acidification is further slowed
by release of basic cations from weathering 1 keq ha-1
yr-} (for example, 20 kg Ca ha~l of 15 kg Ca plus 3 kg Mg

ha-l yr-l) within range calculated for Hubbard Brook
(Likens et al. 1977) and the cycling of basic cations back to
soil surface by plants.
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If we consider a soil with a low CEC of only 3 meq 100 g-1 and assume a
soil bulk density of 1.3 g em~3, this soil would have a total of 60 keq
cation exchange capacity per hectare in the top 15 cm (third soil in Table
2-2). A significant pH change could be accomplished by reducing the percent
base saturation by 50 percent. This would seem to be theoretically possible
in 15 years: 15 yr x 2 keq ha-l yr-1 = 30 keq ha-l. However, all of
the acid input would have to replace and leach an equivalence of bases
(Assumption 1 in Table 2-2). This is highly unlikely. Wiklander (1974)
indicates a replacement efficiency considerably less than 1.0 in acid soils,
pH 5.5 to 6.5. Further, accompanying salts of Ca, Mg, and K also reduce the
acid efficiency in lowering pH (Assumption 2). Such rapid change also
assumes no Ht consumption by weathering and no recycling of bases to the
surface soil whereas Abrahamsen (1980b) indicated weathering rates were
keeping pace with acid inputs in treatments with pH above 4.0. Moreover,
vegetation may deposit significant quantities of basic nutrient ions on the
surface. A more reasonable estimate of the years required to lower the soil
pH significantly, even in this very poorly buffered example, is 22 to 90
years. If a value of 9 meq CEC or higher is assumed (a more common value for
most surface soils in the United States) then the minimum time is 67 years
without weathering and much longer, or infinity, with normal weathering.

The magnitude of soil resistance to pH changes is illustrated by the small pH
changes that have resulted from natural acid inputs of 0.23 to 2.27 ke
ha-l yr-1 generated by N-fixation metabolism, organic matter decay d
Cop, from respiration (Table 2-1). These inputs have not caused rapid pH

changes and it is unlikely that an additional 2 keq ha-l yr-l or less
from acidic deposition will cause a significant change in many soils.

The evidence for acidification of soils by the present rate of acidic depo-
sition is not strong. If significant acidification is to occur within a few
decades, it will be in the limited soil areas that combine the following
characteristics: the soil is not renewed by fresh soil deposits; it is low
in cation exchange capacity, i.e., low in clay and organic matter; it is low
in sulfate adsorption capacity; it receives high inputs of acidic deposition
without significant basic cation deposition; it is relatively high in present
pH (neutral to slightly acid) and free of easily weatherable materials to one
meter depth (see Section 2.3.5.2.1).

As Section 2.3.3.1 discusses, acid precipitation cannot leach nutrient cat-
ions unless the associated sulfate or nitrate anions in the soil are mobile.
Evidence indicates that sulfate is not always mobile (Section 2.2.8) particu-
larly as soils become more acid (Johnson and Cole 1977, Johnson et al. 1979,
Abrahamsen 1980b, Singh et al. 1980).

It is also possible for a soil to be leached of cations without concurrent
acidification, if acidic inputs stimulate the weathering of cations from
primary minerals. Therefore, it is important to make a distinction between
cation leaching and the process of soil acidification. It is unrealistic to
assume either a steady-state condition for soil exchangeable cations or a
condition where weathering is zero and cations are depleted from exchange
sites in proportion to H" inputs. These common assumptions made in pre-
dictive models seriously limit the models' applicability to natural systems.
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Another important factor which models do not consider is the acidification
caused by natural processes. As noted in Section 2.2.1, atmospheric acid
inputs must be viewed as an addition to the natural acidification processes
of cation uptake by plants, nitrification, and soil leaching by organic anrd
carbonic acids (Johnson et al. 1977, Reuss 1977, Cronan et al. 1978,
Rosenqvist et al. 1980).

Section 2.1.3, on leaching is closely related because long-term pH changes
require leaching of basic cations as well as acidic inputs.

2.3.2 Effects on Nutrient Supply of Cultivated Crops

This section deals with the significance of atmospheric additions of S and N
to crop requirements. Few detrimental effects of acidic deposition are
expected on nutrient supply to cultivated crops (see Section 2.3.1) because
by comparison agricultural practices have a massive effect.

Input of nutrients to plant systems from rainfall has been documented since
the mid-19th century (Way 1855). Calculations made in a number of U.S.
regions have estimated the seasonal atmospheric deposition of nutrient
species, particularly sulfate and nitrate, to agricultural and natural
systems and the implications of this deposition on plant nutrient status.
Estimates by Hoeft et al. (1972) of 30 kg S ha-l yr-l and 20 kg N ha-l
yr-1 deposited in precipitation in Wisconsin indicates the importance of
atmospheric sources of these elements. These values, however, are higher
than those usually reported in the United States (see Chapter A-8). Jones et
al. (1979) reported that atmospheric S is a major contribution to the agrono-
mic and horticultural crop needs for S as a plant nutrient in South Carolina.

The amount of annual S deposition at selected sites is presented in Table
2-3. Amounts of S recorded for 1953-55 in rural areas along the Gulf and
southern Atlantic coasts were usually less than 6 kg S ha-l yr-1, In
northern Alabama, Kentucky, Tennessee, and Virginia the levels were much
higher (10 to 30 kg ha-l yr-1l) (Jordan et al. 1959). These can be
compared with the recent NADP data for wet deposition of S (see Figure 8-19,
Chapter A-8).

These amounts of S represent a significant portion of that required by crops.
The amounts of S absorbed by crops are summarized in Table 2-4. Ierman
(1978) estimates an average crop removal of 18.5 kg S ha-l yr-l and

concludes that if current rates of atmospheric S deposition are greatly
reduced, the need for applying fertilizer S for satisfactory crop yield will
increase.

The atmospheric deposition of N is usually lower than deposition of S, but
crop requirements are much higher. Therefore, it is generally accepted that
atmospheric N-deposition plays a small or insignificant role in nutrition of
cultivated crops (see Chapter E-3, Section 3.4.2).

It is well known that foliar applications of plant nutrients can stimulate

plant growth (Garcia and Hanway 1976). It is possible, but unproven, that
repeated exposure of plants to small amounts of atmospheric deposition may be
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TABLE 2-3. AMOUNTS OF SULFUR DEPOSITED BY PRECIPITATION IN VARIOUS STATES
State Location Sites Years Major Average 1
in state source kg S ha~i yr~
Southern States
Alabama Prattville 1 1954-55 General 3.7
Muscle Shoals 19 1954 General 5.4
Muscle Shoals 20 1955 Steam Plant 11.9
Muscle Shoals 23 1956 Steam Plant 11.0
Arkansas NW and SE 2 1954-56 General 3.7
Florida Gainesville 1 1953-55 Urban 8.8
Others 5 1953-55 General 3.2
Kentucky Various 6 1954-55 General 13.1
Louisiana Various 5 1954-55 General 9.0
Mississippi Various 7 1953-55 General 5.0
North Carolina Statesville 1 1953-55 Industry 15.5
Others 15 1953-55 General 6.0
Oklahoma Stillwater 1 1927-42 General 9.7
Tennessee Various 7 1955 General 14.2
various 5 1971-72 General 17.1
Texas Beaumont 1 1954-55 Industry 12.1
Others 4 1954-55 General 5.7
Virginia Norfolk 1 1954-55 Industry 35.2
Various 16 1953-56 General 21.4
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TABLE 2-3. CONTINUED
State Location Sites Years Major Average 1
in state source kg S ha-l yr~
Northern States
Indiana Gary 1 1946-47 Industry 142.2
Others 10 1946-47 General 30.0
Michigan Various 5 1959-60 Industry 11.3
Nebraska Varijous 7 1953-54 General 7.2
New York Ithaca 1 1931-49 Urban & 54.9
Industry
Wisconsin Industrial Site 1 1969-71 Industry 168.0
Urban 9 1969-71 Urban 42 .0
Rural 13 1969-71 General 16.0

Adapted from Terman (1978).
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TABLE 2-4. SULFUR CONTENT OF CROPS

Yield Total S Con}ent
Crops tons ha-l kg ha”

Grain and oil crops

Barley (Hordeum vulgare L.) 5.4 22
Corn (Zea Mays L.) 11.2 34
Grain sorghum (Sorghum bicolor L. Moench) 9.0 43
Oats (Avena sativa L.) 3.6 22
Rice (Oryza sativa L.) 7.8 13
Wheat TTriticum aestivum L.) 5.4 22
Peanuts (Arachis hypogaea L.) 4.5 24
Soybeans (GTycine max Merr.) 4.0 28
Hay Crops
Alfalfa (Medicago sativa L.) 17.9 45
Clover-grass 13.4 34
Bermuda-grass (Cynodon dactylon L.)
Common 9.0 17
Coastal 22.4 50
Orchardgrass (Dactylis glomerata L.) 13.4 39
Timothy (Phleum pratense L.) 9.0 18
Cotton and tobacco
Cotton (1int + seed) (Gossypium hirsutum L.) 3 34
Tobacco (Nicotiana tabacum L.)
Burley 4.5 21
Flue-cured 3.4 50
Fruit, sugar, and vegetable crops
Beets
Sugar (Beta saccharifera) 67 50
Table (Beta vulgaris L.) 56 46
Cabbage (Brassica oleracea) 78 72
Irish potatoes (SoTanum tuberosum L.) 56 27
Oranges (Citrus sp.) 52 31
Pineapple (Ananas comosus) 40 16

Estimates by Potash/Phosphate Institute of North America. Adapted from
Terman (1978).
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more effective in stimulating plant growth than a comparable amount applied
to soils (see Chapter E-3, Section 3.4).

2.3.3 Effects on Nutrient Supply to Forests

Nutrient supply may be influenced by acidic deposition effects on leaching of
cations or by pH-induced changes in mineral solubility, microbial processes,
or weathering rates in addition to the direct influence of additions of N and

S in deposition. Microbial processes are discussed in Section 2.4. Solu-
bility {availability) and weathering reactions are discussed in Section 2.2.

Acid precipitation has created a major concern because of the potential for
accelerated cation leaching from forest soils and eventual losses of pro-
ductivity (Engstrom et al. 1971). This concern was the driving force for
numerous empirical studies of acid precipitation effects on forest nutrient
status 1? general and cation leaching in particular (reviewed by Johnson et
al. 1982).

Perhaps because of the negative implications of the term "acid rain," initial
speculations about acid deposition effects on forest productivity devoted
little or no attention to concurrent sulfate and nitrate deposition on
forests deficient in S or N. Only recently has it been recognized that acid
deposition can cause increases as well as decreases in forest productivity
(Abrahamsen 1980b, Cowling and Dochinger 1980). The net effect of acid
deposition on forest growth depends upon a number of site-specific factors
such as nutrient status and amount of atmospheric acid input. (See also
Chapter E-3, Section 3.4.1.)

It is also very important to consider that ions such as 5042' and NO3~™ are
already in the ecosystem and that H" is generated naturally by the plant
community (Ulrich 1980). Thus, the question is one of relating inputs to
natural levels; e.g., does atmospheric H' input significantly add to or
exceed natural H* production within the soil? Do the detrimental effects
of Ht deposition offset the benefits of NO3~ deposition in an N-
deficient ecosystem or the benefits of S042- deposition in an S-deficient
ecosystem? In short, the problem of assessing the effects of acid deposi-
tion on forest nutrient status is largely a matter of quantification and
requires a nutrient cycling approach.

2.3.3.1 Effects on Cation Nutrient Status--Cation leaching is important to
soil properties because it may lead to a loss of plant nutrients and de-
pressed soil pH. It is important in hydrology because cations leached from
soils may be transferred to aquatic systems.

The basic cation status of a soil depends on the net effect of leaching and
other losses versus weathering and other inputs (Abrahamsen 1980a, Ulrich et
al. 1980). Weathering is stimulated by additional H' input, offsetting
leaching to some extent. However, most acid irrigation studies (Abrahamsen
1980b) and one study under ambient conditions (Ulrich et al. 1980) indicate a
net decline in exchangeable basic cations with time. There is little doubt
that acid deposition can accelerate cation leaching rates, but the magnitudes
of these increases must be evaluated within the context of natural, internal
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leaching processes. The magnitude is quite variable, depending upon the
amount of acid input, the rate of soil leaching by natural processes (Cole
and Johnson 1977, Cronan et al. 1978), and the degree to which soils are
buffered against leaching (e.g., by anion adsorption; Johnson and Cole 1977).
Furthermore, the ultimate effects of accelerated cation leaching on cation
nutrient status depend upon a number of variables, most notably exchangeable
cation capital, primary mineral weathering rate (Stuanes 1980), forest cation
nutrient requirement, and management practices such as harvesting.

A comparison of the effects of some of these factors on cation nutrient
status is given in Table 2-5. Various schemes for evaluating internal acid
production have been proposed (Reuss 1977, Sollins et al. 1980, Ulrich 1980),
but in this case, only the values reported by various investigators for soil
leaching (usually by carbonic acid) are considered. It is obvious that
atmospheric acid inputs vary not only in absolute magnitude, but also in
their importance relative to internal 1leaching processes and effects of
harvesting.

At the unpolluted site in Findley Lake, it is not surprising that internal
leaching processes and harvesting effects exceed atmospheric HY inputs.
However, even in the beech stand at Solling, West Germany, values for
HZCO3 production reported by Andersson et al. (1980) exceed atmospheric
H" inputs as measured by open-bucket collectors. In this case, the com-
parison is misleading, however, since dry deposition to the forest canopy at
Solling is known to be exceedingly high (Ulrich et al. 1980), and, conse-
quently, H' inputs to the forest floor substantially exceed those deposited
above the canopy. It is also noteworthy that Ulrich et al. believe that
while internal H*-producing processes are important at Solling, acid rain
is having serious, deleterious effects on forests there.

Studies of basic cation leaching due to acidic inputs sometimes give in-
consistent results. Under ambient conditions, Mayer and Ulrich (1977) noted
a net loss of Ca, Mg, K, and Na from the soils under a beech forest. Except
for Na, however, the loss was equal to or less than nutrient accumulation in
the trees. Roberts et al. (1980) reported that acidic precipitation on
Delamere forest {pine) of central England may produce small changes in litter
decomposition, but they found no effect on Ca, Mg, K, or Na leaching rate.
Cole and Johnson (1977) found no detectable effect of acid precipitation on
the soil solution of a Douglas-fir ecosystem. On the other hand, Andersson
et al. (1980) noted a net output of Ca from both a pine forest soil in Sweden
and a beech forest soil in West Germany; both soils accumulated N but not
sul fate. Cronan (1980a) reported net losses of Ca, Mg, K, and Na from
subalpine soil in New Hampshire, attributing losses to acidic precipitation.
Studies by Mollitor and Raynal (1982) suggest that leaching of K may be the
most serious problem of cation leaching in Adirondack forest soils.

Nitrate is sometimes associated with acidic deposition and differs con-
siderably from sulfate in that it is very poorly adsorbed to most soils
(Johnson and Cole 1977). However, biological processes in N-limited eco-
systems quickly immobilize nitrate, and since N limitations are common in
forested regions of the world, nitrate is rarely mobile {Abrahamsen 1980b).
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TABLE 2-5. ATMOSPHERIC H* INPUTS VS CATION REMOVAL BY INTERNAL H*
PRODUCTION (CARBONIC AND ORGANIC ACIDS) AND POTENTIAL NET ANNUAL CATIO
REMOVAL IN BOLE ONLY AND WHOLE-TREE HARVESTING (WTH) IN SELECTED FORES

ECOSYSTEMS (ADAPTED FROM EVANS ET AL. 1981)

N
T

Precipitation Cation Cation
Site Species Age Ht leaching by removal by
(yr) inputd internal acid harvesting®
productionb  Boye WTH

(eq ha-1 yr-1)

Thompson, Pseudotsuga 42 2404 4204 380°
Washington menziesii (4.8) (5.9)

Solling, Fagus sylvatica 59 9009 19509 2209
W. Germany

Jadrass, Pinus sylvestris - 1909 2269 -
Sweden

Findley, Abies amabilis, 175 9oh 14107 2728
Washington Tsuga mertensiana (5.6) (4.5)

H.J. Andrews, Pseudotsuga 450 289 227009 60°
Oregon menziesii

660

370¢€

4608

106

dWeighted average [H*] times precipitation amount; weighted average [H*] as
pH appears in parenthesis where available.

bCalculated from net increase in weighted average HCO3- or organic anion
concentration (the latter estimated by anion deficit) times water amount.
Weighted average [H*] as pH for solutions appears in parentheses where
available.

CNutrient content divided by age; WTH = whole tree harvest, removal of all
aboveground biomass.

dFrom Cole and Johnson (1977).
€From Cole and Rapp (1981).
fFrom Lindberg et al. (1979).

9From Andersson et al. (1980). For comparison in this table, only HpCO3
production values are included.
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On the other hand, nitrogen-rich ecosystems (where biological immobilization
of NO3~ is minimal) are susceptible to leaching by HNO3.

With regard to North American forests, cation deficiencies are very rare
although they are known to occur in red pine (Pinus resinosa) on some sandy
soils in New York State (Stone and Kszystyniak 1977, Heiberg and White 1950,
Hart et al. 1969). Acid rain accelerated 1leaching could, in theory,
exacerbate this situation, but this possibility has not been investigated.
It should be noted, however, that these ecosystems are exceedingly conser-
vative with regard to potassium (Stone and Kszystyniak 1977), and biological
cycling and conservation may play major roles in resisting effects of acid
rain on K* leaching (e.g., other cations may be 1leached while K* is
conserved).

2.3.3.2 Effects on S and N Status--Deficiencies of S have been indicated in
forests remote from pollutant inputs in eastern Australia (Humphreys et al.
1975) and the northwestern United States (Youngberg and Dyrness 1965, Will
and Youngberg 1978). Humphreys et al. (1975) suggest that pollutant inputs
from power plants benefit S-deficient Australian forests, particularly when
the soils have 1ittle S042- adsorption capacity. In these situations
continual input of moderate amounts of HpSO4 as acid rain may be a source
of fertilizer.

At the other extreme, continual atmospheric S inputs may help alleviate sub-
optimal sulfate availability in sulfate "fixing" soils that are rich in
hydrated Fe and Al oxides. Although adsorbed insoluble sulfate is thought to
be available to plants in the long run, the intensity or rate of supply to
the soil solution can be less than that required by plants, effecting an S
lTimitation (Hasan et al. 1970).

Research has shown that N fertilization, a practice in some forested regions
of the world, results in rapid use of ecosystem S supplies, possibly leading
to S limitations (Humphreys et al. 1975, Turner et al. 1980). It has been
suggested that forest N and S status must be evaluated because of the closely
related roles of these elements in protein synthesis (Kelly and Lambert 1972,
Turner and Lambert 1980, Turner et al. 1980). In relatively unpolluted
regions of the northwestern United States, evidence indicates that lack of
growth response to N by Douglas fir is due to marginal S status (Turner et
al. 1977, 1979). Thus, it seems evident that moderate amounts of S in depo-
sition could benefit forests undergoing N fertilization. In the United
States this currently involves a total of about 1,000,000 ha of forest lands,
primarily in the Northwest and Southeast (Bengston 1979).

Amounts of atmospheric S input sufficient to satisfy forest S requirements
are much_smaller than many crop requirements. In general, S inputs of 5 kg
ha-l yr-1 are sufficient to satisfy S requirements in most forest ecosys-
tems (Humphreys et al. 1975, Evans et al. 1981, Johnson et al. 1982). Inputs
of S042- in acid rain affected regions frequently exceed this value
(often by a factor of 2 to 4), implying that S is currently being deposited
in excess of forest requirements (Table 2-3 and Chapter A-8).
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Several studies have shown that excess S cycles within vegetation and accumu-
lates in soils as 8042“ without any apparent harm (Kelly and Lambert
1972, Turner et al. 1980, Turner 1980). The plateau between S sufficiency
and toxicity in forest ecosystems appears to be quite broad. Inputs of S
usually constitute a more significant increment to the natural sulfur flux
within forest ecosystems than do equivalent inputs of H* to the natural
flux of H*. Therefore, it would appear that further emphasis ought to be
given to effects from the 5042‘ component of acidic deposition. Simi-
larly, further emphasis ought to be given to the effects of N inputs, because
they appear to be increasing (Abrahamsen 1980b) and N is commonly the
Timiting nutrient in forest ecosystems.

Nitrogen deficiencies are common in forests throughout the world (Abrahamsen
1980b).  Inputs of NO3~ (as well as NH4t and other forms of N) are
likely to improve forest nutrient status and productivity in many cases.
Nearly all forest ecosystems for which nutrient budgets are available appear
to accumulate NO3- as well as other forms of N (i.e., inputs > outputs;
Abrahamsen 1980b). Since N03~ 1is very poorly adsorbed to most soils
(vitousek et al. 1979), this accumulation is undoubtedly due to biological
uptake. The inhibiting effect of NO3~ immobilization on the leaching
potential of HNO3 is the same as that of S042- qimmobilization on the
leaching potential of HpS04 even though the mechanisms of immobilization
for those two anions are different.

Because forest N requirements are relatively high compared to S requirements,
instances of atmospheric N inputs in excess of forest N requirements seldom
occur. An apparent exception is the Solling site in West Germany, where
atmospheric inputs of N, S, and H* are high (Ulrich et al. 1980).

If atmospheric N inputs increase to the point where N deficiencies are al-
leviated and excess N is available in soils, nitrification may be stimulated.
Nitrification pulses are thought to be responsible for a large percentage of
leaching at the heavily-impacted Solling site in West Germany, for example
(Ulrich et al. 1980). Thus, nitrogen "saturation" of forest ecosystems could
result in significant increases in cation leaching and, under extreme circum-
stances, soil acidification. Such "“saturation" would occur most readily in
forests with low N demand (i.e., boreal coniferous forests; Cole and Rapp
1981) or in forests with adequate or excessive N supplied (such as by N-
fixing species). Indeed, the naturally acidifying effects of red alder, an
N-fixing species indigenous to the northwestern United States, have been
noted by several investigators. However, there is not evidence of wide-
spread, imminent nitrogen saturation of forests since N deficiencies are
still quite common and most ecosystems are still accumulating N (Abrahamsen
1980b, Johnson et al. 1982).

Acidic deposition may indirectly affect N availability in forest soils. Tamm
(1976) predicted short-term increases in N availability (due to increased
decomposition and microbiological N immobilization) and tree growth due to
acidic precipitation. However, long-term declines in both N status and tree
growth could occur due to net N losses from the ecosystem. With regard to
decomposition, empirical results have been variable (see Section 2.5).
Whether this increase in N availability is due to changes in microbial
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activity or to the acid-catalyzed hydrolysis of labile soil N is unknown. In
either event, the results of the Norwegian studies, in which both N avail-
ability and nitrate leaching were stimulated by HpS04 inputs, strongly
suggest that, contrary to earlier predictions that nitrification would be
inhibited by acidic inputs (Tamm 1976), nitrification can be stimulated by
acidic inputs.

2.3.3.3 Acidification Effects on Plant Nutrition--It is unlikely that many
soils will be significantly acidified by acid rain at current input levels in
the United States (see Sectimm 2.3.1). Should soil acidification occur,
however (e.g., in restricted areas with high acid inputs and very poorly
buffered soils), a great deal of information is available about plant
responses. Also, recent results from the heavily-impacted Solling site in
West Germany suggest that slight changes in soil pH due to the combined
effects of acid precipitation and internal processes are causing serious
negative effects on forests there (Ulrich et al. 1980).

2.3.3.3.1 Nutrient deficiencies. In general, only those acidic soils that
are highly Teached ('sandy and/or low CEC) are likely to be sufficiently low
in Ca to affect growth of higher plants. That is, if Al and other toxic ions
are not present in excess, most acidic soils will have adequate Ca for good
growth of most plants (Foy 1964, 1974a). The evidence suggests that many, if
not all, of the Ca deficiencies reported on acidic soils in the field are due
to Al-Ca antagonisms rather than low Ca per se. For a fuller treatment of
the Ca-deficiency Al-toxicity argument, see earlier reviews (Kamprath and Foy
1972; Foy 1974a,b, 1981). Similarly, magnesium deficiencies observed in
plants grown on acid soils are often due to Al-Mg antagonisms rather than Tow
total soil Mg levels.

Phosphorus deficiency is a common problem in crops and forests grown on
acidic soils because such soils are often low in total P and because native
P, as well as fertilizer P, is combined with Al and Fe in forms that are only
sparingly soluble (Adams and Pearson 1967, Kamprath and Foy 1972, Pritchett
and Smith 1972, Graham 1978).

Unlike other micronutrients, Mo is less available in strongly acid soils
(Kamprath and Foy 1972). Molybdenum deficiencies such as those reported on
the Eastern Seaboard, in the Great Lakes states, and on the Pacific coast of
the United States generally occur on such soils (Kubota 1978).

2.3.3.3.2 Metal ion toxicities. Any metal can be toxic if soluble in suf-
ficient quantities. In near-neutral soils, heavy metals occur as inorganic
compounds or in bound forms with organic matter, clays, or hydrous oxides of
Fe, Mn, and Al. However, a decrease in soil pH can create metal toxicity
problems for vegetation. Zinc, Cu, and Ni toxicities have occurred fre-
quently in a variety of acid soils. 1Iron toxicity occurs only under flooded
conditions where Fe occurs as the reduced, soluble Fe2* form (Foy et al.
1978). Toxicities of Pb, Co, Be, As, and Cd occur only under very unusual
conditions. Lead and Cd are of particular interest because they move into
the food chain and affect human and animal health. For further details, see
a recent review (Foy et al. 1978).
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Aluminum and Mn toxicities are the most prominent growth-limiting factors in
many, if not most, acidic soils (Foy 1973, 1974b, 1981; Tanaka and Hayakawa
1975). Hence, this review will emphasize the harmful effects of these two
elements on plants. The chemistry of Al and Mn in soils was discussed in
Sections 2.2.3 and 2.2.4.

2.3.3.3.2.1 Aluminum toxicity. Because Al is a structural constituent
of soil clay mineral particles, Al toxicity is theoretically possible in
most, if not all, soils. The primary condition required to produce
solubility of excess Al is a lTow pH. As Sectiom 2.2.3 pointed out, aluminum
may become soluble enough to be of concern when the soil pH is in the range
5.0 to 5.5 or below.

Aluminum toxicity is believed to be a primary factor in limiting plant roat
development (depth and branching) in many acidic subsoils of the southeastern
United States (Foy 1981). For example, Kokorina (1977) noted that acid soil
toxicity was more harmful in dry years. This dry season phenomenon in
concert with acidic deposition may also be a factor in Ulrich's (1980) recent
reports on forest growth reduction in West Germany.

On the basis of some complex theories of ecosystem acidification processes on
and after a decade of monitoring at the Solling site, scientists at the
University of Gottingen in West Germany state that the forests of Solling (as
well as others 1ike it in Germany) are being seriously impacted by acid rain
(Ulrich 1980). Most significantly, at the Solling site Al concentrations in
soil solutions have increased twofold (from 1-2 mg 2-1 to 2-5 mg =2-1)
beneath the beech stand and -~ tenfold (from 1-2 mg 2-1 to 15-18 mg
£-1) beneath the spruce stand over the last decade (Matzner and Ulrich
1981). It is hypothesized that Al concentrations are reaching toxic levels,
thereby damaging or killing tree roots and causing serious consequences to
the maintenance of these forest ecosystems. An important question relative
to toxicity of Al levels concerns the form of Al in soil solution. It would
be important to know the extent of chelation by organic materials.

Atmospheric H* inputs must be viewed as additions to natural, internal acid
generation (Ulrich 1980). One very important internal H' generating pro-
cess at Solling is nitrification in mineral soil layers during warm, dry
years. Nitrification during these periods (thought to be caused by decompo-
sition of previously accumulated N-rich root residues) causes a pulse of acid
production. According to Ulrich et al. (1980), systems that have been acidi-
fied by acid precipitation are unable to withstand such pulses because their
buffering capacities are much reduced. Thus, Al is mobilized at such times,
creating toxic conditions for roots.

Undoubtedly, acid inputs to the Solling site are very high. Inputs of H*
measured with open-bucket collectors are not themselves excessively high,
being approximately 700 eq ha-l yr-1 (0.7 kg ha-l yrly; compara-
tively, H* input values of this magnitude are not uncommon in forests of
the United States (Chapter A-8). However, at Solling H' flux in through-
fall is two to five times greater than in open precipitation due to dry
deposition in the forest canopy.
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In contrast to results and hypotheses at Gottingen, scientists with the
Norwegian SNSF Project demonstrated the ability of forest ecosystems to
tolerate acid inputs and Al levels exceeding those reported at Solling. This
ability is shown by results of an intensive series of irrigation studies
involving inputs of HySO4 ranging from current background levels (ap-
proximately 0.8 5gq ha-l yr-1) up to approximately 30 times that amount
(26 keq ha-1l yr-ly, Although Al concentrations in soil solutions and in
tree foliage increased substantially, no indications of Al toxicity were
noted and growth effects were small (slight growth increases occurred in some
species, siight decreases in other species, and no effects in some species;
Abrahamsen 1980a,b; Tveite 1980a,b). It is also noteworthy that 1large
nitrification pulses occurred in most acid treatments (Abrahamsex 1980a).
Finally, greenhouse studies involving acid irrigation and liming of Norway
spruce showed that this species (which occurs also at the Solling site) is
extremely tolerant of high acid inputs and foliar Al concentrations.

Plant species and cultivars differ widely in their tolerances to excess Al in
the growth medium. Published references to such differences are too numerous
to cite individually, but access to the older literature is provided in re-
view papers (Foy 1974b, 1981). Aluminum tolerance has been associated with
PH changes in root zones, Al trapping in non-metabolic sites within plants, P
uptake efficiency, Ca and Mg uptake and transport, root cation exchange ca-
pacity, root phosphatase activity, internal concentrations of Si, NHgt -
NO3~ tolerance or preference, organic acid contents, Fe uptake efficiency
and resistance to drought. For citations from the earlier literature, see
review papers (Foy 1974b, 1981, Foy and Fleming 1978, Foy et al. 1978).

2.3.3.3.2.2 Manganese toxicity. Manganese toxicity frequently occurs
in soils with pH values of 5.5 or below, if the soil parent materials are
sufficiently high in easily reducible Mn content. However, some soils do not
contain sufficient total Mn to produce toxicity, even at pH 5.0 or below.
Soils of the Atlantic Coastal Plain of the United States are lower in total
Mn than those of the Gulf Coastal Plain (Adams and Pearson 1967). However,
within any area, soils vary widely in Mn contents (Sedberry et al. 1978). 1In
that study, the DTPA extractable Mn varied more with parent material and clay
than with pH and organic matter. Reducing environments induced by poorly
aerated conditions 1in soils increase Mn availability and potential for
toxicity.

2.3.4 Reversibility of Effects on Soil Chemistry

Changes in soil chemistry caused by acidic deposition 1in unmanaged
terrestrial ecosystems must, in general, be considered irreversible, but
there are exceptions. Nutrients lost are not readily regained. However,
exchangeable basic cations in surface soils may be replaced gradually by
weathering, by recycling by deep rooted species, and by dust inputs if the
acidic inputs are reduced. Because basic cation depletion is the normal,
Tong-term trend in humid regions, the trend toward increased acidity would
probably not be reversed in such environments even if inputs stopped.

Because microbial activity in soils responds quickly to changing
environments, important soil processes it moderates can be expected to return
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to former levels when the environment changes as a result of reductions in
deposition.

Leaching of Al to aquatic systems in response to acidic inputs would likely
lessen with reduced acidic deposition.

2.3.5 Predicting Which Soils will be Affected Most

2.3.5.1 Soils Under Cultivation--It is unlikely that acidic precipitation
will adversely affect cultivated soils. Not only do many management prac-
tices result in acid production greater than that expected to be derived from
acidic deposition, but good management also requires controlling pH at a
level most conducive to plant growth (see Section 2.2.6). For example,
NHgt is an important source of fertilizer N to soils. This form rapidly
oxidizes to NO3~ in soil, resulting in significant acid production (see
Sectbn 2.2.1). Routine additions of N fertilizers may result in the release
of between one and two orders of magnitude more H' than will be annually
derived from acidic deposition {McFee et al. 1976).

2.3.5.2 Uncultivated, Unamended Soils--As indicated in the soil chemistry
section, 2.2.1.3, arid or semi-arid region soils that are not normally
leached do not naturally acidify, and adding acidic deposition will not
change that nor cause any foreseeable i1l effects.

The soils that might be affected are those of the humid regions, which are
not normally amended with lime and/or fertilizers. This area includes most
of the forested land of the eastern United States, the Pacific Northwest and
some high altitude areas of the west. It is important to identify which
soils in these regions are likely to be adversely affected by acidic depo-
sition.

Various schemes for assessing site sensitivity to acidic deposition effects
have been proposed. Those directed toward aquatic effects have emphasized
bedrock geology (Hendrey et al. 1980, Norton 1980), while those concerned
with terrestrial effects have emphasized cation exchange capacity and base
saturation (McFee 1980, Klopatek et al. 1980). For the reasons previously
discussed, sulfate adsorption capacity should be included in the sensitivity
criteria for both aquatic and terrestrial impacts (Johnson 1980), but unfor-
tunately, the data base for the latter is limited. In considering soil
sensitivity to adverse effects of acidic deposition, it is helpful to sepa-
rate the effects into two categories: (1) changes related to soil pH-basic
cation changes, which would include any direct losses of nutrients and
changes in processes or availability related to pH; (2) changes in soil
solution and/or leachate chemistry that might affect aquatic systems or be
toxic to plant roots, for which the primary concern is change in aluminum
concentration in solution.

McFee (1980) has suggested that cation exchange capacity (CEC) be used as the
primary criterion for determining soil sensitivity to acidic deposition. The
su?gested classification considers soils with CEC greater than 15.4 meq 100
g-!, those subject to frequent flooding, or those with free carbonates in
the upper 25 cm of the solum to be insensitive. Non-calcareous, non-alluvial
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soils with CEC between 6.2 and 15.4 meq 100 g¢-1 are classed as slightly
sensitive, and those with CEC less than 6.2 meq 100 g‘l are classified as
sensitive.

Wiklander (1974, 1980b) proposed a more complex classification system, which
considers soil buffering capacity as well as the ability of H' to compete
for exchange sites in low pH, low base saturated soils. Buffering capacity
will, of course, be directly affected by CEC as well as by pH, base satura-
tion, and the presence of carbonates and ferromagnesium minerals. Consider-
ing base saturation separately recognizes that H* competes best with base
jons on pH-dependent charge sites (Snyder et al. 1969, McLean and Bittencourt
1973). As base saturation decreases and a larger proportion of the pH-
dependent charge sites are filled with acidic ions, H* inputs become less
effective in removing basic cations.

Wiklander's classification scheme still does not include all known factors
that moderate effects of acidic deposition. For example, Wiklander (1975,
1980a,b) demonstrated that the presence of neutral salts, either in the
precipitation or in the soil, significantly moderates the effect of acidic
precipitation on soil. Sulfate adsorption capacity of the soil should also
be considered because mobile sulfate serves as a counter ion for cation
leaching (Cronan et al. 1978, Johnson 1980). Many acid soils have an anion
retentive capacity which can be related to both the presence of hydrated Fe
and Al oxides and to charge of the soil with decreased pH (Wiklander 1980a) .
High sulfate adsorption capacity will decrease soil sensitivity to cation
removal .

Comparisons of above systems indicate weakness in all, but a tendency to
agree when viewed on a national scale. The regions dominated by Ultisols,
Spodosols and some of the Inceptisols ({Figure 2-4) encompass most of the
areas predicted to be sensitive to acidic deposition. All mapping efforts at
any level above the most detailed (county soil maps for example) will of
necessity include a wide range of conditions within any map unit. For that
reason, all of the efforts published thus far should be used with some
caution.

2.3.5.2.1 Basic cation-pH changes in forested soils. Based on the sensi-
tivity criteria proposed by McFee (1980), Wiklander (1980b), and Johnson
(1980), it is clear that soils 1ikely to undergo significant changes in basic
cation content or change in pH have these characteristics:

(1) they are not renewed by flooding or other processes;

(2) they are free of carbonates to considerable depth (1.0 meter or
more) ;

(3) they have low CEC but pH of at least 5.5to0 6.0; and
(4) they have a low sulfate adsorption capacity.

Because soils with low CEC (< 6.0 meq 100 g-1, McFee 1980, Klopatek et al.
1980) in humid climates tend to become acid naturally over time, few soils
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Figure 2-4. Generalized soil map of the United States (Soil Survey Staff 1975) show-
ing regions dominated by suborders or groups of suborders. The most
common suborder is named. Many other suborders exist within the bound-
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meet criterion 3 above. So few have, in fact, that by the time we apply the
other criteria, it is clear that accelerated loss of basic cations and
lowered soil pH as a result of acidic deposition are unlikely to be extensive
problems. Maps prepared by Olsen et ar. (1982) show areas of low CEC and
mnoderately high pH that are extensive enough to appear on a national map only
in the central portion of the United States. In that area, however, most
soils do not meet criterion 2 and do not currently receive significant acidic
deposition.

2.3.5.2.2 Changes in aluminum concentration in soil solution in forested
soils. Based on the discussion of soil chemistry in Section 2.2.3, it is
clear that soils most likely to have increased Al in solution or in leachate
due to acidic deposition are already acid, (pH < 5.5), and meet criteria 1,
2, and 4 above. Cation exchange capacity is not as important in this case,
but effects will be most pronounced where CEC is low. In such soils, the
buffer capacity is largely controlled by Al-mineral chemistry. Increased
acidic inputs may increase the rate of Al release and increase its concen-
tration in soil solution or leachate from the soil. This is most likely to
occur where total quantity of the controlling Al compounds exposed to chemi-
cal action is small, e.g., in a coarse-textured acid soil.

2.4 EFFECTS OF ACIDIC DEPOSITION ON SOIL BIOLOGY

2.4.1 Soil Biology Components and Functional Significance

The biological component of soil is of primary importance in the functioning
of the complete ecosystem. In this section, the soil biota will be briefly
described in terms of functional significance. For general reference, see
Alexander (1980a), Richards (1974), or Gray and Williams (1971).

2.4.1.1 Soil Animals--The most significant roles played by the invertebrate
soil fauna pertain to turnover of organic material and soil physical charac-
teristics. Many members of this group, such as earthworms, mites, ants, and
termites are involved in mixing the organic and inorganic soil constituents.
The quantity of organic material actually assimilated by these organisms is
small, generally less than 10 percent, but the relatively large quantity of
material consumed 1is frequently altered chemically by enzymes or micro-
organisms present in the animal's gut. Thus, by maceration and mixing, these
organisms play an important role in the conversion of plant material to soil
humus .

2.4.1.2 Algae--Chlorophyta (green algae), Cyanobacteria (blue-green algae)
and ChrysophyTa (diatoms) are common inhabitants of the soil surface. Since
algae are dominantly photoautotrophic organisms (using 1ight as an energy
source and CO; as a carbon source) they can colonize environments lacking
the organic carbon required by many life forms. In areas where higher life
forms are largely absent, such as fresh volcanic deposits, beach sands,
eroded areas, and freshly burned areas, algae commonly appear as the pioneer-
ing species, frequently supplying the organic material required for subse-
quent colonization by other 1ife forms. Some blue-green algae (bacteria) can
convert atmospheric Np to organic compounds. In many environments, such as
flooded paddy fields, this ability to fix nitrogen provides a critical input
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of nitrogen to the system. Lichens, an intimate association between certain
algae and fungi, are also important pioneering species, and some have the
ability to fix nitrogen. Ubiquitous on rock surfaces and other extremely
harsh environments, lichens are instrumental in the long-term breakdown and
dissolution of rocks ultimately to form soil.

2.4.1.3 Fungi--Soil fungi are involved in degrading a wide range of organic
compounds, from simple sugars to complex organic polymers. Many members of
this group possess the enzymatic capacity to attack the major plant consti-
tuents, such as cellulose, hemicellulose, and lignin. Fungi are normally the
dominant initial colonizers of plant debris and are ultimately responsible
for many of the steps occurring during the conversion of plant material to
soil organic matter. The complex network of fungal hyphae which totally
permeates the fabric of soil constitutes a major portion of the soil biomass
as well as binding together soil particles to form aggregates. Products of
fungal metabolism in soil, such as carbohydrates, can act as glues for
primary soil particles.

Certain types of soil fungi can play direct roles in nutrient availability to
plants by forming mycorrhizal associations with plant roots. The fungal
hyphae greatly expand the volume of soil from which plant roots can effec-
tively draw nutrients. In deficient soils, the fungal partner can substan-
tially improve phosphorus, copper, zinc, and possibly nitrogen (ammonium)
availability to plants. 1In addition, the mycorrhizal association may enhance
water availability, increase salt tolerance, enhance heavy metal resistance,
and affect plant growth via hormone production. Although relationships are
not yet well understood, each of these effects is currently under investiga-
tion.

2.4.1.4 Bacteria--The procaryotic microflora of soils are also extremely
important in the decomposition of plant litter and the synthesis and break-
down of soil organic matter. Bacteria are primarily responsible for making
organic forms of N, S, and P available to plants by mineralizing organic
matter. For substantial plant uptake to occur, S must be as 5042' and N as
either NO3~ or NHg*. Oxidation of NHg* to NO3~ (nitrification) is dominantly
catalyzed by autotrophic soil bacteria. Nitrogen is lost from the soil
through anaerobic bacterial reduction of NO3~ to the gaseous species Np
and N20 (denitrification). Most nitrogen enters ecosystems through bac-
terial reduction of atmospheric Np to NHg* (Np-fixation). Fixation
by bacteria living symbiotically with plants can contribute significant
amounts of nitrogen to both agricultural and forest systems. Nitrogen nutri-
tion of many leguminous plants is enhanced through Np-fixation by bacteria
of the genus Rhizobium. Fixation by actinomycetes, such as Frankia, in asso-
ciation with woody species may contribute critical amounts of nitrogen to
some forest systems. The oxidation and reduction of S roughly parallel that
of N. In addition to bearing primary responsibility for the availability of
N and S to plants, soil microbes also strongly influence the avail- ability
of phosphorus, iron, and manganese through organic mineralizations and redox
reactions.

The distribution of microbial activity in soil generally reflects the fact
that many of these microbes are heterotrophs, that is, they require preformed
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organic compounds. Soil microbial activity is generally greatest in regions
of high organic carbon availability. While most types of microbial activity
do occur to some extent throughout the soil profile, recognizing that maximal
activity commonly occurs in somewhat discrete areas of the soil is important
to understanding potential effects of acidic deposition. Microbial attack on
plant debris takes place largely in the surface litter layer. Production and
breakdown of soil humus occur dominantly in the upper portion of the soil
profile, reflecting the site of initial leaf, stem, and root material depo-
sition. Heterotrophic microbial activity is also high in soil near plant
roots, where root-derived material provides carbon for soil bacteria and
fungi.

2.4.2 Direct Effects of Acidic Deposition on Soil Biology

The effects of acidic deposition should be expected to vary tremendously,
depending on the type of organism and the characteristics of the soil which
it inhabits. While soil acidification does affect many biological processes,
it is often impossible to distinguish direct effects of acidification from
secondary effects resulting from acid-induced changes in the soil solution.
The following section documents some effects which have been attributed to
soil acidification resulting from acid inputs.

2.4.2.1 Soil Animals--Many classes of soil animals, such as earthworms
(Lumbricidae), miTlipedes (Myriapoda), and nematodes (Nematoda), are known to
be less abundant in acid soils than in neutral soils. However, large popu-
lations of other soil animals, such as springtails (Collembola) and potworms
(Enc?ytraeidae), are common in acid soils high in organic matter (Richards
1974).

Effects of simulated acid precipitation on soil fauna vary markedly according
to the species observed. Studies by Baath et al. (1980), in which soils were
treated with 50 or 150 kg ha=l HpSO; for 6 years, showed that the num-
bers of Collembola increased, Enchytraeidae decreased, but mites (Acarina)
were generally unaffected by both application rates. In a 2-year exposure to
simulated rain of pH 2.5 to 6.0 (25 or 50 mm per month), Collembola, Acarina,
and Enchytraeidae were generally unaffected or increased in number with
the acid treatments. However, a few species of Acarina and the dominant
Enchytraeid were significantly reduced by the more extreme acidification
(Hagvar 1978, Abrahamsen et al. 1980). It should be noted that the soils
studied by these two groups were naturally very acidic; hence the indigenous
soil fauna may have been relatively acid tolerant. In less acid deciduous
woodland soils (Kitham and Wainwright 1981), the native population of soil
animals appeared to be much more sensitive to acid rain (pH 3.0) localized
near a coking works, but these results also reflect the presence of
substantial dry deposition on the litter.

2.4.2.2 Terrestrial Algae--While green algae (Chlorophyta) readily colonize
relatively acid soils, blue-green algae (Cyanobacteria) have been reported to
be particularly sensitive to soil acidity (Dooley and Houghton 1973, Wilson
and Alexander 1979). While there is little experimental verification in soil
systems, the general sensitivity of free-living Cyanobacteria to acidity
suggests they may be susceptible to acidic deposition. The sensitivity of
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blue-green algae to acid precipitation has been demonstrated in a lichen
symbiosis. Simulated acidic deposition of pH 4.0 or less substantially
reduced Np-fixation by the dominant Ny-fixing 1lichen in a deciduous
forest (Denison et al. 1977).

2.4.2.3 Fungi--Fungi become increasingly important in acid soils as compared
to neutral-alkaline soils (Gray and Williams 1971). The commonly observed
dominance of fungi over bacteria in acid soils may, in part, result from a
greater sensitivity of heterotrophic bacteria to H* concentration and the
consequent reduction in competition (Alexander 1980a).

The relative tolerance of fungi to acid precipitation was demonstrated by
Wainwright (1979), who isolated fewer heterotrophic bacteria but more fungi
from soils exposed to acid rain and heavy atmospheric pollution than from
similar but unaffected soils. The presence of nitrifying fungi in acid soils
lacking autotrophic nitrifiers (Remacle 1977, Johnsrud 1978) also appears to
indicate the relative resistance of fungi to soil acidity.

Most investigations of the effects of acidic deposition on soil fungi, how-
ever, have used traditional plate count methods, which do not necessarily
reflect viable fungal biomass. Baath et al. (1980) found that FDA ( fluores-
cein diacetate) active fungal biomass decreased significantly under the two
acid regimes described earlier (Section 2.4.2.1) while total fungal mycelia
(the sum of viable and non-viable hyphae) increased.

To date, little information available concerns the response of mycorrhizal
associations to acidic deposition. Sobotka (1974) reported a reduction in
the fungal mantle of spruce mycorrhizae receiving heavy atmospheric pollu-
tion, including acid rain. In a short-term experiment, Haines and Best
(1975) found no visible damage to endomycorrhizae of sweetgum exposed to pH
3.0 treatments. To explain deviations in nutrient flux data, these research-
ers suggested that cation carriers of mycorrhizal roots may be more suscep-
tible to inhibition by H* than are non-mycorrhizal roots.

2.4.2.4 Bacteria--The discussion in this section pertains largely to soil

bacteria.  In many soil microbial processes, however, it is impossible or

meaningless to isolate bacterial functions from soil fungal and faunal

?rocesses with which they are inherently integrated. For example, leaf
itter decomposition requires fungal, bacterial, and faunal attack.

Bacteria are generally considered to be less acid tolerant than fungi. Some
bacteria, however, are extremely acid tolerant. For example, species of the
chemoautotrophic thiobacilli can survive at pH 0.6 and thrive at pH 2.0
(Butlin and Postgate 1954).

Acidic deposition may affect heterotrophic bacteria in soil by causing
changes in total numbers and/or species composition. Francis et al. (1980)
reported that the total number of bacteria and actinomycetes generally
declined in soil acidified from pH 4.6 to 3.0 with an addition of HyS04,
although the magnitude of these effects was not reported. In soils trans-
ferred to a site receiving pH 3.0 rain and dry deposition, Wainwright (1980)
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found that over a l-year period bacterial numbers did not change signifi-
cantly, even though the soil pH fell from 4.2 to 3.7. Baath et al. (1980)
noted a shift towards spore-forming bacteria in soils receiving H»S0
inputs for 6 years as compared to control soils, suggesting a response t%
adverse conditions. In the same experimental series, total bacterial numbers
(by plate counts) did not change, but bacterial biomass and FDA-active
bacteria did decrease with increasing severity of treatment (Baath et al.
1979, 1980).

2.4.2.5 General Biological Processes--Net heterotrophic activity (bacterial,
fungal, and faunal) and the rate of organic matter decomposition are commonly
determined by measuring C0» evolution. The rate of glucose mineralization
was reduced in surface soi%s receiving 100 cm of simulated rain (pH 3.2 and
4.1), continually or intermittently, over a 7-week period (Strayer and
Alexander 1981). However, the 7-week treatments caused less significant
effects than did the continuous exposure, and the reductions were less severe
in soils of greater natural acidity. The authors therefore suggested that
some microbial adaptation was occurring over time.

Respiration in soils transferred to a site receiving pH 3.0 rain was reduced
by 50 percent after a one-year exposure (Wainwright 1980). Similar effects
of simulated acid precipitation have also been reported by Tamm et al.
(1977). Observed effects of simulated acid precipitation on litter decompo-
sition are summarized in Sectim 2.5.

Several reports now indicate that acid inputs can slightly accelerate miner-
alization of organic nitrogen (Wainwright 1980, Strayer et al. 1981) Tamm et
al. (1977) similarly found increased accumulation of NHsT in acid-treated
humus samples, but they interpreted this to mean that immobilization was re-
tarded more than mineralization (a hypothesis for which no substantiating
data existed). Conversely, Francis et al. (1980) found lower NHg* pro-
duction in a soil that had received an addition of HpS04. For all of
this work, the treatment periods were relatively short (from 1 hour to 1
year); longer exposures may yield more consistent results. The data, how-
ever, are compatible with the fact that “"natural" soil acidity does not have
a uniform effect on N-mineralization ( Alexander 1980b).

Because nitrification is generally believed to be catalyzed by relatively few
types of autotrophic nitrifiers (known to be acid-sensitive on laboratory
media), researchers have predicted that this process should be one of the
microbial processes most sensitive to acid precipitation (Tamm 1976,
Alexander 1980b). While evidence indicates that acid inputs to soil inhibit
autotrophic nitrification, the overall effects on NHgt oxidation to
NO3~ are neither uniform nor easily interpreted. Francis et al. (1980)
could detect little nitrifying activity in the naturally acid forest soil
studies (pH 4.6) or in the soil sample that had received an addition of
HpS0p, but they concluded that further acidification of an acid forest
soil would lead to a significant reduction in nitrification. Wainwright
(1980) found essentially no effect on nitrifying activity in a soil exposed
to acid rain (pH 3.0) from a coking works. Strayer et al. (1981) examined
the effects of acute acidification on nitrification in surface soil from soil
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columns and found interesting but somewhat complex results. When high
NHs* amendments (100 ppm N) were added to the nitrification assay, all
acid treatments tested (pH 3.3 to 4.1) caused substantial reductions in
nitrification rates. However, when NH4+ was not added to the soil, the
acid treatments caused no detectable effect, or in some cases, caused a
slight stimulation in NO3~ production. Because forest soils would be
expected to have relatively 1low natural concentrations of NHg*, the
authors conclude that short-term exposures to acid rain should not
substantially affect nitrification in forest soils. The results reported by
Strayer et al. (1981) are consistent with the occurrence of heterotrophic
nitrifying organisms in naturally acidic forest soils; these heterotrophic
nitrifiers are considered much less sensitive to acidity than are autotrophic
nitrifiers (Remacle 1977, Johnsrud 1978).

Few published data concern effects of acidic deposition on soil denitrifi-
cation. While slight soil acidification may not alter the overall rate of
this process, it should be expected to increase N»0 production relative to
N2 (Firestone et al. 1980).

A substantial amount of work on the sensitivity of Np-fixation by
1egume-Rhizobijum associations to soil acidity has been published. In some
cases, the bacterial symbiont appears to be sensitive to acidity (Bromfield
and Jones 1980, Lowendorf et al. 1981); in other cases, the nodule formation
or activity are affected (Evans et al. 1980, Munns et al. 1981). However,
work on the effects of acidic deposition on Nr-fixation by legumes is
scant. Shriner and Johnston (1981) reported that simulated rain of pH 3.2
applied for 1 to 9 weeks caused decreased nodulation in kidney beans. The
authors suggest that similar effects would be unlikely to occur under normal
agricultural management practices but might be expected to occur in natural,
unmanaged ecosystems (Shriner and Johnston 1981). No data are available
concerning effects of acid rain on the associations of actinomycetes with
woody plants.

2.4.3 Metals--Mobilization Effects on Soil Biology

Two questions concerning mobilization of metals and effects on soil biology
must be addressed. First, the input of acidity to soil can cause mobiliza-
tion of Al and Mn from mineral forms indigenous to the soil. Can mobili-
zation of Al and Mn by acid inputs be expected to have toxic effects on the
soil biota? Second, acidic deposition is sometimes accompanied by atmospheric
deposition of various heavy metals. Does the acidity of the rain increase
the potential toxicity of these metals? While few data available directly or
realistically address these potential effects of acidic deposition, a small
body of pertinent background literature exists.

The toxicity of available Al to soil microbial activity has been reported by
Mutatkar and Pritchett (1966), who found that additions of Al to soils with
pH maintained below 4.0 created exchangeable Al levels of 1 ug gl or
higher and significantly reduced the rate of soil respiration. Ko and Hora
(1972) have identified A13* ions as being fungitoxic in acid soil extracts.
These workers found germination of ascospores to be totally inhibited by
aqueous solutions (pH 4.8) containing as little as 0.65 ppm Al. They did not
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identify Mn as toxic to the fungi tested, but the concentrations of this
metal in the soil extracts examined were low compared to Al concentrations.
In studies dealing with the growth of the Rhizobium-bean symbiosis in acid
tropical soils, Dobereiner (1966) found that additions of 40 ppm Mn to acid
soils reduced either Np-fixation efficiency or nodule numbers. Since
preliminary evidence suggests that the threshold concentrations for toxicity
of mobilized aluminum are relatively low, such an indirect consequence of
acid input to soil may be a possibility. However, acid rain, within current
pH }igits, has not been shown to mobilize these metals in quantities toxic to
soil biota.

Soils in the vicinity of metal-smelting and coal-burning are likely to be
subject to atmospheric deposition of heavy metals (Little and Martin 1972,
Freedman and Hutchinson 1980) in addition to acidic deposition. The input of
heavy metals to these soils is significant because metal solubilization and
biological toxicity are pH dependent. Numerous pure culture studies demon-
strate increasing metal toxicity with decreasing pH of solution (e.g., Babich
and Stotzky 1979). However, many of these studies should not be extrapolated
to soils because of the complexity of the metal cation interactions with soil
constituents. Babich and Stotzky (1977) found that Cd toxicity to microbes
in soil was a function of soil pH; however, this may have been an anomaly,
since toxicity increased with increasing soil pH.

Metals vary in potential toxicity; work by Somers (1961) indicated that the
microbial toxicity of heavy metals is highly correlated with the electro-
negativity of the metal. When attempting to assess the potential effects of
acidic deposition in association with metal deposition, one must consider
several factors: 1) the toxicity potential of the metal, 2) the quantities
and speciation of metals deposited and degree of association with acid
inputs, and 3) the pH dependence of metal toxicity in the recipient soil
environment. Mobilization of metal ions in soils receiving acid inputs, and
subsequent toxicity of these metals, may be a mechanism by which acidic
deposition affects soil biological activity; but experimental evidence is
lacking.

Apparently certain plant-microbial associations are able to protect plants
from metal toxicity. Bradley et al. (1981) found that mycorrhizal infection
of an ericaceous, Calluna species reduced heavy metal uptake by the plant.
The authors suggested that protection by the fungal symbiont allowed this
species to colonize heathland soils in which the low pH increases avail-
ability of metal cations to levels which are toxic to many non-ericaceous
species.

2.4.4 Effects of Changes in Microbijal Activity on Aquatic Systems

Because our current a?derstanding of the effects of acidic deposition m
microbial activity in 'terrestrial ecosystems is limited, extrapolations to
possible secondary effects on aquatic systems are tenuous at best. It is
important to recognize, however, that even a small change in microbial
activity in soil may cause profound changes in aquatic systems, into which
much of the soil water will ultimately drain.

7
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2.4.5 Soil Biology Summary

The following statements represent simplifications of complex and sometimes
contradictory trends in the existing data. They reflect both the complexity
of microbial processes and the variability in experimental protocols. The
extreme variability in pH and ionic composition of simulated rain, as well as
differences in important soil characteristics, makes comparing data diffi-
cult. Treatment durations in the experiments reported ranged from 1 hour to
6 years. Short-term "accelerated" treatments may not only overlook potential
long-term effects, but also may yield misleading predictions. The short-
comings of long-duration experiments involving infrequent sampling should
also be recognized. Acid precipitation rarely occurs in isolation; rather,
it occurs in association with other pollutants such as heavy metals and the
gaseous precursors of acid species. The potential synergisms among these
pollutants should not be overlooked. The following statements summarize or
interpret the limited data available and should be read with the above-
mentioned limitations in mind.

Acidic deposition will not substantially affect soil biological activity in
cultivated soils because of the much greater influence of soil amendments.

The following statements pertain to uncultivated soil systems:

o The effects of acidic deposition on animals in strongly acid soils
are not significant. In less acid soils, pH 3.0 simulated rain has

produced significant changes in litter animals.

o Certain types of soil microbial activity are more sensitive to soil
acidity than are others. Soil fungi are probably the components of
the soil biota least sensitive to acid inputs; but 1ittle is known
about effects on mycorrhizal symbionts.

° Preliminary evidence indicates that Np-fixation by 1lichens is
inhibited by rain of pH less than 4.0. The evidence for acidic
deposition influences on Rhizobium or actinomycete symbiotic
N-fixation is insufficient for a concTusion.

o  Autotrophic nitrification in surface soils is reduced by artificial
acid inputs; however, no evidence exists to prove that acidic
deposition at the rates currently common in the United States will
cause such a decrease. Net nitrification may not be similarly
decreased because of the acid tolerance of heterotrophic
nitrifiers.

o Slight increases and decreases in N-mineralization rates result from
treatments of short duration, but Tittle direct evidence concerning
long-term responses to realistic inputs exists.

2.5 EFFECTS OF ACIDIC DEPOSITION ON ORGANIC MATTER DECOMPOSITION

One of the long-standing hypotheses regarding the environmental effects of
acidic deposition has been that increased acid loading to forest soils will
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REVIEW OF STUDIES CONCERNED WITH THE IMPACT OF ACIDIC DEPOSITION ON ORGANIC DECOMPOSITION

Treatments

Results

TABLE 2-6.
Duration
Author Soil Type of
Experiment
1. Abrahamsen et al. 1980 Lodgepole pine needles 75-90 days
Norway spruce needles 3-9 mos.

Raw coniferous humus » unspecified

2. Abrahamsen and Dollard 1978 General Review -———-

3. Abrahamsen et al. 1976 Lodgepole pine needles 90 days

Needles from field experiments
at pH 5.6 and 3.0 were incu-
bated in moist condition and
weighed.

Spruce needlies in lysimeters
were watered 2x weekly with
pH 5.6, 3, or 2 water at a
rate of 100 mm mo.~* or 200
mm mo,”*.

Raw humus in litterbags ex-
posed to pH 5.3, 4.3, and
3.5 treatments.

Needles moistened with di-
lute HpS04 solutions.

Unspecified

Cellulose/Wood

Unspecified acid treatments

Acid treatment increased decom-
position-29% greater at pH 3
than 5.6

Relatively small effects from
acid treatments. No signifi-
cance at 100 mm mo.-), At
200 mm mo.‘l, the pH 3 and 2
treatments decreased decompo-
sition by < 5%

Increased leaching of K, Mg, Mn,
Ca.

pH 4.3 treatment caused 8% de-
crease in decomposition rate,
while pH 3.5 caused 10%
decrease.

Decomposition of organic matter
in acidic coniferous forest
soils is apparently only
slightly sensitive to acidifi-
cation. Decomposition of
fresh litter and cellulose is
influenced only at pH < 3,

NDeconposition was depressed at
pH 1.8 as compared to 3.5, No
di fference between pH 3.5 and
4.0

No consistent trends.
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TABLE 2-6. CONTINUED

Author

Duration
Soil Type of Treatments Results
fxperiment

4, Alexander 1980a

Strayer and Alexander
1981

5. Alexander 1980b

6. Baath et al. 1980.

7. Cronan 1980a.

Honeoye silt loam {pH 7.1) 2+ wk. Soils were exposed to pH 4.1 and pH 4.1 treatment had no

3.2 acid rain treatments and effect on glucose
were incubated with cl4 mineralizatian
glucose. pH 3.2 treatment decreased
qlucose mineralization rate
by 30-66%.
Spodosols from the 14-61 Soils were exposed to 100 cm of In 14 day consecutive rain,
central Adirondacks days pH 3.5 and 5.6 artificial rain the rate of total oraqanic
for 14 consecutive or 35 carbon (TOC) leaching was
intermittent days. initially greater at pH 3.5
than 5.6. This later re-
versed.

In 35 day intermittent treat-
ment: pH 3.5 leached more
TOC than pH 5.6.

€0y evolution response varied
with soil pH -- inhibition in
more acid soils, but
stimulation by pH 3.5 rain in
less acid soil.

Coniferous iron Podzol 12 mo. Litterbags were placed in No significant difference com-
field plots exposed to pared to controls for Scots
H2S04 treatments @ 50 pine needle litter.

and 150 kg ha-1,
Root litter exposed to 150 kg
ha-1 had 21% decrease 1in
decomposition rate.

Coniferous forest floor 4 mo. Forest floor microcosms were Increased rainfall acidity
exposed to pH 5.7, 4.0 and caused 1ncreased leaching of
3.5 artificial rains. Ca, Mg, X, and Higt,

Compared to the pH 4
treatment, the pH 3.5 rain
caused 50-150% more K, Ca, and
Mg leaching.



TABLE 2-6. CONTINUED
Duration
Soil Type of Treatments Results
Experiment

Cronan 1980b

Hovland 1981

0§-¢

Hovland et al.

Coniferous and hardwood 3 mo. Forest floor microcosms were
forest floors subjected to weekly 3.5 cm
simulated rains at pH 5.7
and 4.0
Morway spruce needle 5 yr. Field plots were exposed to
litter pH 6.1, 4.0, 3.0, and 2.5
rains over 5 yr. Litter
collected from these plots
was assayed.
1980 Norway spruce needles 16-38 wk. Lysimeters containing spruce

needles were exposed to pH
5.6, 3.0 and 2.0 solutions
at 100 and 200 mm mo-l.

Hardwood forest floors showed
60% more Ca leaching and 65%
more Mg leaching at pH 4,0.
Coniferous forest floors
showed 40% more Ca and 25%
more Mg leaching at pH 4
compared to pH 5.7. In
general, cation fluxes from
the hardwood litter were much
greater than from coniferous
litter.

Acid rain treatments produced
very little effect on biolo-
gical activity in litter as
measured by respiration and
cellulose activity,

Small effects on decomposition.
Treatments at pH 3 and 2 ini-
tially increased the decompo-
sition rate at 100 mm mo-l.
After 38 wk., decomposition
had decreased relative to
controls in pH 3 and 2 treat-
ments at 200 mm mo-1.

Effect of acid treatments on
monosaccharide content was not
consistent. However, there
was an indication of reduced
lignin_decomposition at 200
mm mo-1 for pH 3 and 2.

Acid treatments caused increased
leaching of Mg, Mn, and Ca.

Initially, acid rains decreased
P leaching; later, this
reversed.
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TABLE 2-6. CONTINUED
NDuration
Author Soeil Type of Treatments Results
Experiment

11.

12.

13.

14,

Francis et al. 1980

Lohm 1980

Roberts et al. 1980

Tamm et al. 1976

Oak-pine sandy loam (pH 4.6) 5 mo.

Coniferous iron Podzol 6 yr.
Coniferous Podzol 5 mo.
Coniferous Podzol 5-6 yr.

Soils were adjusted with
acid or base to give a
soil pH of 3.0 or 7.0,
and were then incubated
with controls.

Plots were exposed to 0,
50, and 150 kg ha-1
-H2S04 per yr.

Litter bags were exposed
for 2 yr.

Field plots were subjected
to biweekly 5 mm appli-
cations of pH 3.1 and
2.7 acid rain,

Field plots received 0,
50, and 100 kg ha-1
yr-1 applications
of HyS04.

The acidified soil showed 6-52%
less COy production, depend-
ing upon amendments.

Acid treatments lowered the
decomposition rate by 5-7%.

No significant effect of acid
treatments on respiration,
Litterbaqs showed significant
increase in weight loss (15%)
with increased acidity.

Found decreased C0p
respiration with increased
H2S04.




result in decreased decomposition rates for organic matter. This hypothes..
has been addressed by a number of investigators (Tamm et al. 1977; Abrahamsen

et al. 1976, 1980; Abrahamsen and Dollard 1978; Alexander 1980a,b; Baath et
al. 1980; Cromn 1980a,b; Hovland et al. 1980; Francis et al. 1980; Lohm

1980; Roberts et al. 1980; Hovland 1981; Kilham and Wainwright 1981; Strayer
and Alexander 1981; Strayer et al. 1981). Unfortunately the results from
these studies have appeared mixed and inconsistent {Table 2-6). However, if
one screens the published studies and selectively excludes the results from

those investigations that represent extremely acute treatments, then the fol-
lowing summary statements emerge.

(1) Most decomposition studies related to acidic deposition have been
conducted with coniferous 1itter materials.

(2) Results suggest that it is important to interpret data from
decomposition studies in relation to H* loading and not simply
with respect to the pH of the artificial rain treatments.

(3) It is important to distinguish between the physical-chemical and
the biological components of organic decomposition. Based upon
shorter-term studies (2 to 4 months or less), it has been shown
that increased HY loading generally will increase leaching of
cations and organic constituents from forest litter. This re-
sponse may help to explain why acidic precipitation treatments
increase the initial rate of weight l1oss in some experiments. Over
the longer term (> 4 months), it appears that the biologi-
cally-mediated mineralization of organic matter in forest soils
will be only slightly inhibited by acidic deposition (< 1 to 2
percent decrease in decomposition rate).

(4) Overall, unless average precipitation inputs were to drop to pH
3.0 or below, one would not expect significant impacts of acidic
deposition on litter decomposition.

2.6 EFFECTS OF SOILS ON THE CHEMISTRY OF AQUATIC ECOSYSTEMS

Much of the evidence for atmospheric depositions' contribution to surface
water acidification, while convincing in many cases (e.g., Johnson 1979), is
circumstantial. Only recently have efforts been made to establish the
mechanisms by which atmospheric acid inputs are transferred to aquatic
ecosystems (Abrahamsen et al. 1979, Seip 1980, N. M. Johnson et al. 1981).
1f acidic precipitation passes through soil prior to entering an aquatic
ecosystem, it will usually be strongly influenced by the chemical nature of
the soil. Even barren rock has some influence on the chemistry of runoff
water (Abrahamsen et al. 1979). The pH of water leaving the soil is not
necessarily the same as the soil solution pH in intimate contact with the
soil.

Rosengvist (1977, 1978, Rosenqvist et al. 1980) has argued that the influence
of soil and bedrock on the chemistry of waters is overwhelming and that the
pH of runoff water would be the same whether snowmelt was acid or neutralized
by a suitable base. Seip et al. (1980) carried out an experiment to test
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Rosenqvist's hypothesis by applying NaOH to one of the mini-catchment water-
sheds in Norway; results showed that, indeed, the neutralization of snow with
NaOH had 1ittle effect on runoff pH. The investigators attributed the lack
of effect to differences in weather conditions and Na content of the depo-
sition.

Seip (1980) presented a hypothesis for surface water acidification which has
met with agreement among soil scientists as to its mechanism but not
necessarily to its magnitude. This has been termed the "mobile anion
mechanism." In essence, it states that the introduction of a mobile anion
into an acid soil will cause the pH of a soil solution to drop. This is
because of the requirement for cation-anion balance in solution and because
most exchangeable cations in acid soils are H* and A13*. Thus, due to
cation exchange processes and the requirement for cation-anion balance,
increased anion concentration in an acid soil solution causes increased H*
and A13* concentrations, regardless of whether the anion is introduced as a
salt or an acid. This mechanism has been known to soil scientists for de-
cades as the "salt effect," wherein soil pH is usually more acid in CaCl?
solutions than in Hy0 (Yuan 1963). Field studies have confirmed that this
mechanism is valid (Abrahamsen et al. 1979; Seip et al. 1979a,b, 1980;
Abrahamsen and Stuanes 1980). However, doubt remains as to whether the
magnitude of pH change this mechanism can produce could cause the pH changes
reported for acidified surface waters (Abrahamsen and Stuanes 1980; Johnson
1981; Rosenqvist 1981, pers. comm.). It is clear, however, that neutral
salts can, when added to an acid soil, cause a flux of Al in a low-pH
solution to streams.

Natural acid production, changes in land use patterns, and management prac-
tices such as harvesting, burning, and fertiiizing are suggested alternative
sources for surface water acidification (Rosengvist 1977, 1978; Patrick et
al. 1981). These possibilities have been explored to some extent in southern
Norway, but we have no concrete evidence that changes due to harvesting and
land use have caused surface water acidification (Drablgs et al. 1980)
although the debate continues. Evidence suggests, however, that fish kills
associated with acidic pulses have been occurring in at least one place in
southern Norway (Roynelandsvann) since the 1890's (Torgenson 1934). In this
instance, liming was successful as a mitigative measure for short-term
effects on fish populations ( Abrahamsen, pers. comm.). The causes of these
acid pulses are unknown, but presumably acid rain effects were much smaller
nearly a century ago.

Some attention has been given to neutralization processes affecting acid rain
as it passes through terrestrial to aquatic ecosystems. N. M. Johnson et al.
(1981) found a two-stage process operative in the Hubbard Brook, NH ecosystem
in which H* in acid rain is initially neutralized by dissolution of reac-
tive alumina in the soil before both H* and A13* are neutralized by
chemical weathering of alkali and alkaline earth minerals in bedrock.
Because stage 2 proceeds more slowly than stage 1, first- and second-order
streams may contain H' and A13+, but neutralization is usually complete
before surface waters reach third-order streams.
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Kitham (1982) reports a case in which deposition appears to have caused an
increase in lake alkalinity. Alkalinity in Weber Lake, Michigan, has in-
creased two-fold over the last thirty years, and theoretical considerations
of acid-base budgets lead to the hypothesis that this alkalization has
resulted from plant nitrate uptake, bacterial sulfate reduction, and
carbonate mineral weathering, all enhanced by acid precipitation. This
effect, while no more desirable than acidification, contradicts the
assumption that acid rain always causes surface water acidification and is
ample testimony to the complexity of terrestrial-aquatic interactions.
Kilham (1982) indicates that alkalization is likely only in lakes of high
alkalinity with abundant carbonates in the watershed.

In view of the lack of understanding of terrestrial-aquatic transport
processes, assigning "sensitivity" ratings to acid deposition on a regional
scale is premature. Nonetheless, agencies alarmed by reports of ecological
effects of acid precipitation insist upon knowing something about the
geographical magnitude of the acid rain “"problem," and scientists must make
their best guesses as to appropriate criteria, even though the mechanisms are
not completely understood. This situation reflects a gap in understanding
and a critical research need that encompasses not only soil and bedrock
chemical reactions but also hydrological processes. Recent studies have
shown the important contribution of variable source areas (i.e., portions of
watershed landscapes that contribute to streamflow during storm events) to
surface waters and their chemical composition during stormflow (Henderson et
al. 1977, Huff et al. 1977, Johnson and Henderson 1979).

Similarly, water flow through soil macropores (see Figure 2-1) can be a very
important component of soil water flux during periods of saturated flow
(Luxmoore 1981). Both variable source areas and macropore flow reduce the
amount of contact between soils or bedrock and waters passing through
terrestrial ecosystems. Integrated studies of terrestrial-aquatic transport
processes involving both hydrological and chemical components are essential
to an understanding of the effects of acid rain on aquatic ecosystems.

2.7 CONCLUSIONS

Effects of acidic deposition related to soils are in these general
categories: soil acidification, nutrient supply, Al and Mn mobility, and
microbial activity. The following conclusions, relative to these general
categories, can be drawn from Chapter E-2:

o Soils amended in agricultural practice will not be harmed by acidic
deposition (Section 2.3.5).

o Soil acidification is a natural process in humid regions. It is
obvious that acidic deposition contributes to this process; how-
ever, at current levels, it is a minor contribution (Section
2.3.5).

o Most soils of low buffering capacity in areas of high rainfall are
already acid; therefore, few soils are likely to become perceptibly
more acid due to deposition. They are the soils that have low
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buffering capacity, a relatively high pH (slightly acid, pH 5.5 to
6.5), low sulfate adsorption capacity, no carbonates, and no basic
inputs (Section 2.3.5).

The availability of sulfur and nitrogen to plants will be enhanced
by their presence in the deposition. Because nitrogen limitations
are so common and cation limitations are so rare in forests of the
United States, it seems likely that HNO3 inputs generally will be
beneficial. Exceptions may occur on sites with adequate or exces-
sive N supplies. Benefits of HpS04 deposition are probably
minimal, because S deficiencies are rare and probably easily
satisfied with moderate atmospheric S inputs (Section 2.3.2).

The Tong-term effect (i.e., over decades or centuries) of acidic
deposition can be expected to remove cations from forest soils,
but it is not clear whether this will reduce available cations and
enhance acidification of soils. For example, cation leaching
rates, although increased by acid precipitation, may remain
insignificant relative to total soil supplies and forest growth
requirements; furthermore, exchangeable cations may be replaced by
weathering from primary minerals at rates sufficient to maintain
their current status partially as a result of acid precipitation
inputs (Section 2.3.3).

Assessing acidic deposition effects on forest nutrient status
involves quantifying amounts of inputs involved and the S, N, and
cation nutrient status of specific sites. It cannot be stated
that forest ecosystems, in general, respond to acidic deposition
in a single predictable way. Indeed, the contrasting behavior of
Norway spruce in Germany and in Norway exemplifies the variable
;e;pgyse that can be expected from different sites (Section

Aluminum toxicity may affect forests on already acid soils where
acidic deposition plus natural acidifying processes increase
acidity enough to cause a significant rise in Al availability. If
soil pH is low enough (< pH 5.0 to 5.5) in mineral soils to cause
the dissolution of Al- and Mn-containing minerals, HY input will
ingrg?se release of Al and Mn to the soil solution (Section
2.3.3).

The increased mobility of Al in uncultivated, acid soils is prob-
ably the most significant effect of acidic deposition on soils as
they influence terrestrial plant growth and aquatic systems
(Section 2.3.3).

Short-term studies indicate that increased H* loading will cause
increased loss of cations and organic components from forest
litter. Over the longer term, the biologically-mediated minerali-
zation of organic matter in forest soils will be only slightly
inhibited by acidic deposition (< 1 to 2 percent decrease in
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decomposition rate). Unless average precipitation inputs were to
drop to pH 3.0 or below, significant impacts of acidic deposition
on Tlitter decomposition 1in natural systems are not expected
(Section 2.3.3).

Soil microbial activity may be significantly influenced near the
surface if inputs are great enough to affect pH or nutrient avail-
ability. Evidence for effects of acidic deposition on Rhizobium
or actinomycete symbiotic N-fixation remains inconclusive. STight
decreases and increases in N mineralization rates result from
short-term acid inputs, but long-term responses are not docu-
mented. Important effects under field conditions have not been
clearly demonstrated (Section 2.4).
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THE ACIDIC DEPOSITION PHENOMENON AND ITS EFFECTS
E-3. EFFECTS ON VEGETATION
3.1 INTRODUCTION
3.1.1 OQverview (Eds.)

This chapter examines diverse plant-pollutant relationships to assess poten-
tial and recognized effects of acidic deposition as described in the extant
literature. Vegetation responses discussed include morphological and
physiological responses, species/varieties and life-stage susceptibilities,
disease and insect stresses, indirect effects of nutrient cycle alterations,
and crop and forest productivity.

Because of the close relationship between soils and plants, we must consider
how soil acidification affects productivity. It is important to recall the
following points from the previous chapter:

°© soils amended in agricultural practice will not 1ikely be negative-
ly impacted by acidic deposition;

° soil acidification is a natural process in humid regions, so most
soils that are easily acidified are already acid; and

o soils with Tow buffering capacity, relatively high pH, low sulfate
adsorption capacity, no carbonates, and no basic inputs are sus-
ceptible to increased acidification rates from atmospheric inputs
of acidic and acidifying substances.

With these points understood, Chapter E-3 will deal with the direct effects
of acidic deposition on plant response, and the interactive effects of acidic
deposition with other factors, such as other pollutants, insects, pathogens,
and pesticides.

Given the uncertainty still surrounding effects on plant productivity, how-
ever, this document does not attempt to make economic assessments of recog-
nized or potential damage to vegetation; nor does it consider mitigative
measures to counter acidic deposition inputs to plant systems. Discussions
of nutrient cycling and forest productivity are included in both this chapter
and the soils chapter, from slightly different perspectives. Both chapters
should be read carefully to gain a more complete understanding of the issues.

3.1.2 Background (P. M. Irving and S. B. McLaughlin)

The observation that both gaseous and rain-borne pollutants affect vegetative
growth is not limited to recent years. Robert Angus Smith (1872) in his
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manuscript, "Air and Rain: The Beginnings of a Chemical Climatology," in-
cluded a section on "Effect of Acid Gases on Vegetation and Capability of
Plants to Resist Acid Fumes." As early as 1866 the Norwegian playwrite Ibsen
(1866) referred to the phenomenon in the drama "Brand":

“... A sickening fog of smoke from British coal
Drops in a grimy pool upon the land,

Befouls the vernal green and chokes to death
Each lovely shoot, .. ."

0f course the fog of smoke referred to by Ibsen was from imported British
coal and not from the long-range transport of pollutant gases. An intensive
effort to study the effect of acidic deposition was not initiated until the
Norwegian SNSF (Sur Nedbgrs Virkning Pa Skog 0g Fisk--"Acid Rain Effects on
Forests and Fish") Project was established in 1972. The phenomenon was first
widely recognized in North America at the First International Symposium on
Acid Precipitation and the Forest Ecosystem in Ohio (USDA 1976), and at the
NATO Conference on Effects of Acid Precipitation on Vegetation and Soils
(Toronto 1978). At the Ohio conference, Tamm and Cowling (1976) speculated
upon the potential effects of acidic deposition, but few existing studies
directly supported their hypotheses of damaging effects.

As the acid rain phenomenon gained increasing attention and its occurrence
was reported over large areas of North America, economic damage to vegetation
was predicted (i.e., Glass et al. 1979, U.S. EPA 1979) and a number of re-
search programs to investigate the effects were initiated in the mid-1970's.

Anthropogenic and natural air contaminants are usually inventoried on a sepa-
rate basis (e.g., chemical speciation) when information is sought as to
sources, dispersion, or induced effects (see Chapters A-2 and A-5). Cate-
gorically, the National Ambient Air Quality Standards (NAAQS) for criteria
pollutants (ozone and other photochemical oxidants, sulfur oxides, nitrogen
oxides, carbon monoxide, lead, and particulate matter) have been established
to protect human health and welfare. Comprehensive documents that describe
vegetation effects of the major phototoxic air pollutants are available (U.S.
EPA 1978; 1982a,b). As distances from pollutant sources increase, chances
for combinations to occur also increase, or, as in the case of large metro-
politan/industrial areas, pollutant combinations are the rule rather than the
exception. However, as distances from sources increase, concentrations of
pollutants generally decrease. '

The wet deposition of acidic pollutants may consist of a number of variables
affecting vegetation (i.e., hydrogen, sulfur, and nitrogen doses). The
influence of predominant gaseous pollutants that may be present within the
defined isopleths of acidic precipitation must also be taken into account. If
results of such interaction studies are not available or understood, effects
may be attributed to acidic depositions but instead be due to gaseous
pollutants alone, or as combined with the influence of acidic depositions.
Because of the potential for interactions with biotic and abiotic entities,
factorial research designs and multivariate analyses may be necessary to gain
a more complete understanding of vegetative response to acidic deposition.



In the United States, the eastern half of the country is the geographical
area of major concern for impacts of air pollution (both gaseous pollutants
and acid rainfall) on crop and forest productivity. Certain areas of the
western United States, such as the Los Angeles Basin, are also of concern,
however. The combination of a high density of fossil-fuel combustion plants,
a high frequency of air stagnation episodes, and elevated levels of both
photochemical oxidants and rainfall acidity over widespread areas of the
eastern United States have resulted in exposure of large acreages of forests
to increased deposition of atmospheric pollutants (McLaughlin 1981). An
overlay of isopleths of air stagnation frequency (a measure of the potential
of pollutants to accumulate during periods of 1imited atmospheric disper-
sion), isopleths of rainfall acidity, and forest zones of the United States
is shown in Figure 3-1.

This overlay highlights this Jjuxtaposition of stress potential and forest
types. While air stagnation episodes are not in themselves a measure of air
pollution stress, they do provide an indication of the potential for pollu-
tants from multiple sources to be concentrated within regional air masses.
The eastern half of the United States, with approximately 80 percent of the
total fossil-fueled electric power plants, thus has both the emissions and
the atmospheric conditions to create regional scale elevation of air pollu-
tants (see Chapter A-2). Comparable conditions also appear to exist in
coastal California, where severe air stagnation has led to very high levels
of photochemical oxidants.

The acidity of rainfall in much of the northeast quadrant of the United
States (Figure 3-1) averages about pH 4.1 to 4.3 annually--about 30 to 40
times as acid as the hypothetical carbonate-equilibrated natural rainfall
with a pH of 5.6 (Likens and Butler 1981). Vegetation in the high-altitude
boreal forests of New England experiences even greater inputs, being exposed
for hundreds of hours during the growing season to clouds with pH values in
the range of 3.5 to 3.7 (Johnson and Siccama 1983). Photochemical oxidants,
principally ozone, which are formed both naturally in reactions involving
ultraviolet radiation and from biogenic and anthropogenic hydrocarbon and
nitrogen oxide precursors, occur at potentially phytotoxic levels over the
entire eastern region (Westburg et al. 1976). Forest productivity losses
from this pollutant have not been quantified except in southern California,
where extreme urban pollution from the Los Angeles Basin and poor air disper-
sion have combined to produce the highest oxidant concentrations in the
United States and widespread forest mortality and decline in the nearby San
Bernadino Mountains (Miller et al. 1977).

3.2 PLANT RESPONSE TO ACIDIC DEPOSITION

3.2.1 Leaf Response to Acidic Deposition (D. S. Shriner)

Any discussion of foliar effects of acidic deposition must be prefaced by a
recognition that our knowledge of the potential effects is drawn from
experimental observations with simulated rain solutions rarely typical of
ambient events. As a result, in the absence of field observation of effects
due to ambient precipitation events, it is important to recognize that these
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Figure 3-1. Distribution of frequency isopleths for total number of
forecast days with high meteorological potential for air
pollution over a 5-year period (solid lines). Isopleths
are shown in relation to major forest types of the United
States (adapted from Miller and McBride 1975) and in rela-
tion to mean annual hydrogen ion deposition (kg ha-1 yr'l;
d?sh§g81;nes) in precipitation (adapted from Henderson et
al. .
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experimental observations are most useful for understanding mechanisms of
effect, and less so for extrapolation to field-scale impacts.

Most of the terrestrial landscape being impacted by acidic deposition is
covered by a minimum of one layer of vegetation. As a result, a large pro-
portion of the incident precipitation ultimately affecting soils and surface
water chemistry has previously contacted vegetation surfaces. The fact that
vegetation surfaces are perhaps the most probable primary receptors of de-
posited pollutants raises two important issues regarding the interactions
between water droplet and receptor surface:

1) effects of incident precipitation chemistry on the receptor surface
structure and function; and

2) effects of the receptor surface on incident precipitation chemistry.

3.2.1.1 Leaf Structure and Functional Modifications--Based on experimental
evidence with simulated rain, a wide range of plant species is believed to be
sensitive to direct injury from some elevated level of wet acidic deposition
(Evans et al. 1981b, Shriner 1981; see also Section 3.4). Other species have
been noted to be tolerant of equally elevated levels (to pH 2.5 for up to 10
hours total exposure) without visible injury (Haines et al. 1980). These
results suggest that generalizations about sensitivity to injury may be dif-
ficult, and some understanding of the mechanisms by which injury may occur is
necessary. The sensitivity of an individual species of vegetation appears to
be influenced by structural features of the vegetation, which 1) influence
the foliage wettability; 2) make the foliage more vulnerable to injury (e.q.,
through differential permeability of the cuticle); or 3) retain rainwater due
to leaf size, shape, or attachment angle. In those instances where one or
more of the above conditions renders a plant potentially sensitive to acidic
deposition, effects may be manifested in alterations of leaf structure or
function.

Injury to foliage by simulated acidic precipitation largely depends on the
effective dose to which sensitive tissues are exposed. The effective dose,
that concentration and amount of hydrogen ion, and time period responsible
for necrosis of an epidermal cell, for example, are influenced by the contact
time of an individual water droplet or film on the foliage surface (Evans et
al. 1981b, Shriner 1981). Contact time, in turn, can be regulated by the
wettability of the leaf, or by leaf morphological features that prevent rapid
runoff of water from the surface. Physical characteristics of the leaf sur-
face (e.g., roughness, pubescence, waxiness) or the chemical compositions of
the cutin and epicuticular waxes determine the wettability of most leaves
(Martin and Juniper 1970).

For injury to occur at the cellular level, the ions responsible must pene-
trate these protective physical and chemical barriers or enter through
stomata (Evans et al. 1981b). Crafts (196la) has postulated that cuticle
penetration occurs through micropores. Evidence indicates that these micro-
pores are most frequent in areas such as at the bases of trichomes and other
specialized epidermal cells (Schnepf 1965). However, the occurrence of such
micropores is not well documented for all plant cuticles (Martin and Juniper
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1970). Hull (1974) demonstrated that basal portions of trichomes are more
permeable than adjacent areas; cuticles of guard cells and subsidiary cells
are preferred absorption sites (Dybing and Currier 1961, Sargent and
Blackman 1962). In addition, Linskens (1950) and Leonard (1958) found that
the cuticle near veins is apparently a preferential site for absorption of
water-soluble materials.

Perhaps as important as the greater density of micropores associated with
these specialized cells is Rentschler's (1973) evidence that, at least in
certain species, epicuticular wax is less frequently present on certain of
these specialized epidermal cells. Such an absence of wax, in combination
with increased cuticular penetration at those sites, would tend to maximize
the sensitivity of those sites. Evans et al. (1977a,b; 1978) have determined
that approximately 95 percent of the foliar lesions occurring on those plant
species observed by them occurred near the bases of such specialized epi-
dermal cells as trichomes, stomatal guard and subsidiary cells, and along
veins., Stomatal penetration by precipitation, on the other hand, is thought
to be infrequent (Adam 1948; Gustafson 1956, 1957; Sargent and Blackman 1962)
and is considered a relatively insignificant route of entry of leaf surface
solutions (Evans et al. 1981b).

Solution pH has also been shown to influence the rate of cuticular penetra-
tion in studies with isolated cuticles (Orgell and Weintraub 1957, McFarlane
and Berry 1974). The rate of penetration of acidic substances increased with
a decrease in pH, while the rate of penetration of basic substances increased
with an increase in pH (Evans et al. 1981b).

Preliminary work by Shriner (1974) suggested that, in addition to the physi-
cal abrasion of superficial wax structure by raindrops, leaves exposed to
rainfall of pH 3.2 appeared to weather more rapidly than did leaves of pH 5.6
control treatment plants. However, it was impossible to determine from those
experiments whether chemical processes at the wax surface were responsible
for the differences or whether the acidic rain induced physiological changes
that retarded regeneration of the waxes and recovery from mechanical damage.
The latter explanation may be the most tenable because the waxes would be
expected to resist chemical reaction with dilute strong acids (Evans et al.
1981b), and because numerous reports of physiological imbalance resulting
from acidic precipitation exposure exist (Shriner 1981). Hoffman et al.
(1980) proposed a mechanism by which precipitation acidity can act as a
chemical factor in weathering epicuticular waxes. They pointed out that the
wax composition, as polymeric structures of condensed long-chain hydroxy
carboxylic acids, may result in an "imperfect" wax matrix in which the
uncondensed sites containing hydroxy functional groups are more readily
weathered. Strong acid inputs to such a system would oxidize and release a
wide range of carbon chain acids from the basic waxy matrix, conceivably
yielding the type of change in weathering rate Shriner observed.

Rentschler (1973) and, more recently, Fowler et al. (1980) have shown
relationships between the superficial wax layer of plants and plant response
to gaseous air pollution. The work of Fowler et al. compared the rate of
epicuticular wax degradation of Scots pine needles from "polluted" and
unpolluted sites in the field. These "polluted" sites included exposure to
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both dry deposition of gaseous pollutants and wet deposition as acid rain,
making it impossible to distinguish between relative effects of the two forms
of deposition. Needles at the polluted site showed greater epicuticular wax
structure degradation during the first eight months of needle expansion.
Determing the quantity of wax per unit leaf area showed very small
differences between polluted and clean air sites. Fowler et al. concluded
that observed differences (by scanning electron microscopy) were "due more to
changes in form than gross loss of wax." Since the fine structure of the wax
layer is controlled largely by the chemical composition of the wax (Jeffree
et al. 1975), the observed changes may also reflect stress-induced changes in
wax synthesis. Fowler et al. estimated that increased water loss due to
accelerated breakdown of cuticular resistance would only influence trees if
water were a limiting factor. They concluded that "the extra water loss may
reduce the period (or degree) of stomatal opening" and that the magnitude of
the effect on dry matter productivity would not be greater than 5 percent at
their polluted site. Because study sites used by Fowler et al. were exposed
to gaseous sulfur dioxide as well as to acidic precipitation, their work does
not allow identification of a single causative factor.

Histological studies of foliar injury caused by acidic precipitation have
revealed evidence of modification of leaf structure associated with plant
exposure to acidic precipitation (Evans and Curry 1979). Quercus palustris,
Tradescantia sp., and Populus sp. exposed to simulated acidic precipitation
experienced abnormal celi proliferation and cell enlargement. In Quercus
(oak) and Populus (poplar) leaves, prolonged exposure to treatment at pH 2.5
produced hypertrophic and hyperplastic responses in mesophyll cells. Lesions
developed, followed by enlargement and proliferation of adjacent cells,
resulting in formation of a gall on adaxial leaf surfaces. In poplar test
plants, this response involved both palisade and spongy mesophyll parenchyma
cells, while in oak test plants, only spongy mesophyll cells were affected
(Evans and Curry 1979). Because other similar histological studies have not
been reported, it is impossible to evaluate how frequent or widespread such
structural modification may be. Because species that have been reported to
show hyperplastic and hypertrophic response of leaf tissues were consistently
injured less than species that did not show these responses, gall formation
may be linked to characteristics common to species tolerant of acidic pre-
cipitation exposure.

Several studies have reported modification of various physiological functions
of the leaf as a result of exposure to simulated acidic precipitation.
Sheridan and Rosenstreter (1973), Ferenbaugh (1976), Hindawi et al. (1980),
and Jaakhola et al. (1980) reported reduced chlorophyll content as a result
of tissue exposure to acidic solutions. Ferenbaugh, however, observed that
significant reduction in chlorophyll content did not occur at pH 2.0, and
that chlorophyll content slightly increased at pH 3.0. Irving (1979) also
reported higher chlorophyll content of leaves exposed to simulated precipi-
tation at pH 3.1. Hindawi et al. observed a steady reduction in chlorophyll
content in the range between pH 3.0 to 2.0, and found no change in the ratio
of chlorophyll a:b.

Ferenbaugh (1976) determined photosynthesis and respiration rates of test
bean plants exposed to simulated acidic precipitation. Respiration and
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photosynthesis were significantly increased at pH 2.0. Ferenbaugh concluded
that because growth of the plants was significantly reduced, photophosphory-
lation was uncoupled by the treatments. Irving (1979) reported increased
photosynthetic rates in some soybean treatments, attributing them to in-
creased nutrition from sulfur and nitrogen components of the rain simulant,
which overcame any negative effect of the pH 3.1 treatment. Jacobson et al.
(1980) reported a shift in photosynthate allocation from vegetative to
reproductive organs as a result of acidic rain treatments of pH 2.8 and 3.4,
also suggesting that the primary effect was not on the photosynthetic process
itself.

3.2.1.2 Foliar Leaching - Throughfall Chemistry--Rain, fog, dew, and other
forms of wet deposition play important roles as sources of nutrients for
vegetation and as mechanisms of removal from vegetation of inorganic nutri-
ents and a variety of organic substances: carbohydrates, amino acids, and
growth regulators (Kozel and Tukey 1968, Lee and Tukey 1972, Hemphill and
Tukey 1973, Tukey 1975). Tukey (1970, 1975, 1980) and Tukey and Morgan
(1963) have extensively reviewed the leaching of substances from plants as
the result of water films on plant surfaces.

During periods between precipitation events, the vegetation canopy serves as
a sink, or collection surface, upon which dry particulate matter, aerosols,
and gaseous pollutants accumulate by gravitational sedimentation, impaction,
and adsorption. Throughfall can be defined as that portion of the gross, or
incident, precipitation that reaches the forest floor through openings in the
forest canopy and by dripping off leaves, branches, and stems (Patterson
1975). Throughfall generally amounts to between 70 and 90 percent of gross
rainfall, with the balance divided between stemflow and interception loss to
the canopy.

Chemical enrichment of throughfall has been well documented for a broad vaypi-
ety of forest species (Tamm 1951, Madgwick and Ovington 1959, Nihlgard
1970, Patterson 1975, Lindberg and Harriss 1981). Tris enrichment has three
potential sources: 1) reactions on the leaf surface in which catis's on
exchange sites of the cuticle are exchanged with hydrogen from rainfali; 2)
movement of cations directly from the translocation stream within the eaf
into the surface film of rainwater, dew, or fog by diffusion and mass flow
through areas devoid of cuticle (Tukey 1980); and/or 3) washoff of atmos-
pheric particulate matter that has been deposited on the plant surfaces
(Patterson 1975, Parker et al. 1980, Lindberg and Harriss 1981).

The exchange of hydrogen ions in precipitation for cations on the cuticle
exchange matrix can result in significant scavenging of hydrogen ions by a
plant canopy. Eaton et al. (1973), for example, found the forest canopy to
retain 90 percent of the incident hydrogen ions from pH 4.0 rain (growing
season average), resulting in less-acidic ( ~ pH 5.0) solutions reaching the
forest floor. The removal of H' by exchange processes in the forest canopy
does not eliminate the effects of Ht deposition on the forest ecosystem,
however. Cations leached from the foliage may eventually be 1e2$hed from the
ecosystem if the anion associated with HY inputs (S04~ or NO37)
is mobile (see Figure 2-1, Chapter E-2). Plant response to this may be 1)
accelerated uptake to compensate for foliar cation losses, or 2) reduced
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foliar cation concentrations, if H* inputs and foliar exchange are of
significant magnitude and duration. In either event, the introduction of
H* with a mobile anion will cause the net loss of cations from the

ecosystem, whether the H' cation exchange occurs in the forest canopy or in

{he 50;1. Further aspects of cation leaching are discussed in Chapter E-2
soils).

An example of the second case has recently been hypothesized by Rehfuess et
al. (1982) for Norway spruce in high elevation forests of eastern Bavaria.
Trees experiencing symptoms of decline and dieback (see Sections 3.4.1.5 and
3.4.1.6) were paired with non-symptomatic trees in the same stands and site
conditions. Large differences were noted in foliar content, particularly of
older leaves, of Ca and Mg, with declining trees consistently showing lower
levels of Ca and Mg content than healthy trees. The Mg contents were
characterized by the authors as in ‘"extreme deficiency,” with calcium in
"poor supply." The authors further speculated that since these nutrient
deficiences occurred on soils varying considerably in content of both
elements, that soil depletion was probably not the dominant contributing
factor, but rather that the deficiency is mainly a consequence of enhanced
leaching of Ca and Mg from the foliage as a result of acidic deposition of
strong acids. The authors further speculated that Ca and Mg uptake from soil
pools may be inadequate to replace this foliar leaching. Such nutritional
disorders have been reported to subsequently make foliage more susceptible to
additional leaching (Tukey 1970).

Separating relative contributions of internal ({leached) and external (wash-
off) fractions of throughfall enrichment is difficult and has been attempted
infrequently. Parker et al. (1980) have reviewed those attempts to estimate
the importance of dry sulfur deposition to throughfall enrichment by sulfate-
sulfur (Table 3-1). For those studies that have attempted such an analysis,
the estimated percentage contribution of dry deposition to throughfall en-
richment ranged from 13 to 100 percent, or from 0.3 to 14.4 kg ha-l yr-1.
Parker et al. concluded that for temperate hardwood forests in industrialized
regions, 40 to 60 percent of annual net throughfall (throughfall enrichment)
of sulfate is due to washoff of dry deposition, with 30 to 50 percent being
typical for conifers of the same regions. For hardwoods and conifers in
regions typified by low background levels of dry sulfur deposition, washoff
may range from O to 20 percent of throughfall enrichment. Similar data have
been developed for several trace elements (Lindberg and Harriss 1981).

Through the application of simulated rainfall in controlled experiments,
precipitation acidity has been studied as a variable influencing the leaching
rate of various cations and organic carbon from foliage (Wood and Bormann
1974, Fairfax and Lepp 1975, Abrahamsen et al. 1977). Foliar losses of
potassium, magnesium, and calcium from bean and maple seedlings were found to
increase as the acidity of simulated rain increased. Tissue injury occurred
below pH 3.0, but significant increases in leaching rates occurred as high as
pH 4.0 (Wood and Bormann 1974). Phaseolus vulgaris L. foliage exposed by
Evans et al. (198la) to citrate-phosphate buffer solutions with a range in
acidity from pH 5.7 to pH 2.7 also demonstrated that greater acidity of these
solutions preferentially leached greater amounts of calcium, nitrate, and
sulfate, while less acidic solutions leached greater amounts of potassium and
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TABLE 3-1. REPORTED VALUES FOR SULFATE-SULFUR DEPOSITION RATES FOR THROUGHFALL AND INCIDENT

PRECIPITATION IN WORLD FORESTS

S deposition kg ha-1 yr’l Precipitation
amount
Forest system Reference Incident Throughfall {cm)
Subalpine balsam fir, Cronan 1978 24..4 46.4 2034
New Hampshire
Hemlock, Feller 1977 11.08 40.0 245¢
British Columbia
Conifers, Haughbotn 1973 32.3P 111.2 77
southern Norway
Conifers, Haughbotn 1973 17.7 69.1 77
southern Norway
Conifers, Haughbotn 1973 10.0 21.1 77
southern Norway
Beech, Heinrichs and Mayer 24.14d 47.6 106
central Germany 1977
Spruce, Heinrichs and Mayer 24.1 80.0 106
central Germany 1977
Hemlock-spruce, Johnson 1975 0 16.4 270
southeastern
Alaska
Tropical rain forest, Johnson 1975 12.5 23.3 390

Costa Rica
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TABLE 3-1.

CONTINUED

S deposition kg ha~! yr~ Precipitation
amount

Forest system Reference Incident Throughfall (cm)

Douglas fir, Johnson 1975 4.0 5.2 165
Washington

Subalpine silver fir, Johnson 1975 16.8f 5.3 300
Washington

Hardwoods, Jordan et al. 1980 44.5 16.7 391
Amazonian Venezuela

Hardwoods, Jordan et al. 1980 46 .6 19.6 412
Amazonian Venezuela

Hard beech, Miller 1963 8.4 10.4 135
New Zealand

Beech, Nihlgard 1970 7.94 18.5 95
Southern Sweden

Spruce, Nihlgard 1970 7.94 54.2 95
Southern Sweden

Dak, Rapp 1973 16.4 22.6 NA
Southern France

Douglas fir, Sollins et al. 1979 4.7 2.4 237
Oregon

Loblolly pine, Wells et al. 1975 7.93 9.9 NA

North Carolina
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TABLE 3-1.

CONTINUED

S deposition kg ha-1 yr‘l Precipitation
amount
Forest system Reference Incident Throughfall (cm)
Chestnut oak, Lindberg et al. 1979 13.2b-e 32.0 143
Tennessee
Mixed oak, Tennessee Kelly 1979 8.72 15.0 154
Mixed oak, Tennessee Kelly 1979 11.32,b 14.0 75

cated up from a subannual estimate.

bIn vicinity of factory or power plant.

CMean of extreme estimates.

dInc]udes stem flow.

€Several years data.

fLittle throughfall.



chloride. Abrahamsen and Dollard (1979) observed that Norway spruce (Picea
abies (L.) Karst) lost greater quantities of nutrients under their most
acidic treatments, but no related change in foliar cation content occurred,
in contrast to the observations of Rehfeuss et al. (1982) discussed above.
Wood and Bormann (1977) noted results similar to those of Abrahamsen and
Dollard (1979) for eastern white pine (Pinus strobus L.).

3.2.2 Effects of Acidic Deposition on Lichens and Mosses (L. L. Sigal)

The objective of this section is to review the literature on the effects of
acidic deposition on lichens and mosses and also to review the literature
that describes the effects of realistic, Tow levels of gaseous sulfur dioxide
(S07) on 1lower plants. Several researchers (Skye 1968, Turk and Wirth
1975) have concluded that SO, toxicity and pH effects are not independent
factors (Grennfelt et al. 198&).

Lichens and mosses are considered by some researchers (Nieboer et al. 1976)
to be among the most pollution-sensitive plants, and by others to be more
sensitive and better indicators of chronic pollution than vascular plants
(Hawksworth 1971, Nash 1976, Guderian 1977, Winner et al. 1978). In addition
to their roles in the ecosystem, they are also valuable as biomonitors of air
quality. However, it must be noted that lichens and mosses integrate the
effects of all ambient pollutants, and in most cases, their use as bioindi-
cators is only an index of general air pollution.

Lichens are sensitive to air pollutants such as sulfur dioxide, (Ferry et al.
1973), ozone and peroxyacetyl nitrate (PAN) (Nash and Sigal 1979, Sigal and
Taylor 1979), fluorine (Nash 1971, Roberts and Thompson 1980), and metals
(Rao et al. 1977; lead, Lawrey and Hale 1981; nickel, Nieboer et al. 1972;
mercury, Steinnes and Krog 1977; zinc, Nash 1975; and chromium, Schutte
1977). Scientists in many countries have demonstrated that it is possible to
correlate the distribution of lichens around air pollution sources with mean
levels of air pollutants. Laboratory and transplant studies have corro-
borated the data from field investigations. However, the importance of peak
concentrations of pollutants relative to long-term average levels has not
been established. Excellent summaries on the theory and application of
lichens in pollution studies have been published by Ferry et al. (1973),
Gilbert (1974), Hawksworth and Rose (1976), Le Blanc and Rao (1975),
Richardson and Nieboer (1981), Skye (1968, 1979), and Saunders (1970). 1In
addition, the air pollution literature is regularly indexed in the British
journal "The Lichenologist" (1974-81).

Moss species are also sensitive to air pollution (Gilbert 1968, 1970; Nash
1970; Nash and Nash 1974; Stringer and Stringer 1974; Turk and Wirth 1975;
Winner and Bewley 1978a,b). However, less attention has been given to mosses
in air pollution research. Laboratory studies with mosses have shown that 1)
photosynthesis decreases in relation to a decrease in pH of sulfuric acid
solutions (Sheridan and Rosenstreter 1973), 2) sulfite and bisulfite solu-
tions reduce photosynthesis (Inglis and Hill 1974, Ferguson and Lee 1979),
and 3) growth of four species of Sphagnum moss was reduced when they were
fumigated for several months with mean SO concentration of 130 ug m-3
(Ferguson et al. 1978). It has been suggested that sulfate at "feasible"
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atmospheric concentrations has no effects upon photosynthesis in mosses;
however, the fall in pH that accompanies the oxidation of atmospheric S02
to S04 1is capable of reducing ﬂhotosynthesis (Ferguson and Lee 1979). The
phytotoxic effect of SO» for both mosses and lichens is known to be greater
at lTow pH (Gilbert 1968, Puckett et al. 1973, Inglis and Hil1l 1974, Hallgren
and Huss 1975).

The generally accepted mechanisms of injury are disruption of cell and
chloroplast membranes (Wellburn et al. 1972, Puckett et al. 1974, Malhotra
1976, Ferguson and Lee 1979), and destruction of chlorophyll (Rao and Le
Blanc 1966, Nash 1973, Puckett et al. 1973). Susceptibility to SOp injury
is greatest when lichens are in a moistened or saturated condition (Rao and
Le Blanc 1966; Nash 1973, 1976; Turk et al. 1974). In an air-dried state,
lichens have been shown to be relatively insensitive to SO (Showman 1972,
Nash 1973, Turk et al. 1974, Marsh and Nash 1979).

The sensitivity of lichens to air pollutants is due to a number of factors:
(1) they rapidly absorb moisture in different forms (e.g., rain, fog, dew)
and most toxic substances dissolved in the water (Richardson and Nieboer
1981); (2) they are long-lived, and accumulated sulfur metabolites, metals,
etc. are not eliminated seasonally (Nash 1976); (3) they lack a vascular
system with which to eliminate pollutants through translocation {(Nieboer et
al. 1976); (4) they lack structures such as epidermis and stomata to exclude
pollutants (Sundstrom and Hallgren 1973); (5) they probably have less buf-
fering capacity than vascular plants (Nieboer et al. 1976); and (6) the
relationship of the alga and the fungus is delicately balanced; air pollution
probably disrupts that balance, resulting in disassociation and destruction
of the plant (Neiboer et al. 1976).

The ecology of lichens can be drastically changed by air pollutants. As a
result, ecosystems are affected because lichens are integral parts of many
relationships and processes. As pioneer species in disturbed areas (Treub
1888), lichens initiate soil formation (Ascaso and Galvan 1976) and stabilize
soil (Rychert and Skujins 1974, Drouet 1937). They fix an estimated 10 to 50
percent of the newly-fixed nitrogen in old growth forests in the United
States (Denison 1973, Becker 1980, Rhoades 1981). They act as sinks for air
po]\?tants and contribute to the cleansing of the atmosphere (A. C. Hill
1971).

Many invertebrates (mites, caterpillars, earwigs, snails, slugs, etc.) as
well as vertebrates (caribou, reindeer, squirrels, woodrats, voles) feed
partly or wholly on lichens (Llano 1948, Richardson 1975, Gerson and Seaward
1977, Richardson and Young 1977). Other animals have adaptive camouflage
that resembles lichen-covered trees or rocks (Richardson and Young 1977).
The 1interrelations among birds and lichens and insects are multifaceted.
Birds use lichens for nest-building, camouflage, and feeding behavior
(Kettlewell 1973, Ewald 1982), while many insects have co-evolved with
lichens to escape predation from birds (Cott 1940).

Reports of injury to lichens at low levels of SOp are found in several
recent studies. Showman (1975) found that Parmelia caperata and P. rudecta
were absent in regions around a coal-fired power plant when the annual S02
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average exceeded 50 ug m-3, Will-Wolf (1980) found that Parmelia
caperata and P. bolliana showed morphological alterations in areas where
maximym SOp Tevels were 389 ug m-3, and annual averages were 5 to 9
ug m~2. Eversman (1978) found decreased respiration rates in Usnea hirta
after field fumigations with SO, at about 47 ug m-3 for 96 days, and
plasmolysis of algal cells in both U. hirta and Parmelia chlorochroa after 31
days of S0p at the same concentration. Le Blanc and Rao (1975) conc]udgg
that long-range average concentrations for SO, between 16 to 79 ug m
(0.006 to 0.03 ppm) cause chronic injury to epiphytes.

In the Ohio River Valley, maximum annual averages of SO ranged from about
50 to 80 ung m;3 in 1977 and 1978. Maximum l-hr averages ranged from 300
to 500 ng m~2 (Mueller et al. 1980). At the same sites (Rockport and
Duncan Falls), mean rainfall pH's for August 1978 to September 1981 were 4.12
and 4.36, with ranges of 3.60 to 5.48 and 3.59 to 5.73, respectively [digital
(9 track tape) or hard copy (printout) versions of these data are available
upon request directly from Peter K. Mueller at EPRI]. Recent experimental
evidence shows that photosynthesis was reduced by 40 percent in the lichen
Cladina stellaris by field fumigations with fluctuating SO» concentrations
of less than 655 ug m-3 (0.25 ppm; Moser et al. 1980). Laboratory ex-
posures of the same lichen species wetted by artifical precipitation having a
PH = 4.0 and a sulfate concentration = 10.00 mg 21 reduced photosyn-
thesis by 27 percent (Lechowicz 1982). From these and succeeding data, it
appears that at least some of the mechanisms of injury for SO0> and acid
precipitation are similar and that existing, long-term low levels of the
pollutants are influencing lichen distribution on a regional scale.

The effect of direct acidic deposition on Tichens is a new area of research
and therefore has produced few published results other than those of
Lechowicz (1982). Evidence from previous laboratory studies of the effects
of pH on lichens is indirect and based generally on aqueous solutions of
sulfur compounds. Puckett et al. (1973, 1974) found that low pH enhanced
aqueous sulfur dioxide toxicity in buffered solutions even when the exposure
times were brief. D. J. Hill (1971) found that sulfite in buffered solutions
was toxic at pH 4.0 and below but not toxic at pH 5.0 and above. Turk and
Wirth (1975) found that damage to lichens exposed to sulfur dioxide and
subsequently submersed in buffer solutions from pH 8.0 to pH 2.0 increased
with increasing acidity. Baddeley et al. (1971) studied the effect of pH in
buffered solutions on the respiration of several lichen species found in
eastern North America. Exposure times were short, about 15 minutes, but
respiration was clearly pH-dependent, and there were definite pH optima for
each species, mostly acidic (pH 4.0). Repeated exposures might show
different patterns of respiration.

Little is known about the effects of acidic deposition on nitrogen fixation
by lichens. Denison et al. (1977) reported a trend toward decreased nitrogen
fixation in the lichens Lobaria pulmonaria and L. oregana as a function of
decreasing pH of the water in which the lichens were soaked. These results
must be considered preliminary, and additional work in this area is needed
because Tichens can be important contributors of fixed nitrogen in forest
ecosystems (Forman 1975; Pike 1978; Becker 1977, 1980; Rhoades 1981), in
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tundra and grasslands (Alexander 1974), and in deserts (Shields et al. 1957,
Rychert and Skujins 1974}.

Evidence from the few existing field studies of acid precipitation effects on
lichens (Robitaille et al. 1977, Plummer 1980) is inconclusive because
separating pH effects from potential ambient S02 (or other gaseous
po]]utant? toxicity is impossible under natural conditions. Few of the
studies that suggest a pH response in lichens (Brodo 1974) actually include
the measurement of pH of the aqueous solutions in which the lichens are
bathed. Several field studies suggest that acidification of Tlichen
substrates may prevent establishment and development of 1lichen propagules
(Barkman 1958, Skye 1968, Gilbert 1970, Grodzinska 1979). Other studies
(Abrahamsen et al. 1979, Dahl et al. 1979) show that lichens alter the
chemistry of “rainwater" flowing over granite surfaces partly covered with
Tichens. Pyatt (1970) notes that lichens are capable, to some extent, of
exerting a modifying influence upon the environment. According to Gilbert,
the pH and buffer capacity of the lichen thallus and substrate are important
for the survival and regeneration of lichens in polluted areas because pH and
buffer capacity control the distribution and proportions of toxic compounds
in solution and the rates of breakdown of these compounds. Under conditions
of acid precipitation and reduced buffer capacity, heavy metal absorption by
lichens is increased (Rao et al. 1977).

3.2.3 Summary (D. S. Shriner énd L. L. Sigal)

Leaf structure may play two roles in the sensitivity of foliar tissues to
acidic precipitation: 1) leaf morphology may selectively enhance
(broad-leaved species) or minimize (needle or laminar-leaved species) the
surface retention of incident precipitation; and 2) specific cells of the
epidermal surface, by virtue of a more permeable cuticle or the absence of
waxes, may be initial sites of foliar injury. Once such a lesion occurs,
further development of 1local lesions appears to be enhanced by water
collected in the depression formed by the necrotic tissue.

Information on the effects of acidic deposition on the accelerated weathering
of epicuticular wax of plants is very preliminary and at present must be
considered no more than a "testable hypothesis." Should further research
support the hypothesis, virtually all of the important functions of the wax
layer could be subject to alteration due to acidic deposition.

Chlorophyl1l degradation may occur following prolonged exposure to acidic pre-
cipitation. Conclusive linkage to decreased photosynthetic rates is current-
1y missing, but premature senescence resulting from chlorophyll degradation
may reduce overall photosynthetic capacity of plants affected in this manner.
Further study is needed before photosynthetic rate, chlorophyll content, and
premature senescence can be causally linked to acidic deposition exposure.
Because simulated acid precipitation experiments have been conducted at ex-
treme ranges, more attention must be paid to pH values commonly observed in
nature.

Acid deposition is frequently partially neutralized by cation exchange and
other reactions on leaf surfaces. These reactions reduce the direct inputs
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of Ht to soils, but they do not prevent cation losses from the ecosystem.
If the anion associated with acidic deposition is mobile, cation losses will
occur whether H* is exchanged in the canopy or soils.

Information on which to assess the effects of acidic deposition on lichens is
inadequate. Studies should investigate the direct effects of H' concen-
tration and the other acidic deposition components (S, N) on Tichens. A
comparison of process-level physiological mechanisms of response to acidic
deposition is necessary, followed by an analysis of the resulting effects, if
any, on the overall growth, yield, or ecosystem function of 1lichens. In
addition, the relevance of Taboratory studies to field observations must be
established. Given the sensitivity of lichens to related stress agents, they
are probably sensitive to acidic deposition. In certain ecosystems (e.g.,
boreal forests) Tlichens are a major system component, and potential effects
should be regarded as a serious concern for long-term ecosystem stability.

3.3 INTERACTIVE EFFECTS OF ACIDIC DEPOSITION WITH OTHER ENVIRONMENTAL
FACTORS ON PLANTS

Several important, but often overlooked, indirect effects of acidic deposi-
tion are potential interactions with other polliutants, alterations of host-
insect interactions, host-parasite interactions, and symbiotic associations
(Figure 3-2). These relationships could involve a direct influence of acidic
deposition on a host plant; a direct influence of acidic deposition on an
insect, microbial pathogen, or microbial symbiont; or a direct influence of
acidic deposition on the interactive process of plant and agent, i.e.,
infestation, disease, or symbiosis (Figure 3-2).

3.3.1 Interactions with Other Pollutants (J. M. Skelly and B. I. Chevone)

The available literature concerning interactive effects of acidic precipita-
tion and gaseous air pollutants on terrestrial vegetatation consists of only
three separate studies as of late 1981. Shriner (1978b) examined the inter-
action of acidic precipitation and sulfur dioxide or ozone on red kidney bean
(Phaseolus vulgaris) under greenhouse conditions. Treatments with simulated
rain at pH 4.0 and multiple 03 exposures resulted in a significant reduc-
tion in foliage dry weight. Simulated precipitation and sulfur dioxide in
combination did not affect photosynthesis or biomass production. Troiano et
al. (1981) exposed two cultivars of soybean to ambient photochemical oxidant
and simulated rain at pH 4.0, 3.4, and 2.8 in a field chamber system. The
interactive effects of oxidant and acidic precipitation were inconclusive,
with seed germination greater in plants grown in the absence of oxidant at
each acidity level. Irving and Miller (1981) also examined the response of
field-grown soybeans to simulated acidic rain at pH 5.3 and 3.1 in combina-
tion with sulfur dioxide and ambient ozone concentrations. No interactive
effects on soybean yield occurred from acid treatments with sulfur dioxide.
Sulfur dioxide alone, however, resulted in substantial yield reductions.

With information from only three studies, current assessment of the potential
detrimental interactive effects of gaseous air pollutants and acidic rain on
terrestrial plants can be considered only preliminary. No studies have been
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conducted with non-agricultural vegetation which, because of potential soil
impacts, is considered more sensitive to the indirect effects of acidic
precipitation.

Research efforts at present have addressed the indirect interaction of acidic
precipitation and gaseous pollutant stress to plants. Plants have been ex-
posed to pollutants individually so that any interactive effects are mediated
through the plant response, whether directly or indirectly to each pollutant.
With this exposure regime, each pollutant may predispose the plant to addi-
tional injury and elicit a more sensitive response to the second pollutant.
It is advantageous, under these conditions, to use experimental systems that
are most sensitive to both acidic inputs and gaseous pollutant stress. Due
to crop management practices, agronomic systems are probably least sensitive
to increased acidic input and alterations in soil physiochemical properties.
Additional research in which both acidic precipitation and gaseous pollutants
can exert their individual effects on the various components of an ecosystem
is required.

Effects of acidic deposition on soil chemistry and nutrient recycling are
unlikely to occur rapidly (Chapter E-2, Section 2.3) and unlikely to occur in
agricultural systems where soils are regularly amended (Section 2.3.5).
After more than a decade of research in Scandinavia, the observed changes in
forest soil chemical properties that can be attributed to acidic precipita-
tion still remain undetermined (Overrein et al. 1980). It is, therefore,
unlikely that interactive effects of acidic deposition and gaseous pollutants
on plants, which may be expressed through changes in soil properties, will
become evident within a single growing season. Because only annual plants
have been used in interactive studies, the effect of acidic rain in combi-
nation with other air pollutants stressing perennial plant species on a
yearly basis for several years is unknown. Also, research efforts have not
addressed the temporal relationship between precipitation events and the
occurrence of other gaseous air pollutants in the ambient atmosphere.

No information exists on the interaction of a gaseous air pollutant with a
wet leaf surface. Such direct interactions can occur only with the same
frequency as precipitation events (including fog, dew, and condensation), but
1iquid-phase reactions, especially with SO», can alter the chemical form of
the pollutant species. Sulfur dioxide in water can exist as the hydrated
sulfur dioxide molecule, the bisulfite ion, or the sulfite ion, depending
upon the pH of the solution (Gravenhorst et al. 1978). At pH greater than
3.5, hydrated sulfur dioxide dissociates almost completely into hydrogen ions
and bisulfate ions. Increased solubility of sulfur dioxide can occur if the
bisulfite ion is oxidized irreversibly to the sulfate ion. This oxidation
process can be catalyzed by metal cations, specifically iron (Fuzzi 1978) and
manganese (Penkett et al. 1979). Particulate deposits on the leaf surface,
containing either iron or manganese, may act as sources of these catalysts.
Depending upon the rate of this oxidation and the mechanism(s) involved,
increased dissolution of gaseous sulfur dioxide will occur in leaf surface
water, generating additional hydrogen jons. Whether such reactions do occur
at the leaf surface, the extent to which they occur, and their importance in
pollutant stress to plants are unknown.
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3.3.2 Interactions with Phytophagous Insects (W. H. Smith)

The damaging influence of high population densities of certain insects can be
very visible and cause widespread forest destruction; however, substantial
evidence supports the hypothesis that forest insects, even those that cause
massive destruction in the short run, may play essential and beneficial roles
in forest ecosystems in a long-term context. These roles may involve regu-
lating tree species competition, species composition and succession, primary
production, and nutrient cycling (Huffaker 1974, Mattson and Addy 1975). As
a result, assessing interrelationships between acidic deposition and
phytophagous insects is important.

Air pollutants may directly affect insects by influencing growth rates, muta-
tion rates, dispersal, fecundity, mate finding, host finding, and mortality.
Indirect effects may occur through changes in host age structure, distribu-
tion, vigor, and acceptance. Few researchers have investigated the effects
of acidic deposition on insects. Some studies relative to acidity effects on
aquatic insects are available (e.g., Borstrum and Hendrey 1976). Terrestrial
arthropods, on the other hand, have been the subject of very few studies.
Hagvar et al. (1976) have concluded that acidic precipitation from western
and central Europe increases the susceptibility of Scots pine forests to the
pine bud moth (Exoteleia dodecella).

Various studies have presented data indicating that species composition or
population densities of insect groups are altered in areas of high air
pollution stress, for example, roadside (Przybylski 1979) or industrial
(Sierpinski 1967, Novakova 1969, Lebrun 1976) environments. Further specific
information is available on the general influence of polluted atmospheres on
population characteristics of forest insects (Templin 1962; Schnaider and
Sierpinski 1967; Sierpinski 1970, 1971, 1972a,b; Boullard 1973; Wiackowski
and Dochinger 1973; Hay 1975; Charles and Villemant 1977; Sierpinski and
Chlodny 1977; Dahlsten and Rowney 1980). Johnson (1950, 1969) has reviewed
much of the literature dealing with air pollutants and insect pests of
conifers. One of the most comprehensive literature reviews available
concerning forest insects and air contaminants has been presented by
Villemant (1979). Recently, Alstad et al. (1982) provided an excellent
overview of the effects of air pollutants on insect populations.

3.3.3 Interactions with Pathogens (W. H. Smith)

Abnormal physiology, or disease, in woody plants follows infection and
subsequent development of an extremely large number and diverse group of
microorganisms within or on the surface of tree parts. All stages of tree
life cycles and all tree tissues and organs are subject, under appropriate
environmental conditions, to impact by a heterogeneous group of microbial
pathogens including viroids, viruses, mycoplasmas, bacteria, fungi, and
nematodes. As with insect interactions, microbes and the diseases they cause
play important roles in succession, species competition, density, composi-
tion, and productivity. In the short term, the effects of microbial patho-
gens may conflict with forest management objectives and assume a considerable
economic or managerial as well as ecologic significance (Smith 1970).
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The interaction between air pollutants and microorganisms in general is
highly variable and complex. Babich and Stotzky (1974) have provided a
comprehensive overview of the relationships between air contaminants and
microorganisms. A specific air pollutant, at a given dose, may be
stimulatory, neutral, or inimical to the growth and development of a
particular virus, bacterium, or fungus. In fungi, fruiting body formation,
spore production, and spore germination may be stimulated or inhibited.

Microorganisms that normally develop in plant surface habitats may be
especially subject to air pollutant influence. These microbes have received
considerable research attention and have been the subject of review (Saunders
1971, 1973, 1975; Smith 1976). Numerous comprehensive reviews have sum-
marized the interactions between air contaminants and plant diseases
(Laurence 1981). Heagle (1973) summarized nearly 100 references and found
that sulfur dioxide, ozone, or fluoride had been reported to increase the
incidence of 21 diseases and decrease the occurrence of nine diseases in a
variety of nonwoody and woody hosts. Treshow (1975) has provided a detailed
review concerning the influence of sulfur dioxide, ozone, fluoride, and
particulates on a variety of plant pathogens and the diseases they cause,
Treshow lamented the fact that most of the data available deal with in vitro
or laboratory accounts of microbe-air pollutant interactions, while only a
few investigations have examined the influence of air pollutants on disease
development under field conditions.

A review provided by Manning (1975) pointed out that most research attention
has been directed to fungal pathogen-air pollutant interactions. Greater-
research perspective is needed concerning air pollution influence on viruses,
bacteria, nematodes, and the diseases they cause. Macroscopic agents of
disease, most importantly true- and dwarf-mistietoes, must also be examined
relative to air pollution impact, especially in the western part of North
America, where the latter are extremely important agents of coniferous
disease.

Forest trees, because of their large size, extended lifetimes, and widespread
geographic distribution are subject to multiple microbially-induced diseases
frequently acting concurrently or sequentially. The reviews of Heagle
(1973), Treshow (1975), and Manning (1975) considered a variety of pollutant-
woody plant pathogen interactions but were not specifically concerned with
forest tree disease. In their review of the impact of air pollutants on
fungal pathogens of forest trees of Poland, Grzywacz and Wazny (1973) cited
literature indicating that air pollution stimulated the activities of at
least 12 fungal tree pathogens while restricting the activities of at least
10 others. :

Our understanding of the influence of acidic deposition on pathogens and the
diseases they cause is meager. Shriner (1974, 1975, 1977) has provided us
with some valuable perspectives in this important but understudied area.
Falling precipitation and the precipitation wetting of vegetative surfaces
(see Section 3.2.1), play an enormously important role in the life cycles of
many plant pathogens. Recognizing this, Shriner (1974, 1975, 1977) has
examined the effects of simulated rain acidified with sulfuric acid on
several host-parasite systems under greenhouse and field conditions. The
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simulated precipitation he employed had a pH of 3.2 and 6.0, approximating
the common range of ambient precipitation pH.

Applying simulated precipitation of pH 3.2 resulted in (1) an 86 percent
restriction of telia production by Cronartium fusiforme (fungus) on willow
oak, (2) a 66 percent inhibition of Meloidogyne hapla (root-knot nematode) on
kidney bean, (3) a 29 percent decrease in percentage of leaf area of kidney
bean affected by Uromyces phaseoli (fungus), and (4) both stimulated and
inhibited development of halo blight of kidney bean caused by Pseudomonas
phaseolicola (bacterium). In the latter case, the influence of acidic
precipitation varied and depended on the particular stage of the disease
cycle when the exposure to acidic precipitation occurred. Simulated sulfuric
acid rain applied to plants prior to inoculation stimulated the halo blight
disease by 42 percent. Suspension of inoculum in acidic precipitation
decreased inoculum potential by 100 percent, while acidic precipitation
applied to plants after infection occurred inhibited dis~ase development by
22 percent.

Examining willow oak and bean leaves with a scanning electron microscope
revealed distinct erosion of the leaf surface by rain of pH 3.2 (see Section
3.2). This may suggest that altered disease incidence may be due to some
change in the structure or function of the cuticle (see Section 3.2.1.1).
Shriner has also proposed that the low pH rain may have increased the
physiological age of exposed leaves. Shriner (1978a) concluded his initial
experiments by suggesting that he had not established threshold pH levels at
which significant biological ramifications to pathogens occur from acidic
precipitation. He did suggest, however, that artificial precipitation of
extremely low pH probably alters infection and disease development of a
variety of microbial pathogens.

In recent years, a very serious disease of hard pines caused by a twig and
leaf pathogen called Gremmeniella abietina has increased in importance in the
northeastern United States. The disease, termed Scleroderris canker, was
first reported on red pine in New York in 1959. Currently, G. abietina is
causing significant large tree mortality in Vermont and New York. Because it
may be more than coincidence that this region is included within the highest
acidic precipitation zone of North America, Paul D. Manion, SUNY, Syracuse,
initiated an acidic rain Scleroderris research project. The laboratory and
field studies reported to date indicate the disease may be affected by
precipitation pH, but there was no indication that abnormally high acidified
rain increased disease incidence. In fact, the opposite may be true. That
is, acidic rain may reduce the importance of the canker disease (Raynal et
al. 1980, Bragg 1982, Manion and Bragg 1982).

Armillaria mellea is an extremely important forest tree root pathogen
throughout the temperate zone. The fungus is geographically very wide-
spread, has an extremely broad host range, and is especially significant in
causing disease in trees under stress. Shields and Hobbs (1979) have indi-
cated that soil pH is related to disease development caused by A. mellea. If
acidic deposition influences soil pH (see Chapter E-2) or tree vigor, it may
indirectly impact tree susceptibility to A. mellea infection. In the north-
east, spruce decline in high elevation forests has been a recent concern.
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A. mellea is associated with spruce trees exhibiting dieback and decline
symptoms in northern New England and may play an important role in the
morbidity and mortality of this species. The habitats of soil pathogens such
as A. mellea are buffered relative to plant-surface habitats, so for acidic
deposition to influence these pathogens an-alteration of soil pH or chemistry
or host susceptibility would have to occur.

Fusiform rust caused by Cronartium fusiforme is the most important disease of
managed pines in the southeast. Bruck et al. (1981) applied simulated rain
of various pH levels to loblolly pine at the time of inoculation with rust
basidiospores. Significantly fewer galls formed on trees treated with
simulated rain at pH 4.0 or less than formed on trees treated with rain at pH
5.6.

Various bacterial species are important components of leaf microfloras. Lacy
et al. (1981) observed that populations of Erwinia herbicola and Pseudomonas
syringae were reduced on soybean leaves when host plants were treated with
water acidified to pH 3.4 relative to leaves exposed to distilled water (pH
5.7).

3.3.4 Influence on Vegetative Hosts That Would Alter Relationships with
Insect or Microbial Associate (W. H. Smith)

As Section 3.2 discussed, exposure to acidic deposition may lead to acidifi-
cation of plant surfaces, leaf cuticle erosion, and foliar lesions. Foliar
lesions could release plant volatiles attractive or repulsive to insect pests
or may serve as infection courts for microbial disease agents.

The influence of acidic deposition leached chemicals on insects infesting
tree leaves or bark could prove attractive, repulsive, or provide chemical
orientation. In the case of surface microbes, leached compounds may inhibit
vegetative growth or spore germination (alkaloids, phennlic substances) or
stimulate vegetative growth (as nutrients) or spore germination (as inducers
or nutrients--sugars, amino acids, vitamins). Leaching of toxic radio-
elements from plant surfaces could have a restrictive impact on plant surface
biota (Myttenaere et al. 1980).

Plant growth and yield may be stimulated or inhibited by acidic deposition.
If growth is either stimulated or suppressed, it is probable that differen-
tial influence on insects and pathogens would follow. In the case of some
host-pathogen and host-insect relationships, a tree under stress is more
vulnerable to infestation or infection. Bark beetles and root-infecting or
canker-forming fungi are generally more successful in less vigorous individ-
uals. Trees exhibiting vigorous growth, on the other hand, may be predis-
posed to more serious impact from certain rust fungi and other disease
agents.

3.3.5 Effects of Acidic Deposition on Pesticides (J. B. Weber)

Pesticides are used annually to manage pests in terrestrial and aquatic
They are applied directly to animals, vegetation, soils, and/or inland
waters, but ultimately they end up in soils and/or waters. The behavior and
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fate of pesticides in the environment depend upon the following:
(1) method of application of the pesticide;

systems. The majority of these materials are organic chemicals that
se]ecpive]y control unwanted and injurious insects, pathogens, or weeds.

(2) chemical properties of the pesticide;
(3) edaphic properties of the system;

(4) dissipation routes of the pesticide; and
(5) climatic conditions.

Butterfield and Troiano (1982) reported that increased acidity of simulated
rainfall (pH 5.6 to 3.0) increased the removal of a fungicide [triphenyltin
hydroxide (TPTH)] from the leaves of snap bean for both field-grown and
greenhouse-grown plants. Additional studies (Troiano and Butterfield 1982)
showed that elevated concentrations of H+, S042-, and NO3- in simu-

lated rain also increased removal of fungicide from the bean leaves. It is
likely that acidic rain would increase the removal of other ionizable pesti-
cides like TPTH.

No studies on effects of acidic deposition on pesticides were found in the
literature; however, pH changes have been reported to affect factors 2
through 4 Tisted above.

Foliar absorption and injury from herbicides applied directly to vegetation
have been reported to be greatly enhanced by lowering the pH for both phen-
oxyacetic acid (Crafts 1961b) and dinitrophenol (Crafts and Reiber 1945) type
compounds. Acidic conditions promote formation of the un-ionized species
that more readily penetrate and injure vegetative membranes than do ionized
species. Thus, acidic deposition could conceivably result in enhanced injury
to weeds and/or crops in certain instances. The most likely possibility of
this occurring would be in herbicide applications to forests, pastures,
minimum-tillage crop production systems, or aquatic systems where the foliage
has had ample time to accumulate acidic deposition.

Significantly lowering pH of inland waters would have a substantial effect on
the direct biological activity and longevity of herbicides used in aquatic
weed and algae control. One would expect a significant increase in the herb-
icidal activity of the phenoxyacetic acid compounds. Aquatic herbicides such
as simazine would perform less satisfactorily under acidic conditions. Many
investigators (Armstrong et al. 1967, Jordan et al. 1972) have reported that
chloro-s-triazines decompose at a much faster rate under acidic conditions.
This would make it necessary to increase the rates of chloro-s-triazine
herbicides and to make more frequent applications for satisfactory aquatic
weed control in waters where the pH levels were below normal levels.

Organic pesticides are categorized into five major types depending on ioniz-
ing characteristics (Weber 1972, Weed and Weber 1974). Examples of the five
types are:
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(1) cationic (diquat, paraquat);

(2) basic (atrazine, simazine, prometryn);

(3) acidic (2,4-D, fenac, picloram)

(4) phosphates and arsenates (glyphosate, DSMA); and
(5) nonionic (alachlor, carbaryl, methomyl).

The behavior of these materials in soils is analagous to that described for
the organic ions in Chapter E-4, Section 4.6.3. Cationic pesticides behave
similarly to inorganic cations like calcium and magnesium, basic pesticides
behave 1ike ammonia, acidic pesticides behave 1ike nitrates, and phosphates
and arsenates behave like phosphate and sulfate anions. Soil behavior of
non-ionic pesticides is dependent upon the water solubility, lipophilicity,
molecular size, and other properties. Changes in pH levels of waters or soil
solutions affect the ionizing properties of basic and acidic pesticides to
the greatest extent. At lowered pH levels acidic and basic pesticides tend
to be more readily adsorbed by soil particulate matter, and hence less bio-
logically active and less mobile (Weber 1972, Weber and Weed 1974). Under
such circumstances, higher rates of these pesticides would be required to
provide satisfactory performance, and the longevity of the chemicals may be
affected, depending on their modes of decomposition.

Pesticides degraded biologically would be affected by changes in microbial
populations. Captan, dicamba, amitrole, vernolate, chloramben, crotoxyphos
(Hamaker 1972), metribuzin (Ladlie et al 1976), 2,4-D and MCPA (Torstensson
1975), and prometryn (Best and Weber 1974) were reported to persist longer
under acidic conditions than under neutral conditions. Conversely, diazinon
and diazoxon (Hamaker 1972) were degraded more readily at lower pH levels.

Pesticides degraded chemically are directly affected by soil pH levels.
Malathion and parathion (Edwards 1972) persisted much longer in acidic soils
than in neutral soils, while atrazine (Best and Weber 1974) and simazine were
degraded much more rapidly under acidic conditions than under neutral
conditions.

3.3.6 Summary (W. H. Smith and J. B. Weber)

A review of the evidence on the interaction of acidic deposition with other
pollutants, and insect and microbial pests does not allow generalized state-
ments concerning stimulation or restriction of biotic stress agents, or their
activities, by acidic deposition. Certain studies report stimulation of pest
activities associated with acidic deposition treatment, while other studies
report restriction of pest activities following treatment. No studies report
significant interactive effects between acidic deposition and other pollu-
tants although potential for such effects exists.

Future research must combine both field and controlled-environment studies.

Mechanisms for acidic deposition impact on predisposition/protection of
forest trees to/from disease caused by microbial pathogens, and infestation
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caused by phytophagous insects must be examined. Evidence available comes
from laboratory and controlled environment studies, but no evidence on this
topic from studies employing large trees under field conditions exists.

We cannot, however, rule out the possibility of indirect, subtle interaction

of acidic deposition with other pollutants, phytophagous dinsects, and
microbial pathogens.

Two studies have shown that increased acidity of simulated rain increases the
removal of an ionizable fungicide (TPTH) from plant surfaces, suggesting that
pest control may be diminished by acid precipitation. Thus, it may be neces-
sary to apply higher rates or make more frequent applications of certain
pesticides under acidic precipitation conditions. No known studies demon-
strate that acidic deposition on plant surfaces directly affects the biologi-
cal activity of pesticides. However, ample evidence shows that pH of aqueous
solutions of certain herbicides greatly affects herbicidal activity, and
observed effects were greatest between pH levels of 6.0 and 3.0. These
occurrences have been reported for herbicides applied to terrestial and
aquatic weeds.

No studies show indirect effects of acidic deposition on pesticide inacti-
vation, mobility, and decomposition in soils; however, ample evidence shows
that soil pH greatly affects all of these processes. It is likely that if
acidic deposition is found to affect soil and water pH, then pesticide
behavior and fate will likewise be affected.

3.4 BIOMASS PRODUCTION

3.4.1 Forests (S. B. McLaughlin, D. J. Raynal, A. H. Johnson and S. E.
Lindberg)

Changing levels and patterns of emissions of atmospheric pollutants in recent
decades have resulted in increased exposure of extensive forests in Europe
and North America to both gaseous pollutants and acid precipitation. Reports
of decreased growth and increased mortality of forest trees in areas receiv-
ing high rates of atmospheric pollutant deposition have stressed the need to
quantify the rates of changes in forest productivity and identify the causes
of such changes. The complex chemical nature of combined pollutant exposures
and the fact that these pollutants may have both direct effects to vegetation
and indirect (possibly beneficial) effects makes quantification of such
effects particularly challenging. The complexity of forest growth and suc-
cession and the sensitivity of forest trees to natural environmental stresses

add further to the challenge of quantifying effects of anthropogenic pollu-
tants on forest productivity.

Such quantification requires that several critical tasks be addressed: (1)
definition of the chemical nature of the present and past air quality within
the regions of principal concern, (2) documentation of the basis for assuming
that detectable effects may be occurring within those regions, and (3)
identification of the types of effects that might be produced under present
and likely future exposure regimes.
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A critical need in evaluating stress effects on perennial forest systems is
documenting the magnitude, rate, and point of inception of historical changes
in air quality. Unfortunately, the maximum period of record for the present
National Atmospheric Deposition Program (NADP) network is four years, while
ozone monitoring data have not been collected by standardized methods in
network fashion before 1975. The most recently published estimates of his-
torical changes in isopleths of precipitation acidity (Likens and Butler
1981) suggest that initial intensification of acidity of northeastern precip-
itation may have begun in the 1950's. However, because of the Timited data
points and the uncertain chemical techniques used, the validity of these
earliest data has been questioned (see Chapter A-8). Other sources of
information currently being developed include emissions inventories coupled
with regional air dispersion modeling, evaluation of historical stream and
lake chemistry data, historical reconstruction of weathering rates of marble
monuments, and analysis of changes in elemental composition of annually-
formed lake sediments and tree rings. Collectively, these techniques offer
possibilities for documenting the period of intensification of atmospheric
deposition of anthropogenic pollutants. (Further discussion of such documen-
tation can be found in Chapter A-8).

3.4.1.1 Possible Mechanisms of Response--A wide variety of potential direct
and indirect responses of forest trees to acid deposition have been hypothe-
sized based on fundamental responses of biological systems to acidity and
other stresses (Tamm and Cowling 1976). Included among these are increased
leaching of nutrients from foliage, accelerated weathering of leaf cuticular
surfaces, increased permeability of leaf surfaces to toxic materials, water,
and disease agents, altered reproductive processes, and altered root-
rhizosphere relations. In addition to the direct effects of acidity from
contact with foliage, roots, and rhizosphere organisms, a major area of
interest is the indirect effects of increased acidity on soil nutrient
availability to vegetation and the consequences of soil leaching losses to
aquatic systems (SMA 1982). Many of the key processes to be considered in
evaluating the effects of acidic deposition on forest systems are identified
schematically in Figure 3-3. The diversity of these processes illustrates
the complexity of potential interactions of acidic deposition with forest
systems and the need for better understanding of system level integration of
potential effects on multiple processes.

Forest responses must be examined both from the perspective of today's mature
forests which have been produced over the last 50 to 100 years (a period of
significant changes in atmospheric emissions) as well as with respect to the
forests of the future, which by contrast are growing under atmospheric
stresses that will likely span their entire life cycle. Thus, productivity
of these forests may be more influenced by alteration of the potentially more
sensitive life stages including reproduction, seedling establishment, and
growth.

Seedling emergence, establishment, and early growth phases are considered to
be potentially among the most susceptible stages affected (Abrahamsen et al.
1976, Likens 1976, Lee and Weber 1979, Raynal et al. 1980). Additionally,
reproductive phases of growth may be the most sensitive to acidic deposition
(Likens 1976, Cowling 1978, Jacobson 1980). Various controlled field and
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laboratory studies 1in Scandinavia and in the United States have been
conducted to quantify possible effects of simulated acid rain on seed
germination, seedling establishment, and growth of trees in field plots.

3.4.1.2 Phenological Effects--Plants may respond to the deposition of acidic
substances 1n a manner which depends on genetic characteristics of the
species; sensitivity of individual developmental stages; timing, duration,
frequency, and severity of deposition events; and nature of meteorological
and microenvironmental conditions (Cowling 1978). Thus, a complete assess-
ment of the influences of acidic deposition on plants must include considera-
tion of phenology~-changes in life cycle stages as affected by environment
and season. Seed germination and seedling emergence and establishment are
early growth phases potentially susceptible to acidic deposition (Abrahamsen
et al. 1976; Lee and Weber 1979; Raynal et al. 1982a,b). As well, mature and
reproductive phases of growth may be sensitive to acidic deposition (Likens
1976, Cowling 1978, Jacobson 1980, Evans 1982). However, differences in the
sensitivity of vegetation to acidic deposition are not documented from
natural field studies.

Plant growth, development, and reproduction may be affected by acidic depo-
sition both positively and negatively. Response depends upon species
sensitivity, plant life cycle phase, and the nature of exposure acidity.
Considerable variation in plant species susceptibilty exists, and at the
individual tevel the effect of acidification on different plant organs or
tissues may vary widely. Controlled environment studies indicate that the
deposition of acidic and acidifying substances from the atmosphere may have
stimulatory, detrimental, or no apparent effects on plant growth, devel-
opment, and reproduction. Both stimulatory and detrimental effects may
simultaneously occur, making determination of both acute and chronic effects
quite difficult. For example, tree seedling growth may be enhanced by
deposition of nitrate and possibly sulfate when soils are deficient in these
while, concomitantly, foliar injury may occur due to hydrogen ion deposition.
Because many biotic and abiotic factors interact to influence plant per-
formance, plant dieback or reduction in growth or yield must be evaluated in
terms of physiological stress, soil toxicity and nutrient deficiency prob-
Tems, plant disease, and direct and indirect effects of acidic precipitation,
if chronic effects of deposition of acidic substances are to be fully
characterized.

3.4.,1.2'1 Seed germination and seedling establishment. Laboratory studies
indicate that a wide range of sensitivity of seed germination to acidic
substrate conditions exists (Abrahamsen et al. 1976, Lee and Weber 1979,
Raynal et al. 1982a). Studies focused on woody plants reveal that seed
germination of some species, including yellow birch and red maple, is
inhibited, but other species, such as sugar maple, are not affected when
exposed to substrate acidity of pH 3.0 or less (Raynal et al. 1982a). 1In
some coniferous species such as white pine and white spruce, substrate
acidity of pH 3.0 may promote seed germination, but it produces no effect in
other species such as eastern hemlock. Figure 3-4 {llustrates the con-
trasting response of seed germination of three tree species to different
substrate acidity levels.
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Figure 3-4. Mean cumulative percent germination of sugar maple, yellow

birch, and white pine seeds subjected to different substrate
acidity levels. Arrows indicate point at which differences
in response become significant (p < 0.05) determined by
Tukey's test for mean separation following analysis of
variance. Data show contrasting responses of species to
increasing acidity: (a) no significant difference at pH 3.0,
4.0, and 5.6 for sugar maple, (b) decreased germination in
yellow birch at pH 3.0 compared with that at pH 4.0 and 5.6
(no significant difference between pH 4.0 and 5.6), and

(c) increased germination in white pine at pH 2.4 and 3.0
compared with that at pH 4.0 and 5.6 (no significant differ-
ence between 2.4 and 3.0 or 4.0 and 5.6). Adapted from
Raynal et al. (1982a).
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Interaction of substrate solution reaction {pH) and osmotic potential may be
significant, and the effect of acidity may vary due to differences in ionic
characteristics of the germination medium (Chou and Young 1974, Abouguendia
and Redmann 1979). Leaching of various substances from the seed or fruit
coat by acidic solutions may also occur, subsequently causing neutralization.
The necessity of continually adjusting the pH of in vitro solutions to
maintain constant acidity levels in germination studies suggests that seed
tissues may effectively buffer the germination medium, thus reducing
potential detrimental effects of acidic deposition (Raynal et al. 1982a).
Under natural field conditions, vegetation canopy, litter, organic matter,
and mineral soils may further buffer emerging seedlings from highly acidic
deposition (Raynal et al. 1982b, Mollitor and Raynal 1982). Thus, seeds are
often protected from direct influence by acidic deposition and seed
germination typically may be minimally affected, as indicated by much of the
research to date.

Emergence and establishment of the seedling have been shown to be more sensi-
tive to low substrate pH than is seed germination itself (Abrahamsen et al.
1976, Lee and Weber 1979, Raynal et al. 1982b). Certain species, such as
sugar maple, show no detrimental effect of acidity on seed germination at pH
3.0 but may be inhibited at the establishment phase, as shown in studies of
effects of simulated acidic precipitation on juvenile growth (Raynal et al.
1982a,b). Injury to the emerging seedling radicle and hypocotyl may be
direct, due to hydrogen ion concentration, and/or indirect, resulting from
increased susceptibility to microbial pathogens that tolerate acidic con-
ditions and changing nutrient levels (Raynal et al. 1982b). Seedling growth
studies in which young plants are exposed to simulated acidic precipitation
have shown that juvenile plants may exhibit reduced or stimulated growth,
depending on the species (Wood and Bormann 1974, Raynal et al. 1982b).

Possible changes in soil nutrient status associated with acidic deposition
must be considered in evaluating plant growth response to acidification (see
Section 2.3). Some workers (Benzian 1965, Abrahamsen et al. 1976, Abrahamsen
1980a) have demonstrated that optimal height growth of coniferous seediings
(including species of pine, spruce, and fir) occurs in soils having a pH
between 4.0 and 5.0. Whether hydrogen ion deposition directly influences
seedling growth or whether it, in association with the deposition of other

cations and anions, causes variation in soil nutrient characteristics af-
fecting growth is not fully known (Abrahamsen 1980a). However, at low

fertility levels, simulated acidified canopy throughfall of pH 3.0 or less
has been found to promote seedling growth in some species (Raynal et al.
1982b). Such a benefical response could result from deposition of nitrate or
other nutrients. (See Chapter E-2 for detailed discussions of forest
nutrient effects.)

Even where growth is stimulated by simulated acidic deposition (Raynal et al.
1980, 1982b), however, foliar injury may simultaneously occur 1in some
species. Thus, competitive promotive and inhibitory effects of acidic depo-
sition may concomitantly affect seedling growth and development. It is,
therefore, not surprising that studies of the effects of simulated acidic
precipitation or forest canopy throughfall on plant growth have produced
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variable results, ranging from no apparent effects, to stimulation of growth,
to inhibition of growth (Wood and Bormann 1974, Matziris and Nakos 1977,
Raynal et al. 1980).

3.4.1.2.2 Mature and reproductive stages. Studies of interference of acidic
deposition on flower or cone development in flowering plants and conifers
have not been made. Should highly acidic precipitation events coincide with
floral or gamete development, pollination, or fruit or seed set, plant
populations and regeneration processes could possibly be altered. Numerous
studies reveal that various air pollutants, including sulfur dioxide and
ozone, may cause reductions in cone size and weight (Smith 1981). Studies of
air pollutant effects on pollen germination and pollen tube elongation
suggest that pollen function may be altered because of acidification of
floral tissues, including stigmas (Karnosky and Stairs 1974). Findings that
red and white pine pollen germination and tube elongation were greater in a
relatively unpolluted site compared with one of high pollution incidence
provide circumstantial evidence that pollen gametogenesis and development
potentially may be altered by acidic deposition (Houston and Dochinger 1977).
Evaluating acidic precipitation effects on plant reproduction demands that
the coupling of effects of air pollution and acidification be understood.

3.4.1.3 Growth of Seedlings and Trees in Irrigation Experiments--Abrahamsen
(1980b) has reviewed field experiments in Sweden and Norway designed to de-
termine the effects of artificial acidification on growth of forest trees and
tree seedlings. In Swedish experiments (Tamm and Wiklander 1980), young
(18-yr-o1d) Scots pines were irrigated below the canoEy with dilute su]fur1c
acid (0.16N; annual application, 50 to 150 kg ha~' HpSO4 in one appli-
cation per year) both with and without prior addition of fert111zer After 6
years of application a negative correlation between treatment acidity and
basal area growth was found on the fertilized plots (< 10 percent decrease at
highest acidity) whereas growth responded positively (approximately 30 per-
cent increase at highest acidity level) on the unfertilized plots. Increased
nitrogen uptake was considered a probable cause of positive responses. Re-
sults of these studies were complicated by changes in nutrient availability
in the soil and associated with the effects of high acidity on soil fungi,
bacteria, and competing understory vegetation (Tamm and Wiklander 1980).

In Norwegian experiments (Abrahamsen et al. 1976, Tveite and Abrahamsen
1980), a variety of combinations of acidified groundwater treatment (pH
values between 6.0 and 2.0 by HSO4 addition), treatment volume (25 to 50
mm per month) app11cat1on technique ?be]ow or above canopy), Time application
(500 to 4500 kg Ca0 ha-l), and tree species (lodgepole pine, Norway spruce,
silver birch, and Scots p1ne) were used. The overall effects of these exper-
iments were sma11 where treatment effects were found after 4 to 7 years of
treatment application (Tveite 1980a). In studies with Scots pine, positive
growth effects were found at pH levels of 3.0, 2.5, and 2.0 after 4 years of
treatment, followed by significant growth reduction by pH 2.0 in the 5th
year. Norway spruce showed reduced diameter growth at all acid treatment
levels in the year after 6 years of prior treatment. Height growth of silver
birch was stimulated by rainfall acidity. Lime application had little or no
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effect on observed responses. Effects of acid irrigation on foliar nutrient
levels were also generally small (Tveite 1980b).

In evaluating the results of the Scandinavian irrigation experiments
Abrahamsen (1980b) concluded that the data give "no substantial evidence of
effects on tree growth at acidity levels presently found in precipitation.”
However, he cautions that acid effects produced, particularly at highest
acidity levels, may be partly attributable to soil effects that were arti-
facts of the highly acid treatment levels and hence not representative of
longer-term responses to be expected under actual field conditions.

Such results corroborate findings of researchers in the United States who
have demonstrated differential effects of simulated acidic precipitation on
plant growth (Wood and Bormann 1977; Raynal et al. 1980, 1982b). Conclusions
regarding plant growth response from experiments where vegetation and soils
have been subjected to accelerated acidic deposition rates or concentrated
acidic inputs must be viewed with caution, however, for reasons discussed in
Chapter E-2, Section 2.3.1.

3.4.1.4 Studies of Long-Term Growth of Forest Trees--The evidence for
effects of regional-scale anthropogenic pollutants on productivity of forests
comes from a limited number of studies in the United States and Europe in
which long-term growth trends determined from tree rings have been analyzed.
In Scandinavia, where acid precipitation was first recognized and studied as
an environmental problem, research on changing patterns of tree growth based
on tree-ring chronologies have provided circumstantial evidence of growth
declines that occurred at about the time acidity of rainfall is thought to
have intensified. In Norway, research by Abrahamsen et al. (1976) and Strand
(1980) showed a decrease in growth (generally less than 2.3 percent per year)
of Norway spruce and Scots pine that became evident around 1950, primarily in
the eastern third of the country. These responses could not be clearly
associated with the geographical patterns of most acid rainfall, which
occurred in the southern (pH average = 4.3) rather than the eastern (pH
average = 4.5) part of the country. Some drawbacks of these studies,
however, were that individual sites were not characterized with respect to
soil chemical characteristics, and neither the influences of climate nor
aging trends were removed from the data.

Preliminary analysis of differences in responses between sites of differing
productivity class (high vs low) in southern Norway showed no differences in
response to acidic precipitation (Abrahamsen et al. 1976). On the other
hand, studies in Sweden by Jonsson (1975) and Jonsson and Sundberg (1972)
involving Scots pine and Norway spruce showed similar temporal trends in
growth reduction beginning around 1950, and these effects were most pro-
nounced in areas of greatest expected susceptibility to acidic deposition.
Site susceptibility was estimated based on the average pH of precipitation
and pH and ion content of lakes and rivers in 1965 and 1970 and the distri-
bution of soil types. Jonsson (1975) concluded from these studies that
"acidification cannot be excluded as a possible cause of poorer growth
development, but may be suspected to have had an unfavorable effect on growth
within the more susceptible regions." Differences in growth reductions
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between susceptible and non-susceptible regions were estimated to be in the
range of 0.3 to 0.6 percent per year.

A second study has been initiated covering an additional 9 years, 1965-74,
since the first survey was completed (Jonsson and Svensson 1983). These data
confirmed the earlier downward trend beginning in 1950 but showed a period of
increased productivity beginning in the mid- to late 1960's. At sites of
relatively poor quality, growth of both pine and spruce in the 1970's had
increased substantially since its minimum in the mid-60's but was still sub-
stantially less than that attained up to 1940. The overall trend was still
downward over the interval 1910-74. By contrast, growth of these species on
good sites showed an upswing in the 1965-74 interval which resulted in a
growth rate equal to or above that attained during the preceding 50 years.
In explaining these trends and summarizing the results of their own and the
Norwegian SNSF project the Swedes make the following statements (SMA 1982).

"A conceivable explanation of these changes is that the mathemati-
cal model that was used has not compensated for or caught those
effects in the ground that are the results of more long-term
cyclical changes in climate. These changes may, for example,
affect the supply of nitrogen in the ground that is available to
plants. It must also be noted that the Swedish forests have to
take increased quantities of nitrogen that are deposited along
with precipitation. This gives a fertilizing effect. There are at
the present time no clear signs or evidence of either increased or
reduced forest production resulting from the effects of acid
precipitation on Scandinavian forestland and its fertility."

The final report on the Norwegian SNSF project makes the point that:

"decreases in forest growth due to acid deposits have not been
demonstrated. The increased nitrogen supply often associated with
acid precipitation may have a positive growth effect. This does
not exclude, however, the possibility that adverse influences may
be developing over time in the more susceptible forest ecosystems.
The most serious consequence for terrestrial ecosystems of re-
gional acidification at levelscurrently observed in Norway may be
the increased rate of leaching of major elements and trace metals
from forest soils and vegetation. This also has a bearing on the
aquatic systems receiving these effluents. From an ecological
point of view it is difficult to forecast the ultimate results of
the atmospheric acidification and related air pollutants on ter-
restrial systems and to judge the rate and even the direction of
changes. In the more susceptible areas it seems, however, to be a
question of proportion and time required rather than whether any
ecological effects appear or not."

In examining the Scandinavian work it is important to note that the character
of their atmospheric emissions and the chemistry of their rainfall have
changed dramatically in recent years, resulting in substantial increases in
nitrogen inputs from the atmosphere. Emission of SOp in Sweden increased
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85 percent (from 240 to 445 thousands of tons of S yr-l) during the
interval 1950 to 1970, but had decreased back to 240 tons yr-l by '1978.
Sulfate in precipitation showed a substantial (65 percent) increase (from 55
to 90 microequivalents per liter) during the interval 1955 to 1964, but then
remained constant through 1974. By contrast, nitrate levels increased by 33
percenﬁ (15 to 20 meq 2-1) from 1955 to 1964 and by 1974 had reached 35
meq 2%, a level 133 percent above that in 1955 (SMA 1982). Thus, while
it will be difficult to interpret the Scandinavian tree-ring studies until
both climatic and age-related trends are removed from the data, the most
recent analysis suggests the possibility that relatively recent significant
increases in atmospheric inputs of nitrogen (coupled_with the trends in
atmospheric chemistry) may be an important factor in mos cent changes in
growth patterns.

In the United States, Cogbill (1976) examined growth of beech, birch, and
maple in the White Mountains of New Hampshire and red spruce in the Smekey
Mountains of Tennessee. From analysis of tree-ring chronologies, he con-
cluded that no synchronized regional decrease in radial growth had occurred.
The ring chronologies presented for all of the species he studied, however,
showed evidence of a decreasing growth trend from around 1960 until 1970.
More recent studies in New York by Raynal (1980) with red spruce and white
pine, and by Johnson et al. (1981) in the New Jersey pine barrens with pitch,
shortieaf, and loblolly pine, have shown patterns of decline among most of
these species during the past 26 years.

In New Jersey, a strong statistical relationship between annual variation in
stream pH and growth rates suggested that acidic precipitation may have been
a growth-limiting factor for the past two decades (Johnson et al. 1981).
Stream pH, in this poorly buffered soil system, was closely correlated with
precipitation pH during a 36-month period of concurrent records. Of the
trees examined, approximately one-third showed normal growth, one-third
showed noticeable abnormal compression of annual increments during the past
20 to 25 years, and the remainder showed dramatic reduction in annual growth
over this time interval. This effect was evident in trees of different
species and at different sites and occurred regardless of age or whether
trees were planted or native. An interesting response of both these trees
and the four species examined by Puckett (1982) in southeastern New York was
a change in the influence of climate on tree growth over the past 25 to 30
years. Increased sensitivity of trees in these studies to climatic variables
suggests the possibility that changes in the physiological relationship of
ghesg trees to their growing environment may have occurred during recent
ecades.

Of the above studies, only that of the pine barrens by Johnson et al. (1981)
examined the possible influences of gaseous pollutants on observed growth
trends. In those studies, growth reponses were demonstrably unrelated to
03 1levels. Although uncertain, we might anticipate that gaseous air
pollutants would also have played only a minor influence on growth trends
observed in Scandinavia where the density of gaseous pollutant sources is
rather lTow and concentrated in coastal areas (SMA 1982). In central Europe
where dieback and decline of silver fir, Norway spruce, and beech has
occurred (German Federal Ministry of Food, Agriculture, and Forestry 1982)
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and in inland areas of the eastern United States, contributions of gaseous
pollutants, primarily 03 and SO, have changed over the same time spans
as has acid precipitation and thus should be considered in any study of
long-term growth effects.

3.4.1.5 Dieback and Decline in High Elevation Forests--Within the United
States, the forests presently receiving the highest levels of acidic depo-
sition are those at high elevations in the northeast. Forests characterized
by varying proportions of spruce, fir, and white birch occur at the high ele-
vations of the Appalachian Mountains from eastern Canada to North Carolina.
The northern boreal forests of New York, Vermont, and New Hampshire have
received considerable attention with respect to the potential for acidic
deposition impacts. Although the mountain summits are remote from Tlarge
point sources of sulfur, they receive extraordinarily high rates of H*,
sulfur, and heavy metal deposition (Lovett et al. 1982, Friedland et al.
1983). In addition, the vegetation is subjected to very acid cloud moisture
for a considerable portion of the year (Johnson et al. 1984). Typically,
cloud moisture pH is in the range 3.5 to 3.7, whereas ambient precipitation
is about pH 4.1 to 4.3. Another cause for attention stems from the quanti-
tative documentation of a red spruce decline in the Green Mountains of
Vermont, the causes of which are obscure at present (Siccama et al. 1982).

The northern boreal forests are characterized by red spruce (Picea rubens),
balsam fir (Abies balsamea) and white birch T{Betula papyrifera var.
cordifolia) in the canopy, mountain ash (Pyrus americana) and mountain maple
{Acer spicatum) as important understory trees, and an herb layer dominated by
ferns TDryopteris sp.) and Oxalis montana (Siccama 1974). The lowermost ele-
vation to which the boreal forests extend varies from 250 m above sea level
in Maine and Nova Scotia to 750 m in New Hampshire and Vermont, 900 to 1000 m
in the Adirondack and Catskill Mountains of New York, and about 1500 m in
North Carolina (Oosting 1956, Siccama 1974). The presence of boreal vegeta-
tion is believed to be related to the incidence of cloud moisture, with the
boreal vegetation occupying the often cloud-capped upper slopes, and hard-
woods holding the lower elevation sites (Nichols 1918, Davis 1966, Vogelmann
et al. 1968, Siccama 1974). In the Green Mountains of Vermont, the boreal
forests are above cloud base for 800 to 2000 hours per year, depending on
elevation (Johnson et al. 1984).

Although there is considerable interest in cloud moisture pH and there are
several ongoing studies in the mountains of the Northeast (H. Vogelmann,
University of Vermont; F. H. Bormann, T. G. Siccama, Yale School of Forestry;
G. E. Likens, J. Eaton, Cornell University; V. Mohnen, J. Kadlecek, State
University of New York, Albany; C. V. Cogbill, Center for Northern Studies),
there are few published data. Data from especially designed cloud moisture
collectors at Mt. Moosilauke, NH, indicate that growing season cloud moisture
pH is generally in the mid-3 range (Lovett et al. 1982). The few reported
cloud pH measurements obtained from airplane flights suggest that growing
season cloud moisture pH is distinctly lower than moisture precipitated from
the cloud, and that clouds are most acid near cloud base (Scott and Laulainen
1979). The current indication is that cloud moisture pH is approximately 0.5
pH units lower than ambient rain or snow pH, but considerably more data are
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needed to characterize the nature of cloud acidity. The implication is that
boreal forest vegetation is exposed to moisture with pH of 3.0 to 4.0 fre-
quently and for a total of 30 to 80 days per year.

In the mountainous areas of New England, precipitation increases with alti-
tude. Lovett (1981, in Cronan 1984) estimates precipitation rates of 240 cm
yr-1 in the balsam fir forests of New Hampshire. Low-elevation precipita-
tion in New England ranges from about 100 to 150 cm yr-l. Siccama (1974)
determined that growing season throughfall increased by 2.9 cm 100 m-2 in
the Green Mountains of Vermont due to increased rainfall and an increase in
the cloud moisture intercepted by vegetation. Vogelmann et al. (1968) report
that at 1087 m in the Green Mountains, open collectors fitted with screens to
intercept cloud moisture collected 66.8 percent more water than control
collectors without screens. Throughfall collectors placed under balsam fir
at 1250 and 1300 m in the White Mountains collected 8 percent more water than
precipitation collectors placed in the open at the same elevation, and 36
percent more water than precipitation collectors located at 520 and 640 m.
Thus, high precipitation rates coupled with intercepted cloud moisture
probably produce Ht deposition rates far in excess of the regional rates
reported by precipitation collection networks based on samples collected at
lower elevation.

Cronan (1984) estimated H' input to the canopy at 77 to 100 meq m~2 for
the 6 month period May through October, 1978 in the high elevation fir
stands.  The hardwood canopy at 520 and 640 m received 50 to 62 meq H*
m~2 during this period. Based on Cronan's data, it appears that the boreal
forest canopy is not effective at neutralizing atmospherically deposited Ht
as throughfall collectors indicated that the H* input to the forest floor
under fir was 98 mg m-2 for the growing season. Probably the best esti-
mate of Ht deposition has been made by Lovett et al. (1982), who used field
collection of cloud moisture samples and modeling of cloud droplet inter-
ception to estimate H* deposition in the subalpine zone of the White
Mountains to be ~ 340 meq m-2¢ yr-1,

As a result of the substantial input and the inferred low neutralization
capacity of the canopy (Cronan 1984), the potential for accelerated leaching
of bases is high, but to date, no quantitative data from high elevation
forests indicate that the rate has actually increased over the past few
decades. Changes in soil pH are not expected to be rapid, as the forest
floor of the boreal zone soils is naturally extremely acid. Siccama (1974)
reported soil pH in Hy0 of 3.4 to 3.7 in the forest floor (0 horizons) at
Camels Hump, Vermont in the mid-1960's. Johnson et al. (1984) found that at
the same sites, pH was slightly but not significantly higher in 1980.

Estimates of dry deposition have not been made for high-elevation forests,
but as wind velocities increase with altitude (Siccama 1974) and as conifers
have a high surface area and have foliage all year, dry deposition may add
substantially to the quantity of atmospherically deposited HY processed.

A decline of red spruce (but not fir or white birch) has been quantitatively
documented in the Green Mountains of Vermont (Siccama et al. 1982) and
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observed in New York and New Hampshire (Johnson et al. 1984). An overall
reduction of approximately 50 percent in basal area and density was observed
in the Green Mountains between 1965 and 1979. Trees in all size classes were
affected. The primary cause is presently unknown, but it is not 1ikely to be
successional dynamics, climatic changes, insect damage, or primary pathogens
(Hadfield 1968, Roman and Raynal 1980, Siccama et al. 1982). Studies of
pathogens 1in declining spruce indicate the presence of secondary fungal
pathogens, with Armillaria mellea, Fomes pini, and Cytospora kunzii most
prominant (HadfieTd 1968). ~ HadfieTd (19 speculated that the infected
trees had been weakened by the drought of the early 1960's prior to invasion
by the fungi. Using the framework of Manion (1981), the spruce decline has
the characteristics of a complex biotic-abiotic disease related to environ-
mental stress. Currently, there are no data which implicate acidic depo-
sition as a contributing stress, nor are there data which rule out all of the
possible pathways by which acidic deposition could affect forest trees.

At present, serious dieback of spruce (Picea abies) and fir (Abies alba) is
under study in Germany (see also Section 3.4.1.6). From long-term, inten-
sive, ecosystem-level studies, Ulrich (Ulrich et al. 1980; Ulrich 1981a,b12
1982) suggested that acidic deposition has contributed to changes in H

generation and consumption which have caused soil acidification, mobilization
of A1, mortality of fine roots, and ultimately, dieback and decline in
spruce, fir, and beech (Fagus sylvatica). That contention is based on care-
ful documentation of changes in soil solution chemistry, a nearly parallel
decrease in fine root biomass and increase in soil solution Al concentrations
during the growing season, and nutrient_solution studies which indicated that
the ratio of uncomplexed Al (i.e., A13*) to Ca found in the soil solution
was sufficient to cause abnormal root growth and development. While those
findings suggest the possibility of Al toxicity, they are not definitive.
Bauch (1983) determined that the roots of declining spruce and fir were Ca
deficient, but had the same levels of Al as healthy spruce and fir. Rehfuess
(1981) has observed declining fir on calcareous soils which would seem to
preclude Al toxicity or Ca deficiency in those cases. More recently, how-
ever, Rehfuess et al. (1982) noted Mg and possible Ca deficiencies by foliar
analysis even in base-rich soils. They speculate that accelerated foliar
leaching may be responsible (see Section 3.2.1.2). Rehfuess points out that
the parallel change in soil solution Al and fine root biomass noted by Ulrich
was not synchronized in that marked decreases in fine root biomass preceded
the increase in soil solution Al. Rehfuess cites several studies (Goettsche
1972, Deans 1979, Persson 1980) in support of his contention that late summer
declines in fine root biomass are naturally controlled, and need not be
related to Al levels. Ulrich's extrapolation of nutrient solution Al:Ca
levels to the field situation are also questionable because the soil matrix
may alter the availability of those and other plant-essential or phytotoxic
elements.

The hypothesis of Ulrich appears to have limited applicability to the North
American spruce decline, where dieback and decline is most prominent in the
high elevations where soils are Borofolists or Cryofolists which have -~ 80
percent organic matter by weight (Friedland et al. 1983), and Al toxicity
would likely be masked by complexation with organic matter (Ulrich 1982).
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Data on spruce root chemistry from Camels Hump, VT, indicate that Ca:Al
ratios increase with increasing elevation. As mortality increases with
elevation, it is not likely that imbalances of Al and Ca in root tissue are
the major cause of spruce decline (Lord 1982, Johnson et al. 1984).

Whether the red spruce decline is related to acidic deposition has been the
focus of considerable speculation. The decline is widespread, easily dis-
cerned, dramatic, and of unknown origin. It has occurred in an environment
that receives very high annual input of H' from the atmosphere and where
trees are frequently subject to extremely acid cloud moisture; hence, it is
logical that research on acidic deposition effects in high-elevation forests
has been initiated.

At present, there are few testable hypotheses regarding how acidic deposition
could have contributed to spruce mortality. The Al toxicity proposed by
Ulrich (198la,b; 1982) is not supported by the data collected to date. The
foliar leaching hypothesis of Rehfuess et al. (1982) remains untested as yet,
however.

The spruce decline appears to be a stress-related disease. The trees are
probably predisposed to decline by the site conditions whereby some short-
term stress, possibly the drought of the early 1960's, triggered a loss of
vigor, and where biotic stress imposed by fungal attack is sufficient to
cause widespread mortality. Acidic deposition could act to intensify the
predisposing stresses, exacerbate the effects of the triggering stress, or
increase the susceptibility to fungal attack, and these possibilities warrant
research in the future.

3.4.1.6 Recent Observations on the German Forest Decline Phenomenon--
Summaries of technical presentations at an international conference on acidic
deposition (VDI 1983) and observations made during a guided field trip
through forests of West Germany have recently become available (Lindberg
1983). These observations indicate the serious nature of the forest decline
in Europe and suggest several hypotheses for the observed effects. Recent
surveys of West German spruce forests indicate extensive areas of dead and
dying trees (Knabe 1983). The problem is thought to be air pollution plus
drought stress. Effects were seen as early as 1972 but became much more
extensive from 1979, when fully vital needles were 20 percent of the total
tree in affected areas, to 1981 when they were only 3 percent of the total
needles. Symptoms include yellow and red-brown needles, crown death, and
branch loss in the middle of the trees. Discolored needles are low in Ca and
Mg compared to green, while dead branches are enriched in Cu, Mn, and Si.

Surveys of plots in the Black Forest in southwestern West Germany indicatg
considerable damage (Schroeter 1983). Approximately 30 plots of 2.5 x 10

mZ each were checked (750 spruce and fir trees) every six months, with the
result that 65 percent of silver fir trees and 100 percent of spruce checked
in 1980 were without damage, while only 1 percent of fir and 5 percent of
spruce fell into this category in 1982. The author felt that no single
factor could account for such drastic losses.
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Sulfur dioxide levels in the Black Forest ranged up to 150 ug m-3 with
means in the 20 to 40 range; westerly winds result in highest levels {(Arndt
1983). 0zone episodes of greater than 240 ug m3 (hourly average) also
occur with SW winds; 03 levels at 900 m in the Black Forest exceed those in
large cities in the valley.

Damage to trees in the Black Forest began at the higher elevations, but has
moved downslope rapidly (Krause et al. 1983). The effects are not age
specific, with affected trees ranging in age from 3 to 100 years. There
seems to be a shading influence on needle chlorosis with undersides of
needles and shaded branches not affected. There are differences in Ca, Mg,
and 5042‘ levels between green and yellow needles for silver fir, Douglas
fir, and spruce (factors of 3 to 8 Tower in yellow). Laboratory experiments
were used to test the hypothesis that 03 was involved in conjunction with
acid (or any) rain. Results showed that Ca and Mg leaching increased,
needles yellowed, and photosynthesis decreased with increasing 03 exposure.

Rehfuess (1983) believes the problem for Norway spruce to be Ca and Mg
deficiency in foliage due to enhanced leaching from dry deposition of SO02
and HNO3 plus rain and fog deposition of acids, and that soil-mediated
effects are not the only explanation. Ulrich (1983) continues to discuss his
Al toxicity/fine root death theories (summarized earlier) but adds that his
recent data indicate that increased acid deposition can also lead to deple-
tion of Ca and Mg with replacement by Al, can mobilize toxic heavy metals,
can exceed the normal buffering capacity of the canopy, and can act in
conjunction with S07, 03, and climatic effects to cause such acute
problems as are occurring in the German forests.

Considerable discussion continues at this time concerning ideas that such
rapid demise of large forest areas could not be solely pollution related, but
must involve a plant disease as well (e.g., lichens normally sensitive to
some air pollutants are unaffected in these forests, supporting this theory).
On the other hand, this could be a rapid manifestation of a chronic problem
of exposure to gaseous pollutants and wet/dry deposited acids and metals over
several years. In the Black Forest, one or more factors are adversely af-
fecting the vitality of numerous forest stands. Plant pathologists and
physiologists are beginning to study the vegetation, along with atmospheric
and soil chemists, to unravel the complex mixture of factors influencing the
trees. The higher 03 levels, considerable rain, and numerous fog days
combined often with poor soils, previously disturbed sites, and non-native
vegetation in many areas are, not surprisingly, all factors which can have
adverse effects.

Nearly all scientists present at the recent German conference on acid depo-
sition agreed that further research was needed, but some insisted that the
problem is serious enough to warrant immediate federal action. The German
forest dieback phenomenon is widespread and increasing in area affected, and
it is apparent that the role of heavy metals and gaseous pollutants in
conjunction with acid deposition is being increasingly considered in the
analysis of forest death, is related to a complex mixture of site charac-
teristics, climatic conditions, and air pollution, and is being studied
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vigorously. The results of ongoing, but only recently initiated, research in
West Germany should begin to address the many possible hypotheses regarding
the forest dieback during the next few years.

3.4.1.7 Summary--At present there is no proof that acidic deposition is
currently Timiting growth of forests in either Europe or the United States.
From field studies of mature forests trees it is apparent that altered growth
patterns of principally coniferous species examined to date have occurred in
recent decades in many areas of the northeastern United States and in some
areas of Europe with high atmospheric deposition levels. Recent increases in
mortality of red spruce in the northeastern United States and Norway spruce
and beech in Europe add further to the concern that forests are undergoing
significant adverse change; however, no clear 1link has been established
between these changes and anthropogenic pollutants, particularly acidic
rainfall. This must be presently viewed from the perspective of two possible
hypotheses: (1) recent changes are purely circumstantial and not in an way
linked to acid precipitation, or (2) we have not yet adequately studied a
very complex association in which multiple and interactive factors may be
involved and responses may be subtle and chronic.

It is too early to conclude that acidic deposition has not nor will not
affect forest productivity. Irrigation studies with seedlings and young
trees provide no indication for immediate alarm but they are difficult to
interpret because of potential artifacts of experimental protocols. De-
tecting responses of mature forest trees is made difficult by the complexi-
ties of competition, climate, and site factors, the potential interactions
between acid precipitation, gaseous pollutants, and trace metals, and the
lack of control or unattended sites with which acid precipitation impacted
sites can be compared. Although the task of assessing potential impacts of
forest productivity will assuredly be difficult, the potential economic and
ecological consequences of even subtle changes in forest growth over large
regions dictates that it should be attempted.

To address these problems it will be necessary to evaluate the long-term
dynamics of forest systems over a broad enough range of environmental
conditions to document both whether systematic changes have occurred and the
extent to which such changes are linked to variables such as levels of
deposition of anthopogenic pollutants, soil fertility, moisture status,
species composition, and stand stocking. A combination of approaches will be
needed: dendroecological studies to document past growth patterns of trees
in a broad range of conditions, permanent long-term growth plots to study
changes in stand dynamics, and forest growth models to examine the potential
Tong-term significance of changing growth rates to forest growth and
compensation. The above approaches will be correlative in nature and should
be used to focus on the range of conditions in which responses have occurred.
However, they must also be coupled with mechanistic studies aimed at specific
mechanisms of effect before acid precipitation effects on forest productivity
can ever be conclusively established or refuted.

3.4.2 Crops (P. M. Irving)

A considerable number of studies on the vegetative effects of acidic pre-
cipitation have been published in the last 5 years. However, because of
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limitations in research design, few of these studies can be used to estimate
crop loss realistically. Among the large scale field studies which are most
potentially useful for estimating yield effects, differences in methodologies
make intercomparisons difficult and results appear to be inconsistent. The
following is a discussion of the approaches used in acid precipitation
effects studies, an analysis of the design limitations of those studies, and
a comparison of their methodologies and results.

3.4.2.1 Review and Analysis of Experimental Design--The most widely used
method for making crop 105S assessments in the past has been field surveys in
which observers estimate vegetation injury from visible symptoms under
ambient conditions and subjectively relate leaf damage to yield 1loss.
Because visible injury to crops has never been reported as the result of
ambient acid precipitation, experiments using simulated rain in field or
controlled environment (i.e., greenhouse, growth chamber, laboratory) studies
have been used to determine the threshold acidity levels that produce visible
injury.

Three general approaches have been used to determine impacts on plants from
acidic deposition: (1) Determination of a dose-response function for a
specific species in a defined environment; (2) classification of relative
sensitivity based on morphological, physiological, or genetic characteris-
tics; and (3) determination of mechanisms of action. Both field and
controlled-environment methodologies with simulated rain have been used in
these approaches. Only dose-response studies provide quantitative data to
estimate growth and yield effects.

3.4.2.1.1 Dose-response determination. Current methods for determining
whether crop yield Tosses are occurring due to acid rain exposure include
dose-response studies to mathematically relate yield to pollutant dose. The
term 'dose-response' suggests a univariate relationship; however, a number of
potentially important variables comprise 'acid rain dose' (see next section).
Complex factorial designs and multivariate analyses may be necessary to
describe the relationships adequately. Dose-response studies of pollutant
effects on crops fall into two basic categories: (1) field studies and (2)
controlled-environment studies. Each type of study has its advantages and
limitations.

Field studies are often a more realistic means of estimating actual effects
because the experimental plants can be grown under normal environmental
conditions, especially if common agricultural practices are used. Because
different environmental conditions related to geography (i.e., temperature,
soil type, and water availability) may lead to different responses, field
studies are useful in estimating regional impacts of pollutants when similar
experiments are performed in various regions and then compared. Field
research, however, demands considerable time and labor and is thus expensive.
Adding to the expense is the need for either a high degree of replication so
that the sometimes subtle treatment effects can be observed above the dif-
ferences caused by environmental variability or for a large number of treat-
ment plots for response surface analyses. Reliable dose-response predictions
cannot usually be made without at least 2 to 3 years of replicate studies
conducted using normal agronomic practices.
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A lack of comparable unpolluted (control) plots is also a problem for field
studies in most regions. This has Ted to the use of such devices as open-top
chambers for the elimination of gaseous pollutants from field plots and to
the use of rain exclusion shelters. Experiments using these devices must be
designed properly for valid comparisons to be made. For example, in a study
by Kratky et al. (1974), plots of tomato plants were placed inside and
outside plastic rain shelters in the Kona district of Hawaii during a
volcanic eruption. The plants growing outside the rainshelter received rain
with a pH of 4.0 and produced no salable yield, while plants under the
shelter averaged 5 kg per plant of salable fruit. However, an explanation
other than acid rain should be considered for the Kratky study because of a
possible shelter effect. Dry deposited materials from the volcanic eruption,
possibly acidic, may have been dissolved by rainfall on leaf surfaces outside
the shelter but remained in the nonreactive dry form inside the shelter.
Thus rainfall, acidic or not, would have had an effect by acting as a wetting
agent. The problem of separating the effects of dry deposition when it
occurs in conjunction with wet deposition 1is one facing all field
researchers.

Controlled-environment studies are useful indicators of potential effects and
may suggest subtle changes not measureable in an uncontrolled situation.
Controlled studies also allow the investigator to reduce the dimensionality
or number of variables in the experiment. These types of studies, for
example, may be necessary to determine which characteristics of rain (i.e.,
intensity, droplet size, ionic composition) must be simulated in field
studies. Their use is Timited, however, because plants may be more sensitive
to stress when grown under short photoperiod, Tow light intensity, medium
temperature, and adequate soil moisture {Leung et al. 1978), conditions which
frequently occur in a growth chamber or greenhouse as compared to the field.
Since controlled-environment studies may overestimate acid rain stress
because of greater plant sensitivity, they should be used with caution when
assessing potential damage. For example, Lee and Neely (1980) found
chamber-grown radish and mustard greens to be more sensitive to simulated
acidic rain than were field-grown plants. Troiano et al. (1982) observed
that greenhouse-grown plants developed foliar injury more readily from acid
rain simulants than did field-grown plants. Since light intensity and wind
speed affect cuticular development (Juniper and Bradley 1958), which in turn
affects leaf wettability, greenhouse-grown plants may be affected more by
acidic deposition than field plants because of decreased wax development (see
Section 3.2.1.1). On the other hand, under some conditions plants may be
more stressed in controlled environments (due to restricted root growth or
lower photosynthetic rate) and thus less susceptible to treatment stress
because of lower metabolic rates and thus lower pollutant uptake.

Soil factors, nutrition and cultural practices (i.e., application of
fertilizer, pesticides and other chemicals, irrigation, planting schedules)
may all affect the sensitivity of a plant to pollution and therefore should
be recorded in experimental methods and, for greater accuracy, should reflect
common agricultural conditions as closely as possible. To determine the
interaction of these factors with pollutant effects, controlled-environment
studies are necessary.
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Pollutants rarely occur alone, and because pollutant combinations have been
found to cause more-than-additive or less-than-additive effects (Ashenden and
Mansfield 1978, Jacobson et al. 1980), the concentrations of other pollutants
should be monitored and reported in conjunction with acid precipitation
studies. Exposures of various pollutant combinations in controlled studies
are necessary to determine interactive effects.

3.4.2.1.2 Sensitivity classification. There may be considerable variability
in sensitivity to pollutant stress between plant communities, species within
communities, cultivars within species, and growth stages of cultivars
" (Heggestad and Heck 1971; see also Section 3.4.1.2). Gaseous pollutants
(i.e., ozone, swlfur dioxide) have been found to affect certain crop culti-
vars more than others, and limited information indicates that this is also
true for cultivar response to acidic precipitation (see following section).
Because it would be prohibitively éxpensive and time-consuming to perform
dose-response studies on all crop cultivars, some experimental studies are
aimed at identifying plant characteristics that can be used to indicate a
plant's relative sensitivity or resistance to acidic deposition. For
example, leaf wettability, which is related to surface morphology, has been
suggested as a parameter that may indicate sensitivity to acidic precipita-
tion (Evans et al. 1977a).

It has been suggested that crop classes can be grouped according to their
sensitivity to acid precipitation. Based on a study of 28 different crops,
Lee et al. (1981) reported that inhibition of marketable yield was observed
only in the dicotyledons that were studied, and within this group root crops,
leaf crops, cole crops, tuber crops, legumes and fruit crops were ranked in
decreasing order of sensitivity. But the data are contradicted by other
studies. For example, Evans et al. (1982) in a study of two root crops found
radishes to be resistant and garden beets to be sensitive to simulated acidic
precipitation.

Plant response may also be related to stage of development when exposure
occurs. The possibility that a particular 1ife stage may be more susceptible
to an acid precipitation event than other stages must be considered when
researchers investigate and report acid precipitation effects.

3.4.2.1.3  Mechanisms. Studies that attempt to determine mechanisms of
action of an air polTutant (mechanistic) can provide information to explain
the basis of an observed plant growth response. In studies of this type,
measurements are made to determine effects on basic processes such as photo-
synthesis, respiration, transpiration, and metabolism. Examples of such
measurements include CO, uptake and emission, leaf diffusive resistance,
metabolite pools, and enzyme activities. This information may then be
interpreted and applied through the .use of plant growth models to predict
total plant response. Physiological measurements may also be used to support
and explain plant yield response. For example, Irving and Miller (1980),
using a 14C0, assimilation technique in the field, reported that S0
exposures reduced both photosynthesis and yield of soybeans but that acid
rain treatments had apparently stimulated the photosynthetic rates with no
effect on soybean yield. Usually physiological determinations alone are
inadequate to estimate the economic damage of pollutants to crops.
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3.4.2.1.4 Characteristics of precipitation simulant exposures. The effects
of a pollutant on crop yield may be defined by correlating yield variations
with variations in pollutant dose. Acidic precipitation, however, consists
of a number of variables that may have an effect on crop yield. For exampie,
the sulfate and nitrate concentrations, which are frequently correlated with
the hydrogen ion concentration of the rain, may be more important in affect-
ing plant response than the pH of the rain (Irving and Sowinski 1980). Lee
and Neely (1980) found that simulated rain acidified with sulfuric acid
resulted in a different effect on the growth of mustard green, onion, fescue,
radish, lettuce, and orchard grass than simulated rain at the same pH,
acidified with sulfuric and nitric acids (2:1 equivalent weight ratio; refer
to Tables 3-2 and 3-3 in Section 3.4.2.2). Acid rain dose should therefore
be described by concentrations of sulfate, nitrate, and other important ions
(e.g., NHgt, ca2t, Mg2*, etc.), as well as hydrogen fon (pH). For a
compiete analysis, it may be necessary to determine the effect of each indi-
vidual 1ion as well as their combination so that all important ions are
simulated at levels found in polluted and unpolluted rain.

Plant injury responses are a function of pollutant concentration and exposure
time or quantity (i.e., acid rain dose = [H* x cm rain] + [S0g5~ x cm]
+ [NO3~ x cm]). Response to a given dose of gaseous pollutant is fre-
quently greater if deposited in a shorter exposure time. Response to acid
rain, however, may be positively correlated with the amount of time the leaf
is wet. When comparing experimental results, one must compare concentration
and duration of exposure to understand the response in terms of dose and
rate. In the case of acid rain, reporting the pH of applied precipitation is
inadequate without total dose or deposition of important ions (i.e., kg ha-1
of S042-, NO3-, and H'), rate or intensity (i.e., cm hr-1), duration, and
and frequency. Physiological systems can be quite resilient due to activa-
tion of defense and repair systems during periods of stress. Therefore, time
between stress events may be important for repair functions. 1t has been
reported that the “"recovery” period between gaseous pollutant exposures may
affect the total plant response. Similarly, the number of "dry" days between
precipitation events may influence the net response of a plant to acidic
deposition. Because of differences in leaf wettability, plants may respond
differently to a rain or mist; thus droplet size is yet another important
characteristic (see Section 3.2.1.1).

3.4.2.1.5 Yield criteria. Because crop production is measured in terms of
the yield of a marketable product, it is useful to express pollutant injury
in terms of the economically valuable portion of the crop. However, this is
not easily applied uniformly in experimental studies. Leaf injury estimates
have been commonly used to assess pollution damage, but economic loss is not
always closely related to leaf damage (Brandt and Heck 1968). Assessing loss
based on visible injury may overestimate or underestimate the economic loss.
For example, in a study of defoliation effects on yield, Jones et al. (1955)
found no reduction in root yield or sugar content of sugar beets after
removal of 50 percent of the leaves. Irving and Sowinski (1980) reported
increased yield of greenhouse-grown soybeans that had also exhibited necrosis
as a result of acid rain exposures. Increased yield was also reported by Lee
et al. (1980) for alfalfa that exhibited foliar injury from acidic rain.
Conversely, chlorosis or necrosis of Tleaves could result in considerable
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economic loss of a crop such as lettuce or mustard greens without causing
measurable changes in leaf weight.

3.4.2.2 Experimental Results--To allow comparisons of acid precipitation
effects research by investigators using various techniques, it is necessary
(although perhaps not sufficient) to describe the experimental conditions,
the dose, and the responses for each investigation in comparable units.
Accordingly, calculations were made, based on information in the literature
or by personal communication, to describe each investigation in comparative
terms. These changes in units were made only for comparison purposes. None
of the experimental results described below have been changed from those of
the original author. Given the experimental design limitations discussed in
the previous section, conclusions based on the following research results
must be made cautiously.

3.4.2.2.1 Field studies. The studies described in Table 3-2 were performed
in the field, using accepted agricultural practices to the extent experi-
mental design would permit. Because hydrogen, sulfate, and nitrate ions are
the components of precipitation that are believed to most likely affect the
growth and yield of crops, they were used to describe the precipitation dose.
In all experiments, simulated rain was applied at regular intervals during
the life cycle of the crop and, except for 'Beeson' and 'Williams' soybeans,
was applied in addition to ambient precipitation. Thus, total deposition
received by the crop is the sum of simulant plus ambient loadings.

Among the 14 crop cultivars (9 species) studied, only one exhibited a con-
sistently negative yield effect at all acidity levels used (garden beet),
three were negatively affected by at least one of the acidity levels used in
the study ('So. Giant Curled' mustard green, 'Pioneer 3992' field corn, and
'Amsoy' soybean), and six had higher yields from at least one acidity level
('Champion’ and 'Cherry Belle' radish, 'Vernal' alfalfa, 'Alta' fescue,
'Beeson' soybean, and 'Williams' soybean). The most frequent response
reported to result from simulated acidic rain was "no effect" ('Red Kidney'
kidney bean, 'Davis' and 'Wells' soybean, 'Cherry Belle' radish, 'So. Giant
Curled' mustard green, 'Improved Thick Leaf' spinach, and 'Vernal' alfalfa).
Some experiments demonstrated both positive and negative response to acid
rain, depending on the H* concentration. There is little evidence for a
linear response function, however, because no effect frequently occurred at
doses greater than those producing positive or negative response. Except for
garden beet, this was true for each study that reported a negative response
to at least one level of acidic deposition. For example, a 9 percent de-
crease in the yield of corn resulted from treatments with 42 times the
ambient H* deposition (six times ambient H* concentration), but no effect
occurred at 132 and 187 times (pH 4.0, 3.5, 3.0, respectively). In the
garden beet study, the yield decrease from acid rain was not the result of
Tower beet root weights but because of fewer number of marketable roots per
plot. Perhaps the acid rain treatments affected germination or seedling
establishment. The ratio of sulfate to nitrate ions in the precipitation
simulant also affected the response of some plants (i.e., alfalfa, fescue,
mustard green; Table 3-2), independent of pH.
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TABLE 3-2. FIELD RESEARCH ON CROP GROWTH AND YIELD AS AFFECTED BY ACID PRECIPITATION

Total deposition Simulant concentration
kg ha-l ng -1 Events Droplet
{simutant + ambient) Rate No. hr/ size
H* 5042~ NO3- H* S042- N0y~ 5042':)&03' cm hr-l events um pH Effectd
Alfalfa, 'vernal’, Medicago sativa L. (Lee and Neely 1980)
0.017 2.13 Z.26 K 0.53 0.753 0.7 0.67 26 1.5 1200 5.6 Control
0.171 13.31 2.26 0.10 4.43 0.753 6.4 0.67 26 1.5 1200 4.0 9% greater yleld than pH 5.6
0.833 38.89 2.26 0.316 14 .67 0.753 19.5 0.67 26 1.5 1200 3.5 No effect on yield compared to pH 5.6
2.611 120.84 2.26 1.00 46.19 0.753 61.3 0.67 26 1.5 1200 3.0 No effect on yield compared to pH 5.6
0.011 0,75 0.30 0.016 1.07 0.434 2.5 4,8 Ambient
0.017 2.13 2.26 0.0025 0.53 0.753 0.7 0.67 26 1.5 1200 5.6 Control
0.271 9.07 7.89 0.10 3.20 2.92 1.1 0.67 26 1.5 1200 4.0 No effect on yield compared to pH 5.6
0.833 30.44 19.64 0.316 11.42 7.44 1.5 0.67 26 1.5 1200 3.5 No effect on yield compared to pH 5.6
2.611 89.15 60.85 1.00 34.00 23.29 1.5 0.67 26 1.5 1200 3.0 No effect on yield compared to pH 5.6
0.011 0.75 0.30 0.016 1.07 0.434 2.5 4.8 Ambient
{Garden) Beet, 'Perfected Detroit ¥-904', Beta vulgaris L. [Evans et al. 1982)
0.077 0.002 1.26 308 0.4 35.0 19 0.001 353 5.7 10% greater shoot growth, 16% greater root
yield than ambient
0.078 0.010 5.47 3.04 1.8 35.0 19 0.001 353 4.0 Lower number of marketable roots per plot
than ambient or pH 5.7 ,
0.082 0.079 37.07 3.04 12.2 35.0 19 0.001 353 3.1 Lower number of marketable roots per plot
than ambient or pH 5.7
0.090 1.995 106.6 3.04 35.1 35.0 19 0.001 353 2.7 Lower number of marketable roots per plot
than ambient or pH 5.7
0.077 0.087 4,1 Ambient
Corn, 'Pioneer 3992' Zea mays L. (Lee and Neely 1980)
0.028 4,03 475 7 0.0025 0.53 0.753 0.7 0.67 58 1.5 1200 5.6 Control
0.594 19.51 17.33 0.10 3.20 2.92 1.1 0.67 58 1.5 1200 4.0 9% lower yield; no effect on growth compared
to pH 5.6
1.847 67.20 43,54 0.316 11.42 7.44 1.5 0.67 58 1.5 1200 3.5 No effect on growth or yield compared to
pH 5.6
5.814 198,16 135.47 1.00 34,00 23.29 1.5 0.67 58 1.5 1200 3.0 No effect on growth or yield compared to
pH 5.6
0.014 0.96 0.39 0.016 1.07 0.434 2.5 4.8 Ambient
Fescue (Tall), 'Alta’', Festuca elatior L. var. arundinacea Schreb. (Lee and Neely 1980)
0.017 2.13 2.26 0.002% 0.53 0.753 0.7 0.67 26 1.5 1200 5.6 Control
0.271 13.31 2.26 0.10 4.83 0.753 6.4 0.67 26 1.5 1200 4.0 24% greater yield than pH 5.6
0.833 38.89 2.26 0.316 14.67 0.753 19.5 0.67 26 1.5 1200 3.5 19% greater yield than pH 5.6
2.611 120.84 2.26 1.00 46.19 0.753 61.3 0.67 26 1.5 1200 3.0 No effect on yield compared to pH 5.6
0.011 0.75 0.30 0.016 1.07 0.434 2.5 4.8 Ambient
0.017 2.13 2.26 0.0025 0.30 0.753 0.7 0.67 26 1.5 1200 5.6 Control
0.271 9.07 2.26 0,10 3.20 2.92 1.1 0.67 26 1.5 1200 4.0 No effect on yield compared to pH 5.6
0.833 30.44 2.26 0.316 11.42 7.44 1.5 0.67 26 1.5 1200 3.5 No effect on yield compared to pH 5.6
2.611 89.15 2.26 1.00 34.00 23.29 1.5 0.67 26 1.5 1200 3.0 No effect on yield compared to pH 5.6
0.011 Q.75 0.30 0.016 1.07 0.434 4.8 Ambient
Kidney Bean, 'Red Kidney', Phaseolus vu’lgaris L. (Shriner and Johnston 1981)
13.02 5.57 0.001 K .12 0.2 3.0 