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WHY SHOULD I READ ABOUT
"ACID RAIN IN MASSACHUSETTS?”
PROLOGUE
Acid rain has probably increased your health risks, cost you money, and changed the
opportunities available to you and your children in the future. It is the cause of friction between
the United States and Canada and between between the northeastern U.S. and the Midwest. Its
effects have been both downplayed and exaggerated. And it is a test of mankind's ability to solve
a new kind of pollution problem -- one too fractious to be solved at any single political level or
by a single country, too complex to be fully comprehended by any one scientific discipline, and
too pervasive to be ignored or escaped.
This booklet is intended to introduce you to the nature of the acid rain problem and the
international, national, and state efforts to understand its causes and consequences, particularly
the efforts underway in Massachusetts through the Massachusetts Acid Rain Research Program
(MARRP). It is meant to convey some of the excitement generated by the Massachusetts Acid
Rain Research Program as it has drawn on the research talents in the Commonwealth to
understand the scope of the problem facing the state and to contribute significantly to its
resolution.
Acid rain (more properly termed acid deposition) is an international problem affecting many
natural and man-made resources located downwind of major industrial regions of the world. For
Massachusetts this problem has become critical. Massachusetts is a densely populated state with
abundant resources: water bodies, forest and agricultural lands, and architectural and monument
resources that preserve the heritage of our nation's founding. These endangered resources, under
heavy demand for increased use by use our industrialized state, are also endangered by acid rain.
Massachusetts bears a responsibility for solving the acid rain problem. In Massachusetts,
resources such as air quality, drinking water, sport fisheries, outdoor recreation, forests,
agriculture, and cultural resources are all vulnerable to the effects of acid deposition. Corrosion
of metal drinking water distribution pipes due to the acidity of water in Quabbin Reservoir
already requires the annual expenditure of $1.2 million dollars to insure that the tap water of
metropolitan Boston will not exceed safe levels of toxic metals in the tap water. In Quabbin
Reservoir, one of our major sport fisheries, acidification appears to have reduced the rainbow
and lake trout. The forests on Mt. Greylock, our highest peak, are showing tell-tale signs of acid
deposition. Monuments in historic Boston are heavily corroded and require expensive cleaning
and restoration; others, such as the gravestone of Paul Revere, cannot be repaired.
Emissions causing acid deposition from Massachusetts industry, utilities and transportation
sectors are the largest in New England, but recent research suggests that Massachusetts creates
only 10 - 30% of the acid deposition in the state by emissions from its utilities, industries
and transportation sources. However, one cannot proclaim Massachusetts a hapless victim,
because this overlooks the complexity and interrelatedness of our environment and economy.
Until the 1970's when statewide emissions were reduced by 41% from levels of the 1960s,
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Massachusetts contributed more significantly to acid deposition in the New England region than
it does now. Although impacts were not observed until after that date, some responsibility for
the cumulative loss of acid neutralizing ability in our environment belongs to us. Even now,
despite the fact that emissions have been reduced within the state, we are major importers of
electricity from other states and we use the products of industries that are major emitters.
Our choice is either to pay for acid rain's damage in environmental loss or in higher prices for
electricity and products. Which of these courses is chosen is a national decision, but a decision
requiring our informed input.
Acid rain is a major threat to the quality of life in Massachusetts. Solving the problem
requires the collective, multilevel effort of scientists, political leaders, public agencies, business,
and the public. We must understand the acid deposition problem and fashion an equitable
solution for the nation, for Massachusetts, and for each of us.
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ACID RAIN -- ARE WE OUR OWN ENEMY?
<
<
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Acid rain has existed since the turn of the century, increasing drastically
until the 1950s and levelling off in the 1980s.
Acid rain is created by emissions of sulfur dioxide and nitrogen dioxide
from oil and coal burning electric utilities, industry, cars and trucks.
Most emissions occur in the Midwest; New England accounts for only 3%
of the total.
Emissions are transformed and transported by the atmospheric weather
patterns and fall as wet or dry deposition or may be collected by the
landscape as gases, fine particles or condensation.
A variety of techniques demonstrate that Massachusetts receives 70-90%
of its acid deposition from sources outside the region.
The average pH of precipitation in Massachusetts is 4.2. On every acre of
the state, 0.3-0.7 pounds of hydrogen ion, 16.2-27.5 pounds of sulfate,
and 8-22 pounds of nitrate fall each year as a result of acid deposition.
Wet acid deposition is reasonably well quantified but relatively little is
known about dry deposition and cloud condensation.
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WHAT ARE THE ORIGINS, SOURCES, AND MAGNITUDES
OF SO x AND NO x EMISSIONS
IMPACTING MASSACHUSETTS?
When fossil fuels, primarily coal and oil,
are burned they produce emissions of sulfur
dioxide and nitrogen oxides that are
chemically transformed to acids in the
atmosphere and later redeposited on earth.
In the United States, 3/4 of the sulfur
dioxide emissions come from electricity
generation; nitrogen oxides result from
exhaust emissions of autos, trucks, airplanes
and other internal combustion engines,
electricity generation and industrial sources.
These emissions are transformed into acids
or potentially acid materials by the
atmosphere and are transported with the
flow of weather across the country.
Pollutants may be carried hundreds, even
thousands, of miles. Some landscapes, such
as those in Massachusetts, are poorly
equipped to handle these pollutants. The
glaciers left much of Massachusetts covered
with thin soils over granitic rocks or glacial
outwash sands. Limited areas contain
natural limestone deposits which can
provide unlimited buffering capacity to
localized soils and waters, but for the most
part, the Commonwealth has little natural
protection against the deposition of acids.
There is little question that acid
deposition began around the turn of the 20th
century as a result of increased air pollution
associated with industrialization. Its severity
probably increased with increased use of
electricity and with the growth of modern
transportation, steeply rising in the period
after 1945, and levelling off in the 1980's.
During the past 100 years, the environment
has been absorbing the added insult, using
natural processes to buffer against changes.
But beginning in the 1960's, change became

observable and now appears to be increasing
in occurrence and severity as nature's
defenses have been overwhelmed.
Acid rain is created by the emission of
sulfur dioxide and nitrogen oxides into the
atmosphere. Therefore, much attention has
focused on regions of high pollutant
emissions in the United States, notably the
Midwest. The top ten sulfur dioxide
emitting states are in descending order:
Ohio, Pennsylvania, Indiana, Illinois,
Missouri, Texas, Kentucky, Florida, West
Virginia, and Tennessee. They account for
57% of the total sulfur dioxide emissions in
the U.S. By comparison, the six New
England states account for a little less than
3% of the total; Massachusetts accounts for
1.3%. The situation changes little for
nitrogen oxides. The same top ten sulfur
dioxide emitters produce 41% of the
nitrogen oxides in the United States while
New England produce only 2.7% and
Massachusetts only 1.2%.
Once pollutants are emitted to the
atmosphere, they are transported and
transformed into acids. The transportation
occurs within weather systems as they cross
the country. Air pollution transformation to
acids requires appropriate conditions of
temperature, moisture, light and chemical
catalysts. Although the old adage "what
goes up must come down" certainly applies
to air pollutants, it belies the complexity of
the phenomenon of generating acid rain.
Some portion of the pollutants may be
entrained in clouds and form the nuclei of
potential raindrops. The pollutants may be
transported great distances along a storm's
path until they fall as "wet deposition" in the
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form of fog, rain, snow, or sleet.
Another portion of the pollutants is
transported in a different fashion. These
particles and gases do not combine with
cloud moisture but fall to the landscape as
dry particles. As a rule, the quantity of this
"dry deposition" declines steeply as the
distance from the source increases. In other
words, because these pollutants are of
different weights and sizes, the length of
their stay in the atmosphere varies. To
visualize the effect, imagine tossing a
handful of dirt into the air on a moderately
windy day. The larger particles will fall
close by and the finest dust will drift quite a
distance downwind. At some distance, all
particles will have fallen to the ground, no
matter how small their size.
Gases which do not undergo
transformation to particles bathe the
landscape as well. As these gases contact
the landscape, some adhere to surfaces and
are thus removed from the atmosphere.
Later precipitation or dew formation can
convert these to acids.
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The distance between the source of
emissions and receptor of the deposition is
an important factor in determining the
amount of acid deposition contributed by the
source. The relative importance of localized
deposition versus long range transport is the
crux of the current debate. Regardless of the
form of acid deposition, the amount of
deposition declines as the distance from the
source increases. If a major source of
emissions is sufficiently far from a particular
receptor that only 1% of the pollutants can
travel that far, then a local source of the
same pollutants emitting only 1/100 the
amount of the larger emitter may have
exactly the same effect. Therefore, even
though the top ten polluting states provide
about 44 times more pollutants than
Massachusetts, the distance between those
sources and Massachusetts may make local
sources relatively more important.
This is one of the major challenges for
science presented by the acid rain
phenomenon. There is no argument over the
quantity of emissions from various regions
of the country, but there is disagreement
over how much any one region actually
affects the acid deposition in another region.
So much depends on the weather. Several
techniques have been devised to resolve this
key question. One approach is to use the
vast network of the National Weather
Service to provide data for the computation
of the movement or trajectory of a parcel of
air across the country. One can measure the
amount of acid deposition at a location at a
particular time and then apply sophisticated
computer models, huge amounts of weather
data and lots of expensive computer time to
predict where that parcel of air had been
several days before. Using this technique of
back trajectory analysis, researchers at
several locations in New England have
estimated that roughly 70% of New England
deposition originates from sources to the
west and southwest, that is, from the general

direction of the Ohio River Valley in
the Midwest.
Another approach uses sophisticated
chemical analysis of coal and oil to
determine unique "regional chemical
fingerprints" that enable one to detect the
origin of bodies of polluted air. One may
then examine the "fingerprints" of storm
events to determine the principal sources of
acid deposition. Results confirm the
conclusions reached by back trajectory
analysis.
Further confirmation has resulted from
tracking planned releases of a very rare gas
similar in density to sulfur dioxide. The
results of this "CAPTEX" experiment
further elucidate the patterns of long-range
transport of pollutants from the Midwest to
New England.
More recently, the smoke particles from
large forest fires in West Virginia
dramatized the ability of weather to carry air
pollutants from the Midwest to New
England. In this case, smoke particles were
carried to New England in a single day.
However, it is also clear from some of
these experiments that the contributions
from long range versus local sources vary
considerably. In northern Vermont, where
there are virtually no local emission sources,
90% of acid deposition may come from the
Midwest and the remainder from Canada
and New England. In southeastern New
England, close to urban centers and several
large power plants, less than 50% of
deposition may come from sources outside
New England.
Recognizing the state's responsibility to
minimize excessive within-state emissions,
recently enacted legislation "caps" current
emissions for five years while an appropriate
regulatory plan is developed and mandates a
substantial reduction in emissions over the
following five years. A wise regulatory
policy requires that emission reductions be
equitable, produce the desired effect at least
7

cost, and maximize the environmental
benefit. Unfortunately, the monitoring
network and the computer models in
existence for the study of long-range
transport do not provide sufficient resolution
for a within-state (mesoscale) evaluation of
emission sources. Nor do they incorporate
estimates of the sources and contributions of
other forms of wet and dry deposition.
Clearly, better "mesoscale" models are
needed, but that is not all. Another problem
is that too few monitoring sites exist within
the state. As part of MARRP,
Massachusetts is doing its part to remedy

this deficiency by erecting more monitoring
sites and evaluating newly developed
mesoscale models. Using preliminary data
from this new network in the state's
mesoscale modeling project, a storm event
on May 8-10, 1986 was analyzed. During
that event, 69.5% of the acid deposition at
Waltham had been generated within the
state; only 1.35% at Truro was local in
origin. As the data improve with the
addition of more monitoring sites and years
of study, we will be able to develop a state
and regional strategy to cope with acid
deposition.

HOW MUCH WET AND DRY DEPOSITION
IS FALLING UPON MASSACHUSETTS?
Regardless of the source, Massachusetts
experiences high levels of wet (rain and
snow) acid deposition. Uncontaminated rain
has a pH of 5.0 to 5.6, already acidic
principally because naturally occurring
atmospheric carbon dioxide dissolves in
water to create a mildly acidic solution of
carbonic acid. The average annual pH of
precipitation in Massachusetts is near 4.2,
approximately six times more acidic than
uncontaminated precipitation. On every acre
of land, 0.3 to 0.7 pounds of hydrogen ion,
16.2 to 27.5 pounds of sulfate and 8 to 22
pounds of nitrate falls per year as a result of
acid precipitation. Acid levels vary
seasonally, increasing in summer by 2- to
5-fold over winter values. This increase is
due, in part, to more rapid transformation of
pollutants into acids under higher summer
temperatures; in part, it is due to increased
energy usage for cooling and vehicular
transportation in summer.

The pH scale ranks the degree of
acidity/alkalinity of a substance or
solution: the higher the number, the more
alkaline or basic; the lower the number
the more acidic. The scale ranges from
1.0 to 14.0 and represents the logarithmic
concentration of hydrogen ions or
hydroxyl ions, the two constituents of
water (H+ + OH- = H2O). When both are
in equal concentration, the pH is 7.0 or
neutral. Excess hydrogen ions yield
acidity and the pH drops. A ten-fold
increase in the acid concentration drops
the pH by 1.0 units. Excess hydroxyl
ions yield alkalinity and raise the pH.
Consequently for example, water with a
pH of 5.0 is ten times as acidic as pH 6.0
water. PH 4.0 is 100 times more acidic
than pH 6.0, and pH 3.0 is 1000 times
worse. While this makes sense to
scientists, it can be misleading to most
observers. PH 5.0 does not seem too
much worse than pH 6.0. To put these
numbers into perspective, the graph
below may be useful.
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For other forms of wet deposition, much
less is known. Recent research has revealed
that cloud fog and mist are much more
acidic than precipitation. The bottoms of
clouds are their most acidic part. Where
clouds contact the ground, as on
mountaintops, collected moisture is often
a pH unit lower, or ten times more acidic,
than values from the same clouds' rain. As
part of MARRP, several stations monitoring
the acidity of clouds and fog have been
established in central Massachusetts. They
will help determine the local or long-range
origin of low level cloud and fog acidity
and, consequently, contribute to the
development of a state strategy for reducing
emissions.
Dry deposition is also poorly understood.
It is believed that between 30% and 50% of

the total acid deposition is in the dry form
of sulfate and nitrate particles or gases of
sulfur dioxide and nitrogen oxides. Until
very recently, the placement of appropriate
monitoring facilities to measure dry
deposition was inhibited by the cost and
difficulty in maintaining their constant
operation. In 1985, MARRP placed such a
facility on the Quabbin Reservation in
central Massachusetts, and, in 1988, other
facilities on Mt. Greylock in western
Massachusetts, the Fox Bottom area of the
Cape Cod National Seashore, and the
University of Massachusetts State
Agricultural Experiment Station in Waltham
are being established. These sites should
soon begin to yield an assessment of the dry
deposition falling on Massachusetts
landscapes.

9

National Atmospheric Deposition Program sampling site at the Quabbin Reservoir Watershed.

The Quabbin Reservoir at Belchertown – primary source of Metropolitan Boston drinking water.
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ARE WE LOSING THE WILDLIFE
IN OUR LAKES AND STREAMS?
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Sixty-four percent of Massachusetts' surface waters are vulnerable to acid deposition.
Five and one-half percent are already acidified.
Northern Worcester County and southeastern Massachusetts are most sensitive.
National estimates of sensitive lakes in Massachusetts grossly underestimate the true
number.
Even with constant or slightly declining levels of acid deposition, acidification of surface
waters is likely to continue.
The majority of reservoirs studied have shown significant losses in ability to neutralize
acid rain.
Quabbin Reservoir has lost 75% of its acid neutralizing capacity in 40 years.
Rainbow trout, once the dominant sport fish in the Quabbin, can no longer survive there.
Smelt, the dominant prey for many sport fish in Quabbin, have suffered drastic
reproductive failures in recent years.
Methyl mercury concentrations in sport fish have recently exceeded levels permissible for
human consumption. One possible contributing cause is the increased input of sulfate
from acid rain.
Soils in much of Massachusetts have lost their ability to adsorb sulfate which will
accelerate the acidification of surface waters.
Of eighteen Millers River tributaries with healthy fish populations in the 1950s, two have
lost all fish, eight have lost all but one species, and eight remain unchanged.
Some surface waters may be temporarily "saved" from acidification by liming, but
relatively few lakes have the proper characteristics to make this economically feasible and
streams are even more costly to protect.
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WHAT ARE THE IMPACTS OF ACID DEPOSITION
UPON AQUATIC ECOSYSTEMS IN MASSACHUSETTS?

The impact of acid deposition on the
aquatic environment is determined both by
the quantity of acids deposited on its
watershed and by the degree to which the
natural system can neutralize the acids.
Prior to 1983, relatively little was known
about the sensitivity of surface waters in
Massachusetts, except for surface drinking
water supplies. Between 1983 and 1985, the
Acid Rain Monitoring (ARM) Project
sampled 3370 of the state's 4952 named
surface waters to establish baseline
information on the current status of
Massachusetts' surface waters. Using
alkalinity as an indication of the acid
deposition that a water body could tolerate,
the ARM Project found that 5.5% of the
water bodies were already acidified; 16.8%
were in critical condition; 20.0%
endangered; and 21.7% highly sensitive.
Overall 64% of the state's surface waters
showed some degree of vulnerability to acid
deposition. Surface waters in northern
Worcester County and the southeastern part
of the state were the most vulnerable to
acidification.

Acidity can be neutralized by any ion that
removes H+, usually by combining with it
to make a new compound. In most
natural systems, alkaline compounds such
as calcium carbonate (limestone) produce
this acid neutralizing capacity (ANC) as
part of the weathering process of rocks
and soils. Acid neutralizing capacity
(ANC) exists to varying degrees in
organisms, soils, rocks and water in the
environment. Without ANC, any acid
added to part of an environment would
cause an immediate change in the pH.
Thus ANC buffers the system against
changes in pH and is crucial to protecting
the environment against acidification. It
is, therefore, one of the best measures of
the sensitivity of environments to acid
inputs. Natural environments tend to be
circumneutral or around pH 7.0; this is the
pH range to which most organisms are
adapted. Lower pHs increase the stress on
the physiological systems of most
organisms. Aquatic organisms such as
clams and crayfish that build shells or
external skeletons from calcium require a
pH above 6.0; rainbow trout and
smallmouth bass begin to disappear at pH
5.5, and brown trout and largemouth bass
at 5.0. At pH 5.0, the acid neutralizing
capacity of most waters is exhausted.
Surface waters in this condition are
considered acidified.
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MASSACHUSETTS ACID RAIN MONITORING PROJECT
Sensitivity
Category

Alkalinity
(ppm)

Acidified
Critical
Endangered
Highly Sensitive
Sensitive
Not Sensitive
Total

<0*
>0 - 2
>2 - 5
>5 - 10
>10 - 20
>20

Lakes
Streams
Number Percent Number Percent
62
213
277
311
305
266
1428

* and pH <5.0
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4.3
14.9
19.4
21.8
21.4
18.2

123
354
397
419
364
285
1942

6.3
18.2
20.5
21.6
18.7
14.7

Without the ARM Project, one of the first
projects in MARRP, a serious error by the
U.S. EPA in its "Eastern Lakes Survey"
might not have been discovered. The ARM
Project sampled nearly every lake and
stream in Massachusetts while the U.S. EPA
Eastern Lakes Survey used a statistical
scheme to select lakes to sample in the entire
eastern U.S. In the EPA study, only 99 lakes
were sampled in Massachusetts. Given the
scope of their sampling effort, EPA used
maps of insufficient hydrological detail to
generate a list of all the lakes from which to
select those to be sampled.

Apparently, all lakes smaller than 10 acres
and many larger lakes were not on the maps.
The result was a gross underestimation of
the numbers of
acidified and sensitive lakes in
Massachusetts (and, presumably, the
eastern U.S.). The accompanying chart
shows the severity of the error. Without the
Massachusetts research effort, the nation
might have been lulled into thinking that the
existing and potential effects of acid
deposition on our surface waters were much
less severe than they really are.

The ARM Project has documented the
existing sensitivity of Massachusetts surface
waters, but in order to determine whether a
trend toward increasing acidification exists
there must either be good historical
data or an ongoing monitoring effort. Since
there is little or no historical information on
most streams and lakes (except reservoirs) in
the state, the ARM Project will monitor a
representative group of 750 surface
waters for ten years. Preliminary
information from this phase of the study
indicates that lakes and streams in the most
sensitive regions are continuing to

deteriorate.
Evidence suggests that soils have been
accumulating the sulfate in acid deposition,
in effect, preventing any immediate effect on
downstream surface waters. The ability of
many of Massachusetts soils to continue this
sulfate accumulation appears to have been
exceeded in many areas of the state. In
watersheds composed of these soils, sulfate
in acid deposition will directly influence the
chemistry of surface waters.
The significance of sulfate accumulation
in the soils is that even somewhat reduced
levels of sulfate in acid deposition will not
14

stop the deterioration of surface waters.
Improvement will occur only with
substantial acid deposition reductions and
after considerable time. Despite these
observations in Massachusetts, some studies
of other areas with different soils have
shown minimal cumulative effects of acid
deposition. For these, constant levels of acid
deposition will not worsen aquatic
conditions and a reduction in emissions will
almost immediately improve their condition.
The rate of acidification of lakes and
streams is obviously of crucial importance.
While few historical data exist, those that do
indicate an alarming rate of loss of ANC. A
study of 34 drinking water reservoirs found
that 18 of 34 showed significant declines in
ANC since the 1940s. Applying these rates

of loss of ANC to all Massachusetts surface
waters suggests that, in 10 to 40 years, as
many as an additional 800 lakes and streams
in Massachusetts may become acidified. In
25 to 100 years, a total of 1950 surface
waters could be acidified. Verifying this
estimate requires continued monitoring of a
large sample of lakes and streams, and
analysis of the effects of watershed
characteristics on the sensitivity of water
bodies to acid deposition.
Quabbin Reservoir, the primary water
supply for metropolitan Boston, has
experienced the loss of 75% of its ANC in
40 years, making its current condition
critical. Because of its importance to the
Commonwealth, it has been the focus of a
great deal of MARRP acidification research.
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The reservoir has been a premier fisheries
resource visited annually by 52,000 anglers
who harvest around 63,000 pounds of lake
trout, smallmouth bass and other fish
species.
Until recently, Quabbin provided
excellent fishing for rainbow trout. Because
there is no suitable habitat for spawning in
the reservoir, the rainbow trout fishery was
maintained by stocking 15,000 fish per year.
Until 1979, 23% of the stocked fish, on
average, were caught by anglers; by 1983,
the catch dropped to less than 2%. Stocking
was discontinued in 1984. The drop was
attributed to periods of low ANC, increasing
acidity, and decreasing calcium
concentration, all symptoms of acid
deposition.
A decline in the harvest of legal size lake
trout began in 1984. However, it was
preceded by a 50% drop in the numbers of
sublegal fish in 1979 which was strongly
related to relatively low pH conditions (pH <
6.25) at the time the lake trout were stocked.
Rainbow smelt were originally stocked in
Quabbin Reservoir to provide forage for the
gamefish. Their introduction was so
successful that in the 1960s the population
created a major headache for reservoir
managers by plugging the intake screens for
the water distribution system. In recent
years, their population has declined
dramatically and gamefish have shifted to a
species of aquatic invertebrate as their
primary forage. A MARRP study suggested
the probable cause of the rapid decline of the
rainbow smelt. Visual examination of smelt
spawning areas in the tributaries on the
western arm of Quabbin revealed very high
egg mortality, especially immediately
following a highly acidic rainstorm. The
seven tributaries on the western side of
Quabbin Reservoir no longer support smelt
spawning. Six of the seven tributaries on
the eastern side support spawning but have
occasional abnormal egg mortality,

depending on the acidity of rainfall events
during spawning. Of the original fourteen
tributaries supporting smelt spawning in
Quabbin Reservoir, six have seen no
spawning since 1980, two since 1982 and
six still support spawning runs but
experience periodically high egg mortality.
MARRP research has further determined
why the western arm of Quabbin exhibits
much worse impact from acid deposition
than the eastern arm. The watershed of the
western arm has a different topography than
that of the eastern arm. While upland areas
are relatively flat, the gradient increases
sharply in the lower reaches of the streams.
Thus, acid deposition falling on the flat
uplands tends to remain in contact with the
soil and surface geology for a longer time
than in downstream areas. Samples of
groundwater and stream water in the uplands
show nearly complete neutralization of acid
deposition. However, the downstream
portion of the watershed provides most of
the water for these tributaries, but
downstream acid deposition is incompletely
neutralized because the gradient does not
permit sufficient contact time for complete
neutralization. More acidic runoff mobilizes
aluminum from the soil and increases the
concentration in stream water. At the stream
mouths, pH and aluminum concentrations
have been shown to exceed the level fish can
tolerate. This will especially adversely
affect fish spawning. On the eastern arm,
this topographic pattern is reversed and the
chemistry at the stream mouths is more
favorable to smelt spawning.
Wetlands play an important role in
protecting surface waters from acidification.
In MARRP studies comparing two small
tributaries to a reservoir in the north-central
part of the state, researchers found that a
wetland area on one stream removed 80% of
the sulfate from the water supplied to it
during the peak of the growing season and
10% on an annual basis. The amount of
16

sulfate that a unit area of wetland could
remove was highly dependent on the
hydrology of the wetland. Permanently
wetted wetlands with relatively large
volumes of water passing through them were
most effective in removing sulfur while
wetlands that periodically dried out stored
sulfur when wet and released it when dry,
creating pulses of sulfur to downstream
surface waters.
A MARRP study examined the
relationship between changes in water
chemistry and the observed smelt egg
mortality in Quabbin Reservoir tributaries.
Fertilized smelt eggs exposed in a laboratory
to concentrations of acidity, aluminum, and
calcium typical of Quabbin's tributaries
showed reduced egg viability because of
increased aluminum or acidity levels or
both. Further MARRP study with caged
adult rainbow trout and landlocked salmon
has demonstrated complete mortality at the
stream mouth and even well out into the
coves of the reservoir on the west side
during the spring.
Other toxic metals are also mobilized by
acid deposition. Recently, MARRP studies
of the Quabbin have shown that fish fillets
from many large sports fish (e.g., lake trout
longer than 28 inches and smallmouth bass
longer than 16 inches) exceed levels of
mercury acceptable for human consumption
by up to 3½ times . The mercury in Quabbin
fish samples may come from several
sources, including acid deposition.
Whatever the original source, acid
deposition seems to play an indirect role in
its bioaccumulation in fish. Mercury occurs
in several forms, but methyl mercury is the
form that dissolves most easily in water,
bioaccumulates in organisms, and is most
dangerous. Current MARRP research
suggests that microorganisms, namely
sulfate-reducing bacteria in the bottom
sediments, bear principal responsibility for
the methylation of mercury. Because

sulfate-reducing bacteria depend on sulfate
as their energy source, increases in sulfate
concentration caused by acid deposition can
enhance the potential for mercury
methylation. Bioaccumulation of toxic
metals in fish suggests that organisms
feeding on those fish will accumulate even
higher levels of those metals. Human health
can be protected by restricting the intake of
fish flesh, but the health of eagles, loons and
other fish-eating birds and mammals cannot
be so easily protected. Years of effort to
restore the eagle, our national symbol, to
Massachusetts' own wilderness may be
undermined by the insidious threat of acid
rain.
Other MARRP studies warn us that
conditions might well worsen. Acid
deposition loads the environment with
significant quantities of sulfate. The soil is
capable of preventing the acid and sulfate
from passing into streams and lakes by
adsorbing sulfate and by exchanging other
ions for hydrogen ions. This capacity is
limited by the nature of the soil; some soils
have nearly infinite capacity for acid
neutralization, but most in Massachusetts do
not. Many soils in the Quabbin Reservoir
watershed, tested in a recent MARRP study,
have lost their capacity to adsorb any
additional sulfate. Samples of soil collected
from these same sites in the 1950s were
found not to be saturated with sulfate.
When soils reach sulfate saturation, the
effects of acid deposition transfer to lakes
and streams in the watershed.
There are other indications that acid
deposition is affecting aquatic life. In the
north-central part of the state, tributaries to
the Millers River have been surveyed several
times in the past 30 years, most recently as
part of MARRP. In the 1950s, eighteen
tributaries had essentially the same groups of
fish. By the early 1980s, two had lost all of
their fish and eight others had lost all but
one species. Only eight were unchanged. In
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those that had lost most or all fish, pH had
dropped substantially; the unchanged
tributaries had maintained historical pH
levels.
With so many indications that the impacts
of acid deposition are worsening,
environmental agencies in the state are
attempting to protect the most critically
sensitive aquatic resources against becoming
acidified and losing all or most aquatic life.
Since it is thought to be better to artificially
manage the chemistry of surface waters than
to lose aquatic life, extensive research is
being conducted on how lake and stream
acidification might be artificially mitigated
with a minimum of biological consequences.
One of the tributaries in the Millers River
is the focus of a current experiment by
MARRP to mitigate stream acidification.
After two years' documentation of the
existing chemical and biological state of
Whetstone Brook, a device to continually
dispense ground limestone into the stream
will be built at streamside. The limestone is,
in effect, an environmental "Rolaids,"

providing additional acid neutralizing
capacity (ANC) to buffer the water against
the addition of acids. The "doser" will be
programmed to add sufficient ANC to
maintain pH within the tolerance range of
fish over the full range of stream flows.
Restoration of fish and other aquatic
organisms to the nearly barren stream will
be monitored for several years to determine
the doser's effectiveness. This mitigation
technique is probably too expensive to
become a general remedy for stream
acidification, but it might preserve some
particularly valuable resources until
long-term solutions are in place.
Mitigation techniques for lakes are much
more refined, but relatively little is known
about the long term biological consequences
of liming lakes. Two on Cape Cod were
selected by MARRP for a controlled
comparison of the effects of liming on
aquatic organisms, particularly plankton,
aquatic plants and aquatic invertebrates.
Changes in fish, aquatic plants and aquatic
invertebrates were subtle, but both
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phytoplankton and zooplankton showed
marked (but probably temporary) changes
after liming.
Using data from the Acid Rain
Monitoring Project, fisheries managers have
screened all lakes in the state for their
mitigation potential. Relatively few could
be considered viable candidates for liming.
Of these, eight lakes, mostly on Cape Cod,
have been limed, under the supervision of
the state but at no cost, by a nonprofit

limed in 1986 responded as predicted, but
they will, nevertheless, be chemically and
biologically monitored for several years.
Several other lakes are scheduled for liming
in subsequent years.

organization in a national study of the
efficacy of lake liming. All those lakes
Quabbin watershed
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IS ACID RAIN DAMAGING
OUR FORESTS AND FIELDS?
<
<
<
<

<
<

In many European countries, as much as 50% of the forest is in a
mysterious decline.
Similar symptoms have been observed throughout the Appalachian
Mountain chain in the U.S. and on top of Mt. Greylock in Massachusetts.
Many potential causes have been explored, but acid deposition and other
air pollutants remain a prime suspect in the cause of this decline.
Sugar maples exhibit disturbing symptoms of decline with 75% of the
sugar maple lots surveyed reported in fair condition and 17% in poor
condition with serious dieback and death.
Acid deposition or ozone may affect pollination of horticulturally
important species.
Atmospheric pollution may supply useful nutrients to some plant species.
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WHAT ARE THE IMPACTS OF ACID
DEPOSITION UPON FORESTS AND OTHER
TERRESTRIAL ECOSYSTEMS IN MASSACHUSETTS?
Soon after the potential effects of acid
deposition on water resources were
discovered, researchers began asking if there
were terrestrial effects, too. Preliminary
laboratory and greenhouse studies suggested
that levels of deposition more extreme than
most experienced by Massachusetts were
required before noticeable damage occurs.
The complacency about the problem which
resulted from these studies was jarred when
West German and other European scientists
began to observe rapid increases in tree
mortality in the cherished Black Forest and
other forests. Within only a few years,
healthy trees sickened, developed yellowed
leaves in their crowns, lost leaves, and died.
Forests showing symptoms of decline
increased from a relatively insignificant level
to 8% in 1982, 34% in 1983, and 50% in
1984. The decline struck conifers and
hardwoods, planted and natural forests alike,
of all ages, on both acid and basic soils.
Forty-one percent of the spruce, 43% of the
pine, 26% of the beech, 76% of the fir, and
16% of the hardwoods were damaged. Never
before had a simultaneous decline of four
evergreen and six deciduous tree species been
seen. The decline was attributed to high
levels of acid deposition, ozone, and other air
pollutants.
In 1982 similar symptoms were observed
at Camels Hump, Vermont, where previous
scientific study had provided an excellent
baseline against which to evaluate the new
data. Total counts of trees showed that red
spruce has declined by 83%, sugar maple by
84%, and beech by 63% since the 1960s.
Similar tree declines and death were then
observed at other mountainous locations
throughout the Appalachian mountain chain.
Inexplicably, the symptoms seemed to affect
disproportionate numbers of mature trees,

rendering short term greenhouse
experiments ineffective in evaluating their
causes. Camel’s Hump, like most of New
England and the Black Forest, receives
heavy doses of acid deposition, ozone, and
other pollutants.
Researchers postulate several alternate
causes for this tree mortality:
1. Aging or succession
2. Drought
3. Biotic disease and insect epidemics
4. Repeated or severe winter damage
5. Pollution, particularly acid deposition,
ozone or associated air pollutants
6. A combination of pollutant and natural
stresses
Carefully reviewing the information
concerning these alternative hypotheses,
researchers have concluded that forest
aging or succession can explain some of the
existing pattern of damage. Previous
diebacks with known causes may have
created an unusual competitive situation
just now reaching its peak. Mortality
occurs in relatively young but mature trees,
not simply clusters of relatively old
specimens, so natural aging is apparently
not the only explanation for forest decline.
Drought has been discounted in some areas
as a likely cause since the different
locations which experience the most
damage appear in the moistest elevation
zones, and damage seems to have begun
prior to the onset of severe drought
conditions. Biotic agents have not been
thoroughly investigated, but to date, no
obvious relationships exist between the
forest decline and particular pathogens.
Any pathogen involved would have to
devastate multiple species. Pathogens are
observed in only a small percentage (1% 21

2%) of the dying trees. Anomalously cold
winters, cool springs, and dry summers in
recent years may be a factor, and tree ring and
weather records document this trend. But air
pollutants remain the primary suspects with
acid rain strongly implicated because the
greatest tree damage has occurred at the
cloud line, exactly where acids are most
concentrated. The mechanism or
mechanisms for observed damage is
unknown, although several explanations have
been suggested:
1.

2.

3.

4.

size classes of red spruce has declined since
that time, but other species show a less
distinct decline. The primary tree damage
observed by the mid-1980s had been in
high elevation forests where environmental
stresses normally hover at a level barely
tolerated by tree species, but a major
examination of lowland forests had not
been done. Reports of reduced tree ring
growth, maple bush and white pine declines
and other symptoms were not uncommon,
though. Since lowland and tree species
other than red spruce are the most
economically significant in Massachusetts,
MARRP focused on developing a
comprehensive baseline data on the existing
condition of Massachusetts forests. In 1984
and 1985, all of the state's forests were
recorded by aerial color infrared
photography. The surveys were timed to
catch foliage before autumn-induced color
changes and leaf fall. The photography
could record very slight leaf color
variations indicating variations in tree
health. Photograph interpreters at the
University of Massachusetts categorized
3.3 million forested acres according to
crown discoloration, dead branches and
trees, and harvesting operation, with three
to four levels of severity in each category.
84,557 acres were found to be stressed--a
large area but only 2.56% of the state's total
forest. Of this stressed acreage, 71.28%
was harvested, 19.27% had branch and tree
dieback, 9.45% had leaf discoloration.
Most of the dieback and discoloration
(46.89%) was found in three counties –
Bristol, Plymouth and Worcester.
On-site examinations of stressed areas
determined that all but one area, 2000 acres
on Mount Greylock, could be explained as
the result of normal insect damage or
disease. Coincidentally, Mt. Greylock is
one of a few areas in Massachusetts with an
elevation high enough to intercept
significant acid deposition from clouds. It
also has one of the few stands of red spruce

Increased soil toxicity may result from
the deposition and mobilization of heavy
metals, particularly aluminum, increased
soil acidity,
leaching of nutrients from leaves and a
consequent reduction in photosynthesis
productivity, and
late season fertilization by gaseous
nitrogen from acid deposition which
inhibits frost-hardening and destroy the
cold-resistance of the mature plants.
ozone and other oxidants produce many
of the same forest effects; they could
work separately or in consort with acid
deposition.

Perhaps the most plausible explanation is
"multiple stress syndrome," or, simply put,
trees are dying from the combined effects of
some or all of the various stresses. Air
pollutants may be the "straw that broke the
camel's back."
What is certain is that tree decline and
mortality are widespread in areas of heavy
acid precipitation and that mortality increases
with elevation, reaching a maximum at
approximately the cloud line. Lead and other
heavy metals, whose sources almost certainly
must be atmospheric, have significantly
increased in the soils and in the trees
themselves since the mid-1960s, and to a
lesser degree since the 1930s.
The current red spruce deforestation began
in the late 1950s or mid-1960s. Growth in all
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forest (42%; the remainder are maple, yellow
birch, paper birch and other species). On Mt.
Greylock, spruce mortality of 15-36% was
fairly evenly distributed among size classes;
for hardwoods, it ranged from 0-22%, being
highest in older trees. High mortality for red
spruce is not expected for the sizes of trees at
the site, but it is less than that observed at
Camels Hump, Vermont and other high
elevation spruce forests. Sixteen percent of
the red spruce appear to have died within the
last 10 years, 46% dying prior to that. Tree
cores, depicting growth patterns for more
than 100 years, indicate that many trees
apparently experienced a period of slow
growth beginning in the 1940s, recovered in
the 1950s, and reverted to an even slower
growth rate in the 1960s; many other trees
did not show such changes in growth rate.
Preliminary research results suggest that
either drought and/or air pollution may be the
cause of tree death on Mt. Greylock. It is
clear that the high elevation forests in western
Massachusetts are experiencing the same
symptoms as other such forests along the
Appalachian chain.
Further MARRP research on the observed
decline of red spruce on Mt. Greylock is
underway as part of Massachusetts'
cooperation in the National Forest Response
Program-National Vegetation Survey. As
part of this effort, sophisticated air quality
monitors have been established on Mt.
Greylock, and an intensive study of the
relation between symptoms and pathogens,
insect pests, and parasites is underway.
Other than the eastern white pine forests,
lower elevation vegetation has not exhibited
obvious stress symptoms attributable solely
to air pollution/acid deposition, but subtler
changes may be missed. The existence of
historical data on tree growth collected by
University of Massachusetts foresters at
several Massachusetts sites provided the
opportunity for comparison with present-day
forest growth at the same sites. Stands of red
pine and white pine studied in 1955 and 1965

were revisited and growth measurements
taken. Approximately one-third of the
resurveyed stands showed significant
reductions in growth rate ranging from 20%
to 50%, even though site conditions are
considered good. Sites with the highest
percentage reduction have both a decline in
growth rate and high tree mortality,
suggesting the possibility that air pollutants
may be eliminating the most sensitive trees.
The health and vigor of sugar maples
throughout New England is also in
question. Working with the Massachusetts
Maple Producers, MARRP researchers
have made a preliminary survey of 24 sugar
lots. Early results indicate that 8% of the
sugar lots were in good condition, 75% in
fair condition with obvious dieback present,
and 17% in poor condition with serious
dieback and death of trees. Researchers are
working with Cooperative Extension
personnel to develop a manual for growers
with suggestions for reducing dieback.
In many respects, the current studies of
potential forest impacts of acid deposition
focus on gross mortality or productivity, as
did the earlier studies of acid deposition
damage to agricultural crops. Acid
deposition may cause much subtler changes
in plant health with equally disastrous
environmental effects. For example, if acid
deposition and air pollution causes changes
in the pollination process, either by
reducing the viability of pollen or the
success of pollination, or if it provides
selective pressure in favor a particular type
of pollen, years of careful horticultural
effort may be negated. Varieties that have
been bred for high productivity or for
resistance to pests may yield reduced
pollination success, thereby changing the
long-term population structure of forests
without clear mortality.
MARRP researchers are investigating
the effects of acid deposition and ozone on
the pollination success of many
horticulturally important trees and shrubs.
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American elm, Norway maple, American
beech, linden, red maple, sugar maple,
Norway maple, red oak, white oak, green ash,
white ash, black locust, flowering crab apple,
forsythia, lilac and azalea have been tested
for sensitivity to ozone. Even within a
species, tolerance varies. Of five lilac
cultivars, tolerance to ozone varied by
25-fold. Tests by MARRP researchers on
the effects of acid deposition on corn
pollination indicate that, under normal
conditions, there are no adverse effects. But
if certain conditions, such as drought, heavy
rainfall or excessive temperatures occur
during pollination, acid deposition can reduce
plant yields significantly.
Other MARRP research has provided
some reassurance that herbicide application
to agricultural crops does not increase their
sensitivity to acid deposition.
Research on the effects of acid deposition
and air pollution on forests and other plants is
in its infancy, but a vital first step has been
taken by the Commonwealth in establishing
baseline data against which future
developments can be compared.

24

IS ACID RAIN DAMAGING OUR
STATUES AND STRUCTURES?
< Acid deposition can cause etching and erosion of culturally important monuments and
buildings.
< Massachusetts is richer than most states in such artistic and historic objects, with more than
340 bronze statues and 80,000 historic properties. Bronze and marble statues, tombstones and
marble building facades are being destroyed. Masonry mortar, brick and limestone
construction materials are vulnerable.
< Annual replacement costs for bare galvanized steel destroyed by acid deposition or sulfur
dioxide in Boston is estimated at over $33 million per year; damage to paint was estimated at
$31 million per year.
< Costly protective coatings exist for metals but must be regularly maintained or even worse
disfigurement will occur. Protective materials do not exist for stone materials. Once stone
starts to deteriorate from acid etching, repeated freezing and thawing accelerate the process.
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Acid rain streaks and corrodes bronze at the Harvard Museum of Comparative Zoology
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WHAT ARE THE IMPACTS OF ACID DEPOSITION
UPON HUMAN STRUCTURAL AND CULTURAL
RESOURCES?
Much of the concern over the impacts of
acid deposition has focused on the natural
environment, but human and cultural
resources are equally at risk. Acid
deposition and associated air pollutants
attack metals, building stone, paint and other
materials and rapidly accelerate the
weathering process. The primary culprits in
the damage to materials are sulfur dioxide
and dry deposition.
The resources at risk may be divided into
two groups: irreplaceable culturally
significant structures and more common
constructions that, with expense, can be
repaired or replaced. The former include
statues and monuments, sculpture, historical
buildings, and other artifacts. For instance,
in Massachusetts, there are at least 340
outdoor bronze statues of historical
importance registered with the
Massachusetts Historical Commission.
Bronze forms a black patina of copper
sulfide or green patina of copper sulfate.
Exposure to acid water (rain, mist, fog, or
dew) dissolves both types of patina,
particularly the green patina, causing
irreparable etching, pitting, streaking and
loss of detail on statues. To protect against
this damage, statues must be cleaned and
coated. The cost for cleaning and coating a
small statue is $2000 and lasts only three to
five years. The statues must be waxed each
year at an additional cost of $250. To protect
only the most important bronze statues in
Massachusetts would cost 2-6 million
dollars over ten years. This total does not
take into account thousands of bronze
plaques, grave markers, and architectural
ornaments whose protection is important but
virtually impossible.

Marble, limestone, sandstone, brick,
mortar and cement used in statues and
historic buildings, gravestones and ordinary
construction presents insurmountable
problems at present. The porous nature of
these materials makes them more susceptible
to damage and prevents the use of currently
available coatings. Acid deposition converts
the material to softer, more readily soluble
forms so that the next rain will literally wash
away the fine detail. Mortar and masonry
weaken and crumble. The carving on
marble gravestones becomes unreadable.
Consequently, many cemeteries in the
northeast now forbid the use of marble for
gravestones.
Modern architecture is also vulnerable.
The same processes which affect historic
properties deface and destroy modern
cement, mortar, brick, stone and metal in
buildings, statues, bridges and public works.
Many traditional building materials are no
longer being used by architects and builders
because they cannot withstand acid
deposition. For example, copper flashing is
no longer used because it quickly corrodes
and badly stains everything below it green.
Galvanized steel in Massachusetts has been
shown to corrode three times as fast in areas
that exceed the ambient sulfur dioxide air
quality standard. The annual replacement
costs for bare galvanized steel in the Boston
area has been estimated at $219,300,000 per
year with 15.2% attributable to ambient
sulfur dioxide concentrations. Paint affords
some protection, but air pollutants also
shorten the life of paint coatings. Damage to
paint finishes in the Boston area was
estimated at up to $31,300,000 per year.
Latex paints appear to be more susceptible
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than oil-based paints. Many automobile
manufactures even caution against the
effects of air pollutants on car finishes in
their owner's manuals. A few enterprising
car wash establishments encourage business
by pointing out that "when it rains, it stains,"
although, in reality, dry deposition of
sulfates and other pollutants build up a film
awaiting only a small amount of
precipitation or condensation to create a very
acidic film. By comparison, wet deposition
may be significantly less acidic and help to
wash off most acidic particles.
To protect Massachusetts' cultural and
material resources against the effects of acid
deposition and related air pollutants,
MARRP research has focused on three
areas: cataloging the resources at risk,
testing existing restoration and mitigation
techniques, and determining the rate of
damage under current conditions.
Information on approximately 100,000
cultural resources is being computerized so
that data on construction materials and
preservation history may be used to estimate
the relative risk from exposure to acid
conditions and provide a basis for
prioritizing mitigation measures. Studies are
also underway to determine the most
cost-effective means of protecting various
types of cultural resources.
Key to determining the extent of the
potential damage from acid conditions are
accurate measurements of the erosion rates
of materials and coatings. Most of the
research available at present is limited,
somewhat outdated and unrelated to present
air pollution and acid deposition levels. The
short-term need is to identify resources at
risk and test existing protective means.
However, to understand the danger facing
cultural and material resources, a better
knowledge of the rate of material
deterioration is needed. And finally, new
protective techniques must be developed
where none presently exist.
Damage to materials appears to differ in a

substantive way from damage to the natural
environment in that local sources of air
pollutants seem to play a larger role. Dry
acid deposition appears to be the principal
cause of materials damage. Both tend to be
more common in urban environments or
nearer to sources of air pollution where most
cultural materials are likely to be found. In a
carefully controlled study of military
tombstones, all made of the same material
and to exactly the same dimensions, the
erosion rate of the marble was highest at
urban sites with high rainfall, ten times
higher than at rural sites with the same
amount of rainfall. For Massachusetts,
recently enacted limits and eventual
reductions of in-state sources of sulfur
dioxide may yield the greatest benefit for
urban cultural materials. We can conclude,

despite the imperfect state of our knowledge,
that there is major damage to cultural and
structural materials. What is not certain is
whether the cause is primarily from local or
distant sources of pollutants.
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General Hooker statue at Massachusetts Statehouse

HOW DOES ACID RAIN AFFECT
MY HEALTH AND WELFARE?
< Acidic ("aggressive") drinking water can corrode the distribution pipes resulting in metal
levels in excess of drinking water standards. A survey of Massachusetts municipal
drinking waters found that 73% were highly aggressive and 25% were moderately
aggressive.
< In a national survey of rural (non-public) water supplies, drinking water standards for lead
were exceeded by 9.6% of households in the northeast, 1.6% for cadmium, 2% for
selenium, 16% for iron, 16.9 % for manganese and 22% for mercury.
< Increased sulfate from acid deposition may cause an increase in the conversion of mercury
into its most toxic form.
< Increased atmospheric sulfate and nitrate pollution correlates with increased
hospitilization for cardiovascular and lung ailments.
< Regional haze resulting largely from sulfate particles in the air has caused a 50% decline
in visibility in rural New England since the 1950s.
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“On a clear day, you can see forever...”
from the University of Massachusetts - Amherst library tower, but high sulfate haze days are
common.
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WHAT ARE THE IMPACTS OF THE AIR POLLUTANTS
THAT CAUSE ACID DEPOSITION UPON PUBLIC HEALTH
THROUGH WATER AND AIR QUALITY?
Although most of the attention to the
impacts of acid deposition has focused on
forests and waters, evidence is mounting that
human health impacts may be equally
pervasive and at least as complex. They
include indirect effects of drinking acidified
waters containing leached toxic metals and
the direct health hazard of acidic air
pollutants.
MARRP concern about drinking water
focuses on the relationship between water
acidification and the behavior of toxic
metals. Metals are found in the coal and oil
that produce the precursors of acid
deposition when burned. These metals are
emitted to the atmosphere and deposited
along with acid deposition, but their
concentration in precipitation is not great
enough to create immediate drinking water
problems. However, once the acidified
precipitation is deposited on the landscape,
another reaction takes place. Metals tend to
be most soluble in the pH range of 4.5 to
6.0. As acidified precipitation flows through
soils and contacts minerals, metals may be
leached from the soils or sediments. The
death of fish in surface waters, more often
than not, results from high levels of
aluminum leached from the soils by
acidified water and not the acidity per se.
Aluminum, fortunately, is not as dangerous
to humans, so we can easily tolerate levels
that are toxic to fish. Other metals are not as
abundant in the soils of our reservoirs and
groundwater supplies, and the resulting
amounts in drinking water supplies usually
do not exceed existing drinking water
standards.
There is another, easily overlooked,
source of toxic metals -- the piping system
that brings water to the faucets in our homes.

Acidified water flowing through delivery
pipes corrodes pipe metal. Only two
conditions are needed to create a drinking
water quality problem. The first is that the
water supply be somewhat acidic, although
other factors such as the chlorine residual
and dissolved oxygen content contribute to
the ability of water to corrode metal pipes.
The second is for pipes to be made, at least
in small part, of metals that are toxic. In
Boston, 85% of the service pipes from the
road to the house are lead, which is very
toxic when consumed, especially to children.
Other old cities have similar high
proportions of lead pipes. In newer
households, the predominant piping material
is copper, but until recently the solder
joining pipe sections contained lead. Most
municipal "mains" are of iron or
asbestos-cement. Both may be corroded by
acidic water. All of these materials pose
dangers as poisons, and asbestos is a potent
carcinogen.
A recent survey of 158 Massachusetts
municipal drinking waters found that 73%
were extremely "aggressive" or able to
corrode metals from piping systems and
25% were moderately aggressive. Only 2%
were not aggressive. In a limited survey of
municipal drinking water quality at the tap,
where none of the raw water from reservoirs
violated drinking water standards,
30% of the homes sampled exceeded the
maximum safe contaminant level for lead
and 50% exceeded the acceptable level for
copper and iron. Little is known the role of
acidified drinking water in dissolving
asbestos from asbestos-cement pipes.
Excessive metal concentrations in drinking
water are not confined to public water
supply systems. A major study of rural
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drinking water quality indicates that, in the
northeast, maximum contaminant levels for
lead are exceeded in 9.6% of rural
households; cadmium in 1.6%, selenium in
2%, iron in 16%, manganese in 16.9% and
mercury in 22%. Information specific to
Massachusetts does not exist.
Human ingestion of metals may occur
through another pathway. Greater metal
solubility in surface waters increases the
chance that they will "bioaccumulate" in the
food chain. The microscopic plants, or
algae, in surface waters take up ambient
metals from the water. Microscopic animals
consuming thousands of the algae
accumulate toxic materials that they
cannot excrete. Small fish and insects and
their consumers, larger fish, fish-eating birds
and mammals further concentrate toxic
compounds to levels that can be hazardous
to humans who regularly consume
freshwater fish or game birds. A small
increase in toxic metal concentration in the
water from acidification in the watershed
may multiply manyfold in the body tissue of
the final consumers of aquatic life. Beyond
having obvious implications for human
health, the process of metal bioaccumulation
may endanger efforts to restore the bald
eagle and loon to Massachusetts. Research
has only just begun to document the
situation.
Another effect of acid deposition may
exacerbate the bioaccumulation of toxic
metals. Acid deposition greatly enhances
the concentration of sulfate in surface
waters. The Acid Rain Monitoring Project
has shown that sulfate dominates the
chemistry in surface waters below pH 6.0
(25% of Massachusetts' surface waters).
Sulfate is reduced to elemental sulfur and
other inert compounds by sulfate reducing
bacteria. Preliminary findings from
MARRP research suggests that
sulfate-reducing bacteria are the principal
group that transforms metals such as
mercury and arsenic, which are present in

lake and reservoir sediments, to methylated
forms of mercury and arsenic, the most toxic
forms to humans and the most likely to
bioaccumulate. Thus, acid deposition may
not only increase the quantity of metals in
surface waters, but sulfate from acid
deposition may enhance the conversion of
these metals to their most toxic form.
The direct human health effects of the
precursors to acid rain are better known but
also more complicated. Sulfur dioxide and
nitrogen oxides (as gases) and sulfates,
metals, organic compounds, nitrates and
nitrites (as particulate matter) can have
deleterious effects on the human respiratory
system. Certain groups of people, such as
asthmatics, allergy sufferers, the elderly,
children, smokers, habitual mouth breathers,
and individuals with chronic respiratory or
cardiovascular disease, are at much greater
risk than the rest of the population.
Enforcement of current air quality
standards is intended to prevent health
impacts for most of the population, although
some evidence suggests that high risk groups
may not be adequately protected. The
present system of averaging levels of sulfur
dioxide over 24 hours may permit short-term
higher levels that have a deleterious effect.
Further, sulfates are regulated only as part of
total respirable particulates. Because
sulfates tend to be very fine particles (less
than 2.5 microns in diameter) that can be
inhaled deep into the lungs, their
contribution by weight may
significantly underestimate their impact on
human health. Much less is known about
nitrogen oxides but some research suggests a
link with the frequency of acute respiratory
infections and rate of aging of the lung. The
combination of air pollutants appears to
have a greater impact than
expected from the sum of individual
pollutant effects.
Existing indices of air quality, which are
based almost exclusively on ambient ozone
levels, do not adequately describe the danger
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of other air quality constituents, particularly
nitrogen dioxide and fine particles of nitrates
and sulfates. MARRP researchers are
developing new, more precise measures of
air quality. Hospital admissions for
respiratory and cardiovascular diseases were
found to be significantly related to increases
in the levels of atmospheric pollutants.
While no relationship was found between
hospital admissions and ozone levels,
increases in nitrogen dioxide and fine
particulates of sulfate and nitrate (which are
not now part of the National Ambient Air
Quality Standard) significantly affected
hospital admissions. This new
Massachusetts "Visibility/Public Health
Pollutant Standards" Index is undergoing
further refinement before implementation.
Fine particles of sulfate impact human
welfare in another, somewhat surprising,
way. These particles are the principal

component of New England's "regional
haze." Rural areas of Vermont and Maine
show a nearly 50% decrease since the 1950s
in the number of summer days clear enough
to see 35 miles or more. High sulfate days
typically occur along with high ozone days
when air masses from the west and
southwest pass over New England.
Measurements of visibility and sulfur
particles are being made at MARRP
monitoring sites in the rural Quabbin
Reservoir watershed and Mt. Greylock
Reservation to further pinpoint the relative
contributions of long-range versus local
sources.
While most of acid deposition's impacts
are subtle and invisible, reduced visibility is
apparent, and costly, to us all. A 13%
reduction in haze has been estimated to yield
benefits of $126 million per year, primarily
for the region's tourism industry.
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IS ACID RAIN GETTING WORSE ?
<

<
<
<
<

<

<

Long-term data are rare, but what we have suggests that
acid precipitation worsened steeply between 1900 and the
early 1980s, followed by a recent slight decline.
Water bodies that become acidified prior to reduced
deposition may not be recoverable.
Sulfur dioxide emissions have increased from 4 million
tons in 1900 to 26 million tons in the 1980s.
Nitrogen emissions have increased 7-fold, primarily
because of increased motor vehicle use.
In the northeast, precipitation appears to be more acidic
now than in the 50s and early 60s, but there is no clear
trend since 1964.
Preliminary analysis of Massachusetts reservoirs indicates
significant loss of acid neutralizing capacity over the past
40 years.
A decline in fish populations in Massachusetts is hard to
define because early data are scarce, but what there is
suggests that surface water pH has worsened and that fish
survival has correspondingly declined.
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WHAT TRENDS CAN WE DETECT
THAT RESULT FROM ACID DEPOSITION?
Evaluating the past and future trends of
acid deposition is, perhaps, the most
difficult task for researchers; yet the
development of sound, cost-effective policy
hinges on the evaluation of trends. High
quality baseline data from years past are
rare, largely because measurement
techniques have become more sophisticated
within recent years. For example, the pH
meter itself is a relatively recent invention,
and improvements in the sensitivity of pH
probes necessary for acid deposition
research have been developed only within
the last decade. Nevertheless, a great deal of
progress has been made in the evaluation of
trends.
Trends in the emissions of sulfur and
nitrogen are easiest to determine. Over the
past 100 years, sulfur dioxide emissions
have risen steeply in the eastern United
States from approximately 4 million tons per
year in 1900 to 26 million tons per year in
the early 1980s. In the last several years,
there has been a very slight decline.
Regionally, the patterns are quite different.
New England and New York exhibit annual
fluctuations in sulfur dioxide emissions, but
current levels have been reduced to levels
typical of those in the early 1900s. Slight
increases in electric utility emissions have
been countered by declines from other
sources. In the Midwest, emissions have
increased sharply since the mid-1940s and
early 1950s, doubling since the turn of the
century. This increase is almost exclusively
from electric utilities. The Southeast has
shown a similar increase beginning in the
late 1950s.
Nitrogen emissions have increased about
7-fold since the late 1800s, leveling off in
the 1970s. Just as for sulfur, the sharpest
increase occurred in the midwestern and
southeastern states. This can be attributed

to three sources -- highway vehicles,
industry, and electric utilities. In New
England, most of the modest increase is due
to growth in the number of highway
vehicles. Current nitrogen oxide emissions
are 21 million tons/year nationwide.
The historical changes in acid deposition
are more difficult to evaluate because the
current network of monitoring sites was not
established until 1978. Using limited data
from a few isolated sites in place before that
time, estimates have been extended back to
the 1950s. From the existing data, it has
been concluded that current levels of sulfate
and nitrate in precipitation are 5 times higher
than remote areas of the world and
presumably that describes the extent of the
total increase above natural levels.
Precipitation is currently more acidic in the
northeast than it was in the 1950s or 1960s,
although there is still debate on the causes of
the increase. However, since 1964, there
appears to be no trend for precipitation
acidity in New England, with a decline in
sulfate of 2% per year and an increase in
nitrate until about 1971, after which it
levelled off. One might conclude that
changes in acid precipitation occurred prior
to the mid-1960s. It is not possible to
determine if there have been changes in dry
deposition, because only within the last few
years have techniques been devised to
accurately measure this important
component of total acid deposition.
Validation of these techniques is currently
nearing completion.
Determination of historical changes in the
effects of acid deposition on natural and
man-made environments is even more
difficult. Historical data for surface water
chemistry are somewhat more available than
data on deposition chemistry, but changes in
analytical methods and the existence of
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many factors which might complicate the
interpretation of symptoms make it difficult
to draw conclusions that are irrefutable by
the staunchest critics. Historical data for
other environments are typically as scarce as
for deposition chemistry.
For surface waters, several approaches
have been used to evaluate historical
changes. One approach compares historical
inputs of sulfate from wet deposition against
historical output of sulfate from lakes.
Lakes throughout the eastern U.S. exhibit a
strong relationship between the two, albeit
with significant regional variation. Sulfate
levels are increasing, except in the Northeast
where they remain constant, mimicking
changes in emissions in the regions.
Regional differences are thought to result, in
part, from differences in dry deposition.
A second approach compares sulfate
levels in bench-mark streams of the U.S.
Geological Survey. Results are consistent
with the findings for lakes and further
indicate that changes in alkalinity do result
from acid deposition in watersheds with
thin, acid soils typical of Massachusetts.
A third approach examines historical and
present levels of pH and alkalinity for lakes
in New York, Wisconsin and New
Hampshire. Uncertainty regarding the
appropriate compensation for differences in
methods affects the conclusions that may be
drawn. With this method, Adirondack lakes
appear to have lost alkalinity, New
Hampshire lakes appear to be unchanged,
and many Wisconsin lakes appear to have
gained alkalinity over the past 50 years. A
common but serious flaw with this and
similar analyses is the failure to adjust for
differences in sampling date. The
Massachusetts Acid Rain Monitoring Project
of ;MARRP; has documented the seasonal
behavior of pH and alkalinity in lakes and
streams. These seasonal differences are
sufficiently large that real changes in both
parameters over the long-term could be
masked. If, for example, the average

seasonal pattern of alkalinity revealed by the
Acid Rain Monitoring Project is assumed to
occur each year, and if a long-term trend for
declining alkalinity is superimposed over a
25 year record, the pattern shown in Figure 1
results. Typically, such a complete record is
not available. Instead, if for example an
earlier survey collected data in April and a
later survey collected data in May, trend
analysis would incorrectly suggest that
alkalinity had increased. The same would be
true if sampling occurred in July and August
only, as shown by the upward slope of the
two lines connecting the two surveys. There
is, furthermore, no guarantee that the
seasonal pattern will remain constant since it
is affected by precipitation patterns,
temperature, and a number of other
parameters. Consequently, it is difficult, if
not dangerous, to determine trends based on
only a few points in time, no matter how
carefully one adjusts for differences in
measurement techniques.
For aquatic systems, many different lines
of evidence suggest that historical changes
have occurred, but incontrovertible proof is
not possible given the scarcity of data from
earlier surveys. For this reason, the
Massachusetts Acid Rain Monitoring Project
has been designed to yield this proof. It has
documented the seasonal pattern of water
chemistry in surface waters and begun a
long-term sampling effort to collect
quarterly water chemistry for 10 years.
In Massachusetts, an effort has been made
to evaluate long-term trends in drinking
water reservoirs for which extensive data are
available. Corrections have been made for
differences in methodology, but no
corrections have been made for the time of
sampling or for changes in other factors that
may influence reservoir chemistry. This
preliminary analysis has shown that the
majority of Massachusetts reservoirs are
losing alkalinity. A more detailed MARRP
analysis of weekly samples from Quabbin
Reservoir also indicates an overall decline of
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alkalinity but suggests that periods of
drought and flood play a confounding role in
the response of the reservoir.
A final approach toward evaluating
chemical changes associated with
acidification uses algae as indicators of
changes in pH. There is strong evidence of
recent acidification of lakes in the
Adirondacks and New England, with the
greatest pH changes in the Adirondacks.
These changes began after 1900, but
accelerated after 1940.

Fewer data sets are available to determine
if there have been historical losses of fish
populations. Analysis of evidence from
Adirondacks lakes, Nova Scotia rivers, and
Massachusetts streams clearly demonstrates
declines in acid-sensitive fish species over
the past 20 to 40 years. Supporting analyses
of a large number of lakes indicates that pH
is highly correlated with fish survival.
Generally, waters with a summer pH less
than 5.0 to 5.5 support few or no fish
populations. Declines in Quabbin Reservoir
fish populations appeared to have begun
when pH dropped below 6.5.
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HOW CAN WE SAVE OUR ENVIRONMENT?
< The impacts of acid rain can be reduced by controlling emissions of SO2 and NOx.
< Mitigation techniques applied to specific resources can forestall damages but cannot
permanently cure them.
< Lakes and ponds can be limed to protect them against further damage, but only 16% of the
2900 lakes and ponds can be economically limed.
< Streams are much more difficult to treat with lime, although experiments are underway to
find techniques useful under some circumstances.
< Liming has potentially harmful effects on lake and stream ecology, so it must be studied
and done with caution.
< Applications of lime to forests, croplands and other terrestrial systems have had limited
success to date.
< Temporary protective coatings may be applied to some vulnerable metals such as statuary,
but no effective treatment has been found for stones, mortar, cement, and brick surfaces.
Frequent cleaning helps but may itself be destructive.
< Improved atmospheric monitoring can provide better warnings to people whose health is
vulnerable to sulfates and nitrates.
< Emission reduction requires interregional and international cooperation.
< Innovative sharing of cleanup costs can reduce financial hardships.
< The United States is the only major emitting nation which has not agreed to major SO2
reductions. This handicaps international efforts which are, nevertheless, expected to have
major positive effects outside of North America.
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WHAT ENVIRONMENTAL, SOCIOLOGICAL,
AND POLITICAL STRATEGIES ARE AVAILABLE
TO MITIGATE ACID DEPOSITION EFFECTS
IN MASSACHUSETTS?
Mitigation can mean reducing the impact
of acid deposition by treating the cause or by
treating the symptom. Both have their place.
Neither represents a simple solution.
Treating the symptom has been called a
"band-aid" approach, because it forestalls
further damage for a while but does nothing
to eliminate the problem. Knowledge of
appropriate mitigation techniques varies for
different parts of the environment; for some
environments, there are no available
short-term mitigative strategies. Many
people argue that symptomatic mitigation is
a poor choice because it leads to a false
sense of security that reduces the perceived
need to deal with root causes and creates
ongoing costs that rapidly exceed the cost of
causal solutions. Few see symptomatic
mitigation as the end solution, but many
argue that it can be a useful stop gap
measure during the long process of
implementing a reduction in acid deposition.
In this view, mitigation can protect valuable
resources during the interval when long-term
solutions are developed and implemented.
After that, it provides the necessary tools to
restore damaged resources.
Techniques for symptomatic mitigation of
aquatic systems are best developed. Faced
with thousands of acidifying lakes and
rivers, Sweden has led the way in
developing mitigation technologies. The
principle of aquatic system mitigation is
simple. Since lakes and streams become
acidified when they lose acid neutralizing
capacity, ANC can be added in the form of
limestone, just as a farmer limes his fields to
counter acid soils. The limestone may be
applied to a lake as dry lime or a slurry of
water and lime using a boat, helicopter or

plane, or even a truck on frozen lakes.
While lake liming has proven to be a
simple, relatively inexpensive operation,
many kinds of lakes are not appropriate
candidates for liming. Lake characteristics
that reduce the effectiveness of liming
include: relatively rapid exchange of lake
water with stream inputs; muck bottoms;
high concentrations of heavy metals in the
watershed or sediments; unique biota; and
biota sensitive to rapid fluctuations in pH.
A MARRP review of lake characteristics in
Massachusetts indicates that only 16% of
Massachusetts lakes are appropriate
candidates for effective liming.
For those lakes that meet the criteria,
MARRP has begun a limited liming
program to protect fish populations against
acidification or to restore lost populations.
Until 1985, 33 lakes had been limed, mostly
on Cape Cod. In 1986, an additional 9 were
limed, and more are planned in the next few
years. As knowledge of the short-term
chemical changes of limed lakes has
improved in recent years, focus has shifted
to long-term and biological effects of liming.
Two studies are determining such effects.
The first is evaluating the impacts of liming
on the various kinds of organisms from
algae to fish. The second is more concerned
with fine-tuning the techniques of liming as
a management tool to protect a large number
of lakes, and it will continue to monitor
changes in fish populations and water
chemistry over at least five years.
Stream mitigation is more complicated
than lake mitigation simply because a single
application of limestone will have a quickly
passing effect as the limestone is carried
downstream. The stream must be dosed
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continually and the amount of limestone
adjusted frequently to compensate for higher
flow during spring floods, brief rainstorms
or low flows during dry seasons. If too
much limestone is applied, not all can be
dissolved, and it will coat the stream
bottom, suffocating bottom organisms. If
too little is applied, acids will be
incompletely neutralized. Equipment
breakdowns of only a few hours in duration
can totally obliterate aquatic biota. Exactly
how to match the dose of lime with the
acidity and flow of streams when
constrained by limited access to streams and
the need for a fail-safe system is the subject
of another MARRP research effort in
Massachusetts. If a technique is to become
useful for streams in general, it must be
relatively inexpensive and trouble-free.
Several systems for stream dosing have been
developed, mostly in Sweden, but these are
often for large rivers of commercial
importance where cost is easy to justify.
Even if a low cost technique appropriate for
Massachusetts' small streams can be
developed, only relatively short stretches of
streams can be protected because dosage
must be carefully balanced to maximize
downstream effect without blanketing the
stream bottom near the doser with
undissolved lime.
MARRP research is evaluating the
biological impacts of stream as well as lake
liming. Stream liming may produce
extremely subtle effects. For example, most
stream organisms filter and process food
suspended in the water or scrape the surface
film off the stream bottom material for
nutrition. Fine, undissolved limestone
particles, added to neutralize stream acidity,
will be ingested by stream organisms but
provide them with no nutrition. Stream
invertebrates may not grow as fast with
resultant effect on growth of fish which feed
on stream invertebrates. Also,
remobilization of toxic metals may occur as
pH varies, only to be bioaccumulated in the

food chain. Current MARRP research in
Massachusetts will help determine whether
liming is a viable approach to forestalling
acidification and restoring lakes and
streams. Development of mitigation
techniques for terrestrial environments is
hampered by our limited knowledge of the
causes of forest damage. Since lake and
stream acidification is the result of
acidification processes in the surrounding
watershed, experiments with whole
watershed liming have been attempted
(primarily in Sweden). Results have been
much less successful than with direct
application to the water. But on a limited
scale, liming portions of a watershed may
have utility. MARRP researchers are
investigating the utility of converting small
areas of forest in reservoir watersheds to
grassy fields. By cutting the trees, water
yield is increased -- an important water
supply consideration -- but the tree leaves
that intercept dry deposition are also
eliminated. thereby reducing acid deposition
inputs. The grassy fields can be limed just
as a farmer might lime his pasturelands,
further helping to neutralize acid deposition
inputs. The effects of this management
practice are being evaluated by MARRP
researchers in small areas of a tributary to
Quabbin Reservoir.
If acid deposition causes damage to
terrestrial systems through soil-root
interactions, mitigative liming of watersheds
to reduce terrestrial damage may have
promise, but many technical difficulties in
application must be overcome to avoid
suffocating the forest floor under lime dust.
Specific suggestions are studied by MARRP
researchers for management of sugar maple
stands. Development of general
symptomatic mitigation strategies for forests
must await further research on causes of
forest decline. Cultural and material
mitigation largely involves the application of
coatings, replacement or cleaning of
materials. For bronzes and other metals,
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such coatings do exist. However, once a
coating is applied, it must be rigorously
maintained or the difference between the
corrosion in areas where the coating is worn
away and those areas where it has not will
worsen the aesthetic disfigurement of the
object. For stone material, adequate
coatings are not yet available. MARRP is
currently investigating the cost of applying
existing coatings and participating in the
development of new protective measures.
Mitigation of human health impacts has
focused on treating drinking water and
providing warnings when environmental
quality is inadequate. For both, extensive
monitoring is the key to spotting potential
hazards before they affect human health.
MARRP has enabled the creation of
appropriate monitoring programs and these
have been supplemented by increased efforts
by other state and local agencies.
With what we know about acid
deposition, ultimate elimination of acid
deposition impacts must come from
reducing emissions of sulfur dioxide and
nitrogen oxide, although other air pollutants
may have to be added to this list in the
future. Action to reduce these air pollutants
may occur at the national, state or individual
level.
At the national level, action on acid rain
has followed a curious path. The
international scientific community became
aware of "acid rain" in 1967 as a result of
Svente Odén's research on Swedish lakes.
By 1980, the United States and Canada had
signed a Memorandum of Intent establishing
a bilateral research plan to investigate
transboundary air pollution and pledged to
work toward a bilateral accord on
transboundary air pollution. In the final
days of the Carter Administration, the EPA
administrator, writing to the Secretary of
State, ruled that all necessary conditions
were met for action under Section 115 of the
Clean Air Act, which empowers the EPA
administrator to order states to upgrade

anti-pollution laws if emissions threaten the
public welfare of a foreign country. Seven
days later, President Reagan took office and
a new EPA administrator was named. Since
then, the Reagan administration has claimed
that further research is needed before an
expensive emission reduction program is
enacted. The sudden change in policy
reflects the nature of the problems that either
action or inaction on acid rain poses for the
country.
At the bottom of the controversy is the
fact that the emissions that cause acid rain
are created in one region which is heavily
dependent economically and socially on
so-called "smokestack" industries while the
region receiving acid deposition is heavily
dependent economically and socially on
environmentally sensitive factors such as
tourism and forest products. Both regions
perceive the potential for substantial
economic and social displacement -- i.e.,
closed industries, high unemployment, and
long-term changes in opportunities for future
generations. With the risks high on both
sides, even the smallest scientific uncertainty
makes the risks seem unacceptable. In
Congress, the issue has divided along
regional lines with representatives of both
political parties from Midwestern industrial
areas resisting acid rain control and
congressmen from the northeast advocating
control.
The task for researchers has been to try to
resolve as many of the scientific questions as
possible so that a political consensus can be
reached. That task includes evaluating long
range transport and subsequent effects on
aquatic, terrestrial and cultural systems. It
includes evaluating the social, economic and
political costs and benefits of various
legislative options. And it includes full
exploration of cost-effective ways to
minimize emissions from burning fossil
fuels. In retrospect, the general concern of
scientists in 1981 has been borne out by
additional research. But it is also true that
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the intervening years have permitted great
refinement in our knowledge of emissions,
impacts, and how best to design a program
that will best serve the environment over the
long term.
At the national level, there is no lessening
of the controversy, but there has been a
major shift in its emphasis. In 1981, the
crux of the argument was "Does acid rain
exist?" Now there is no doubt of that fact
and few argue that there are serious impacts
on aquatic systems, both known and
potential impacts on terrestrial and cultural
systems, and serious human health
considerations. What remains controversial
is whether the costs of emission control are
justified by these impacts.
Research has also revealed that acid rain
is a problem for nearly all industrialized
countries. Within recent years, most of
these countries have begun emission
reduction programs. Even the most
recalcitrant European countries acted swiftly
once the danger became known. Most of the
remaining European and North American
countries that have not taken action are also
not major pollution emitters. The United
States is a prominent holdout against

emission reductions on a national scale, even
though the U.S. recently insisted on
emission control on Mexican smelters close
to the U.S. border to prevent acidification of
western lakes. Ironically, the United States
-- the primary source of acid deposition
damaging Canadian resources -- has
steadfastly refused to reduce emissions. As
a result, tensions between the U.S. and our
closest ally, Canada, have seldom been
higher.
Not content with the lack of national
action, Massachusetts, New Hampshire,
New York, Michigan, Wisconsin, and
Minnesota, along with the eastern Canadian
provinces, have enacted their own emission
control programs. But since these states are,
in general, not the largest emitters, the
programs are more symbolic than effective
at reducing the national acid rain problem.
Most New England states have reduced
emissions dramatically since 1970. In
Massachusetts, emissions have already been
reduced by 41% since 1970. Recent
legislation "caps" current emissions while a
statewide plan for further reduction is
developed. By 1995, emissions will further
be reduced by 20% - 30% .
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Countries Agreeing to Reduce SO2

Countries Not Agreeing

Country

Country

Promised reduction
of SO2 from 1980

Austria
Belgium
Bulgaria
Byelorus SSR
Canada
Czechoslovakia
Denmark
Federal Republic of Germany
Finland
France
German Democ ratic Republic
Hungary
Italy
Liechtenstein
Luxembourg
Netherlands
Norway
Sweden
Switzerland
Ukran.SSR.
United Kingdom
USSR

50%
50%
30%
30%
50%
30%
50%
60%
50%
50%
30%
30%
30%
30%
30%
40%
50%
65%
30%
30%
14%
30%

by
by
by
by
by
by
by
by
by
by
by
by
by
by
by
by
by
by
by
by
by
by

1995
1995
1993
1993
1994
1993
1995
1993
1995
1990
1993
1993
1993
1993
1993
1995
1994
1995
1995
1993
1996
1993

Greece
Vatican
Iceland
Ireland
Poland
Portugal
Romania
San M arino
Spa in
Turkey
U.S.A.
Yugoslavia
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Northeastern states have also resorted to
lawsuits (totaling five at present) against the
EPA in order to control acid rain. In one,
the New England states, New York, New
Jersey and Ontario sued to force EPA to
enforce the transboundary section of the
Clean Air Act. So far unsuccessful, a final
appeal to the Supreme Court is pending. A
second would require EPA to regulate air
pollution crossing state boundaries. A third
charges that EPA has not limited the use of
tall stacks to evade the Clean Air Act
requirements. A fourth would force revision
of the Clean Air Act to include national air
quality standards to deal with acid
deposition. A fifth charges EPA with failure
to carry out provisions of the Clean Air Act
that would require reduction of pollution
that affect visibility in Federal parks and
wilderness areas. In the discussion of acid
rain, air pollution and the emitters, we often

overlook the real sources of the emissions.
Nearly all of the man-made emissions that
cause acid rain result from electricity
generation or transportation. All of us use
electricity and purchase goods transported to
our area and many of us drive automobiles.
Most of the New England states that have
reduced emissions so dramatically in recent
years are major importers of electricity from
the Midwest. Once again, we discover, as
Pogo said, that the enemy is us! But this
means we are probably getting closer to
finding an equitable national solution to acid
rain. It also means that the individual is not
helpless in this controversy. The individual
can conserve energy, support individual
states' efforts to reduce emissions, and
support a national emission reduction
program.

46

IS THE JOB DONE?
< Additional knowledge is needed to determine the effects of dry and condensation
deposition.
< Although research on human health suggests the problem is enormous, more research
is needed to determine cause and effects as well as which populations are at risk .
< Effects on lake and stream ecology are well documented; more information is needed
on short- and long-term trends.
< Effects on plants and land animals need to be better understood, especially concerning
the connection to ozone and other air pollutants.
< More research is needed on the economic repercussions of emission control to
guarantee maximum economic and environmental benefits.
< Research must continue to seek innovative solutions and to monitor both acid rain
impacts and the course of recovery.
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THE CONTINUING NEED FOR RESEARCH
Despite the substantial effort expended over the past decade, the acid rain issue is not resolved
at the national or international level. What still needs to be done? Don't we have enough
information? And why does Massachusetts need to spend its tax dollars when acid rain is a
national problem?
Clearly, the available information is not sufficiently overwhelming to convince all the key
decision makers or powerful interests. Interestingly, polls show that the majority of people
believe acid rain is a serious environmental problem and are willing to pay for reducing
emissions, but most are probably uncertain and confused by conflicting reports. Entrenched
interest groups are fearful of the economic consequences of acid rain control at a time when such
fears are certainly understandable. In 1987, lobbyists against acid rain control spent more money
than any other lobbying group.
Two things are obvious. Effective arguments cannot be made in the absence of factual
information, and the will of the people will not be served if the people are ill-informed.
Obtaining factual information is the task of researchers, and the goal of the Massachusetts Acid
Rain Research Program (MARRP) is to develop a sound factual basis for future action. Since
1983, this program has provided considerable crucial information for the ongoing discussion.
Public awareness has increased manyfold. But much still needs to be done. The answers are not
all in hand. The direct effects on aquatic systems are reasonably well known, but terrestrial and
human health aspects are less understood. The ripple effect of acid deposition through natural
and cultural systems is poorly understood. This is especially true for the economic repercussions
of emission reduction where some say that the cost would be astronomical and others argue that
the economy would benefit from the increase in service jobs. As knowledge about the causes
and consequences of acid rain has improved, it has become clear that acid rain, or the deposition
of compounds of sulfur and nitrogen, is only part of the broader issue of air pollution. Research
on forest effects has made it quite clear that acid deposition may play a secondary role to that of
oxidizing air pollutants such as ozone. Still other pollutants may serve as catalysts for the
transformation of acid rain precursors.
Despite the existence of uncertainty regarding some potential effects of acid deposition, most
researchers feel that more than sufficient information exists to define the threat and that the risks
more than justify controlling emissions based on existing knowledge. The challenge for policy
makers is to design environmental regulations that will restore and protect the environment,
minimize economic costs and dislocations and still retain sufficient flexibility to be adjusted as
additional information becomes available.
The pervasiveness of acid deposition presents an unusual challenge to science. Normally,
science develops predictions on the basis of controlled experiments. For example, understanding
how the environment will respond to emission reduction proceeds through several logical steps.
First, information is gathered on the functioning of the affected systems. Second, our
understanding is simplified into working models or hypotheses. At present, several such models
have been proposed. Finally, a test is made of competing hypotheses under controlled
conditions. Because acid deposition is so widespread and affects systems on such a large scale,
appropriate controlled experiments are difficult to set up. Limited experimental manipulation
has helped to narrow the field of possible results of emission reduction. But until emission
reduction occurs, fine-tuning the restoration process is not possible.
Thus the future course of research must accomplish two objectives: (1) continue to evaluate
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the impacts of acid deposition and propose equitable solutions, and, (2) assuming eventual
emission reduction, monitor and study the course of recovery so that regulatory policy can be
adjusted to optimize environmental protection and minimize societal costs. As a result
of MARRP, the Commonwealth is well situated to fully participate in seeking the best solution
to this major environmental crisis
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