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B. 1 AQUATIC RESOURCES AT RISK

Extent of Resources at Risk*

Scientists are concerned that acid deposition may be
damaging substantial numbers of U. S. and Canadian
lakes and streams. As part of its assessment of trans-
ported air pollutants, OTA contracted with The Insti-
tute

●

●

●

●

of Ecology (TIE) to:
describe mechanisms by which acid deposit ion
may be affecting sensitive 1akes and streams;
providc an inventory of Eastern U.S. lakes and
streams considered to be sensitive to acid depo-
sit ion;
estimate the number of lakes and streams in these
scnsitive regions that have been affected and/or
altered by acidic deposition; and
examine three scenarios for future sulfate deposi-
tion levels to the year 2000, and project effects on
sensitive aquatic resources.

Because of’ scientific uncertainties and data limit a-
tions, none of these tasks can be addressed at this time
with a high degree of accuracy. Each of’ these topics is
the subject of active research under the National Acid
Precipitation Assessment Program (NAPAP). To illus-
trate, the estimates of the numbers of lakes and streams
sensitive to acid deposition are based on eight separate
water quality surveys conducted at different times using
nonuniform procedures. NAPAP is currently planning
to undertake a national survey-sampling several thou-
sand water bodies over a much wider geographic area—
to provide a more complete picture of the current mag-
nitude of the problem.
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Because of the large area of a typical watershed, most
of the acid ultimately deposited in lakes and streams
comes from water that runs off or percolates through
the surrounding land mass, rather than from precipita-
tion falling directly on water bodies. The amount of
acidifying material that actually enters a given lake or
stream is determined primarily by the soil and geologic
conditions of the surrounding watershed. Whcn the two
major chemical components of’ acid rain-nitric acid and
sulfuric acid—reach the ground, they may react with
soils is a variety of ways. * * For example, soils can neu-
tralize the acids, exchange nutrients and trace metals
for components of the acids, and/or hold sulfuric acid.

Most soils contain amounts of counterbalancing (neu-
tralizing) substances such as bicarbonate that may be
available to ‘ ‘buffer” acid inputs. Such nutrients as
calcium and magnesium, when present in soils, may be
leached by acidic deposition and enter water bodies,
while acidity remains in the soil. When soils are highly
acidic, similar leaching of toxic metals such as alumi-
num can occur, which may cause damage to aquatic life
in lakes and streams. In add it ion, the soils of some
watersheds are able to retain sulfuric acid to varying
degrees. For these areas, deposited sulfuric acid will not
pass into lakes and streams until the ‘ ‘adsorption”
capacity ‘‘ of the soils is exceeded.

The extent to which such reactions actually occur
depends on a number of geologic and soil conditions.
Where slopes are relatively steep, and soils are thin, less
opportunity exists for acid precipitation to infiltrate soil
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layers and react chemically with soil components. Fur-
ther, the composition of soils—the availability of
neutralizing material, exchangeable elements, or sulfuric
acid adsorption capacity —also affects their overall
ability to mitigate acid deposition inputs to water bodies.
Watersheds in a number of regions are believed to pro-
vide aquatic resources with virtually complete protec-
tion from current levels of acid deposition. In other re-
gions, however, watersheds have little capacity to
neutralize acidic substances, and much of the acid in
precipitation in these regions moves through the water-
shed into lakes and streams.

Under unaltered conditions, virtually all lakes and
streams also have some acid-neutralizing capacities.
Like soils, their waters contain such substances as bicar-
bonate, which neutralize the entering acids. Alkalinity
levels, which are expressed in microequivalents per
liter of water (µeq/1), measure the acid-neutralizing
capacity of lakes and streams. Lakes and streams defined
as very sensitive to acidic inputs have alkalinity levels
of O to 40 µeq/1, while a lake with high capacity for acid
neutralization can measure over 500 µeq/1. * If the sur-
rounding watershed contains little neutralizing materi-
al, natural alkalinity levels in lakes and streams may
be quite low, making these aquatic resources highly sen-
sitive to even low levels of acidic inputs.

When acids enter a lake or stream, available neutral-
izing substances are consumed, and alkalinity levels are
depressed. As water bodies become acidified, aquatic
plant and animal populations may be altered. A lake
or stream is considered to be acidified when no neutraliz-
ing capacity is left. Such bodies of water have been
measured as having negative alkalinity levels as great
as –100 µeq/1.

A multistep process was employed to develop an in-
ventory of sensitive (but not necessarily altered) lakes
and streams in the Eastern United States. TIE (adapt-
ing a procedure developed by Oak Ridge National Lab-
oratory) first used data on soil, watershed, and bedrock
characteristics in 27 Eastern States to generate a list of
individual counties whose freshwater resources were
likely to be sensitive to acidic deposition. The list of
counties was then aggregated into 14 acid-sensitive re-
gions (fig. B-l). Using U.S. Geological Survey maps,
the contractor systematically sampled each region to esti-

“Reports by J. R. Kramer (3), H. Harvey, et al (4), and others have dl-
\lded the spectrum of their sensitivity measure into a series of intervals referred
tn as sensitlwty  classes or categories Each approach differed slightly from the
others, Icadlng  the authors of the U S -Canada Aquatlr  Impacts Assessment
Subgroup (5) tu propose the fnllowing c]assiticatmn  for lakes:
(:ldss Alkallnltv  (IU@)

I At dlfid < 0
11 F.xtremt-  Scnsllll  II} 0-’39

111 Nf[xk.  ra[c  scnw(lvltv 40.199
I\’ IXM senstlliity 2oo-4w
L’ Not wn\lt]\c 2500

Figure B-1.—Areas Sensitive to Acid Rain (shaded
grey)

Lake and stream sampling areas modified from Braun
(1950) and Fenneman (1938). Region numbers correspond
to those shown in table B-1.

mate its total number of lakes greater than 15 acres in
size, and total miles of first- and second-order streams,**
The results show an estimated 17,000 lakes and 117,000
miles of first- and second-order streams in the 14 sen-
sitive regions (table B-l).

Of this total number of lakes and streams in the sen-
sitive regions, only a portion may be considered sen-
sitive to acid inputs, Local variations in geology, soil
conditions, and runoff patterns cause alkalinity levels
of lakes and streams within a sensitive region to range
from less than zero µeq/1 (acidified) to over 500 µeq/1
(acid resistant). Regional water quality surveys*** were
used to estimate the percentage of the lakes and streams
in the 14 regions that can be considered sensitive to acid

● *The smallest unbranched  tributary of a stream is a first-order stream; the
junction  of two first-order streams produces a second-order stream segment,

* * “Eight surveys of lake and stream water quafity  were used to evafuate  the
regional sensitivity of aquatic ecosystems to acid deposition. Regional estimates
are bawd  on measurements from about 40 New England streams (6), 430
Adirondack lakes (7), 45 Pennsylvania streams (8), 40 streams In North Caro-
lina and Virglnla  (9), 360 lakes in Wisconsin ( 10) and Minnesota (1 1), and
40 W’lsconsm streams ( 12)
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Table B-1 .—Total Estimated Lake and Stream Resources in the Acid-Sensitive
Regions of the Eastern United States (see fig. B-1)

Sensitive Total lakes Total streams (mi)

Region area (mi2) Number Acres 1st order 2d order

1.
2.
3.
4.

5.
6.
7.

8.
9.

10.
11.
12.

13.
14.

Eastern Maine . . . . . . . . . . . . . . 26,398
Western New England . . . . . . . 29,666
Adirondacks . . . . . . . . . . . . . . . . 14,066
East Pennsylvania
South New England. . . . . . . . . . 20,947
West New York/Pennsylvania . 25,051
Appalachian Plateau . . . . . . . . . 16,190
Blue Ridge/Great Smoky
Mountains . . . . . . . . . . . . . . . . . . 20,964
Coastal Plain . . . . . . . . . . . . . . . 9,264
Lower Mississippi . . . . . . . . . . . 13,075
lndiana/Kentucky . . . . . . . . . . . . 8,603
Central Wisconsin . . . . . . . . . . . 12,141
Wisconsin/Michigan
Highlands . . . . . . . . . . . . . . . . . . 19,229
Northeast Minnesota. . . . . . . . . 10,560
Central Minnesota . . . . . . . . . . . 18,870

Totals . . . . . . . . . . . . . . . . . . . . . . 245.024

1,425
1,543
1,139

1,320
376

13

126
241
170

9
583

5,307
1,637
3,170

17.059

582,825
763,785
231,217

118,800
16,920
29,510

14,868
8,917

56,610
603

187,726

801,357
473,093
323,340

3.609.571

9,714
15,308
5,289

8,400
7,114
7,350

10,901
1,547
5,374
2,805
2,683

5,037
1,637
4,831

87,990

3,485
4,569
3,024

2,556
1,678
2,299

3,396
713

1,255
989
728

1,737
475

2.529

29,433
SOURCE: “Regional Assessment of Aquatic Resources at Risk From Acidic Deposition, ” prepared for OTA by The Institute

of Ecology, June 1982

deposition, using a 200-µeq/1 alkalinity level as the cut-
off point between sensitive and nonsensitive lakes and
streams. Results show an estimated 9,400 lakes and
60,000 miles of streams that are currently sensitive to
further acid inputs (tables B-2 and B-3).

To estimate the portion of these sensitive lakes and
streams that already have been altered by acidic depo-
sition, TIE compared data on the distribution of
alkalinity levels for two distinct geographic areas: 1 ) re-
gions with little neutralizing capacity that currently re-
ceive high (resource-affecting) levels of acidic deposi-
tion; and 2) geologically similar areas of northwestern
Ontario and northern Minnesota having little neutraliz-
ing capacity, but that receive negligible amounts of acid
deposition. The difference between the two distributions
provides an estimate of the proportion of lakes and
streams that can be considered ‘ ‘acid-altered, rather
than simply sensitive. Only lakes with alkalinity levels
less than 40 µeq/1 and streams with less than 100 µeq/l—
already acidified or extremely sensitive to further
alteration—are considered in these calculations. Cal-
culations using this approach show an estimated 3,000
lakes and 23,000 miles of streams with alkalinity levels
that can be described as already acid-altered. This cor-
responds to 18 percent of the lakes and 20 percent of
the streams located within the 14 sensitive areas (see
tables B-4 and B-5).

Finally, TIE employed a simple model to estimate the
effects on aquatic resources of three possible future acid
deposition scenarios. As an underlying assumption, the
model uses an empirical measure to project changes in
lake and stream alkalinities given a change in sulfate

deposition. This measure—the ‘ ‘alkalinity impact pa-
rameter’ —is based on both limited observations of
alkalinity changes through time in areas where sulfate
deposition has been increased or reduced, and on cur-
rent theory about the processes involved. * Although not
yet fully tested, the model suggests that lake and stream
alkalinities are likely to respond to future changes in
sulfate deposition. The model cannot address further
changes in lake and stream water quality that might oc-
cur if deposition remains constant over the next sev-
eral decades.

For scenario I, a 10-percent increase in sulfate depo-
sition by 2000, the model projects that 5 to 15 percent
(depending on the region) of the most sensitive lakes
and streams worsen in condition— becoming either
‘ ‘acidified’ or ‘ ‘extremely sensitive’ to acid inputs.

*An empiric al ‘‘alkalinity Impac I parame[cr’ (.~[~)  can be clcfincd  as the
ra[ io of obser\ cd changes in lake and stream alkalinity levels [c} changes in
sulfate loadings. W’hen sulfate retcntlon  b\ the watershct]  approa{  hes zer[~,
n!tratt= uptake bv plants N h)~h, and for[her  lossr~ of nu[rwrrt ( ,itt(m \—e y ,
calclum  and magnc~lum-ar-e  low or negl]glble,  acldlt},  ( H~S()+) direct l y a f -
fects alkalinity (H(~OS),  and the expected .41P IS ‘2 For the c asc  in w h[ch w)me
nmstrafizatmr  of acid input occurs in the watershed, the AIP  mould be les~ than
2. during the \,ery early stages of ac idic deposition. It should approa(  h zero
Where  s{)ils ha\e high sulfate adsorption capa[  lty, the AIP WOU]d als(J approach

zero during the early stages of an acidification process, later.  if ac Id deposition
[o the w atershecl IS ciecreased,  some of the sulfate prevmusly  retained ( an bc
washed from thr sol]. and A[P values could exceed 2 Calculations using ,in
AIP  of greater than 2 were not (onsidered,  since many of the watershmls  In
the re<qwrrs mapped  as sensltl\re  for this stud)  ha\,e low sulfate adsorption
c apa[ Itle$

Thr- imp(]rtanc  e of atmosphen(  depnsltl{)n  of calc  Ium and maqneslum  as po-
tentldl neutrdflzlns aqents has been considered For  the areas exarnmed,  [ .d( lurn
and maqnmlum  dep(mltlon appear t[~ he on]} one-tenth the n~~~n[tude UI \ull,Itt,
deposition. therefore, Its r[de has been t onsldered  ne~llqlb]e for the present
( alf ulattons.
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Table B-2.-Estimated Lake Resources at Risk in the Acid-Sensitive Regions
of the Eastern United States

Sensitive
Region area (mi2)

1. Eastern Maine . . . . . . . . . . . . . . . . . . . 26,398
2. Western New England . . . . . . . . . . . . 29,666
3. Adirondacks . . . . . . . . . . . . . . . . . . . . . 14,066
4. East Pennsylvania/

South New England. . . . . . . . . . . . . . . 20,947
5. West New York/Pennsylvania . . . . . . 25,051
6. Appalachian Plateau . . . . . . . . . . . . . . 16,190
7. Blue Ridge/Great Smoky Mountains. 20,964
8. Coastal Plain . . . . . . . . . . . . . . . . . . . . 9,264
9. Lower Mississippi . . . . . . . . . . . . . . . . 13,075

10. Indiana/Kentucky . . . . . . . . . . . . . . . . . 8,603
11. Central Wisconsin . . . . . . . . . . . . . . . . 12,141
12. Wisconsin/Michigan Highlands . . . . . 19,229
13. Northeast Minnesota. . . . . . . . . . . . . . 10,560
14. Central Minnesota . . . . . . . . . . . . . . . . 18,870

Totals . . . . . . . . . . . . . . . . . . . . . . . . . . . 245,024

Percentage Calculated
Total number of lakes number of

lakes <200 µeq/l lakes at risk

1,425 (80)a 1,140
1,543 (80)a 1,234
1,139 911

1,320
376

13
126
241
170

9
583

5,307
1,637
3,170

17,059

(80)a

(80a

—
—
—
—

1,056
301
—

—
.
245

2,228
786

1,522
9,423

aIn the absence of other data, alkalinities from the Adirondacks have been ‘Seal.
bNo estimate is being made for regions with fewer than 250 lakes.
cIn the absence of other data, alkalinities from north Wisconsin have been ‘Seal

‘In the absence of other data, alkalinities from north Minnesota have been used.

SOURCE’ ‘(Regional Assessment of Aquatic Resources at Risk From Acidic Deposit ion,” prepared for OTA by The Institute
of Ecology, June 1982

Table B-3.—Estimated First- and Second-Order Stream Resources at Risk
in the Acid-Sensitive Regions of the Eastern United States

Calculated total
Percentage miles of:

Sensitive Total streams (mi)
Region

of stream 1 0 streams 2 0 s t r e a m s
area (mi2) 1st order 2d order <200 µeq/l at risk at risk

1. Eastern Maine . . . . . . . . . . . . . . . . . . . . . . . . . . . 26,398 9,714 3,485 81 7,868 2,823
2. Western New England . . . . . . . . . . . . . . . . . . . . 29,666 15,308 4,569 56 8,573 2,559
3. Adirondacks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14,066 5,289 3,024 (56)a 2,962 1,693
4. East Pennsylvania/South New England . . . . . . 20,947 8,400 2,556 3,192 971
5. West New York/Pennsylvania . . . . . . . . . . . . . . 25,051 7,114 1,678 61 4,340 1,024
6. Appalachian Plateau . . . . . . . . . . . . . . . . . . . . . . 16,190 7,350 2,299 (61)b 4,484 1,402
7. Blue Ridge/Great Smoky Mountains. . . . . . . . . 20,964 10,901 3,396 6,977 2,173
8. Coastal Plain . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9,264 1,547 713 (43)C 665 307
9. Lower Mississippi . . . . . . . . . . . . . . . . . . . . . . . . 13,075 5,374 1,255 (43)’ 2,311 540

10. Indiana/Kentucky . . . . . . . . . . . . . . . . . . . . . . . . . 8,603 2,805 989 (43)c 1,206 425
11. Central Wisconsin . . . . . . . . . . . . . . . . . . . . . . . . 12,141 2,683 728 1,154 313
12. Wisconsin/Michigan Highlands . . . . . . . . . . . . . 19,229 5,037 1,737 13 655 226
13. Northeast Minnesota. . . . . . . . . . . . . . . . . . . . . . 10,560 1,637 475 (13)d 213 62
14. Central Minnesota . . . . . . . . . . . . . . . . . . . . . . . . 18,870 4,831 2,529 (13)d 628 329

Totals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245,024 87,990 29,433 45,228 14,847
aIn the absence of other data, alkalinities from west New England and west New York/Pennsylvania have been used.
bln the absence of other data, alkalinities from west New York/Pennsylvania have been used.
cIn the absence of other data, alkalinities from central Wisconsin have been used.

‘In the absence of other data, alkalinities from northern Wisconsin have been used,

SOURCE’ “Regional Assessment of Aquatic Resources at Risk From Acidic Deposition,” prepared for OTA by The Institute of Ecology, June 1982.
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Table B-4.—Estimates of Extremely Sensitive or Acidified Lake Resourcesa in the Eastern United States

1980 number Historic number
of lakes with of lakes with 1980 number of

Total number alkalinities alkalinities acid-altered lakes
Region of lakes <40 µeq/l <40 µeq/l <40 µeq/l

1. Eastern Maine . . . . . . . . . . . . . . . . . . . . . . . . . .
2. Western New England . . . . . . . . . . . . . . . . . . .
3. Adirondacks . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4. East Pennsylvania/

South New England . . . . . . . . . . . . . . . . . . . . .
5. West New York/Pennsylvania . . . . . . . . . . . . .
6. Appalachian Plateau . . . . . . . . . . . . . . . . . . . . .
7. Blue Ridge/Great Smoky

Mountains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
8. Coastal Plain ., . . . . . . . . . . . . . . . . . ., . . . . . .
9. Lower Mississippi . . . . . . . . . . . . . . . . . . . . . . .

10. lndiana/Kentucky . . . . . . . . . . . . . . . . . . . . . . . .
11. Central Wisconsin . . . . . . . . . . . . . . . . . . . . . . .
12. Wisconsin/Michigan

Highlands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
13. Northeast Minnesota . . . . . . . . . . . . . . . . . . . .
14. Central Minnesota. . . . . . . . . . . . . . . . . . . . . . .

Totals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1,425
1,543
1,139

456
494
456

43
46
34

413
448
422

1,320
376

13

423
150

40
11

383
139
——

126
241
170

9
583

—
—

134

—
—

—
—

11717

5,307
1,637
3,170

17,059

1,220
49
95

159
49
95

1,061
0
0

3,477 494 2,983
Total number of Iakes altered, Class I and II 2,983.
Percentage of lakes altered 18%.
aLakes with alkalinity less than 40 µeq/l, based on using 1980 calculated alkalinity depression and “historic” area alkalinity distributions as a control

SOURCE’’Reglonal Assessment of Aquatic Resources at Risk From Acidic Deposition,” prepared for OTA by The lnstitute of Ecology, June 1982

Table B-5.—Estimates of Extremely Sensitive or Acidified Stream Resourcesa in the Eastern United States

Historic stream
1980 miles with miles with Acid-altered

Total alkalinities alkalinities stream miles
Region stream miles <100 µeq/lb <100 µeq/l <100 µeq/l

1. Eastern Maine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2. Western New England . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3. Adirondacks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4. East Pennsylvania/South New England . . . . . . . . . . . . . .
5.West New York/Pennsylvania . . . . . . . . . . . . . . . . . . . . . .
6. Appalachian Plateau . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.Blue Ridge/Great Smoky Mountains . . . . . . . . . . . . . . . .
8. Coastal Plain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
9. Lower Mississippi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10. lndiana/Kentucky. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
11. Central Wisconsin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
12. Wisconsin/Michigan Highlands . . . . . . . . . . . . . . . . . . . .
13. Northeast Minnesota . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
14. Central Minnesota . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

13,199
19,877
8,313

10,956
8,792
9,649

14,297
2,260
6,629
3,794
3,411
6,774
2,112
7,360

117,423

3,746
5,641
3,060
3,109
3,237
2,738
4,058

482
1,412

809
726
418
130
455

30,021

816
1,228

514
677
543
596
884
140
410
234
211
418
131
455

2,930
4,413
2,546
2,432
2,694
2,142
3,174

342
1,002

575
515

0
0
0

22,765Totals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7,257
aStreams with alkalinity less than 100 µeq/l, based on 1980 calculated alkalinity depression and “historic” area alkalinity distributions as a control.

bA higher alkalinity level was used to denote extreme sensitivity for streams than for lakes

SOURCE “Regional Assessment of Aquatic Resources at Risk From Acidic Deposition,” prepared for OTA by The lnsttiute of Ecology, June 1982
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Under scenario II, which provides for a 20-percent de-
crease in sulfate deposition by 2000, 10 to 25 percent
of the most sensitive lakes and streams are estimated
to experience some recovery —i. e., ‘ ‘acidified’ aquatic
resources become ‘ ‘extremely sensitive’ or ‘ ‘extremely
sensitive’ resources become ‘ ‘moderately sensitive.
Scenario III, which involved a 35-percent decrease in
sulfate deposition by the year 2000, is estimated to re-
sult in some recovery for 14 to 40 percent of the most
sensitive aquatic resources. *

Figures B-2 and B-3 summarize the projected effects
of scenarios I, II, and III on lakes and streams in a num-
ber of the sensitive areas. Each bar graph illustrates
scenarios 1, II, and III in that order. The two figures
show the sum of the calculated shifts to or from the
most sensitive resource categories, expressed as a per-
cent of the total lake or stream resource in each area.
The short, solid portion of each bar represents a highly
probable response; the shaded portion of each bar rep-
resents the upper bound of the probable response.

Scenario III (a 35-percent reduction in sulfate depo-
sition by 2000) appears likely to result in relatively sig-
nificant responses for the total resource. Recovery for
lakes is projected to range from a few to about 30 per-
cent in each area, and up to 20 percent for streams, with
the greatest recovery in areas of highest current depo-
sition.

While the model indicates some important prospects
for recovery, it cannot address certain long-term con-
sequences of acidification. Soils that may have been
depleted of such nutrients as calcium and magnesium
by acid deposition might take a great deal longer to re-
cover normal nutrient levels than water bodies take to
regain equilibrium alkalinity levels. If the soil’s ability
to mitigate acid deposition recovers slowly, “acid
shock ‘ ‘ episodes to water bodies from such events as
spring snowmelt may persist for some time. The mag-
nitude of such consequences is unpredictable at this
time.

Lastly, some discussion of the implications of these
results for biological responses in aquatic systems is re-
quired. Scientists are gradually developing an under-
standing of how fish and other aquatic life are affected
by acid-induced alterations of their environments. Thus,
predictive statements about changes in water quality
over some period of abatement represent the first step
in making predictive statements about the potential
recovery of aquatic life.

“ Because  the ‘1’lE model 1s most app]lcable  to thnse lakes and s t r e a m s  m
the w tcf-altered (Class  1 < 0 ~eq/1) and ex{rcmely  sensitive (Class 11 0 to 40
peq/1) c atcgorms,  TIE used transfers into and out of each of these categorms
as the measure of c han~e fur aquatic resuurces  in response to altered depow  -
twn ‘1’o correct for diffa  emes  In Akalinlty  dlstrlbutums  bc.tweerr streams and
lakes, a defined portmn of the streams In Class 111 (40 to 100 pcq/1) was m-
( luded in the T1 F, c alc ulatlons

Figure B 2.—Lake Model Projections

,

Bar-graphs show the percent increase (or decrease) by
the year 2000 in lakes classed as “acidified” or
“extreme” for the three deposition scenarios I (a 10-
percent increase in deposition), II (a 20-percent decrease),
and Ill (a 35-percent decrease), represented by the bars,
in that order from left to right.
SOURCE: “Regional Assessment of Aquatic Resources at Risk From Acidic

Deposition,” prepared for OTA by The Institute of Ecology, June 1982.

Effects of Acid Deposition
on Aquatic Life

Losses of fish populations attributed to the effects of
acid deposition have received a great deal of public at-
tention; however, the available evidence indicates that
acidic waters also affect many other forms of aquatic
life, from single-celled algae to large aquatic plants to
amphibians such as frogs and salamanders. Adverse ef-
fects on aquatic plants and animals can affect the avail-
ability of food to other animals such as fish, aquatic
birds, and mammals.

Fish reproduction requires water pH levels of above
4.5, according to numerous laboratory studies and field
surveys ( 13). The International Joint Commission has
recommended a water quality standard of greater than
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Figure B 3.—Stream Model Projections

I

(Where there is no black band, the lower bound is zero)

Bar-graphs show the percent  increase (or  decrease)  by

the year 2000 in lakes classed as “acidified” or
“extreme” for the three deposition scenarios I (a 10-
percent increase in deposition), II (a 20-percent decrease),
and Ill (a 35-percent decrease), represented by the bars,
in that order from left to right.
SOURCE “Regional Assessment of Aquatic Resources at Risk From Acidic

Deposition, ” prepared for OTA by The Institute of Ecology, June 1982.

pH 6.5 for successful fish reproduction. Death of adult
fish does not generally occur until the pH is less than
5.0. Rapid decreases in stream and lake pH due to
spring snowmelt and release of acid accumulated over
the winter can be detrimental if they coincide with sen-
sitive periods of the fish reproductive cycle. Several
reports have documented sudden fish kills in both rivers
and lakes associated with springtime pH depressions
(14).

Survival of fish in water of low pH is influenced by
temperature, presence of metals such as aluminum,
hardness of the water, and type of acid input. Alumi-
num increases the sensitivity of fish to low pH levels
(15). Increases in the concentration of aluminum are
correlated with decreasing pH. Fish mortalities have
been documented as a result of increased aluminum con-

centrations, increased acidity, and the combination of
these two factors. The hardness of the water (mineral
content) increases the ability of fish to withstand low
pH; fish communities disappear from soft waters at
higher pH than they do from hard waters (16).

A recent inventory (1980)(17) of the New York State
Adirondacks (one of the largest sensitive lake districts
in the Eastern United States receiving significant
amounts of acid deposition) indicates that the brook
trout fishery has been most severely affected by acidifica-
tion. At least 180 former brook trout ponds in the Adir-
ondacks will no longer support populations. A survey
of 214 Adirondacks lakes in 1975 revealed that 52 per-
cent had surface pH levels below 5.0, and that 90 per-
cent of these were entirely devoid of fish life. Some of
these lakes had been surveyed between 1929 and 1937,
when only 4 percent (or 10 lakes) were below pH 5.0
and devoid of fish; over the intervening forty years en-
tire fish communities of brook trout, lake trout, white
sucker, prawn bullhead, and several cyprinid species
were eliminated (1 8).

Similar losses of fish species have been observed in
acidic lakes in the La Cloche mountain range of On-
tario, Canada ( 19). These field studies performed over
time show that species vary in their susceptibility to de-
clining pH, and that the mechanisms by which individ-
ual species are eliminated are complex. In Nova Scotia
there are nine rivers with pH less than 4.7 which previ-
ously had salmon that can no longer sustain trout or
salmon reproduction (20). Losses to brook trout popula-
tions in the Great Smoky Mountain National Park have
also been associated with the acidity of streams and alu-
minum concentrations (21 ).

In the field, mass mortalities of fish have been ob-
served during the spring due to the ‘‘acid shock’ from
high concentrations of pollutants in snowmelt. Elevated
concentrations of aluminum mobilized from the soils by
strong acids present in snowmelt water are thought to
be a contributing factor to such large-scale fish mortality
(22). Increases in juvenile salmon mortality in Nova
Scotia hatcheries have also been associated with snow-
melt-induced pH depressions (23).

Field surveys and laboratory experiments have shown
amphibian populations, such as frogs and salamanders,
to be extremely sensitive to changes in pH. Many spe-
cies breed in temporary pools that may be formed from
low-pH meltwater in spring. Because of the great vul-
nerability of their habitat to pH depressions, damage
to amphibian populations may be one of the earliest con-
sequences of acidification of freshwaters. Experiments
have shown correlations between pH and both mortality
and embryo deformity in frog and salamander popula-
tions (24).

Numerous invertebrate animals are known to be af-
fected by the acidification of water, although individual
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species may vary greatly in sensitivity. Of these, shell-
bearing organisms and molting crustaceans appear to
be the most sensitive to low pH (25). No molluscs are
known to inhabit waters of pH lower than 6.0, while
most crustaceans (e. g., crayfish) are absent from waters
of pH below 4.6 (26). Aquatic insects exhibit a wide
range of sensitivities to pH (27).

Single-celled algae are a basic constituent of the
aquatic food chain. Studies have shown that as pH
decreases, significant changes occur in the species and
diversity of algae that predominate (28). As lakes or
streams acidify, acid-tolerant algae proliferate (29). This
group of algae is not readily edible by zooplankton, the
animals that link algae and smaller fish in the food chain.
However, a recent study suggests that algal species have
some capability to adapt to acidic environments over
the long term. This may explain the observation that
a group of relatively recently acidified lakes in Norway
have less diverse algae than natural historically acidic
lakes (30).

Changes in algae community structure induced by
acidification may also alter zooplankton community
structure. Acidification of lakes is accompanied by
changes in abundance, diversity, and seasonality of
zooplankton which may reflect changes in their food
base (algae), predators (fish), and/or complex changes
in water chemistry, Since both population density and
average size of the animals are reduced, food availabil-
ity to fish and other animals may be reduced (31).

Limited findings from New York State suggest that
acid-tolerant algae may cover submerged aquatic plant
communities in acidic lakes, thereby preventing them
from receiving the sunlight necessary for growth (32).
Studies of Swedish lakes and preliminary information
from New York, Nova Scotia, and Ontario have shown
that acidification tends to cause decline of aquatic plants
and replacement by growths of sphagnum mosses on
lake and river bottoms (33). Sphagnum moss creates a
unique habitat which is considered unsuitable for some
species of bottom-dwelling invertebrates or for use as
fish spawning and nursery grounds (34). Dense
sphagnum beds may also reduce the appeal of freshwater
lakes and rivers for recreational activities.

A number of studies have also found that acidic waters
are more favorable to fungi than to normal bacterial
populations. In many Scandinavian lakes studied to
date, an increase in bottom accumulation of organic
matter has been observed. This has been attributed to
a shift in dominance from bacteria to fungi, which are
less effective at decomposing organic material and which
delay the recycling of nutrients (35).

Table B-6 and figure B-4 summarize the effects of
decreasing pH on aquatic organisms. Table B-6
describes biological processes affected in different orga-

Table B-6.-Effects of Decreasing pH
on Aquatic Organisms

p H Effect

8.0-6.0

6.0-5.5

5.5-5.0

5.0-4.5

4.5 and
below

In the long run, decreases of less than one-ha/f
of a pH unit in the range of 8.0 to 6.0 are likely
to alter the biotic composition of lakes and
streams to some degree. However, the
significance of these slight changes is not
great.

Decreases of one-ha/f to one pH unit (a threefold
to tenfold increase in acidity) may detectably
alter community composition. Productivity of
competing organisms will vary. Some species
will be eliminated.

Decreasing pH from 6.0 to 5.5 will reduce the
number of species in lakes and streams.
Among remaining species, significant altera-
tions in the ability to withstand stress may
occur. Reproduction of some salamander spe-
cies is impaired,

Below pH 5.5, numbers and diversity of species
will be reduced. Reproduction is impaired and
many species will be eliminated. Crustacean
zooplankton, phytoplankton, molluscs, amphi-
pods, most mayfly species, and many stone fly
species will begin to be eliminated. In contrast,
several invertebrate species tolerant to low pH
will become abundant. Overall, invertebrate
biomass will be greatly reduced. Certain higher
aquatic plants will be eliminated.

Below pH 5.0, decomposition of organic detritus
will be impaired severely. Most fish species
will be eliminated.

In addition to exacerbation of the above
changes, many forms of algae will not survive
at a pH of less than 4.5.

SOURCE: International Joint Commission, Great Lakes Advisory Board (1979),
after Hendrey, 1979.

nisms as the pH of water decreases. Figure B-4 displays
the percent of each of 7 major categories (taxonomic
groups) remaining as pH decreases. For example, at pH
7, 100 percent of normal mollusc species are present.
As pH decreases, the number of species remaining
decreases rapidly. At a pH of 5.5, all mollusc species
have disappeared.
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B.2 TERRESTRIAL RESOURCES AT RISK*

The Effects of Ozone on
Agricultural Productivity

For over two decades, ozone has been known to harm
crops (27). * * Alone, or in combination with sulfur di-
oxide (S02) and nitrogen oxides (NOX), it causes up to
90 percent of the Nation’s air pollution-related crop
losses (29). Previous studies estimated that 2 to 4 per-
cent of total U.S. crop production was lost annually,
using limited available data and assuming that all areas
of the United States just met the current ozone stand-
ard. These efforts were limited by the unavailability of
field-generated data on crop loss, insufficient data on
ozone levels in various parts of the country, and a lack
of integration with available crop distribution and pro-
ductivity data.

OTA’s analysis uses National Crop Loss Assessment
Network (NCLAN) field-experiment data on the effects
of ozone on crops (28), in combination with more re-
cent crop and ozone data, to estimate the effects of ozone
on U.S. corn, wheat, soybean, and peanut production.

The selected crops range in susceptibility to ozone
from sensitive (peanut) to sensitive/intermediate (soy-
bean) to intermediate (wheat) to tolerant (corn). Among
major U.S. agricultural commodities, these four crops
represent 62 percent of the acres harvested and 63.5 per-
cent of the dollar value. The analysis compared county-
level agricultural data with estimated county-level non-
urban ozone concentrations derived from measurements
at approximately 300 selected monitoring stations. Ac-
tual 1978 crop yields were assumed to represent poten-
tial yields minus reductions in productivity due to cur-
rent levels of atmospheric pollutants including ozone.
Data from controlled field experiments were used to de-
velop dose-response functions relating ozone level to
crop productivity. The functions were then used to es-
timate potential gains in productivity achievable by re-
ducing ozone levels to an estimated natural “back-
ground” concentration of 25 parts per billion (ppb).

The assessment estimates that in 1978, corn yields
would have increased by 2.5 percent, wheat by 6 per-
cent, soybeans by 13 percent, and peanuts by 24 per-
cent if ozone levels had been reduced to natural back-
ground levels. As measured by 1978 crop prices, this
represents about $2 billion of agricultural productivity.

‘This sectmn  adapted from O a k  R]dge  JNatlonal I,aboratory,  Enwronmen-
taf Sciences Division, ‘ ‘An Analysls of Potential Agriculture and Forest Im-
pacts of Long-Range Transport Alr Pollutants, ” C)”I’A contractor report, 1983,

● “Cltatlon numbers are keyed to Reference Ilst at back of this sectmn

Of the estimated dollar impact, soybeans represent 69
percent, corn 17 percent, wheat 6 percent, and peanuts
8 percent. The Corn Belt States of Illinois, Iowa, and
Indiana, plus Missouri, Arkansas, Minnesota, Ohio,
Kentucky, North Carolina, and Virginia were estimated
to have experienced the greatest agricultural effect.

Crop Response Data

Crop response data were obtained from the 1980
NCLAN Annual Report (77), or from earlier experi-
ments using the methods later adopted for the NC LAN
project (22,24,25). Test plants were grown in uniform,
open-top field chambers and exposed to carefully con-
trolled ozone levels. Yield data from plants receiving
charcoal-filtered air (25 ppb ozone) were used as con-
trols. Three sets of soybean data, four sets of wheat data,
and one set each for corn and peanuts were used to es-
timate quantitative relationships between ozone levels
and crop damage.

Crop Yield Data

The Census of Agriculture, conducted approximately
every 5 years by the Department of Commerce, devel-
ops an extensive national inventory based on responses
to mail questionnaires. The 1978 Census of Agriculture
provided county-level yield statistics for the surveyed
crops. The analysis averaged winter and spring wheat
yields together, and excluded sweet corn production
from corn yields.

Ozone Data

The U.S. Environmental Protection Agency (EPA)
provided estimates of seasonal ozone concentrations for
the analysis (75). EPA selected approximately 300 from
a total of over 500 EPA monitoring stations as regionally
representative and free from urban influence. Stations
and observations were screened to eliminate those with
few or unrepresentative readings. The monitoring sta-
tions are irregularly distributed, and large areas of the
country lack monitoring data for rural areas. The avail-
able data were used to estimate values for counties with-
out monitoring data using a statistical-averaging pro-
cedure called kriging. Seasonal averages were calculated
as the mean of the growing season months appropriate
for each crop (wheat, April-May; corn, peanuts, June-
August; and soybeans, June-September). The EPA esti-
mates of average ozone concentration during June to
September 1978 are show in chapter 4 (fig. 15).
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Regional Impacts

Figures B-5 through B-8 show the general pattern of
productivity gains for each crop as potential yield in-
creases (i. e., bushels/acre). Table B-7 summarizes these
yield increases (as percentage increases), and their mar-
ket value at 1978 average crop prices, by State. How-
ever, these dollar values do not reflect the potential price
effect of the projected yield increases. Since increasing
crop production would tend to lower crop prices, the
dollar values in table B-7 should only be considered a
surrogate for ozone-related crop damage; the dollar val-
ues allow comparisons of yield increases across all four
crops, as well as comparisons of potential State-level pro-
ductivity increases.

Projections of Economic Effects If Ozone Levels
Are Reduced in the Future

If ozone levels are reduced, the cost of producing an
ozone-sensitive crop will decrease, because the same
amount of land, fertilizer, labor, etc., will result in
greater crop yields. But the economic effects of reduc-
ing ozone levels also depend on how farmers and con-
sumers react to these changes. Farmers could, for ex-
ample, choose to grow the same amounts of these crops
as before, reducing their inputs of land, fertilizer, and
labor. Alternatively, they could increase their produc-
tion, making greater crop supplies available in the mar-
ketplace, though presumably at somewhat reduced crop
prices.

Analysts at the U.S. Department of Agriculture
(USDA) used two econometric models to estimate how
OTA’s projected yield increases might affect farmers
and consumers (80). The models assessed the potential
effect of eliminating half the manmade ozone over a 10-
year period (i.e., reducing ozone concentrations to the
midpoint between measured 1978 levels and the esti-
mated natural background level of 25 ppb by the early
1990’s).

One of the models focuses primarily on domestic agri-
cultural trends and policies; it projected that increasing
the productivity of these three crops would cause sup-
plies to increase moderately. However, it also projected
these increases to cause proportionately larger declines
in crop prices, reducing net farm income significantly,
while inducing only marginal declines in the Consumer
Price Index for food. The second model was designed
primarily to assess international trends in agricultural
production. While it also projected a moderate increase
in U.S. supplies of corn, wheat, and soybeans, changes
in production levels had significantly different economic
repercussions. Estimated price reductions and supply
increases were approximately in balance; supply in-
creases outweighed price declines for corn and soybeans,

while price declines were proportionately larger than
supply increases for wheat. Gross farm receipts for the
three crops overall were estimated to increase slightly.
The two models provide a qualitative perspective on the
complex relationship between pollution and the agricul-
tural sector of the economy; the economic effect of po-
tential ozone reductions depends heavily on both farmer
response and Federal agricultural policy.

Effects of Acid Rain on
Agricultural Crops

Because several major U.S. agricultural regions ex-
perience elevated levels of acid deposition, researchers
are attempting to determine whether acid deposition af-
fects crop productivity. Crops are more likely to be dam-
aged through direct contact with acid deposition on
aboveground portions of plants than through soil-related
effects. However, some soil-mediated effects—e.g.,
changes in nutrient availability, microbial activity, or
metal toxicity—might also be important.

Research on how acid deposition affects crops has ad-
vanced about as far as research on ozone effects in the
late 1960’s. Acid deposition is a mixture of chemicals;
plants respond not only to the hydrogen ions (acidity)
but also to sulfate and nitrate ions that can act as ferti-
lizers. Moreover, some researchers hypothesize interac-
tions with other physical and biotic causes of plant stress
(e. g., air pollution and pests), but little definitive evi-
dence exists on which to base conclusions.

Mechanisms of Acid Rain Effect on Vegetation

No direct, visible injury to vegetation in the field has
been demonstrated to result from exposure to ambient
acid deposition. Rather, information about effects comes
from a wide variety of approaches involving, in most
instances, some form of rain ‘‘simulation. Adding sul-
fate and nitrate to soil-plant systems can have both pos-
itive and negative effects. Each system’s response is af-
fected by: 1) precedent conditions (e. g., soil nutrient
status, plant nutrient requirements, plant sensitivity,
and growth stage); and 2) the total loading or deposi-
tion of the critical ions (nitrate, sulfate, and hydrogen
ions).

Concentrations of hydrogen ions equivalent to those
measured in highly acidic rainfall events (i. e., pH less
than about 3), have caused tissue lesions on a wide vari-
ety of plant species in greenhouse and laboratory ex-
periments. This visible injury is reported to occur at a
threshold of between pH 2.0 and 3.6. No evidence at
the present time suggests that hydrogen ion inputs have
any beneficial effect.
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Table B-7.— Estimated Crop Gains (percentage increase and millions of 1978 dollars) Due to Ozone
Reduction—Based on 1978 Crop and Ozone Data

Wheat Corn Soybeans Peanuts

Percent Millions Percent Millions Percent Millions Percent Millions
increase of dollars increase of dollars increase of dollars increase of dollars

Alabama . . . . . . . . . . . . . . .
Alaska . . . . . . . . . . . . . . . . .
Arizona . . . . . . . . . . . . . . . .
Arkansas. . . . . . . . . . . . . . .
California . . . . . . . . . . . . . .
Colorado . . . . . . . . . . . . . . .
Connecticut . . . . . . . . . . . .
Delaware. . . . . . . . . . . . . . .
Florida. . . . . . . . . . . . . . . . .
Georgia . . . . . . . . . . . . . . . .
Hawaii . . . . . . . . . . . . . . . . .
Idaho . . . . . . . . . . . . . . . . . .
Illinois . . . . . . . . . . . . . . . . .
Indiana . . . . . . . . . . . . . . . .
Iowa. . . . . . . . . . . . . . . . . . .
Kansas . . . . . . . . . . . . . . . .
Kentucky . . . . . . . . . . . . . .
Louisiana . . . . . . . . . . . . . .
Maine . . . . . . . . . . . . . . . . .
Maryland . . . . . . . . . . . . . . .
Massachusetts . . . . . . . . .
Michigan . . . . . . . . . . . . . . .
Minnesota . . . . . . . . . . . . .
Mississippi . . . . . . . . . . . . .
Missouri . . . . . . . . . . . . . . .
Montana . . . . . . . . . . . . . . .
Nebraska . . . . . . . . . . . . . .
Nevada . . . . . . . . . . . . . . . .
New Hampshire . . . . . . . . .
New Jersey . . . . . . . . . . . .
New Mexico . . . . . . . . . . . .
New York . . . . . . . . . . . . . .
North Carolina . . . . . . . . . .
North Dakota . . . . . . . . . . .
Ohio . . . . . . . . . . . . . . . . . .
Oklahoma . . . . . . . . . . . . . .
Oregon . . . . . . . . . . . . . . . .
Pennsylvania . . . . . . . . . . .
Rhode Island . . . . . . . . . . .
South Carolina . . . . . . . . . .
South Dakota . . . . . . . . . . .
Tennessee . . . . . . . . . . . . .
Texas . . . . . . . . . . . . . . . . . .
Utah . . . . . . . . . . . . . . . . . . .
Vermont . . . . . . . . . . . . . . .
Virginia . . . . . . . . . . . . . . . .
Washington . . . . . . . . . . . .
West Virginia . . . . . . . . . . .
Wisconsin . . . . . . . . . . . . .
Wyoming . . . . . . . . . . . . . .

United States.. . . . . . . .

8.0
—
—
5.6
—
7.6
—
2.0
—
8.0
—
—
5.3
5.2
5.9
4.8
3.7
7.3
—
2.0
—
4.0
4.9
6.7
4.5
0.9
6.2
6.3
—
3.0

10.2
5.5
7.2
5.3
4.6
4.7
1.5
5.6
0.0
8.3
5.4
4.9
7.3
7.8
—
3.2
1.9
3.9
6.6
7.5
5.3

—
—
—

1
—
12

—
—
—

1
—
—

5
3

—
33

1
—
—
—
—

2
3

—
4

—
13

—
—
—

2
—

1
—

5
17

—
1

—
—

3
1

12
—
—
—
—
—
—

1
125

2.7
—
—
4.5
2.3
3.0
0.0
3.0
1.2
2.7
—
—
2.6
3.0
2.3
2.8
2.4
2.3
—
3.4
—
1.6
1.1
3.7
2.7
—
2.1
—
—
1.9
3.6
2.1
4.1
0.7
2.8
3.0
—
2.5
—

4.1
1.3
2.9
2.9
3.7
—
3.6
—
2.1
2.3
3.0
2.4

1
—
—
—

2
5

—
1

—
5

—
—
68
42
73
10
6

—
—

4
—

7
15

—
11

—
32
—
—
.
—

2
10

—
22
—
—

7
—

2
5
3
7

—
—

4
—
—
15

—
361

13.3
—
—

18.8
—
—
—

12.0
9.2

15.8
—
—

13,0
13.7
11.3
9.9

12.8
10.8
—

14.1
—
6.3
9.6

18.0
12.7
—
8.4
—
—
9.4
—
—

20.6
—

12.1
17.9
—

10.1
0.0

21.7
8.1

13.2
11.5
—
—

19.1
—
—

12.0
—

28
—
—
132
—

—
6
5

29
—
—
262
123
200

17
30
54

—
11

—
9

76
89

120
—

21
—
—

3
—
—

48
—

97
6

—
2

—
37

6
43
12

—
—

15
—
—

5
—

1,485

19.5
—
—
—
—
—
—
—

14.9
22.3
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

35.9
—
—

26.3
—
—
—

35.9
—
—

12.7
—
—

38.9
—
—
—
—

23.8

21
—
—
—
—
—
—
—

5
72
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
34
—
—
10

—
—
—

2
—
—
10

—
—
21
—
—
—
—
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SOURCE: Oak Ridge National Laboratory, 1983.
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Recent research has found that vegetation is ex-
tremely responsive to the sulfur and nitrogen inputs in
acid precipitation. Evidence from studies of field-grown
soybeans (34) and forest tree species (2, 119) indicate an
apparent positive growth response to the sulfur and ni-
trogen in simulated acid rain. Other work suggests that
sulfur may have been a limiting factor in the nutrition
of experimental lettuce plots (37).

Pollutant deposition theoretically could affect soil-
plant systems over the long term through potential soil
changes— e.g., 10SS of calcium and magnesium or re-
lease of toxic metals. However, since croplands are
heavily managed and fertilized, such soil-related effects
due to acid deposition are unlikely.

Results of Field and Laboratory Studies

Several investigators have performed dose-response
experiments on a variety of plant species. Thresholds
for direct, visible injury to greenhouse foliage subjected
to simulated acid rain typically are about pH 3.1 (36).
However, field trials using the same treatment solutions
under both greenhouse and field situations yield signif-
icantly different estimates of species sensitivity.

Experimental evidence suggests that a plant’s
‘‘wetability’ is an important factor in its response to
acid deposition. Comparisons between studies of rela-
tively wetable, nonwaxy bean cultivars (19,38,83) and
studies of very waxy citrus leaves (26) show that the bean
cultivars have a threshold of between pH 3.1 and 3.5
for developing foliar lesions, while a greater than 400-
times increase in hydrogen ion concentration—to near
pH 2.0—is required to induce visible symptoms in the
citrus leaves. Waxy leaves appear to minimize the con-
tact time for acid solutions. Table B-8 summarizes re-
sults of field experiments that applied simulated acid rain
to nine crops: alfalfa, beet, corn, fescue, kidney bean,
mustard green, radish, soybean, and spinach. The table
lists effects on crop growth or yield rather than visible
injury. No consistent trends are observed. For exam-
ple, experiments on different types of soybeans resulted
in positive, negative, and no growth effects. For both
alfalfa and mustard green, altering the chemical com-
position of the acid rain simulant (but keeping the pH
constant) drastically altered experimental results. Fur-
ther complicating interpretation of these data, research
has shown that the experimental procedures used to
apply acid rain simulants also can affect results (18).

To summarize available information on how acid dep-
osition affects crops: 1 ) visible injury thresholds for acid
precipitation lie between pH 2.0 and 3.6, depending on
species, and may vary from pH 3.0 to 3.6 within the
same species (e. g., bean); 2) total dose of hydrogen ions
appears to be most clearly related to visible injury; and
3) growth effects in the absence of visible injury have

been reported at a threshold of between pH 3.5 and 4.0,
but sulfur and nitrogen in the precipitation may cause
positive net growth effects, depending on soil nutrient
status, buffering capacity, other growth conditions, and
plant nutrient requirements.

Relationship of Acid Rain to Overall Crop
Damage From Pollutants

Because acid deposition occurs throughout the East-
ern United States and Canada, vegetation is commonly
exposed both to gaseous pollutants such as ozone and
sulfur dioxide, and to wet deposition of acidic sub-
stances. Little information is available to evaluate how
plants respond to the combined effects of wet- and dry-
deposited pollutants.

The foliage of vegetation is wetted by rain, fog, or
dew formation during significant portions of the grow-
ing season in midlatitude temperate climates. During
these periods, leaf surfaces more readily take up dry-
deposited gases. For example, researchers found that
as S02 dissolved in the dew on leaf surfaces, the acidity
of the dew increased, suggesting the potential for dry-
deposited acidic pollutants to react directly with wet
vegetation surfaces ( 103).

Preliminary work suggests that acid deposition may
interact with other pollutants. One researcher observed
a significant growth reduction at harvest in plants in-
termittently exposed to ozone in addition to receiving
four weekly exposures to rainfall of pH 4.0 (85). Another
demonstrated that ozone depresses both growth and
yield of soybeans under three different acid rain treat-
ments, and that the depression was greatest with the
most acidic rain (36). Experiments on field-grown soy-
beans found that simulated acid precipitation (pH 3.1)
appeared to lessen plant response to S02 (34). The
mechanisms of interaction are currently under investiga-
tion, but unknown.

Effects of Multiple Pollutants
on Forests

One-third of the total land area of the United States
is forested; two-thirds of that area—approximately 400
million acres—is classed as commercial timberland.
Nearly three-quarters of the country’s commercial tim-
berland is located in the Eastern United States, dis-
tributed about equally between the North and South sec-
tions (fig. B-9). Nearly 80 percent of New England, and
greater than 40 percent of the Atlantic Coast States, are
forested.

Scientists have recently discovered productivity de-
clines in several tree species throughout the Eastern
United States from New England to Georgia. Acid dep-
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Table B-8.—Field Research on Effects of Acid Precipitation on Crop Growth and Yield

Species/variety Test pH As compared to: Effect

Alfalfa . . . . . . . . . . . . . . . . . . . . 3.0, 3.5,
4.0a

Beet . . . . . . . . . . . . . . . . . . . . . 2.7, 3.1, 4.0
5.7

Corn . . . . . . . . . . . . . . . . . . . . . 3.0, 3.5
4.0

Fescue . . . . . . . . . . . . . . . . . . . 3.0
3.5,4.0

Kidney bean . . . . . . . . . . . . . . . 3.2
Mustard green . . . . . . . . . . . . . 3.0a, 4.0a

3.5
Radish ’’Champion’’ . . . . . . . . 2.8

3.5
4,2
5.6

Radish “Cherry Belle” . . . . . . 3.0,4.0
3.5a

Radish “Cherry Belle” . . . . . . 2.7, 3.1, 4.0
Soybean “Amsoy” . . . . . . . . . 2.3

2.7
3.1, 4.0

Soybean “Amsoy” b. . . . . . . . . 2.7a

3.3a

4.1a

Soy bean ’’Benson’’ . . . . . . . . . 2.8
3.4

Soybean “Davis”. . . . . . . . . . . 2.8, 3.2, 4.0
2.4, 3.2, 4.1

Soybean “Wells” . . . . . . . . . . 3.06
5.6

Soybean “Williams” . . . . . . . . 2.8
3.4

Spinach . . . . . . . . . . . . . . . . . . 3.0, 3.5, 4.0

Control: 5.6
Control: 5.6
Ambient: 4.06
Ambient: 4.06

Control: 5.6
Control: 5.6
Control: 5.6
Control: 5.6
Control: 6.0
Control: 5.6
Control: 5.6
Control: 5.6
Control: 5.6
Control: 5.6
Ambient: 3.8
Control: 5.6
Control: 5.6
Control: 5.7
Ambient: 4.1
Ambient: 4.1
Ambient: 4.1
Control: 5.6
Control: 5.6
Control: 5.6
Control: 4.0
Control: 4.0
Control: 5.3
Control: 5.4
Control: 5.6
Ambient: 4.1
Control: 4.0
Control: 4.0
Control: 5.6

No effect on yield
No effect; 9°/0 greater yield
Lower number of marketable roots
10°/0 greater shoot growth,

16°/0 greater yield
No effect on yield or growth
9°/0 lower yield, no effect on growth
No effect on yield
19°/0, 24°/0 greater yield
No effect on yield or growth
No effect; 31 to 33% lower yield
No effect on yield
13 to 17°/0 higher root weight
7 to 11 0/0 higher root weight
3 to 7°/0 higher root weight
No effect; 12°/0 lower root weight
No effect on yield or growth
No effect; 25°/0 greater yield
No effect on yield or growth
No effect on yield, lower pods/plant
11 % lower seed weight, lower seeds and pods/plant
No effect on yield or growth
3 to 11 % lower yield
7 to 17°/0 lower yield
8 to 23°/0 lower yield
32°/0 greater yield, 17°/0 greater seed size
No effect on yield, 8°/0 smaller seed size
No effect on yield or growth
No effect on yield or growth
No effect on yield, 4°/0 greater weight/seed
No effect on yield, 4% greater weight/seed
No effect on yield, 17°/0 smaller seed size
No effect on yield, 22°/0 greater seed size
No effect on yield or growth

aDifferent acid rain simulants or treatment methods produced different results.
bSee reference 18 to text of this section.

SOURCE: Modified from U.S. Environmental Protection Agency, “Effects on Vegetation,” The Acid Deposition Phenomenon and Its Effects, Critical Assessment Review
Papers, Public Review Draft, 1983, except as noted above.

osition, ozone, heavy-metal deposition, drought, severe
winters or a combination of these are possible causes
under investigation.

By coring trees and measuring the thickness of an-
nual growth rings, scientists have observed marked re-
ductions in productivity beginning about 1960 in red
spruce, shortleaf pine, and pitch pine. Corings from
about 30 other species at 70 sites throughout the East
are currently being analyzed to determine the geograph-
ic extent and severity of the problem. Routine meas-
urements of tree growth by the U.S. Forest Service have
shown productivity declines in loblolly pine and shortleaf
pine during the 1970’s in the Piedmont region of South
Carolina and Georgia. Again, the cause of these declines
is not yet known, but air pollution is a possible factor.

Air pollutants can influence plant health through a
complex process that depends not only on the level of pol-
lution and duration of exposure but also on environmen-
tal factors that influence the plant’s overall response as

a living organism under stress. As with all stress-
inducing agents, air pollutants may initiate changes
within plant metabolic systems that cause extensive
physiological modifications; sufficient change may lead
to visible symptoms. In some instances, adding low pol-
lutant levels to a plant’s environment may induce a
fertilizer-like response. This phenomenon has been
analyzed in agronomic crops; however, no studies have
shown beneficial effects on natural ecosystems.

Continual exposure to pollutants such as ozone and
sulfur dioxide can cause tree death. Other contributing
or mitigating factors also may be involved (i. e., abiotic
or biotic disease-inducing agents or insect attack).
Depending on the tree species, the seasonal stage of
growth, pollutant dose, and environmental conditions,
many forms of injury, varying widely in impact, may
occur. A given plant may exhibit symptoms of acute and
chronic injury simultaneously. However, injury does not
necessarily imply damage (i. e., economic loss).
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Figure B-9.—Percent of Land Area Capable of Commercial Timber Production

aThe U.S. Forest Service deflnes commercial timberland as lands capable of producing greater than 20 Cubic feet of industrial roundwood per acre per year, in natural stands.

SOURCE: Oak Ridge National Laboratory from U.S. Forest Service inventory data.

The potential effects of acid deposition and gaseous
pollutants (e. g., ozone) on forest productivity can be dis-
cussed only qualitatively at present. Figure B-10 sum-
marizes the various mechanisms by which such a com-
bination of pollutants might affect forest productivity.
The top part of the diagram illustrates positive and
negative effects on exposed vegetation; the bottom part
of the diagram illustrates positive and negative effects
on vegetation through soil processes. For example, each
of the gaseous pollutants—ozone, SO2, and NOX—has
a predominantly negative effect on vegetation. Acid
deposition may have both positive and negative
effects-fertilizing the soil with sulfur and nitrogen, but
potentially leaching nutrients from leaves and releasing
toxic aluminum from the soil.

Figure B-10 shows the net effect on the growth of
vegetation as the sum of a series of positive and negative
effects. Site-specific factors that control plant responses
to any individual mechanism are likely to determine the
net effect on plant productivity, assuming that different
mechanisms do not interact to produce additional
effects.

The greatest potential for negative pollutant impacts
on trees appears to occur in the commercial forests of
the Southeastern Coastal Plain, the Mississippi River
Valley, the Appalachian Mountain chain, and the up-
per Ohio River Valley. These regions experience both
high concentrations of ozone and elevated levels of acid
deposition. In each of these areas, nitrogen inputs to
forests would be expected to partially offset negative im-
pacts, while sulfur inputs currently exceed forest growth
requirements and probably have neither a significant
positive or negative influence at this time.

To summarize the potential for long-term forest-pro-
ductivity effects from both acid deposition and gaseous
pollutants, at the present time OTA can state only that
such interactions might occur and that their probabil-
ity of occurrence is greatest in those regions of the East-
ern United States outlined above. The mechanisms in-
volved and the relative importance of those mechanisms
to forest growth response must be studied further in or-
der to better describe and eventually quantify these po-
tential effects.
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Implications of Potential Forest Productivity
Declines Due to Air Pollution

If air pollution is shown to significantly affect the pro-
ductivity of commercially forested timber species,
potential long-term effects on forestry and related in-
dustries could be of concern. OTA used in-house in-
formation and analyses to identify significant factors
about the current forest industry and how it might be
affected by potential forest productivity declines due to
air pollution.

It is estimated that improved management practices
on suitable lands could double sustainable timber har-
vest levels on over 90 percent of forestland in the East-
ern United States. Thus, significant potential for off-
setting future forest productivity declines exists.

However, if timber harvest levels do not increase, po-
tential forest-productivity losses due to air pollution
could be of particular significance for regional timber
markets in the South. Lack of softwood reforestation on
many private nonindustrial forest lands over the past
two decades may decrease softwood-timber harvests in
the South, beginning about 1995. Timber supplies in
the Northeastern United States appear to be adequate
for the foreseeable future. Productivity declines, whether
of regional or local scale, could threaten the economic
viability of individual lumbermills and papermills. Sig-
nificant reductions in harvests over a sustained period

●

could cause mill closures; papermills are particularly
vulnerable, since they represent large capital invest-
ments, and must operate very close to capacity (in gen-
eral, over 90 percent) to break even.

●

Potential losses in timber production in the Northeast
and South, if realized, could alter opportunities to in-
crease forest-product exports, and could, at the extreme,
result in increasing imports of timber from the Cana-
dian Northwest.

Effects of Ozone on
Forest Productivity

Considerable literature is available to describe ozone
effects on forest vegetation. Most studies examined
foliar (leaf) injury rather than yield loss. Table B-9 lists
tree species that have been determined to be sensitive,
of intermediate sensitivity, and tolerant of ozone. How-
ever, researchers caution against overreliance on these
relative rankings, because the individual experiments
varied in study methods used (exposure chamber, am-
bient air), age of trees, and type of response measured
(injury, growth).

Most of the few studies examining yield loss exposed
forest tree seedlings to ozone under controlled labora-
tory or greenhouse conditions. One field study, how-
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Table B-9.—Relative Susceptibility of Trees to Ozone Damage

Sensitive Intermediate Resistant
Tree-of-Heaven Boxelder Balsam fir
juneberry eastern redbud white fir
white ash Japanese larch sugar maple
swamp ash incense cedar Norway maple
honey locust sweetgum European white birch
European larch knobcone pine flowering dogwood
tulip poplar Iodgepole pine European beech
jack pine short leaf pine American holly
coulter pine South Florida slash pine black walnut
Jeffrey pine sugar pine western juniper
Austrian pine pitch pine swamp tupelo
ponderosa pine eastern white pine Norway spruce
monterey pine Scotch pine white spruce
Ioblolly pine Torrey pine blue spruce
Virginia pine scarlet oak red pine
American sycamore pin oak digger pine
Japanese poplar black oak Rocky Mountain Douglas fir
black cottonwood common lilac common pear
quaking aspen Chinese elm

●
shingle oak

white oak bur oak
European mountain ash English oak
lilac northern red oak

black locust
redwood
giant sequoia
northern white cedar
American basswood
Iittleleaf linden
eastern hemlock

SOURCE: D. D. Davis and H. D. Gerhold, “Selection of Trees for Tolerance of Air Pollutants,” Better Trees for Metropolitan
Landscapes Symposium Proceedings, U.S. Forest Service General Technical Report, NE-22:61-66, 1976.

●

ever, has measured yield reductions in mature white
pine in the Blue Ridge Mountains of Virginia.

The study compared annual radial-increment growth
in tolerant, intermediate, and sensitive varieties of white
pine (Pinus strobus) (6). Observed within-species varia-
tions in ozone-induced foliar injury were used to classify
trees into the three sensitivity categories. The trees were
then compared to determine how much less growth had
occurred in the sensitive and intermediate varieties than
in their tolerant counterparts. Growth in the sensitive
and intermediate varieties was reduced by 45 percent
and 15 percent for 1 year (1978), by 40 percent and 20
percent over a 10-year period (1968-78), and by 28 per-
cent and 15 percent over a 25-year cumulative period.
These figures may be conservative, as they are based
on comparisons to ozone-tolerant tree growth in areas
of known ozone occurrence (50 to 75 ppb, 7-hour aver-
age, May-September yearly).

Several field studies related significant changes in
forest ecosystem response to ambient oxidant concen-
trations (88). The San Bernardino Mountain Study doc-
umented mortality of sensitive ponderosa (Pinus pon-
derosa) and Jeffrey (P. Jeffreyi) pines after bark beetles
infested air-pollution-stressed trees (63,65). Air pollu-

tion stress appears to be shifting forest species composi-
tion toward more tolerant species such as white fir.
Other examples of shifts in species composition associ-
ated with oxidants or mixtures of air pollutants also have
been reported (21,60),

Fate and Effects
in Forest

Upon entering a forest

of Acid Deposition
Ecosystems

ecosystem, acidic pollutants
such as sulfate and nitrate become part of a chemical
system regulated by a variety of natural processes, The
chemical constituents of acid deposition should be
viewed as an addition to the hydrogen, sulfate, and
nitrate ions produced and cycled naturally within for-
est ecosystems.

This section discusses ways in which atmospherically
deposited hydrogen, sulfate, and nitrate ions could af-
fect forest nutrient cycles. The section also examines the
fate and effects of deposition in excess of amounts that
can be biologically used, or chemically trapped or neu-
tralized by forest soils.
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Effects on Forest Sulfur and Nitrogen Status

Acid deposition contains readily usable forms of the
essential plant nutrients sulfur and nitrogen. Nitro-
gen-deficient forests are common throughout the United
States, but sulfur-deficient forests are much less com-
mon, occurring primarily in the Pacific Northwest
(98,99,1 14,120).

Atmospheric inputs of nitrate and ammonium could
improve nitrogen nutrition substantially in forests of the
North Central and Northeastern States, especially in
areas near the eastern Great Lakes. In most areas of
the West, atmospheric nitrogen inputs are much less sig-
nificant when compared to the total nitrogen re-
quirements of Western forests.

The sulfur deposited in some forested areas of the
Western United States may be less than that required
for optimal growth, but data to quantify how widely this
occurs are scanty. Much of the Eastern United States
appears to receive inputs equal to or in excess of tree
sulfur requirements. Moreover, trees require nearly 15
times as much nitrogen as sulfur, on a weight basis, to
synthesize protein. The ratio of nitrogen to sulfur in at-
mospheric deposition is far from this ideal value
throughout the United States, with greater amounts of
sulfur than nitrogen deposited over most of the Eastern
United States. Thus, it would appear that substantially
greater quantities of sulfur are being deposited than can
be used as fertilizer over the long term, and that many
forests would have to be heavily fertilized, or otherwise
enriched in nitrogen, to benefit at all from sulfur depo-
sition (99).

Forests do not depend entirely on atmospheric inputs
to meet nutrient requirements, as they recycle nutrients
—e. g., by reclaiming them from decomposing leaves.
When atmospheric nutrient inputs fail to meet growth
requirements and soil-available nutrient supplies are low
(as is often the case for nitrogen), recycling processes
within forest ecosystems and nutrient translocation from
one part of a tree to another help supply nutrients to

growing tissues. Thus, while increased atmospheric ni-
trogen and sulfur inputs might benefit forests limited
in those nutrients, under undisturbed conditions at-
mospheric inputs do not have to equal plant uptake to

maintain site fertility. However, to maintain site fertil-
ity in harvested forests, inputs must compensate for the
amount of nutrients removed by logging.

Effects on Forest Cation Nutrient Status

In addition to supplying some nutrients, acid depo-
sition (and naturally produced acids) can remove other
nutrients stored in leaves, the litter layer on the forest
floor, or the soil. The hydrogen ions (i. e., the “acid-
ity’ of acid deposition can replace or ‘‘leach’ nutri-

ent cations, * removing these essential nutrients from
the forest ecosystem.

Acid deposition can remove essential nutrient cations
(e. g., calcium) directly from tree foliage. If the rate of
nutrient loss is greater than can be replaced through the
roots, nutrient deficiency will result. Scientists do not
know which tree species are most susceptible to foliar
nutrient loss, or the level of acid deposition at which
such loss becomes harmful. For any given species, the
rate of loss probably depends on both the total amount
and concentration of acid-producing substances (sulfate
and nitrate) deposited on leaf surfaces.

Nutrient leaching from soils is somewhat different.
No cation leaching will occur unless the acid-producing
substances can travel freely through the ecosystem (47).
Since forest nitrogen deficiencies are very common and
nitrate is taken up readily by forest vegetation (1 ,74),
atmospheric nitrate inputs are unlikely to be mobile
enough to leach significant amounts of nutrient cations
from most forest soils. Sulfate, the other major acid-pro-
ducing substance in rainfall, can travel through many
types of forest soils and is, therefore, of greater concern.

While acid deposition can accelerate cation leaching
rates, the magnitudes of these increases must be com-
pared to losses from natural leaching processes. The rel-
ative importance of deposition-induced leaching depends
on: 1 ) the amount of acid input at a given site, 2) the
rate of soil leaching by natural processes (8, 10,66), and
3) the ability of soils to buffer against leaching (e. g.,
by “adsorbing” or trapping sulfate onto their surfaces)
(46). Furthermore, a number of variables govern how
accelerated leaching ultimately affects forest cation nu-
trient status, most notably: 1) the amount of exchange-
able cations, 2) the rate at which nutrients are replaced
through mineral weathering (74,9 1), 3) forest cation nu-
trient requirements, and 4) management practices such
as harvesting (44).

If the quantities of soil cation reserves within a forest
ecosystem are large relative to leaching rates (e. g., in
calcareous soils), a doubling or tripling of leaching rates
due to acid rain probably would be of little consequence.
If reserves are small (e. g., in highly weathered soils),
doubling or tripling of leaching rates may have long-
term significance. Soils in which current input levels of
acid deposition can significantly deplete nutrient re-
serves over less than many decades are probably rare,
however. Nonetheless, given a sufficiently large input
for a sufficient amount of time, acid rain must even-
tually deplete these reserves.

Currently, few forests of the United States have ca-
tion deficiencies, although notable exceptions are known
in certain forests of the Northeast (90). An intensive

“Nutrients [hat have the same chemical charge as hydrogen Ions, e g.,
calcium, magnesium, and potassium
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study of a central Adirondack Mountain forest indicates
that atmospheric sulfate deposition has increased rates
of soil nutrient-cation leaching substantially (66). Since
these soils are quite low in available cation reserves, the
researchers concluded that, “Chronic leaching by [sul-
furic acid] combined with internally generated organic
acids may represent a real threat to the nutrient status
of many Adirondack forest soils’ (66). However, the
authors acknowledge that total soil cation reserves and
weathering rates (or rates at which these reserves become
available to trees) are unknown, and that a complete
assessment must encompass these factors. Acid rain itself
may cause soil weathering rates to increase, potentially
offsetting accelerated nutrient leaching to some extent.

Effects of Aluminum Mobilization

Soil scientists have long known that soils release alu-
minum under sufficiently acid conditions (5, 121 ). Alu-
minum is also known to be toxic to plant roots in suffi-
cient concentrations, either killing them directly or
interfering with nutrient uptake (especially phosphorus
and calcium) (71, 73). Researchers recently found a
marked increase in soil aluminum concentrations over
a 13-year period in a beech and Norway spruce forest
soil at the Soiling site in West Germany (58, 101). They
attributed the change to a combination of natural acidi-
fying processes within the forest ecosystem and atmos-
pheric acid inputs. Furthermore, the authors believe that
aluminum levels have become toxic to tree roots, pos-
ing a situation with ‘‘serious consequences for forestry
in Central Europe.

The findings of these West German researchers are
cause for concern, but they may not apply to all forest
types. Acid and sulfate inputs are very high at the Soll-
ing site, as would be necessary to further acidify a soil
that was initially very acid. Moreover, species vary
widely in their susceptibility to aluminum toxicity. *

Similar declines have been observed in red spruce in
the Northeastern United States. However, recent work
fails to support the soil aluminum hypothesis in these
cases. Specifically, researchers found no changes in soil
pH over a 15-year period (1965-80) and no relationship
between tree vigor and root or foliar aluminum concen-
tration. The causes for the decline in red spruce are un-
known as of this writing. Acid rain, aluminum concen-
trations, and forest decline, but acid rain (perhaps via
other mechanisms) remains one of several working hy-
potheses under investigation.

“Researchers repon  great variations m toxicity thresholds among several tree
species, ranging from 10 mg/1 Al in solution for a poplar hybrid to 80 to 120
mg/1 in oak, birch, and pine (61 ). Others report Al concentrations in
‘‘equ ilibrium soil solution (i. e., solution obtained after extraction of soil with
water for 24 hr) of less than 3 mg/1 (101 ) More recently, Al concentrations
of nearly 20 mg/1 in soil solutions were reported from the spruce stand at Soil-
ing (58).

It must be emphasized that acid rain effects are site-
specific, depending on the amount of acid input and on
the vegetation, soils, and nutrient status of the site
receiving such inputs. Forest ecosystems in general can-
not be expected to respond to acid rain in any single
way.

The Regional Distribution of Soils
at Risk From Acid Deposition

Analysts have proposed and used several sets of sen-
sitivity criteria to define geographical regions most sus-
ceptible to acid deposition effects. Each set is based on
scientific concepts that aim at particular target orga-
nisms or ecosystems (e. g., forests or aquatic ecosystems).
Those directed toward aquatic effects emphasize bed-
rock geology (3 1,67), while those directed toward soils
effects emphasize cation exchange capacity (C EC) and
base saturation (52,59).

Scientists at Oak Ridge National Laboratory have
classified unmanaged (i. e., forest or range) soils accord-
ing to their sensitivity to three types of acid-deposi-
tion-induced changes: 1) losses of essential nutrients
such as calcium and magnesium, 2) release of toxic
metals such as aluminum, and 3) further acidification.

The classification scheme uses three soil properties:
1) whether the soil adsorbs (chemically traps) sulfate;
2) the soil’s cation exchange capacity (CEC); ** and 3)
the PH (acidity) of the soil, which also indicates base
saturation, i.e., the relative proportion of basic cations
(nutrients such as calcium and magnesium) to acidic ca-
tions (hydrogen and aluminum).

Table B-10 outlines the relative sensitivities of vari-
ous soil types; figures B-11 and B-12 describe the chem-
ical exchanges that acid deposition produces in each of
these soils. Figure B-13 maps the extent and location
of these soils in the Eastern United States. The three
types of potential soil changes attributable to acid depo-
sition are discussed separately below.

RELEASE OF ALUMINUM

As shown in table B-10, soils that are naturally acidic
(i.e., pH below about 5) and that do not adsorb sulfate,
are considered most likely to release toxic metals such
as aluminum. Figure B-11 illustrates the mechanism
schematically. Sulfate and hydrogen ions from acid
deposition reach the soil layer. Because the soil does not
trap sulfate, the sulfate is free to move through the soil.
The associated hydrogen ion can either: 1) travel with
the sulfate, or 2) be exchanged on the soil surface for
a base cation (e. g., calcium or magnesium) or an acid

“ “The total amount of cations (positively charged ions such as calclum,
magnesium, atuminum,  and hydrogen) the soil can hold.
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Table B-10.—Theoretical Sensitivities of Forest Soils to Acid Deposition

Soil properties Terrestrial sensitivity to:

Soil
Base acidification

pH CECa cation loss (surface soils)

I. Non-sulfate-absorbing soils
1. >6 High High Low
2 . > 6 Low High Low-moderate
3. 5-6 High High Moderate
4. 5-6 Low High High
5 . < 5 High Moderate Moderate
6 . < 5 Low Moderate Moderate

IL Sulfate-absorbing soils
7. >6 High Moderate Low
8 . > 6 Low Moderate Low-moderate
9. 5-6 High Low Moderate

10. 5-6 Low Low High
11. <5 High Low Moderate
12. <5 Low Low Moderate

Al
solubilization

Low
Low-moderate

Moderate
Moderate

High
High

Low
Low
Low
Low
Low
Low

%Cation Exchange Capacity (CEC).
bHigh CEC = above 9.0 meq/ml, low CEC = below 9.0 meq/ml

SOURCE: Oak Ridge National Laboratory, 1983.

cation (aluminum or another hydrogen ion). Because
aluminum both dissolves most easily and is most plen-
tiful in acid soils (fig. B-11c), these soils release the great-
est amounts of aluminum.

Figure B-12 illustrates soil processes in sulfate-adsorb-
ing soils. Because these soils can trap both sulfate and
the associated hydrogen ion from acid deposition, less
aluminum is released.

Figure B-13 shows the distribution of soils considered
susceptible to aluminum release, based on county-level
soil data. The medium-grey areas are the naturally acid,
nonsulfate adsorbing soils discussed above. These cover
New England, and parts of northern New York State,
the upper Midwest, and the South. Acid soils that can
adsorb sulfate are shaded as light grey. These cover large
areas of the South and South Central States. Because
soils classified as adsorbing sulfate often do so only in
deeper soil layers, the surface layers in these regions still
might be susceptible to aluminum release.

SOIL ACIDIFICATION

Soils thought to be sensitive to further acidification
are moderately acid (pH about 5 to 6) with low CEC.
Such soils occur to a very minor extent in those regions
receiving significant inputs of acid deposition. As shown
as the darkest areas on figure B- 13, these soils predom-
inate in scattered counties east of the Mississippi (i. e.,
counties in Illinois, Indiana, Georgia, and Tennessee).
Other areas of the East receiving higher deposition levels
(e.g., parts of the Adirondacks) probably have some soils
of this type, but not in sufficient quantities to constitute
a county’s predominant soil type.

For these moderately acidic soils, concerns over fur-
ther acidification include: 1 ) potential effects on soil
biota, 2) release of aluminum if acidity increases to
below a pH of about 5, and 3) the loss of nutrients from
these soils, as discussed below.

NUTRIENT DEPLETION

As shown in table B-7, those soils most susceptible
to nutrient cation (calcium, magnesium, and potassium)
loss are soils with a moderate to high pH that do not
adsorb sulfate. Again, figures B-11 and B-12 show the
mechanisms of nutrient loss. As sulfate and associated
hydrogen ions enters the soil layer, the hydrogen ions
can be exchanged for base cations. Sulfate-adsorbing
soils trap hydrogen ions (fig. B-12), while lower pH soils
(e. g., fig. B-11c) exchange most of the hydrogen ions
for aluminum and remove fewer nutrient cations.

Of the soils listed as most susceptible to nutrient loss
in table B-9, only the moderate pH, nonsulfate adsorb-
ing soils with low CECs have both a high potential for
nutrient loss and low enough nutrient levels so that this
loss might be significant. These are the same soils dis-
cussed above as being susceptible to further acidifica-
tion, and are shown on figure B-13 as the darkest
regions.

Though listed as only moderately susceptible to nu-
trient loss in table B- 10, naturally acid, nonsulfate-
adsorbing soils typically have the lowest quantities of
stored nutrient cations. Some of these areas may have
such low nutrient levels that further loss might affect
forest productivity. Such areas might be located within
the medium-grey regions shown in figure B-13; how-

99 - 413 0 - 84 - 1 fj s QL . 3
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Figure B-n .—Schematic Diagrams of Soil Leaching in Non-Sulfate-Adsorbing Soils
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Figure B-12. -Schematic Diagrams of Soil Leaching in Sulfate-Adsorbing Soils
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Figure B-13.-Soil Sensitivity to Acid Deposition (nonagricultural)

Forested and range areas with soils thought to be susceptible to the effects of acid deposition. Shaded areas represent counties
in which a susceptible soil type predominates. The three levels of shading correspond to different soil types, and potential
effects, rather than to degrees of susceptibility.

Soils most susceptible to further
acidification and nutrient loss

Naturally acidic soils most
susceptible to aluminum release;
nutrient loss might be significant

Naturally acidic soils potentially
susceptible to aluminum release;
surface soils might allow aluminum
release, but subsurface soils might
not be susceptible
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ever, whether nutrient loss rates exceed natural replace-
ment rates from weathering is unknown.
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B.3 MATERIALS AT RISK

Air pollutants are one of a number of environmental
factors—including humidity, temperature fluctuations,
sunlight, salts, and micro-organisms—known to cause
materials damage. Studies have demonstrated that a
broad range of materials, including building stone, rub-
ber, zinc, steel, paint, leather, textiles, paper, and
photographic materials are affected by such pollutants
as sulfur oxides (SOX), nitrogen oxides (NOX), and
ozone. For most of the materials under discussion, S0x

(i,e., sulfur dioxide and its transformation products, in-
cluding sulfates and sulfuric acid) are the chief anthro-
pogenic cause of damage; however, rubber is affected
chiefly by ozone, while ozone and NOX have the great-
est effect on textile dyes. Table B-11 summarizes the
types of damage that occur to various categories of ma-
terials, as well as natural causes of deterioration, meth-
ods of measurement, and available mitigation measures.

Pollutants generally damage materials in ways that
are not qualitatively different from the weathering ef-
fects caused by the natural environment. Consequently,
estimating how much of observed damage is contrib-
uted by pollution sources is extremely difficult. The di-
verse pollutant mix characteristic of heavily industrial-
ized urban areas-where greatest amounts of materials
damage would be expected—increases the difficulty of
pinpointing the cause and mechanisms of damage. In
addition, environmental legislation and changes in man-
ufacturing processes have caused pollution patterns to
change over time; in particular, concentrations of large
particulate have decreased dramatically over the last
decade. As a result, pollutant-atmospheric conditions
that may have contributed significantly to such notable
effects as the deterioration of sculptural stone may no
longer prevail in the United States. Finally, the rela-
tive contribution of local v. transported pollutants to
observed materials damage is unknown. However, since
both pollution sources and quantities of sensitive mate-
rials tend to be concentrated in urban areas, most re-
searchers consider that local-scale pollutants account for
the bulk of currently recognized materials damage.

Two kinds of materials damage are of concern: 1)
damage to culturally significant structures and monu-
ments, and 2) damage to reparable or replaceable ‘ ‘com-
mon construction material items. The effects of air
pollutants on unique or historically important statuary,
monuments, buildings, or other artifacts are often ir-
reparable; consequently, their cost to society cannot be
described completely in monetary terms. Damages to
sculptural stone and bronze, and to historic buildings
constructed of such sensitive materials as marble, sand-
stone, and limestone, are frequently of this nature.

Pollution-induced damages to replaceable materials,
and their economic costs, are potentially quantifiable.
However, a great deal of information must be taken into
account in estimating pollution-related losses. Since
those damages tend to be similar in form to other envi-
ronmental damages to materials, they are likely to af-
fect the rate at which preventive, mitigative, or replace-
ment activities occur, but not to be their sole cause.
Little information is available on how pollutant-related
damages affect normal maintenance and repair activi-
ties. Analysts also need information on the amount of
materials damage for which specified pollutant levels are
responsible. Most of our knowledge about the rates at
which specified pollutant levels cause individual mate-
rials to deteriorate is based on field and laboratory ex-
periments using small samples of materials rather than
measurements from actual structures. Knowledge about
pollutant-material interaction is further limited by the
failure of many studies to consider (and measure) impor-
tant environmental factors. Moreover, estimates of the
total quantities of materials exposed and their distribu-
tion are limited, so that little information is available
to evaluate the extent or the economic consequences
of such damage over large geographic areas. Informa-
tion gaps in each of these areas have, to date, prevented
investigators from developing reliable estimates of the
overall economic effects of materials damage.

Other factors that may affect how much damage takes
place, and about which little is currently known, are:
1) microclimatic variations, 2) the physical placement
of materials, and 3) chemical and physical variations
in seemingly similar materials. For example, rain may
wash sulfate and nitrate particles from exposed surfaces
and remove the build-up of soluble pollutant-material
residues, while the particles that remain on rain-shel-
tered surfaces may cause greater damage. Variations
in the properties of stone might cause samples from even
the same quarry to deteriorate at significantly different
rates under similar atmospheric exposure conditions.

Several laboratory and field experiments have esti-
mated ‘ ‘dose-response’ relationships for a limited num-
ber of specific pollutant-material interactions. Greatest
amounts of data are available on the effects of S0x on
such metals as zinc and steels under different weather/at-
mospheric conditions. Sulfur oxides corrode metals; the
volubility of a given metal, and its ability to form stable,
protective metal oxide coatings when exposed to the at-
mosphere, determine its ability to withstand corrosion.
Metal corrosion always requires moisture, and tends to
accelerate above critical humidity levels that range from
60 to 80 percent, depending on the particular metal.



Table B-Il.—Air Pollution Damage to Materials

Principal air
Materials Type of impact Pollutants Other environmental factors Mitigation measures

Metals

Building stone

Ceramics and
glass

Paints and
organic coatings

Paper

Photographic
materials

Textiles

Textile dyes

Leather

Rubber

Corrosion, tarnishing Sulfur oxides and
other acid gases

Surface erosion,
soiling, black crust
formation

Surface erosion,
surface crust
formation

Surface erosion,
discoloration,
soiling

Embrittlement,
discoloration

Microblemishes

Reduced tensile
strength, soiling

Fading, color change

Weakening,
powdered surface

Cracking

Sulfur oxides and
other acid gases

Acid gases,
especially fluoride-
containing

Sulfur oxides,
hydrogen sulfide

Sulfur oxides

Sulfur oxides

Sulfur and nitrogen
oxides

Nitrogen oxides,
ozone

Sulfur oxides

Ozone

Moisture, air, salt, particulate
matter

Mechanical erosion,
particulate matter, moisture,
temperature fluctuations,
salt, vibration, CO2, micro-
organisms

Moisture

Moisture, sunlight, ozone,
particulate matter,
mechanical erosion, micro-
organisms

Moisture, physical wear,
acidic materials introduced
in manufacture

Particulate matter, moisture

Particulate matter, moisture,
light, physical wear, washing

Light, temperature

Physical wear, residual acids
introduced in manufacture

Sunlight, physical wear

Surface plating or coating, replacement with
corrosion-resistant material, removal to
controlled environment

Cleaning, impregnation with resins, removal
to controlled environment

Protective coatings, replacement with more
resistant material, removal to controlled
atmosphere

Repainting, replacement with more resistant
material

Synthetic coatings, storing controlled
atmosphere deacidification, encapsulation,
impregnation with organic polymers

Removal to controlled atmosphere

Replacement, use of substitute materials,
impregnation with polymers

Replacements, use of substitute materials,
removal to controlled environment

Removal to a controlled atmosphere,
consolidated with polymers, or replacement

Add antioxidants to formulation, replace with
more resistant materials

SOURCE: U.S. Environmental Protection Agency, “The Acidic Deposition Phenomenon and Its Effects,” Critical Assessment Review Papers, vol. II, EPA-600/8-83-016B, May 1983.
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However, results from certain recent studies suggest that
the rate of pollutant-induced corrosion depends most on
‘‘time-of-wetness’1—i.e., the relative length of time a
metal surface is wet (e. g., from morning dew).

Studies have shown that current ambient concentra-
tions of sulfur dioxide (S02) can accelerate the corro-
sion of exposed ferrous metals, and that higher relative
humidities significantly increase the extent of SO2-
induced corrosion. However, most uses of ferrous metal
products involve the application of such protective
coatings as paint and zinc, or the addition of protective
alloys. Zinc coatings, used primarily for galvanizing
steel, are also corroded by atmospheric S02 concentra-
tions, potentially allowing steel underneath to rust, and
accelerating maintenance or replacement.

‘J E }’ocum  a n d  N S Baer,  “ E f f e c t s  on Matermls,”  T-he AcJd~c  Deposi-
[mn Phenomenon and [M Eflecrs, Cr~tlcaf Assessment Review Papers, public
review draft, U. S Envlronmenta]  Protectmn  ,Agency, 1983

The extent of zinc corrosion at given ambient S02

levels depends on such climatic factors as relative hu-
midity, windspeed, and time-of-wetness; and on the sur-
face geometry of the product. The economic importance
of zinc has caused its reaction to sulfur pollutants to be
extensively studied. A number of researchers have de-
veloped dose-response estimates for zinc coatings. For
example, figure B-1 4 shows an experimental estimate
of the difference between rates of zinc corrosion for large
sheets of roofing and siding and those for wire fencing,
under different environmental conditions. Rates for gal-
vanized wire and fencing are approximately double
those of galvanized sheet exposed to the same environ-
ment. The figure suggests that differences between rel-
ative humidities in various areas of the country are more
significant to corrosion rates than differing S02 levels.
One researcher has calculated that, for an area with an
average humidity of 70 percent, rust could first appear
on fencing after 10 years at S02 concentrations of 80

Figure B-14.– Estimated Corrosion Rates for Zinc Coatings
on Galvanized Steel

— Galvanized roofing and siding

SOURCE: Derived from equations in: “Review of the National Ambient Air Quality Standards for Sulfur
Oxides: Assessment of Scientific and Technical Information, ” US. Environmental Protection
Agency, 1982.
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µg/m (the primary ambient air quality standard), as op-
posed to an interval of about 30 years required for rust
to appear in the absence of S02. First rust would occur
later on most products, depending on the surface geom-
etries and/or coating thicknesses involved.2

A variety of paints has been found to be susceptible
to SO2-induced damage. However, the available evi-
dence suggests that climate tends to play a far more sig-
nificant part in determining deterioration rates than
SO2 concentrations. Sulfur oxides appear to accelerate
normal erosion processes in paint, and to interfere with
drying processes of certain paints. Experiments have
found that oil-based paints are the most susceptible to
damage, probably because they use extenders that re-
act readily with acidic pollutants. No recent studies of
the effects of pollutants on paints are available; a limited
number of earlier studies were performed during the
early 1970’s under atmospheric/pollutant conditions that
may differ substantially from current ones.

Extensive qualitative information is available on the
effects of SO2 on stone and masonry. In general, the
greater the porosity or permeability of stone and ma-
sonry, the greater its vulnerability. Such carbonate
stones as limestone and marble are particularly sensitive
to damage from acidic pollutants. Water serves as a me-
dium for bringing acidifying pollutants into contact with
these materials. Crumbling of stone through “normal’
deterioration (i. e., through freezing and thawing) may
further expose stone surfaces to sulfur pollutants. Sulfur
oxides react with calcite, the major constituent of car-
bonate stone and a cementing material in some sand-
stones, to form calcium sulfate. Calcium sulfate deposits
can form crusts and/or be dissolved by runoff waters,
washing away or eroding a layer of stone in the proc-
ess. Alternatively, calcium sulfate can be transported
into the body of the stone or masonry, where it may
crystallize and cause the material to crumble or
fragment.

In addition, bacteria on the surface of buildings con-
vert atmospheric S02 into sulfuric acid for use as a di-
gestive fluid. This fluid can react with the calcium car-
bonate in limestone, marble, or sandstone to produce
calcium sulfate, eroding the building surface when it
flakes off or dissolves. The various processes have the
same net effect: accelerated stone weathering that causes
statues to lose detail and reduces the structural integrity
of stone buildings.

A recent study of marble deterioration in the United
States has measured decay rates on the order of 2.0 mm/
100 years; however, studies of more reactive stones in
European cities have yielded substantially greater de-

‘U S Environmental Protectmr  Agency, Review of the National Ambient
Air Qualltj’  Standards fbr Sulfur ox]des Assessment of.% ientific  and Techni-
cal lnfbrmarmn,  OAQPS  Staff Paper, EPA-4501 5-82-007, 1982

terioration rates. Ongoing investigations of 3,900 mar-
ble tombstones located in 21 U.S. National Cemeteries
are developing data on marble decay in headstones ex-
posed to the environment for 1 to 100 years. Since the
marble for these tombstones is supplied from only a few
quarries, the effects of climatic and pollutant conditions
on a relatively standardized stone can be examined
across several regions. Preliminary results show the size
of grain in the marble, total amount of precipitation,
and local air quality to be significant factors affecting
decay.

Efforts to estimate aggregate materials damage to the
Eastern United States, whether in physical or economic
terms, are hampered by the lack of available informa-
tion on the distribution of sensitive materials through-
out the regions subject to elevated pollution levels.
Materials at risk may not be distributed simply as a
function of population density; limited field surveys sug-
gest that the period of settlement and urban develop-
ment, and the local availability of particular materials,
also may be influential, For example, a recent field
survey of the quantities of paint, galvanized steel, and
structural concrete exposed to different concentrations
of S02 inthe greater Boston area suggests that substan-
tially smaller quantities of galvanized steel may be ex-
posed to atmospheric conditions than generally has been
assumed. 3 OTA attempts to develop regional materials
inventories and/or reliable surrogates for estimation pur-
poses were unsuccessful.

An estimate of U.S. historic resources exposed to ele-
vated ambient concentrations of S02 has been prepared
under the United States-Canada Memorandum of In -
tent on Transboundary Air Pollution. 4 Using data from
the National Register of Historic Places, which includes
sites either associated with an event or person, having
architectural or engineering significance, or potentially
contributing to historic studies, researchers estimated
that approximately 16,800 of the 18,300 sites registered
as historic places in the 31 Eastern States are in coun-
ties that experience average ambient S02 concentrations
less than 60 µg/m3. About 900 sites experience S02 con-
centrations ranging from 60 to 80 µg/m3, and about 600
sites are in counties experiencing concentrations above
80 µg/m3. Historic places in eight States—Maine, New
Hampshire, New York, Pennsylvania, West Virginia,
Illinois, Indiana, and Ohio—are exposed to the highest
levels of S02 concentrations. However, only in two
States—New York and Illinois—are more than 20 per-
cent of the registered historic places exposed to annual
average S02 concentrations above 80 µg/m3. While such

1’I’RC Environmental Consultants, Air Pollurion Damage CO Msrs-Made  Ma-
terials. Ph,vsmal  and Economic Esr~mates (Pato Alto, Calif.:  Electric Power Re-
search Institute, EPRI EA-2837, 1983).

‘“ Impact Assessment, ” Work Group 1, U.S. -Canadian Memorandum of
Intent  on Transboundary  Air Pollution, January 1983.
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a survey can be helpful in indicating an area’s relative
exposure to potential damages, the ambient S02 levels
chosen to categorize levels of exposure are arbitrary, rep-
resenting convenient indicators rather than some known
threshold below which materials damage would not take
place.

Predicting human responses is perhaps the most sig-
nificant difficulty in estimating the consequences of
pollution-induced materials damage. Individuals con-
fronted with obvious deterioration may choose to ignore
it, accelerate cleaning, painting, or replacement, or sub-
stitute a less susceptible material. Unless the damage
causes some change in the material’s utilization or re-
sults in some cost to owners, it will have no measurable
economic significance. For example, metal guardrails
on highways are likely to suffer damage from air pol-
lutants; however, highway accidents generally restrict
a guardrails useful life to a greater extent than does air
pollution. Ozone causes rubber and other elastomers to
lose elasticity prematurely, and become brittle. Conse-
quently, automobile tires and other exposed products
are routinely manufactured with antioxidant agents—
the cost of these additives, rather than a shortening of
usable life, represents this economic effect of air pol-
lution.

Since the early 1970’s, a number of studies have cal-
culated annual costs of materials damage due to air pol-
lutants by estimating amounts of damage and deriving
some monetary equivalent for these damages. While the
availability of dose-response relationships for certain
pollutant-material interactions permit this type of anal-
ysis, the uncertainties involved are quite large. More-
over, such studies still must rely on broad hypotheses
about material exposure and individual economic
behavior.

For example, a recent study estimated the amount
by which materials damage would be reduced if Euro-
pean OECD member countries decreased S0x emis-
sions by about 20 percent and 50 percent from projected
emissions of about 24 million tons in 1985.5 Estimates
were made only for corrosion to zinc and galvanized
steel, and for damage to paint coatings. The study as-
sumed that each of these materials was used in propor-
tion to the population, using OECD annual statistics
on the use of paint and of zinc for galvanizing in mem-
ber countries. Galvanized materials were assumed to
be unpainted initially; sheet and products manufactured
from sheet were assumed to be painted, and wire
replaced, after some corrosion occurred. Repainting was

j{)rqanizat  ion for Economl[  Cooperation and Development (OECD), 7’he
(.’[tsts and  Benefits  of.~u]phur  OXKIC Corr[ml  A ,we(hod[~lqq”cal StU~~J’  [Paris
OECD,  1981).

assumed to occur at the economically optimal time; how-
ever, materials older than 25 years were excluded, and
no consideration was given to withdrawal of materials
prior to that time. These assumptions yielded an esti-
mate that costs of damage would be reduced by $450
million annually (1979 dollars) if emissions were reduced
by about 20 percent, and by $960 million annually if
emissions were reduced by about 50 percent, by 1985.

A recent study commissioned by EPA’s Office of Air
Quality Planning and Standards used macroeconomic
and statistical techniques—rather than physical dose-
response approaches—to estimate pollution-related eco-
nomic losses from materials damage.6 The method sta-
tistically estimates how much of the observed variations
in expenditures for goods and services sensitive to dif-
fering air pollution levels is due to a variety of economic
and climatological factors, and how much of the remain-
ing variation can be attributed to differing S02 levels.
This methodology has the advantage of taking into ac-
count a wider variety of potential responses to pollu-
tion-related damages (e. g., relocating, substituting pol-
lution-resistant materials, doing nothing) than studies
assuming that all perceived damages would be remedied
by repair or replacement. The study has the further
advantage of taking into account costs due to air pollu-
tion, but not perceived as such—e.g., accelerated de-
preciation of machinery. However, such statistical meth-
ods can show only that a correlation exists between
pollution and the materials-related costs, and cannot
prove that pollution causes the economic effect.

The EPA-sponsored study calculated the value of re-
ducing SO2 levels nationwide from the primary NAAQS
(365 µg/m3, 24-hour averaging time) to a hypothetical
secondary standard of 260 µg/m3 (24-hour averaging
time). * Calculations of benefits were made for house-
holds in 24 standard metropolitan statistical areas for
electric utility maintenance; for agriculture; and for six
selected industries for which adequate economic data
were available— 1 ) meat products, 2) dairy products,
3) paperboard containers and boxes, 4) fabricated struc-
tural metal products, 5) metal forging and stampings,
and 6) metalworking machinery. * * Results were then

b~. H. Manuel, Jr. , et al. , ‘ c Benefits Analysls of Alternate Secondary Na-
tional Ambient Air Quafity  Standards for Sulfur Iloxide and Total Suspended
Part iculate , produced by Mathtech, Inc., under contract to U.S  Envu-on-
mental Protection Agency, OAQPS, Research Triangle Park, N .C., 1982

*The current secondary standard—1 ,300 pg/mJ,  3-hour averaging time—
was found to be less restrictive, for most Ioeations,  than the primary standard.
Using statistical averaging techniques to match 3-hour to 24-hour standards,
only 5 counties in the country (out of 182 counties for which air quality data
were available) would require additional controls to meet the secondary stand-

ard, as compared to the primary standard.
● *These mdustrir=s correspond to Standard Industrial Classdication  (SIC)

codes 201, 202, 265, 344, 346, and 354.
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extrapolated to households throughout the United in the United States. These results cannot be extrapo-
States, comparable manufacturing sectors, and electric lated to provide estimates of benefits to the Nation over-
utility operation and maintenance. The study concluded all; the lack of necessary data precludes analyzing the
that reducing S02 emissions in urban areas to meet the remainder of the Nation’s economy in this manner.
260 µg/m3 standard would create benefits of approx-
imately $300 million annually for about half of the
households and 7 to 9 percent of the producing sector*

“The study defines the ‘ ‘producing sector’ to include agriculture, t’orestrv,
and fisheries; mining and construct ion, manufacturing; transportation, com-
munication, and util itles, commercial and services, government; and other

B.4 VISIBILITY IMPAIRMENT*

Introduction

An observer’s perception of “visibility” integrates
several factors—general atmospheric clarity or haziness,
the total distance over which objects can be seen, their
apparent color and contrast with the sky, and discerned
details of line, texture, and form. Visibility degradation
is one of the most obvious effects of air pollution. The
present Clean Air Act (CAA) addresses the impairment
of visual range in pristine areas, atmospheric discolor-
ation, and the presence of actual smoke plumes (’‘plume
blight’ ‘). The reduction in visibility from many and di-
verse sources spreading over a large area-regional haze
—has not yet been addressed. Regional haze reduces
visibility in all directions from an observer, is relatively
homogeneous, and can occur on a geographic scale
ranging from a city to a multi-State region. Haze con-
ditions can reduce contrast, cause distant objects to
disappear, and nearby objects to appear discolored and
‘ ‘flattened, add brown or grey discoloration to the at-
mosphere, and decrease the number of stars visible in
the night sky.

Visibility impairment is of concern both for esthetic
reasons (especially in areas of great natural beauty) and
practical concerns (transportation operations). Limited
studies suggest that actual measurements of visibility
correlate with: 1) perceived air quality, and 2) perceived
property values in Los Angeles and the rural Southwest.
Preliminary attempts to quantify visitors’ “willing-
ness-to-pay’ to preserve scenic vistas have been quite
variable. The major effects of visibility on transporta-
tion are related to air traffic. Available data show that
episodic regional haze over large segments of the East
tends to curtail some segments of general aviation air-

craft and slow commercial, military, and other instru-
ment flight operations on the order of 2 to 12 percent
of the time during the summer. The Federal Aviation
Administration (FAA) restricts visual flight operations
when visibility falls below 3 miles. Table B-12 sum-
marizes efforts to characterize the social, economic, and
psychological value of various levels of visibility.

A variety of natural and anthropogenically produced
particles are capable of interfering with the passage of
light and contributing to regional haze. Liquid or solid par-
ticles* * ranging from 0.005 micrometer (pm) to coarse
dusts on the order of 100 µm can either scatter or ab-
sorb light, reducing visibility through the extinction of
light. Theoretical and empirical results provide strong
evidence that visibility reduction caused by urban and
regional haze normally is controlled by fine particles,
primarily sulfates (smaller than 2.5 µm in diameter).
The only important situations in which large particles
dominate are such naturally occurring phenomena as
precipitation, fog, and dust storms, or manmade phe-
nomena like construction, agricultural and forest slash-
burning, and open-pit mining.

Factors Affecting Visibility

Natural

Natural causes of impaired visibility include dust, fog,
low clouds, precipitation, elevated humidity, seaspray,
volcanic emissions, and forest fires. Humidity is a par-
ticularly significant visibility determinant, as it not only
reduces visibility levels in itself, but also affects the vis-
ibility-reducing properties of other airborne materials.
At high humidity levels, fine airborne particles take up

● This appendix is based primardy  on the OTA background paper “Review “ ● Nitrogen dioxide is the only gaseous  pollutant in the atmosphere capable
of the I_ong-Range  Transport of Sulfate Contribution to Vlsibilitv Impairment, of contributing to the extinction of light; however, its concentrations are rarely
by Brand L Niemann, 1983. large enough to result in a substantial contribution.



Table B-12.—Summary of Qualitative Evidence for Visibility-Related Values

Effect of increased visibility Affected groups Averaging  timesa Supporting observation
Transportation:
More efficient, lower risk operations, visual

approach permitted
Increased opportunity to operate aircraft

Aesthetic:
1) Social criteria:
Decreased perception of air pollution

Options values; maintaining or increasing
opportunity to visit less impaired natural
and urban settings

Improved view of night sky

2) Economic criteria:
Increased property values

Enhanced enjoyment (user or activity values)
of environment in:
a) Urban settings
b) Natural settings

3) Psychological criteria:
Existence values; maintaining pristine

environments
Less concern over perceived health effects

Airport users, operators
civilian and military

General aviation aircraft
(noninstrument capable
pilots, aircraft)

Substantial percentage of
general population; urban
areas

Outdoor recreationists,
campers, tourists

Amateur astronomers,
other star watchers

Home owners

Urban dwellers
Outdoor recreationists,

campers, residents of
nonurban areas

General population

General population, urban
areas

1-3 hr. readings

1-3 hr. readings

Daily to annual

Daily, peak visitation
summer months

Nightly

Long term

Long term
Daily, peak visitation

summer months

Long term

Daily to long term

in

in

Visual approaches permitted when visibility
>3-5 miles; airport specific (FAA, 1980b)

VFR permitted when visibility >3 miles (FAA,
1980a)

Perception of air pollution in Los Angeles
significantly related to visibility for all
averaging times (Flachbert and Phillips,
1980). Perception, annoyance significantly
related to particulate matter (Schusky, 1966)

Aggregate of activity values in iterative
bidding studies suggests importance of
options values (Rowe and Chestnut, 1981)

Decrease in star brightness by fine particles
(Leonard, et al., 1977)

Property values related to perception of air
pollution, hence visibility (Rowe and
Chestnut, 1981; Brookshire, et al., 1979)

Willingness to pay for increased visibility in
urban (Brookshire, et al., 1979) and
nonurban settings (Rowe, et al., 1980)

Existence values may far outweigh activi
user values (Rowe and Chestnut, 1981)

About two-thirds of bid for improved visi

ty or

bility
in Los Angeles was related to concern over
potential health effects (Brookshire, et al.,
1979)

aRepresents EPA staff judgment of most important averaging time based on supporting observatlon Because averaging times are related it IS difficult to specify single (long or short) averaging time as most
significant, Perception of visibility IS essentially instantaneous.

SOURCE: U.S. Environmental Protection Agency, “Review of the National Ambient Air Quality Standards for Particulate Matter,” EPA-45015-82-001, January 1982
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water directly from the atmosphere; this can cause fine-
particle scattering to increase by a factor of 2 as rela-
tive humidity increases from 70 to 90 percent. The an-
nual mean relative humidity is greater than 70 percent
east of the Mississippi, and greater than 80 percent in
Maine and several Atlantic coastal areas. Dense fog is,
of course, most frequent in coastal and mountainous
areas, with the northern Appalachian mountains, north-
ern California coast, and Nantucket Island showing 50
to 80 days/year of dense fog. Blowing dust is a signifi-
cant cause of visibility impairment only in the south-
ern Great Plains and Western desert regions.

On a regional or national basis, the frequency of rele-
vant meteorological phenomena has been determined
by the National Oceanic and Atmospheric Administra-
tion (NOAA) and individual researchers. However,
reports from individual sites usually have not included
information on the occurrence of these natural phenom-
ena during impaired visibility. Without such informa-
tion, it is difficult to evaluate how much of observed
visibility degradation is due to natural causes.

Manmade

Anthropogenic particles contributing to reduced vis-
ibility originate from stationary and mobile sources and
may be emitted directly or formed in the atmosphere
through transformation of such gaseous pollutants as
S02. The origin and composition of fine particles (less
than 2.5 pm) is generally different than that of large or
coarse particles. Fine particles tend to originate from
the condensation of materials produced during combus-
tion (e. g., lead) or atmospheric transformation of gases
(e.g., sulfates). (See app. C, “Atmospheric Chemis-
try. Atmospherically formed fine particles—partic-
ularly sulfates—can circulate in moving air masses, and
subsequently be dispersed over large geographic areas
far from source regions. Since larger particles settle out
most rapidly, elevated levels of coarse particles usually
occur only near strong emissions sources.

Evidence for Anthropogenically
Caused Decrease in Visibility

Both current and historical data bases can provide
insight into the relationship between manmade air pol-
lution and visibility degradation.

Current information on amounts and location of S02

and NOX emissions can be related to the monitoring
data for air concentrations and deposition of sulfates and
nitrates. In conjunction with meteorological data and
visibility measurements, this information allows detailed
analysis of factors contributing to short-term (e. g., sea-
sonal) changes in visibility.

Historical visibility data can be used to infer long-
term trends in air quality, because changing patterns
of visibility reflect variation in natural and anthropo-
genic emissions and meteorology over the long term.

General Conclusions

Based on: 1) current assessments of natural sulfur
sources and regional fine-particle levels, 2) long-term
historical visibility data in the Northeast from 1889 to
1950, and 3) examination of airport visibility trends after
deleting data potentially influenced by natural sources
(fog, precipitation, blowing dust), anthropogenic sulfate
levels appear to be the dominant component of Eastern
regional haze. Investigations over the past decade, using
a variety of data bases, show several areas of agreement:

●

●

●

●

Examination of airport data, pollution ‘measure-
ments, and satellite photography indicates that re-
gion-scale hazy air masses move across the East-
ern United States and cause significant visibility
reduction in areas with little or no air pollutant
emissions. In addition, aircraft measurement of the
plumes of large powerplants, smelters, and major
urban areas have tracked the visibility impairment
by sources for 30 to 125 miles downwind.
Light scattering by anthropogenic particulate pol-
lution—of which fine sulfate particles are the most
important—appears to be the predominant cause
of Eastern regional haze. Recent studies indicate
that sulfate in the Eastern United States is respon-
sible for about 70 percent of visibility impairment
in the summer, and 50 percent on an annual basis.
Nitrates rarely contribute substantially to visibility
degradation in the East, while carbon particles ap-
pear more important within urban areas than in
suburban or rural areas.
Contributions to visibility degradation in the West
appear to be more varied. Depending on the site
analyzed, substantial contributions have been
shown for nitrates, carbon, sulfates, and dust.
Analyses of the relationship between copper-smelter
emissions and regional visibility degradation in the
Southwest, however, have shown correlations be-
tween S02 emission levels and the percent of time
during which reduced visibility occurs.
Currently highest average visual ranges for the
United States occur in the mountainous Southwest
(annual visibility generally greater than 70 miles).
Annual median risibilities east of the Mississippi
and south of the Great Lakes are less than 15 miles,
with the Ohio River Valley showing the lowest vis-
ibility range (fig. B-15). While some of this dif-
ference stems from lower relative humidity levels
in the West, a more important factor is the higher
regional fine-particulate loadings in the East (e. g.,
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Figure B-15.— Median Yearly Visual Range (miles) for Suburban and Nonurban Areas

Data from 1974-76 estimated from visual observations and other methods

SOURCE: J. Trijonis and R. Shapland, 1979: Existing Visibility Levels in the U. S.. Isopleth Maps of Visibility in Suburban/Nonurban Areas During 1974-76, EPA 450/5-79-010,
U.S. Environmental Protection Agency, Research Triangle Park, N.C.

about 25 µg/m3 in the summer) than in the West
(about 4 µg/m3 in the summer). (See fig. B-16.)
National visibility maps show that summertime vis-
ibility is much lower than annual-average visibility
levels in the East, and that the largest regional gra-
dients in visibility are found in California. In
California, the two major pockets of impaired
visibility (Los Angeles Basin and southern San Joa-
quin Valley) are due more to local- or medium-
range transport than to long-range transport, while
in the East, the major area of impaired visibility
(Ohio River Valley) is undoubtedly related to the
high density of SO2 emissions. The cause of pockets
of impaired visibility found in the Gulf and mid-
Atlantic coasts is less apparent, but probably
reflects a combination of natural and anthropogenic
factors.
Trend analyses of visibility at Eastern airports for
the period of 1950-80 indicate that while winter-
time risibilities improved in some Northeastern lo-

cations, overall regional visibility declined until
1974, then slightly improved. However, summer-
time, often the best season for visibility in the
1950’s, is currently marked by the worst episodic
regional haze conditions. * (See fig. B- 17. )
From the early 1960’s through the mid-1970’s,
U.S. control programs resulted in substantial re-
ductions in total suspended particles (TSP) and S02

levels in most of the more polluted urban areas.
However, during this same period, available infor-
mation suggests that Eastern U.S. regional concen-
trations of summertime fine particles, particularly
sulfates, increased.

● \\’hlle  ies      than O 1  are  
   air   are  i\+  at    
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Figure B-16 .—Airborne Fine-Particulate Concentrations (µg/m 3) (summer 1977-81)

Mechanisms of Visibility Degradation

In a completely “pure”atmosphere, visual ranges
across the horizon can extend up to 200 miles; such con-
ditions are occasionally approached on clear days in the
Southwestern United States. The extent of visibility deg-
radation is determined both by the size and concen-
tration of particles in the atmosphere. For example,
adding 10 µg/m3 of coarse particles-greater than 2.5
µm in diameter—to clean air would reduce visibility
moderately, from 130 km to about 108 km. If, however,
the particles were very small (in the optically critical
size range of O. 1 to 1.0 pm), the addition of 10 µg/m3

would reduce visibility significantly, from 130 km to
about 44 km. (Table B-13 shows how the relative con-
tribution of fine and coarse particles varies from loca-
tion to location. )

Adding even low concentrations of substances to
pristine environments has a profound effect on visibility.
The addition of 1 µg/m3 of fine particles to a clean at-
mosphere can reduce visual ranges by about 30 percent.
As the atmosphere is degraded, each additional incre-

ment of particulate matter has a smaller effect on visi-
bility-adding 1 µg/m3 of fine particles to an atmosphere
with a 20-mile visual range reduces visibility by only
3 percent (see fig. B-18).

Two fine-particle components, hydroscopic (water-
absorbing) sulfates and elemental carbon, generally tend
to be most important in reducing visibility. In the East,
sulfate compounds are the predominant component in
the fine particles causing light scattering over wide
regions, while elemental carbon accounts for most light
absorption in urban areas.

Fine particles between 0.1 and 2.0 µm diameter are
the most efficient at scattering light, and appear to ac-
count for the bulk of visibility degradation due to light
scattering. * Sulfates and nitrates, the transformation
products of S02 and NOX, exist in the atmosphere
primarily as particles ranging from 0.1 to 1.0pm in size
before being deposited to the earth in wet or dry form.

● Recent evidence suggests that at least some of the difference may be due
 shorter and less frequent episodes of elevated humidity during the 1950’s

than occurred in the 1970’s, C, Sloane, “Summertime Visibility Declines: 
 Influences, ” Atmospheric   1983
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Table B-13.—Characterization of Airborne Particulate.
Matter Concentrations, 1977.81a

Figure B-19. —The Relationship Between Relative
Humidity and Light Scattering by Aerosol Sulfate

FPC

Long-term (6-12 months) average T S Pb (<2.5 µm)

Eastern locations:
Undisturbed . . . . . . . . . . . . . . . . . . . . . . . 30-40 15-20
Downtown . . . . . . . . . . . . . . . . . . . . . . . . . 60-90 20-30
Industrial . . . . . . . . . . . . . . . . . . . . . .....60-110 25-45

Add Western locations:
Undisturbed . . . . . . . . . . . . . . . . . . . . . . . 15-20 3-5
Downtown , . . . . . . . . . . . . . . . . . . . . . ...75-130 15-25

West coast:
Los Angeles area. . .................90-180 30-40
Pacific Northwest . . . . . . . . . . . . . . . . . . 45-95 15-25
aThe data used from the three networks include: EPA’s Inhalable Particulate Net-
work, 35 urban sites, April 1980-March 1981; EPA’s Western Fine Particle Data
Based, 40 nonurban sites, Summer 1980-Spring 1981; Electric Power Research
Institute SURE data base, 9 rural sites, 15 months, 1977-1978.

bTotal Suspended Particulates.
cFine particulate
SOURCE: Pace, T. G. (1981). Characterization of Particulate Matter Concentra-

tions. Memorandum to John Bachmann, Strategies and Air Standards
Division, Office of Air Quality Planning and Standards (Dec. 30, 1981).

Figure B.18.— The Effect of Fine Particles
on Visual Range

10 20 30 40

Fine particle concentration, µg/m -3

In clean areas (where visual range is greater than 200
km), adding small quantities of fine particles to the
atmosphere degrades visibility markedly; the same
increment added to an area with low visibility has little
effect.

SOURCE: U.S. Environmental Protection Agency, Protecting Visibity, An EPA
Report to Congress, 1979.

The strong light-scattering properties of sulfate and
nitrate particles are due to their affinity for water vapor;
moreover, the greater the relative humidity of the at-
mosphere, the greater the capacity of sulfate particles
to scatter light, especially when relative humidities rise
above 70 percent (see fig. B-19).

Measurement Techniques

The physics and chemistry of light scattering and ab-
sorption is well understood. A variety of techniques is
available to measure scattering and absorption with rea-
sonable accuracy. The simplest of these involves esti-
mation of visual range, using objects at specified dis-
tances from an observer as reference points for
estimating the distance beyond which distinct visual
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phenomena cannot be observed. Such estimates are in-
herently imprecise, and can be affected by such subjec-
tive factors as the observer’s visual acuity. * However,
the availability of such observations for a wide variety
of sites over a multiyear period—visual ranges have been
recorded on a daily basis at hundreds of U. S. and Cana-
dian airport sites in urban, suburban, and rural loca-
tions since 1948—makes this data base indispensable for
performing time-trend analyses of visibility. Compari-
sons of historical patterns for visibility in the Eastern
United States such as those in figure B-17 necessarily
derive from such data.

Telephotometry provides statistical measurements
analogous to perceived visual ranges, while affording
greater precision. The technique involves the use of a
telescope capable of measuring the contrast between the
brightness of a faraway object and the horizon sky sur-
rounding it. In addition, direct measurements of the
portion of a light source lost to atmospheric interference
are made with such devices as sun photometers, instru-
ments to measure direct solar radiation intensity, and
integrating nephelometers. This last device passes a light
source through a given air sample to determine how
much light scattering occurs. While nephelometers are
not capable of measuring light absorption, and may dis-
tort measurements as a consequence of air sample ma-
nipulation, they are currently a widely used method of
measuring visibility, and are the primary means avail-
able for determining how individual pollutants or pol-
lutant mixes affect visibility. The nephelometer has been
the basis for most of the experimental data relating cause
and effect in visibility degradation studies.

No single measurement technique is adequate at pres-
ent for assessing all significant factors involved in visi-
bility impairment. The most productive areas of recent
research have involved comparing two or more of the
available monitoring techniques at selected sites or in
new networks where fine particulate and meteorological
measurements are made concurrently.

Until recently, visual-range/pollutant-concentration
studies dominated the visibility literature; a number of
studies completed over the past few years, however, have
relied on nephelometer and related measurements to de-
termine correlations with pollutant levels. Imprecision
may be introduced into either of these analytical tech-
niques by discrepancies between pollution- and visibil-
ity-monitoring locations, as well as by limitations in
measurement techniques mentioned above. However,
a large group of studies have found consistent patterns
pointing to sulfates as the major cause of regional-scale
visibility degradation.

“Prior to 1970, observations beyond 15 miles were not reported at most
stat ions In the M Ideastern States The coarseness of dmtant observations in-
creases with dwtance  due to fewer available targets Visibifitles greater than

15 males are now estimated m mul[iples of 5 miles

Key Studies

A description of some of the key studies will illustrate
three different ways researchers have used incomplete
data to examine the visibility/sulfate relationship:

● the integrated use of multiple data bases,
. specific case studies, and
● modeling efforts.

Use of Multiple Data Bases: “Capita”

The most extensive analyses of spatial and temporal
patterns of visibility impairment in the Eastern United
States have been performed by the Center for Air Pol-
lution Impact and Trend Analysis (CAPITA).7 The
CAPITA analyses have used four historical data bases:
airport visual range at 147 U.S. and 177 Canadian sites
from 1948 to 1980; Blue Hill Observatory visual-range
data (3 mountaintops—32, 72, and 107 km from the
observatory) for 1889 to 1959; the NOAA/WMO** tur-
bidity network of 25 to 35 sites during 1960 to 1975;
and direct solar radiation intensity measurements at
Madison, Wis., from 1920 to 1978. Significant findings
of the trend analysis were:

the region of lowest visibility in the 1970’s was
along the Ohio River Valley;
the strongest increase in haziness occurred in the
summer season in the States adjacent to the Great
Smoky Mountains (a decrease in annual average
visibility of 15 to 6 miles since 1948);
around the Great Depression, the visibility at Blue
Hill, Mass., improved, and two peaks of haziness
around 1910-20 and 1940-50 coincide with two
peaks of coal- and wood-burning. Likewise, a
strong peak in turbidity corresponding to a decrease
in visibility was present in the Madison, Wis. , data
coinciding with the increase in national coal con-
sumption. However, direct cause-effect relation-
ships have not been established; and
regional visibility in Eastern Canada and in both
the Eastern and Western United States apparently
has improved somewhat since 1972, but not to pre-
1960 levels; whether this improvement relates to
more favorable meteorology or reflects the slight
reduction achieved in particulate and S02 emis-
sions in the last 10 years is unclear.

‘R  B Husar,  et al , “Spatial and Temporal Pattern of Eastern United States
Haziness A Summary, ” report prepared by the Center for Air Pollution Im-
pact and  Trend Analysis, Washington Unwerstty,  St Louis, Mo., for the U .S
Environmental Protection Agency, 1981

* “National Oceanic and Atmospheric Administration/World Meteorologi-
cal Organization
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Case Studies: Southwestern United States

A number of factors combine to make visual ranges
in the “four corners’ region of the Southwestern United
States a promising means of assessing the effects of sul-
fates on visibility. Pollutant concentrations and relative
humidity levels in most parts of Arizona, New Mexico,
Colorado, and Utah tend to be quite low; consequently,
visibility levels are among the highest known through-
out the United States, and changes in pollutant concen-
trations make significant differences in perceived vis-
ual ranges. In addition, over 90 percent of the region’s
sulfur emissions come from a single industry—copper
smelters—which experienced a total shutdown during
1967-68, and a partial shutdown in 1980. However, amb-
ient sulfate levels have not been monitored extensively
in the region, as they have in the Eastern United States.
Thus, while airport visual ranges show marked increases
in these four States during the two copper-smelter shut-
downs, relationships between sulfate and visibility have
been difficult to establish.

Initial investigations found substantial decreases in
sulfate levels at monitoring sites both near major smelt-
ing operations, and at remote areas up to 300 miles from
the major smelting area in southeast Arizona, during
the 1967-68 shutdown. a Visibility conclusions from this
study have been criticized on the basis that sufficient
data were lacking to document a consistent sulfate/visi-
bility relationship. During a second strike in the sum-
mer of 1980, mean sulfate concentrations dropped to
one-third of normal levels within 60 miles of the smelter;
between 60 and 400 miles away, sulfate levels were
about half of nonstrike conditions. Trajectory analyses
of sulfate episodes in both the northern Great Plains and
Grand Canyon areas show that some ultra-long-range
transport from southern California occurs.

To further test the sulfate/visibility hypothesis, and
to extend the information base on Southwestern visi-
bility, an OTA contractor analyzed visual range and
sulfate concentration data in 22 case studies covering
pollution episodes and nonepisode periods before, dur-
ing, and following the two shutdown periods. In addi-
tion, the RCDM long-range-transport model was used
to estimate sulfate levels more generally over the ‘‘four
corners’ region, and to provide preliminary estimates
of the extent of sulfate contributions from sources out-
side the four-State region for the period 1979-81. The
analysis strongly confirms the relationship among cop-
per smelter emissions, sulfate levels, and visual ranges;
in addition, it suggests that substantial portions of the
sulfate levels measured during the 1980 shutdown can
be traced to more distant sources, primarily those in
southern California.

‘J C. Trijonis, ‘ ‘Visibility in the Southwest: An Exploration of the Hlstorl-
cal Data  Base , Atmos.  Environ. 13:833-43,  1979.

Modeling: Extinction Budget

While there are limitations in the use of regression
models for determining extinction budgets and aerosol/
visibility relationships, these techniques show that over-
all, sulfates account for over half (53 percent) of the ex-
tinction budget, nitrates account for only 8 percent, and
a significant part of the budget is not accounted for at
most of the sites analyzed. The nitrate contribution to
the extinction budget is very uncertain (but small) due
to uncertainties in the conventional nitrate filter-con-
centration measurements. More comprehensive stud-
ies of the extinction budget are needed, using special
air quality and visibility measurements rather than rely-
ing on conventional air quality monitoring and airport
data.

Sulfate was known to contribute significantly to light
extinction 10 years ago. Subsequent efforts to determine
the relative importance of nitrate and carbon to visibility
impairment were hampered by measurement techniques
and inherent spatial (urban v. rural) and temporal (sea-
sonal) variability. There still is not enough high-quality
data of nonsulfate measurements to generate complete
regional budgets of the various pollutants’ contribution
to visibility impairment. Most recent information sug-
gests that carbon may contribute to light extinction in
heavily urban areas, such as Houston (17 to 24 percent
of light extinction), Denver (about 40 percent of light
extinction 10), and New York (35 percent of light extinc-
tion”). Nitrate is an important factor in the West–
e.g., in Riverside, Calf., it is responsible for about 20
to 25 percent of light scattering.12 Nonetheless, at most
Eastern U.S. sites, sulfate is the single most important
pollutant responsible for visibility degradation. Under
typical Eastern summertime conditions, sulfate accounts
for 70 percent or more of light extinction in the Great
Smoky Mountains,

13 the Shenandoah Valley,14 a n d
Detroit, 15 On an annual basis, sulfates contribute an
average of about 50 percent to visibility impairment in
the Eastern United States.l6

W. G, Dzubay,  R. K. Stevens, C. W,  Lewis, D. H. Hem, W. J. Courtney,
J W.  Tesch, and M, A. Mason, “Visibility and Aerosol Composition in Hous-
t o n ,  T e x . , Environ Sci. Technof.  16:514-525,  1982.

‘“P. J. Groblicki,  G. T. Wolff, and R. J, Countess, “Visibility-Reducing
Species in Denver ‘Brown Cloud’ —I. Relationships Between Extinction and
Chemical Composition, ” Atmos.  Environ. 15:2473-2483,  1981.

j !G, T, wolff, p. J, Groblicki, S. H. Cadle,  and R. J. Countess, ‘‘particulate

Carbon at Various Locations in the United States, Particulate Carbon: At-
mospheric Life Cycle, G. T. Wolff and R. L. Klimisch  (eds. ) (New York:
Plenum Press, 1982).

1’J. N. Pitts, Jr., and D. Grosjean, ‘ ‘Detailed Characterization of Gaseous
and Size-Resolved Particulate Pollutants at a South Coast Air Basin Smog Re-
ceptor Site’ (Springfield, Va.: National Technical Information Service, #PB
302294, 1979).

13M,  A. Fermm, G, T. Wolff, and N, A. Kelly, ‘‘The Nature mcf Source
of Haze in the Shenandoah Valley/Blue Ridge Mountains Area, ‘J. Air Pol-
lution Control Aawc.  31: 1074-1082, 1981,

1+R, K, Stevens, T. G, Dzubay,  C. W.  Lewis, and R. W. Shaw, Jr., ‘‘Source
Apportionment Methods Applied to Determination of the Origin of Ambient
Aerosols That Affect Visibility in Forested Areas, Atmos,  Environment (in
press).

15Wolff, et al, , op. cit.
ICU,S Environment~  Protection Agency, Protecting Visibility, An EpA  Re-

port to Congress, EPA 450/5-79-008, Research Triangle Park, NC., 1979,
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B.5 HUMAN HEALTH RISKS*

Sulfur Oxides

National Ambient Air Quality Standards (NAAQS)
have been established for gaseous sulfur dioxide (SO2),
recognizing that it is harmful to human health in high
concentrations. The current primary standard for S02

is 365 µg/m3 (24-hour average concentration), a level
considered to pose no significant health risk. Though
currently unregulated, concern also exists about health
risks from sulfate particles—e. g., sulfuric acid and am-
monium sulfate—that form through reactions between
S02 and other substances in the atmosphere. Because
these particles are extremely small (mostly under 1 µm
in diameter), they can be transported over long distances
in the atmosphere and can readily be inhaled into the
deep passages of the lung.

Acute exposures to sulfates (greater than 315 µg/m3)
constrict lung passages and lengthen lung clearance-
times in humans and laboratory animals; chronic ex-
posure of laboratory animals to sulfuric acid mist pro-
duced evidence of the onset of chronic lung disease. In
addition, numerous epidemiological studies have found
correlations between ambient sulfate concentrations and
mortality rates. Adverse effects at current ambient levels
(less than about 25 µg/m3) have not been directly
observed.

Researchers at Brookhaven National Laboratory (un-
der contract to OTA) have estimated that about 2 per-
cent (a range of O to 5 percent) of the deaths per year
in the United States and Canada might be attributable
to atmospheric sulfur-particulate pollution. The range
reflects uncertainties within the scientific community
about the causal relationship between air pollution and
mortality. Some researchers conclude there is a negligi-
ble effect at prevailing sulfate concentrations, while
others have found a significant association with mor-
tality.

Sulfur Dioxide

S 02 emissions currently are regulated under the
NAAQS of the Clean Air Act (CAA); the primary
standard for S02 is 365 µg/m3 (24-hour average con-
centration). Air pollution episodes characterized by par-
ticulate and very high levels of S02 have resulted in
increased deaths in people with preexisting heart and
lung disease. Changes in the function of the lungs have
been seen in sensitive groups at concentrations above

“This appendix IS based primarily on the OTA background paper ‘‘ Long-
Range Transport kr Pollutlon Health Effects, ” Biomedical and Environmental
Assessment Divls.ion, Brookhaven  National Laboratory, 1982

5,220 µg/m3. Recently, a study of asthmatics has shown
that constriction of bronchial passages during periods
of moderate exercise can occur at concentrations as low
as 1,300 and 260 µg/m3. 17

Experimental Evidence of Sulfate-Related
Health Damages

Once in the atmosphere, S02 is converted into sulfate
particles. Two main types of sulfate particles are known
to be produced: sulfuric acid (H2S04) and ammonium
sulfate [(NH4)2S0 4]. Both types of particles are ex-
tremely small and may be inhaled deep into the lung.
The high acidity of sulfuric acid particles make them
of primary concern for medical researchers, although
ammonia in human breath may neutralize sulfuric acid.
Ammonium sulfate has not produced the pulmonary ef-
fects in animal and clinical studies that are seen with
sulfuric acid mist.

In laboratory experiments, acute exposures to high
concentrations of sulfuric acid particles have a variety
of adverse health effects. Concentrations of about 750
µg/m3 have irritated eyes and temporarily decreased
vision; concentrations of 350 µg/m3 have increased
breathing rates and altered lung function in asthmatics.
Changes in lung clearance rates have been observed in
healthy nonsmokers at concentrations of 100 µg/m3.
Populations at special risk from particulate sulfates are
the elderly and adults with preexisting chronic heart or
lung disease. Children also appear to be especially sus-
ceptible to increased lower respiratory-tract illness and
decreased lung function. However, there is no direct evi-
dence showing detectable effects on human health from
maximum likely environmental concentrations of sulfate
particles alone, although laboratory and chemical
studies have verified that these small sulfate particles
concentrate deeper in the lung than larger inhaled par-
ticles. In addition, there is evidence that acid sulfates
(and S02) render lung tissues more susceptible to the
carcinogenic effects of polycyclic organic matter.

Evidence of Sulfate-Particulate-Related
Health Damages

Substantial evidence has been gathered over more
than 30 years indicating injury from some aspect of the
sulfate-particulate mix in air pollution. At high exposure
levels, sulfur-particulate air pollution can aggravate

17D Sheppard, A. Saishcs, J. A Nodel,  and H A. Boushey,  ‘ ‘Exerc ise In-

creases Sulfur Dioxide-Induced Bronchocons  trlction  in Asthmatic Subjects,
A m  Ret,  Resp Lhs 123 :486 ,  1981
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asthma, chronic bronchitis, and heart disease.18 There
also is evidence that sulfur-particulate air pollution
causes increased acute respiratory disease in children.

Many analyses of cities with different air pollution
levels, comparing death rates among specific popula-
tion groups, or cohorts, have shown strong correlations
between pollution levels and mortality. Evidence is
strongest for correlation between acute episodic effects
and severe air pollution incidents; evidence of long-term
effects at comparatively low levels of pollution is more
limited and more controversial.

Nonetheless, scientists generally have been unable to
attribute effects to any single element of the pollution
mix. During the early 1970’s, evidence seemed to point
to sulfate particles as the health-damaging agent in the
sulfate-particulate mix. More recent evidence suggests
that the combination of sulfates and other associated
particles such as metallic ions, nitrates, and fine soot
particles may cause the observed effects.

Quantitative Estimates of Health Damages From
Long-Range Transport Air Pollutants

To derive quantitative estimates of damage caused
by long-range pollution transport, Brookhaven National
Laboratory used sulfate concentrations as an index of
the sulfur-particulate air pollution mix, acknowledging
that its use in this manner remains controversial, but
it is the best indicator of health risk currently available.
Several reports have discussed problems with the use
of the sulfate surrogate model. They indicate that other
surrogates, e.g., respirable particles, may prove better
but, at this time, the sulfur surrogate still remains a
reasonable choice, and possibly the best choice, for air
pollution health effects risk assessment. A detailed study
by the Harvard School of Public Health for DOE con-
cluded that a fine particulate (FP) measure would be
preferable, but ‘‘in the absence of FP data, . . . sulfates
may be applied with caution. * The contractor used
a previously developed health-damage function that
specifically addresses uncertainties in knowledge by pro-
jecting a range of mortality estimates for a given popula-
tion exposure level. * *

1 sEnvironmentaf  protection Agency, ‘ ‘Review of the National Ambient Air
Quality Standards for Particulate Matter: Draft Staff Paper, ” Strategies and
Air Standards Dwision OAQPS/EPA/RTP,  Januaq 1982; Lester B. Lave and
E P. Seskm, Air PolJution and Human Health, 1977, Johns Hopkins Univer-
sity Press, Baftimore, Md. , Frederica  Perera and A. K. Ahmed, Respirable
Particles: impact of Airborne Fine Particulate on ffeafth  and the Ersviron-
ment (Cambridge, Mass.: Ballinger  Publishing Co. , 1979).

“Spengler  Final Report to DOE, October 1983, p. 5, and contsvbution  of
Spengler  and Evans at DOE/HERAP Workshop on Health Effects of Air Pol-
lution, Brookhaven  National Laboratory, August 1982.

● *The function, developed by Morgan et af.,  is a probabilistic one with a
90-percent confidence interval of 0-11 excess deaths per 100,000 person-pg/m3
sulfate exposure (i. e , deaths that would not occur in the absence of sulfate).
M. G. Morgan, S. C Morris, A. K. Meier,  and D. L. Shenk, “A Probabafis-
tlc Methodology for Estimating Air Pollution Health Effects From Coaf-Fired

The health-damage function used is essentially a com-
pilation of expert opinion about the relationship between
sulfate pollution and premature mortality (e. g., due to
aggravation of preexisting respiratory or cardiac prob-
lems). The range reflects a controversy over the validity
of epidemiological (i.e., statistical) studies indicating a
relationship between mortality and air pollution levels.
It includes estimates from scientists who believe there
is a negligible effect at prevailing sulfate concentrations
as well as those believing there is a significant
association.

These studies, carried out and extensively examined
over the past decade, examine mortality statistics from
areas of the country exposed to different levels of air
pollution. The value of these studies is that they exam-
ine human health directly, without the necessity of ex-
trapolating from animal studies or small samples of peo-
ple. They indicate that there are regional differences in
mortality, and that regional patterns of mortality are
similar to air pollution patterns. While it is possible that
factors not considered in these analyses may be more
important than the sulfur-particulate mix, none have
been demonstrated to date. Such studies are most useful
for examining the potential effects of chronic, low-level
exposure—what might be happening and what might
result from future air pollution levels.

The mortality estimates developed for OTA assume
that there is no damage threshold (i. e., minimum ex-
posure level at which air pollution begins to affect mor-
tality). If there is a threshold—which available medical
evidence neither confirms nor refutes— the mortality
estimates will decrease.

Sulfate-concentration data were derived from S02

emission inventories developed for the OTA study,
using the Regional Climatological Dispersion Model
(RCDM-2) developed at the University of Illinois–
one of the models evaluated by the U. S, -Canadian
Work Group on Transboundary Air Pollution. Popula-
tion estimates and projections were derived from the
U.S. Census Bureau and Canadian Ministry of Indus-
try, Trade, and Commerce data.

Figure B-20 displays current State-by-State sulfate-
exposure levels weighted by population. The map shows
that some of the Northeastern States with the highest
population density (e. g., New York, Pennsylvania, and
Ohio) also are exposed to the highest ambient sulfate
concentrations.

Estimates of excess deaths due to sulfate-particulate
air pollution were made for: 1 ) 1980 population levels
using 1978 emissions data; 2) populations in 2000, as-

Power Plants, ” Energy Systems and Pohcy 2:287-310,  1978. The current range
of scientific judgment on the issue has not narrowed, but still spans the range
of the 1978 subjective distribution (Morgan, M., et al., Technological Uncer-
tainty  in Policy Analysis, Report to the National Science Foundation, August
1982).
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Figure B-20.— Population Exposure to Airborne Sulfate (an indicator of potential health effects from sulfates
and other airborne particulate in each State)

suming that total emission levels are held constant at
1978 levels; and 3) populations in the year 2000, assum-
ing that sulfate-particulate levels are reduced by 30 per-
cent from 1978 levels. Results of these three scenarios
are presented in table B- 14.

Total pollutant emissions in the United States and
Canada have been estimated to result in about 50,000
premature deaths under the first scenario, increasing
1978 mortality rates by about 2 percent—an amount
approximately equivalent to the number of deaths at-

tributable to infectious lung diseases. While increases
in population by 2000 would cause 1978 emissions levels
to induce slightly higher levels of premature deaths (sce-
nario 2), a 30-percent decrease in the overall sulfate-par-
ticulate mix by 2000 is estimated to reduce the number
of deaths annually attributable to air pollution to about
40,000, or 1.6 percent of the total mortality rate.

Estimating mortality attributable to pollution expo-
sure does not necessarily imply that the mortality im-
pacts are the most significant. Mortality dose-response

.



258  Acid Rain and Transported Air Pollutants: Implications for Public Policy 

Table B-14.—Summary of Scenario Results

Population Excess deaths Rate (deaths/10s

Scenario (millions) total (103 deaths) Range population)

1.1980 population, 1978 emissions, United States
and Canada . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 51 0-150 20.4

2.2000 population, emissions unchanged, United States
and Canada . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291 57 0-170 19.8

3.2000 population, sulfate-particulate mix 30% below
1978 levels, United States and Canada. . . . . . . . . . . . . . . . . . 291 40 0-120 13.8

SOURCE: Brookhaven National Laboratory, Biomedical and Environmental Assessment Division, “Long Range Transport Air Pollution Health Effects,” OTA contractor
report, May 1982.

functions are used because the available data on mor-
bidi ty ( i l lness)  are inadequate for  detai led
epidemiological analyses.

Nitrogen Oxides

The term nitrogen oxides (NOX) refers to a number
of compounds—NO, N02, and such secondary byprod-
ucts as nitric acid, nitrate aerosols, and nitrosamines*—
all of which have the potential to affect human health.
Of the several NOX compounds, by far the greatest
amount is known about the effects of N02, a pollutant
that has been studied over the past 30 years and is
presently regulated under NAAQS.

The principal target of NOX pollution is the respira-
tory system. Episodic or peaking concentrations of NO2

(possibly augmented by NO) have been shown to cause
immediate and short-term irritation to such sensitive
subgroups of the population as asthmatics and individ-
uals recovering from acute respiratory infections.
Chronic exposure to lower concentrations of N02 has
been associated with increased occurrence of acute res-
piratory infections in infants and children. Some scien-
tists have hypothesized that such repeated low-level ex-
posures also are associated with chronic lung disease and
increased ‘ ‘aging’ of the lung in adolescence and
adulthood.

Health effects directly attributable to NO2 generally
are considered to result from localized sources of pol-
lution. Combustion of coal, oil, and gasoline is estimated
to be responsible for local outdoor concentrations of
NOX 10 to 100 times naturally occurring background
levels in areas of high emissions.** Indoor sources of
NOX, such as gas cooking stoves, some home heating
systems, and cigarette smoking, also are known to con-
tribute to population exposure, and in some cases may
exceed outdoor concentrations of NO,.

● These secondary byproducts are produced from photochemical  transforma-
tion of NO and NOZ in the atmosphere; nitrosamine  formation has been
theoretically suggested but not conclusively proven.

● ● Mobile-source combustion was estimated to contribute 44 percent of an-
thropogenically  produced NO, for 1976 in the United States, whife stationary-
source combustion accounted for 56 percent. USEPA, Air Quality Criteria for
Oxides of Nitrogen, June 1979, pp. 1-2 and 1-3,

Byproducts of NOx are known to be transported
over long distances, contributing to acid deposition and
ozone formation. Some of these secondary pollutants are
more toxic on a per-unit basis than N02; however, it
is not currently known whether they are present in suf-
ficient concentrations—or persist long enough—in the
atmosphere to endanger human health. Recent studies
performed for the EPA and the National Academy of
Sciences suggest that nitrosamines and similar chemi-
cal species may be found in sufficient concentrations in
polluted urban air near certain industrial areas to war-
rant concerns for health. Not enough is known yet about
the effects of NOX, or their concentrations in the
atmosphere, to permit quantitative estimation of the
health-related damages for which NOX may be respon-
sible, or of the population at risk from these pollutants.

Summary of Medical Research

Clinical studies of the short-term effects of NOx on
human volunteers have been conducted on asthmatics,
patients with bronchitis, and healthy subjects. The
studies generally have shown that the sensitivity of
asthmatics to irritants such as cold air or air pollutants
can be heightened by short-term concentrations of NO2

as low as 940 µg/m3 (the primary NAAQS for N02 is
100 µg/m3 annually; there is no shorter term standard).
Recovery from these effects tends to be rapid, and it
is not known whether repeated exposures of this kind
have any cumulative effects or predispose the lungs to
permanent damage. Most studies do not show increased
sensitivity or irritation in either healthy or bronchitis
subjects when NO2 concentrations are at or below 2,820
µg/m 3.

Laboratory experiments have tested the reactions of
animal tissues to similar and higher concentrations of
N02. These experiments have provided significant in-
sight into the mechanisms that govern human reactions
to NO2 exposures, and suggest more serious conse-
quences of long-term human exposure to NO2 than have
appeared in short-term clinical studies.

Prolonged exposure to N02 has been observed to
cause damage to lung tissue in laboratory animals. The
principal consequences of such damage appear to be de-
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velopment of emphysema-like conditions and reductions
in resistance to respiratory infection. For a fixed dosage,
greater concentrations have been shown to cause greater
increases in mortality rates for animals exposed to res-
piratory infection than greater duration of exposure.
This suggests that fluctuating levels of N02, such as are
found in community air, may prove more toxic than
sustained levels of the gas.

Epidemiologica1 studies of populations of children ex-
posed to N02 concentrations, primarily via indoor air
pollution, confirm laboratory findings of reduced resis-
tance to respiratory infection in exposed animals. Chil-
dren exposed to additional quantities of NO2 (and pos-
sibly NO) from gas stove combustion—in particular,
infants under the age of 2—show significantly greater
incidence of acute respiratory illness and changes in lung
function than counterparts living in homes with elec-
tric stoves. Similar findings have not been observed in
adults.

Indirect
Acid

Health Effects
Precipitation

Acidified waters are known to be capable of dissolv-
ing toxic metals—e. g., aluminum, copper, lead, and
mercury-and releasing such toxic substances as asbes-
tos, from soils and rocks in watersheds and lakes, and
from drinking water distribution systems. Researchers
are attempting to determine the extent to which the total
body burden of these substances in humans might re-
sult from acidic deposition, as opposed to direct inhala-
tion or occupational exposure.

No direct relationship has yet been established be-
tween acid deposition and degradation of drinking-water
quality. Potentially harmful levels of asbestos and lead,
however, have been found in “aggressive’ (i. e., cor-
rosive) acidified waters in the Eastern United States.
Scientists have encountered difficulty in pinpointing the
direct source of concentrations of toxic materials found
in acidic tap waters. Acidic precipitation can scavenge
toxic materials from the atmosphere during rainfall
events, leach them from soils and rocks as they pass
through the watershed, or leach them from pipes and
conduits used to distribute water to users.

The aggressiveness of municipal water supplies can
be monitored and corrected fairly easily. A recent
amendment to the National Interim Primary Drinking
Water Regulations has established the initial steps in
a corrosion control program.19 Public water systems are
now required to identify the presence of specific mate-

19~nY.lrOnmen(~  p r o t e c t i o n  A g e n c y ,  I n t e r i m  Pnmar-y  Drmkmg  Water  Reg-

ulat Ions, Amendment Final Rule, Fed. Reg  45( 168). 57332-57357, Aug 27,
1980

rials (e. g., lead and cadmium) within the distribution
system and to monitor corrosiveness characteristics for
at least 1 year. Also, the types of materials used in the
distribution system and home plumbing must be re-
ported.

A recent study sponsored by EPA20 of 119 surface wa-
ter supplies in the 6 New England States indicates that
84 to 92 percent of the water bodies are highly aggres-
sive. Anti-corrosion treatment is currently practiced in
specific areas (e. g., Boston) where acid precipitation is
known to affect water quality. * However, aggressive
well water in rural areas where soils have little capacity
to counteract acid deposition is more difficult to detect
and mitigate, and potential health effects remain of
concern.

Asbestos

Asbestos occurs widely in natural rock formations
throughout the east and west coasts of the United States.
In addition, asbestos fibers are mixed in concentrations
of 10 to 25 percent with cement to reinforce pipe used
to distribute water supplies. While studies have shown
that water can corrode asbestos-cement materials and
release fibers into the drinking water, data showing a
direct association between precipitation pH and asbes-
tos content of drinking water are not available. How-

t ever, preliminary estimates of asbestos in drinking wa-
ter from asbestos/cement distribution pipes suggest that
approximately 11 percent of the total U.S. population
is exposed to asbestos concentrations greater than 10
million fibers/liter.21

Correlations between above-average incidence of cer-
tain abdominal cancers and elevated concentrations of
asbestos in drinking water recently have been found in
the San Francisco Bay area, where abundant natural
supplies of asbestos occur in bedrock.22 EPA has used
data from studies of workers exposed to airborne asbes-
tos to estimate that one additional cancer will be caused
for every 100,000 people exposed to drinking water con-
taining 300,000 asbestos fibers/liters for 70 years.**

20 Flovd B. ‘1’aylor, ‘ ‘Impact of Acid Rain on Water Supplies in Terms of
EPA Drinking Water Regulations, ’ Proceedings of the Amerscan  iVater J$’orks
Association, Las Vegas, June 1983, In press

“Boston has a high percentage of lead service lutes and plumbmg.  During
1976-77, prior to pH adjustment, 44 percent of the top water samples exceeded
the maximum contaminant level (MCL)  of 0.05 mg/1 lead.

“J R Millette,  M. F. Pansing, and R. L Boone, “Asbestos-Cement Ma-
terials Used in Water Supply,, Water Engineering and Management, 128:48,
51, 60, 97, 1981

~2M, S Kanarek, p. M Con fortl,  L A. <Jackson, R. C. Cope I_, and J ~
Murchio,  ‘ ‘Asbestos in Drmkmg  Water and Cancer Incidence m the San Fran-
c isco Bay Area, Am j .Epldemml , 112 54-72, 1980.

*“Federal Register 44(191) 56634, Oct 1, 1979
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Lead

Lead enters aquatic ecosystems from wet and dry pre-
cipitation, mineral erosion, street runoff, leaded gaso-
line, and municipal and industrial discharge, as well as
from corrosion of lead in pipes and plumbing systems.
Corrosion of lead from lead-containing materials is
facilitated by waters of low pH (less than 6.5) —espe-
cially when the waters are also of low alkalinity. In-
dividual water samples in isolated areas characterized
by low pH values have shown lead concentrations of up
to 100 times the 50 µg/1 ambient water quality stand-
ard.23 Early morning water samples from New England
distribution systems showed 7 percent exceeded the
standard for lead. 24

While elevations in human blood lead levels will re-
sult directly from ingesting contaminated drinking wa-
ter, the human body also absorbs lead from a number
of other sources, including food, ambient air, cigarettes,
paint, dust, and dirt. *

Mercury

Studies in Scandinavia, Canada, and the United
States have found correlations between elevated levels
of mercury in fish and increasing acidity of lake and
stream habitats. However, no cases of mercury poison-
ing are known to be associated with freshwater fish in
the United States. Lakes in acid-sensitive regions of
Minnesota, Wisconsin, and in the Adirondacks of New
York have yielded fish with mercury concentrations
above the FDA public health standard of 0.5 ppm.25 26

Studies are currently under way to assess correlations
between observed mercury levels and lake pH levels.

A number of recent efforts to neutralize acidic lakes
through the application of lime appear to be successful

23P, Mu~hak Multimedia Pollutants. Report to the National Commission

on Air Quality, ’Contract No, 232-AQ-6981, 1981; G. W. Fuhs and R. A, 01-
sen, ‘ ‘Technical Memorandum: Acid Precipitation Effects on Drinking Water
m the Adirondack Mountains of New York State, New York State Dept, of
Health, Albany, N, Y,, 1979.

2+ Tav]or, F, B , OP. cit

“EPA has defined approximately 2.5 million people-inner-city children
under 5 and pregnant women—as being at special risk from elevated levels of
lead in the bloodstream While aggressive drinking waters can leach lead from
pipes and contribute to lead levels in the blood, such effects may constitute
a greater threat to rural populations using acidified groundwaters than to ur-
ban populations using waters that can be treated readily, Preliminary investiga-
tions m the New York State Adirondacks region have found isolated cases of
human exposure to lead-contaminated drinking water resulting in lead con-
centrations in blood as high as 59 pg/dl.  (Blood lead levels should be main-
tained below 30 pg/dl to avoid deleterious heafth effects, ) New York State
Department of Health, Technical Memorandum: “Lead Poisoning Related
to Private Drinking Water Sources, Oct. 23, 1981.

lsAcld  Precipitation in Minnesota, Minnesota po]]ution  control AgmCy,
Minnesota Department of Natural Resources, Minnesota Department of
Heafth,  Jan. 26, 1982, pp. 7-67; Letter from G. Wolfgang Fuhs,  Director, New
York State Department of Health, to Congressman Toby Moffett,  July 16, 1980,
p. 3.

lfJper~[)na] C[)nlmunlcatlon,  James Wiener, U. S. Fish and Wildlife Service,

La Crosse  Field Research StatIon,  La Crosse,  Wis,, May 1982,

in reducing mercury levels in fish. Favorable results
have been reported for various locations in Sweden, and
for Nelson Lake in Ontario, Canada.27

Other Metals

Acidified waters are known to leach substantial
amounts of aluminum from watersheds, and the
volubility of aluminum increases as pH decreases below
6.0. Concentrations of aluminum in acidified well wa-
ter in the United States have been found as high as 1.7
mg/1, which could represent a substantial portion of an
individual’s daily aluminum intake. Little is known
about the toxicity of aluminum to most human popula-
tions; no restrictions have been established in the United
States on aluminum concentrations in drinking waters
or foods.

Several studies have shown, however, that elevated
aluminum concentrations may be toxic to individuals
with impaired kidney function—e. g., water containing
more than 50 µg/1 of aluminum is thought to be unsafe
for dialysis treatment. Sixty-one percent of surface wa-
ter samples in New England contained aluminum equal
to or greater than 100 µg/l; 24 percent exceeded 200
µg/l. 28

For normal human beings, copper deficiency is more
widespread than copper toxicity. A limit of 1 mg/1 for
copper concentration in U.S. drinking water has been
set on the basis of taste; no regulatory limit exists for
copper concentrations in food. Acidic waters have been
shown to be capable of corroding copper from pipes in
household distribution systems—elevated copper levels
have been reported in several drinking water samples
from sensitive areas of the Adirondacks. *g Additionally,
a recent survey of New England distribution systems
showed 29 percent of early morning water samples ex-
ceeded the standard for copper .30 While several cases
of copper toxicity have been reported in the United
States among individuals with Wilson’s disease, a once-
fatal disorder of copper metabolism, the hazard to the
general population from currently observed copper
levels appears quite small.

In its natural state, cadmium occurs as an impurity
in zinc, copper-zinc, or lead-zinc deposits. In concen-
trated or pure form it is very toxic. Little evidence of
cadmium corrosion from galvanized pipe or plumbing
alloys currently exists, although studies of municipal wa-

27’’ The Role of Clouds in Atmospheric Transport of Mercury and Other
Pollutants, ” G. H. Tomlinson, R.  J. P. Brouzes,  R. A, N, McLean, and John
Kadlecek,  m Ecological Impact ofAcid Precipitation, Proceedings of an Inter-
national Conference, Sandefjiord,  Norway, Mar, 11-14, 1980, Oslo-As.

28 Tay]or,  F. B. , op. cit.

“(;. W.  Fuhs and R. A. Olson, ‘ ‘Technical Memorandum: Acid Precipita-
tion IMIects  on Drinking Water in the Adirondack Mountains of New York,
New York State Department of Heafth,  Albany, 1979.

‘FI’aylor,  F, B, op.  c i t .
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ter systems have shown levels to occasionally exceed the trial exposure conditions. Based on the infrequent
U.S. health standard of 10 µg/1. The concentrations occurrence of cadmium in drinking water at levels above
found in drinking water, however, represent only a min- 10 µg/1, such exposures are not considered a threat to
ute fraction of the amounts known to cause acute cad- many people.
mium poisoning or chronic health effects under indus-

B.6 ECONOMIC SECTORS AT GREATEST RISK FROM
CONTROLLING OR NOT CONTROLLING

TRANSPORTED POLLUTANTS

Throughout this report, five sectors of the U.S. econ-
omy have been identified as sensitive to the potential
effects of decisions to control or not to control trans-
ported air pollutants: 1) farming and agricultural serv-
ices, 2) forestry and related products, 3) coal mining,
4) freshwater fishing-related recreation, and 5) the elec-
tric utility industry. This appendix presents informa-
tion about the magnitude and geographic distribution
of these activities in the Eastern 31 -State region. OTA
assembled data from the Department of Labor, the U.S.
Fish and Wildlife Service, and the Edison Electric In-
stitute to estimate levels of economic activity for each,
and levels of participation, where appropriate, in recent
years. These tabulations are of total income, expendi-
tures, employment, and resource utilization for a given
sector. They are provided to indicate the relative im-
portance of each sector to the economy and people of
the Eastern 3 1-State region, not as estimates of the num-
ber of people or amount of economic activity that might
be affected by decisions regarding transported air
pollutants.

The amount of available information on the poten-
tial effect of controlling or not controlling transported
air pollutants varies substantially among sectors. More-
over, for sectors dependent on resources potentially sus-
ceptible to transported pollutants, reliable estimates of
the financial losses associated with resource damage can-
not presently be attempted, even for resources for which
damages can be estimated. Estimates of losses in crop
production from ozone, and of the potential suscepti-
bility of aquatic resources and forests to acid deposition,
are provided in chapters 3 and 5, and are treated in de-
tail in appendix B, section 2. Estimates of the econom-
ic effects of emissions control on coal mining and elec-
tric utilities, and of the coal-mining employment effects
of emissions controls, are also presented in chapters 3
and 5, and detailed in appendix A. In general, the costs
associated with emissions controls are better known than
those associated with potential resource damage. As

the available measures of potential effects are expressed
in different forms, and represent disparate levels of
knowledge, they cannot be compared directly across the
five sectors. However, the importance of the economic
sectors themselves can be compared, both in monetary
and participatory terms, as well as among sectors and
States.

Table B-15 presents State-by-State estimates of the
personal income and expenses for which the five sec-
tors directly account, in millions of dollars and as a per-
centage of the state total. U.S. Department of Labor
data on wages, salaries, and proprietary income, aver-
aged over the years 1978-80, are presented for farming
and agricultural services, forestry and related products,
and coal mining. Freshwater fishing-related recreation
expenses are compiled from U.S. Fish and Wildlife
Service survey data on expenditures for travel, lodging,
food, fees, and light equipment used exclusively for fish-
ing in 1980. For electric utilities, data from the Edison
Electric Institute on the percentage of personal income
spent on residential electricity consumption in each State
are provided.

Farming- and forestry-related income each account
for slightly less than 2 percent of the Eastern U.S. re-
gion total, or an average of $21.8 billion and $20.5 bil-
lion, respectively, for the 1978-80 period. Intraregional
variations are significant: farming and agricultural serv-
ices accounted for over 3 percent of personal income in
Kentucky, Mississippi, Missouri, North Carolina, Ver-
mont, and Wisconsin, and over 5 percent in Arkansas,
Iowa, and Minnesota. Similarly, forestry, lumber,
wood, and paper products accounted for over 3 percent
of personal income in Alabama, Georgia, Minnesota,
Mississippi, New Hampshire, South Carolina, Ver-
mont, and Wisconsin, over 5 percent in Arkansas, and
over 10 percent in Maine.

The greatest regional variation is found in the distri-
bution of income due to coal mining, which accounted
for an average of nearly $7 billion in the region during
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Table B.15.-lncome or Revenues From Farming, Forestry, Coal, Fishing, and Utilities
(in millions of dollars per year and percent of State total income)

Forestry, lumber, Freshwater
Farming and wood, and fishing-related Utility revenues

agriculture services paper products Coal-mining recreation (residential only)

Region/State Income Percent Income Percent Income Percent Expenses Percent Revenues Percent

New England:
Maine. . . . . . . . . . . . . . . . . . 110.2
New Hampshire . . . . . . . . . 27.3
Vermont . . . . . . . . . . . . . . . 131.1
Massachusetts. . . . . . . . . . 48.9
Rhode Island . . . . . . . . . . . 20.4
Connecticut . . . . . . . . . . . . 35.1

1.7
0.5
4.3
0.1
0.3
0.1

678.2
208.1
103.6
687.9

58.2
272.0

10.5
3.6
3.4
1.6
0.9
1.0

0.3

0.0
0.3
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

83.6
36.2
32.1
86.3
12.0
61.3

1.3
0.6
1.1
0.2
0.2
0.2

179.7
166.8
81.2

830.0
135.6
543.8

2.9
2.9
2.8
1.9
2.2
2.1

Middle Atlantic:
New York . . . . . . . . . . . . . . 719.0
New Jersey. . . . . . . . . . . . . 231.7
Pennsylvania . . . . . . . . . . . 951.3

0.5
0.4
1.1

1,349.4
846.2

1,331.1

1.0
1.5
1.6

1.5
—

1,215.3

0.0
—
1.4

240.8
99.2

272.7

0.2
0.2
0.3

2,322.4
1,294.4
1,784.2

1.7
2.3
2.2

East North Central:
Ohio . . . . . . . . . . . . . . . . . . . 911.0
Indiana . . . . . . . . . . . . . . . . 1,017.1
Illinois . . . . . . . . . . . . . . . . . 1,805.7
Michigan . . . . . . . . . . . . . . . 779.9
Wisconsin . . . . . . . . . . . . . . 1,424.8

1.1
2.5
1.9
1.0
4.2

1,123.7
641.7

1,005.3
767.7

1,520.4

1.4
1.6
1.1
1.0
4.5

481.5
210.3
564.5

1.3
0.2

0.6
0.5
0.6

0.0

280.2
268.7
321.5
394.9
440.5

0.4
0.7
0.4
0.6
1.4

1,737.4
839.0

1,690.0
1,197.4

641.5

2.2
2.2
1.9
1.7
2.0

West North Central:
Minnesota. . . . . . . . . . . . . . 1,664.0
lowa . . . . . . . . . . . . . . . . . . . 1,670.7
Missouri . . . . . . . . . . . . . . . 1,308.3

5.3
8.1
3.7

2.3
0.0
0.9
1.2
0.5
3.8
1.7
2.1
2.7

1,109.2
171.4
416.4

3.5
0.8
1.2

1.2
8.7

54.5

0.0
0.0
0.2

383.5
111.6
301.6

1.3
0.6
0.9

504.8
481.3
807.9

1.7
2.5
2.4

South At/ant/c:
Delaware . . . . . . . . . . . . . . .
Washington, D. C.. . . . . . . .
Maryland . . . . . . . . . . . . . . .
Virginia . . . . . . . . . . . . . . . .
West Virginia . . . . . . . . . . .
North Carolina . . . . . . . . . .
South Carolina. . . . . . . . . .
Georgia . . . . . . . . . . . . . . . .
Florida. . . . . . . . . . . . . . . . .

116.2
3.4

265.9
426.4
52.8

1,410.9
304.2
760.0

1,564.5

0.0 0.0
—
0.1
1.6

15.0
0.0
0.0
0.0
0.0

7.8
3.7

61.1
174.1
100.5
209.3
135.7
300.8
483.9

0.2
0.0
0.2
0.5
0.9
0.6
0.8
0.9
0.8

11.6
229.6
499.5

1,075.8
266.8

1,043.7
548.4
903.2

2,377.3

2.3
1.7
1.7
3.0
2.4
2.9
3.1
2.6
4.1

—
0.9

261.1
681.8
104.6
984.1
566.3

1,149.7
736.4

—
0.0
0.9
1.9
0.9
2.6
3.1
3.2
1.3

—
28.2

583.7
1,747.3

3.3
0.6
1.9
1.3

East South Central:
Kentucky. . . . . . . . . . . . . . . 757.5
Tennessee . . . . . . . . . . . . . 418.5
Alabama ., . . . . . . . . . . . . . 661.3
Mississippi . . . . . . . . . . . . . 650.9

West South Central:
Arkansas . . . . . . . . . . . . . . . 1,042.0
Louisiana . . . . . . . . . . . . . . 506.4

3.5
1.5
2.9
5.0

299.0
639.8
979.9
564.3

1.4
2.3
4.3
4.4

1,532.0
135.2
389.2

0.1

7.0
0.5
1.7
0.0

235.8
268.5
285.8
170.3

1.1
1.0
1.3
1.4

511.9
872.2
765.5
434.5

2.5
3.2
3.5
3.5

8.4
1.9

1.9

639.2
644.2

20,541.6

5.1
2.4

1.8

7.1
0.1

6,969.7

0.1
0.0

0.6

237.9
224.3

6,326.2

2.0
0.8
0.6

384.8
717.5

3.3
2.6

25,980.3 2.3
SOURCES: U.S. Department of Labor; U.S. Fish and Wildlife Service, Department of the Interior; Edison Electric Institute,

Eastern 31-State total . ...21.797.2

1978-80, or 0.6 percent of the total. Nearly two-thirds
of this income was earned in Kentucky, Pennsylvania,
and West Virginia; coal mining accounted for over 1
percent of personal income in Alabama, Pennsylvania,
and Virginia; 7 percent in Kentucky; and 15 percent
in West Virginia.

Expenditure data for electrical power show that resi-
dential consumers spent nearly $26 billion to purchase
electricity in the region in 1980. In general, the pro-
portion of income spent on electricity is higher in South-
ern States, reflecting greater use of electrically powered

cooling equipment. As a proportion of personal income,
expenditures range from a low of 1.7 percent in the
District of Columbia, Maryland, Michigan, Minnesota,
and New York, to a high of 4.1 percent in Florida.

Freshwater fishing accounted for expenditures of ap-
proximately $6.3 billion in the region in 1980, or 0.6
percent of the region’s total personal income. States in
which these expenditures exceeded 1 percent of personal
income included Alabama, Arkansas, Kentucky,
Maine, Minnesota, Mississippi, Tennessee, Vermont,
and Wisconsin. As shown in the table, freshwater fishing
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generated at least $250 million in 1980 expenditures in
12 States: Alabama, Florida, Georgia, Illinois, Indiana,
Michigan, Minnesota, Missouri, Ohio, Pennsylvania,
Tennessee, and Wisconsin.

Table B-16 presents Department of Labor estimates
of the number of people employed in farms and agri-
cultural services, forestry and related products, and coal
mining in 1980. In the Eastern region overall, agricul-
ture employed slightly over 3 million people, or 4 per-

cent of the regional total. Variations within the region
are substantial—agriculture employed over 5 percent
of the work force in Alabama, Indiana, Minnesota, Mis-
sissippi, Missouri, North Carolina, South Carolina,
Tennessee, Vermont, and Wisconsin; and over 10 per-
cent of the work force in Arkansas, Iowa, and Kentucky.

Total Eastern employment in forestry, lumber, wood
and paper products was slightly over one million, or 1.4
percent of the regional total. These industries employed

Table B-16.—Number of People Employed in Farms and Agricultural Services,
Forestry and Related Products, and Coal Mining in 1980

Farms and Forestry, lumber, and
agricultural servicesa wood and paper productsb Coal mining

Percent of Percent of Percent of
Number of people State total Number of people State total Number of people State total

..- . . . --- ---
4.3 1,404,000 1.0 251,000 0.2

—
—
—
—

—

—
—

0.1
—
—

0.7

0.3
0.2
—

0.3
—

—
—

0.0

0.7
—
—
—

3,1
—
—
—
—

0.2
0.7
8.6
0.3

us. total . . . . . . . . . . . . .

New England:
Connecticut . . . . . . . . . . .
Maine . . . . . . . . . . . . . . . .
Massachusetts . . . . . . . .
New Hampshire . . . . . . .
Rhode Island . . . . . . . . . .
Vermont . . . . . . . . . . . . . .

Mideast:
Delaware . . . . . . . . . . . . .
District of Columbia. . . .
Maryland . . . . . . . . . . . . .
New Jersey . . . . . . . . . . .
New York . . . . . . . . . . . . .
Pennsylvania . . . . . . . . . .

Great Lakes:
Illinois . . . . . . . . . . . . . . .
Indiana . . . . . . . . . . . . . . .
Michigan . . . . . . . . . . . . .
Ohio . . . . . . . . . . . . . . . . .
Wisconsin . . . . . . . . . . . .

Plains Region:
lowa . . . . . . . . . . . . . . . . .
Minnesota . . . . . . . . . . . .
Missouri . . . . . . . . . . . . . .

Southeast:
Alabama . . . . . . . . . . . . . .
Arkansas . . . . . . . . . . . . .
Florida . . . . . . . . . . . . . . .
Georgia. . . . . . . . . . . . . . .
Kentucky . . . . . . . . . . . . .
Louisiana . . . . . . . . . . . . .
Mississippi . . . . . . . . . . .
North Carolina. . . . . . . . .
South Carolina . . . . . . . .
Tennessee . . . . . . . . . . . .
Virginia. . . . . . . . . . . . . . .
West Virginia. . . . . . . . . .

4,628,300

20,436C

23,069
25,670C

7,987
3,121

15,220

7,116
161

38,293
30,570

117,351
118,613

168,380
134,314
116,823
154,279
163,400

177,130
161,453
165,696

101,110
103,621
135,023
119,319
154,212
72,610

104,257
177,556
76,427

144,397
100,666
30,607

1.3
4.4
0.9
1.8
0.7
6.1

11,872
32,188
33,395C

11,066C

3,901
6,409

0.7
6.2
1.2
2.5
0.9
2.6

—
—
—
—

—

4,082C

384C

13,824
38,599
64,965
63,580

2.4
0.0
1.9
0.9
1.5
2.2

1.4
0.1
0.7
1.1
0.8
1.2

1,049
—
—

37,911 C

3.1
5.3
3.1
3.2
7.2

47,079
32,791
32,218
52,404
68,842

0.9
1.3
0.8
1.1
3.0

18,147
6,060

15,490

12.3
7.6
7.2

8,464
43,415
23,910

0.6
2.0
1.0

—
—

1,049

6.0
10.6
3.2
4.6

10.0
3.9
9.6
6.1
5.1
6.7
3.8
4.1

4.0

49,056
34,104
39,191
59,375
16,749
28,516
31,218
57,191
30,150
37,106
38,351

7,350

1,020,724 (73%)d

2.9
3.5
0.9
2.3
1.1

2.9
2,0
2.0
1.7
1.4
1.0

1.4

12,539

—
47,319

—
—
—

4,184
19,107
64,096’

227,252 (91%)dEastern 31-State total . . 3,010,885 (65%)d

aIncludes farm proprietors; excludes manufacture and sale of farm equipment.
blncludes construction of prefabricated buildings and mobile homes; excludes manufacture of furniture, printing and publishing industries, and Sale of building materials,
c1980 data not available for all data points—estimates may be slightly low due to use of data from mid-1970’s
dFigures in parentheses represent the proportion of the U.S. total employed within the Eastern 31-state region.

SOURCE: U.S. Department of Labor.
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2 percent or more of the work force in Alabama, Geor-
gia, Minnesota, Mississippi, New Hampshire, North
Carolina, South Carolina, and Vermont, and 3 percent
or more in Arkansas, Maine, and Wisconsin.

Employment in coal mining is the least evenly dis-
tributed of those sectors surveyed. It accounted for
slightly under a quarter-million jobs, or 0.3 percent of
the Eastern U.S. work force, in 1980. Coal mining em-
ployed greater than 0.5 percent of the work force in Ala-
bama, Pennsylvania, and Virginia, and employed 3.1
and 8.6 percent of the work force in Kentucky and West
Virginia, respectively. Estimates of shifts in coal min-
ing employment that might accompany stricter SO2-
emissions controls are presented in appendix A.

The 1980 National Survey of Fishing and Hunting

conducted by the Fish and Wildlife Service is the basis
for estimates in table B-17 of the number of participants
in freshwater fishing in the Eastern region. Counting
only in-state fishing participants, to avoid double count-
ing, over 21 million people are estimated to have taken
part in freshwater fishing, devoting an average of some-
where between 11 and 21 days per year to this form of
recreation. Counting only in-State residents, Florida,
Georgia, Illinois, Michigan, Minnesota, New York,
Ohio, Pennsylvania, and Wisconsin each had over a
million freshwater-fishing participants; when out-of-
State anglers are included, Alabama, Indiana, Ken-
tucky, Missouri, North Carolina, and Tennessee are
added to this list.

Table B-17.-Number of Residents and Nonresidents
Participating in Freshwater Fishing in 1980a

Number of Total number
residents of participants

Alabama . . . . . . . . . . . . . .
Arkansas. . . . . . . . . . . . . .
Connecticut . . . . . . . . . . .
Delaware . . . . . . . . . . . . . .
District of Columbia . . . .
Florida. . . . . . . . . . . . . . . .
Georgia . . . . . . . . . . . . . . .
Illinois . . . . . . . . . . . . . . . .
Indiana . . . . . . . . . . . . . . .
lowa. . . . . . . . . . . . . . . . . .
Kentucky. . . . . . . . . . . . . .
Louisiana . . . . . . . . . . . . .
Maine . . . . . . . . . . . . . . . .
Maryland . . . . . . . . . . . . . .
Massachusetts. . . . . . . . .
Michigan . . . . . . . . . . . . . .
Minnesota. . . . . . . . . . . . .
Mississippi . . . . . . . . . . . .
Missouri . . . . . . . . . . . . . .
New Hampshire. . . . . . . .
New Jersey . . . . . . . . . . .
New York . . . . . . . . . . . . .
North Carolina . . . . . . . . .
Ohio. . . . . . . . . . . . . . . . . .
Pennsylvania . . . . . . . . . .
Rhode Island . . . . . . . . . .
South Carolina. . . . . . . . .
Tennessee . . . . . . . . . . . .
Vermont . . . . . . . . . . . . . .
Virginia . . . . . . . . . . . . . . .
West Virginia . . . . . . . . . .
Wisconsin. . . . . . . . . . . . .

874,952
574,351
271,488

30,221
10,361

1,193,583
1,117,544
1,264,434

913,212
592,242
734,630
752,110
214,505
268,716
333,680

1,292,682
1,175,026

538,349
998,667
115,357
229,175

1,036,257
927,341

1,412,022
1,168,907

60,143
490,089
903,633
113,256
637,681
341,293

1,109,738
21,760,645

1,117,099
895,619
307,217

35,136
15,006

1,550,406
1,253,265
1,401,922
1,111,095

646,180
1,052,587

955,567
364,062
321,687
414,012

1,666,295
1,639,131

689,901
1,230,423

224,998
383,375

1,225,313
1,096,338
1,500,525
1,400,689

72,633
639,259

1,161,467
182,753
823,369
416,874

1,674,219
bEastern 31-State total . .

aDoes not include fishing In the Great Lakes.
bTotal not calculated due to potential double-counting of participants.
SOURCE: U.S. Fish and Wildlife Service, Department of the Interior.


