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.Acidic precipitation, wet or frozen deposition with a hydrogen ion con-
centration greater tham 2.5 ueq =l is a significant air pollution problem in
the United States. The chief anions accounting for the hydrogen iloms in rain-
fall are nitrate and sulfate. "Agricultural systems ars more likely to derive
net autritional benefits from increasing inputs of acidic rain than are forest
systems when soils alone are considered. Agricultural soils may benefit
because of the high ¥ and S requirements of agricultural plants. Detrimental
effects ro forest soils may result if atmospheric gt inputs significantly. add
to or exceed HY production by soils. ‘Acidification of fresh waters of south-.
ern Scandinavia, southwestera Scotland, southeasta2rn Canada, and northeastarn
United States 1s caused by acid deposition. Areas of these regions in which
this acidification occurs have in common, highly acidic precipitation with
volume weighted mean annual HY concentrations of 25 ueq 7L oot higher and slow
weathering granitic or precambrian bedrock with thin soils deficient in

ainerals which would provide “uffer capacityv. Biclogical 2ffects of




acidification of fresh waters are detectable below pH 6.0. As lake and stream =»*
pH levels decrease below pH 6.0, many species of plants, invertebrates, . and '
vertebrates are progressively eliminated. Generally, fisheries are impacted
below pH 5.0 and are completely destroyed below pH 4.8. At the present time
there are few studies that document effects of acidic precipitation on terres-
trial vegetation to establish an air quality standard. It must be demon-
strated that current levels of precipitation acidity alone significantly

injure terrestrial vegetation. In terms of documented damages, current
research indicates that establishing a standard for Erecipitation for the
volume weighted annual HY concentration at 25 veq 4~ may protect the most
sensitive areas from permanent lake acidification. Such a standard would
probably protect other systems as well.

Introduction

Should a regulatory standard be set regarding the acidity of precipita-
-tion? The present level of understanding of all the physical and chemical
atmospneric processes responsible for producing the acidity of "acid rain” is
probably not adequate to predict how emissions of SOy and NOyx might be
altered to produce a change of two—tenths, one-half, or a full pH unit. But
even if such information became available, does regulating the HY concentra-
tion of precipitation make sense with respect to reducing environmental
impacts? Just what are the impacts attributable to precipitation acidity?

Acidic precipitation is heve defined as wet or frozen deposition (i.e.,
rain and snow) with a hydrogen ion councentration greater than 2.5 peq it
(less than pH 5.6). Acidic precipitation has the same meaning as the commonly
used term “acid rain.” Much of what is known about its effects has been
derived from investigations of acid deposition (acidic precipitation and dry
deposition) problems in Canada and Scandinavia, as well as the United States.
Significant interest hés baen aroused in both legislative and executive
branches of the U.S. Government 1in determining the severity of problems
relating to acidic precipitation. As a result of this interest an air quality
standard way be established to limit the concentration or even the deposition
" of pollutants associated with acidic precipitation to prevent or ameliocrate
its impacts.

The first step in developing an air quality standard is the demonstration
of a link between ambient pollutant levels and environmental damage.l Can
such links be established for just the acidic precipitation component of acid
deposition? This paper evaluates the current state of knowledge of the
impacts of acidic precipitation on a variety of receptors and addressaes the
following questions:

a. What pollutants are responsible for precipitation acidity?
b. Where do the zreatest impacts occur?

c. What receptors are at risk?

d. %What i{s the current extent of damage and benefit?

e, What are the environmental costs and beneflts of preventing acidic
precipitation?

f. Shouid an alr quality standard be developed now for acidity of
precipitation?
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Acidic precipitation has some unique problems for standard-setting.
Expected effects may develop slowly aad may be detectable only after several
decades. Cause and effect relationships are difficult to establish. It is
not clear in what media a standard should apply or what form it should take:
e.g., airborne coacentrations of precursors, or acidity in precipitation, or
total amount of pollutant deposited per unit time. Standard-setting problems
are compounded by the reglonal nature and multiple forms in which acid deposi-
tion occurs; dry aerosol, gas, rain, and snow. It 1s clear that the extent of
damage in many cases is dependent upon the buffering capacity of the racep-
tor. This results in highly regional aspects of damage per unit exposure. If
acidic precipitation is a serious threat to the eavironment, it may not be
prudent to wait for a thorough understanding of all chemical and physical
mechanisms linking pollutant emissions to receptor damages before taking
regulatory action. The problem, from emission of pollutants through
atmospheric transport and transformation, to deposition and biological impacts
may be considerably more complex than has been the case with other pollutants
for wnich standards have been established.

This paper will be confined to the relatioanship between precipitation
acidity and receptor effects and will not address the quantitative relation-
ships along the entire chain from pollution emissions to environmental
damage. We will first document the existence of acidic precipitation includ-
ing zemporal and spatial variability. Then we will present a review of recep-
tor characteristics and responses to acidic precipitation, describing links
between acidic precipitation and environmental effects, where such links are
known. Information gaps will be highlighted and some suggesticns made as to -
how to fill these gaps. Finally we will =2valuate whether or not a critical  ~
threshold can be established for precipitation acidity, which can serve as a
meaningful standard to protect terrestrial and/or aquatic biota.

Precipitation Characteristics of the Eastern United States
Precipitation Chemistry Patterns and Trends

Present Situation. Precipitation in the northeastern United States is
acidic. Data from the National Atmospheric Deposition Program are plottad in
Figure 1.2 Results show that the median pH of precipitation in portions of
Pennsylvania, Ohio, and New York 1s less than 4.2, while most of the north-
eastern portion of the United States has a median below pHE 4.4.

The pH levels in Figure 1 are in good agreement with data of the MAP3S

and EPRT Networks.J The pH of the precipitation in this region Is explained

by the presence of strong acids, sulfuric and nitric, with weak acids probably
being relatively unimportant.”® When the anthropogenic emissions of sulfur and
nitrogen in the eastern United States were negligible, the pH of precipitation
in the northeast would probably have been less acidic.

About 90% of the sulfur in the atmosphere of the northeastara United
States is contributed by anthropogenic sources. These sources are pradomi-
nantly power plant, industry, and area sources.’ A similar budget estimate
for nitrogen 'inputs to the atmosphere of the northeastern United States is
unavailable. However, it has been estimated that 567 of the anthropogenic
(fossil fuel combustion) NOy emissions for the entire United States in 1972
were from sources within the northeastern United States.” Furthermors, the
increases in nitrates in precipitation from the mid-1950s to the mid-1970s can
be raa§onably accounted for by increases in these anthropogenic altrogen esmis-
sions. :







Acidity in precipitation eveuts can b2 categorized by the percentage of
events within various pH ranges. Precipitation samples collected at MAP3S
stations at Ithaca, New York; University Park, Pennsylvania; and Charlcttas-
ville, Virginia were chosen for this categorization because they are three
representative areas within the northeastern United States and data for three
years (1976-1279) are available.8 Most avents had pHd levels between pH 3.5
and 4.5. Less than 0.57% of all events were below pH 3.0 or above pH 5.3
(Table I).

Table I. Percentage distribution of precipitation events in the northeastern
United States by pH.S Volume weighted average pH of all saamples

was 4.12. :

Percentage of all events pH interval
0.9 - 3.00 - 3.49
31.4 . 3.50 - 2.99
56.4 4.00 - 4.49
10.5 o 4.50 - 4.99
0.6 5.00 - 5.49
0.2 ©5.50 - 5.99

Short-term Temporal and Spatial Variations. Individual precipitatiod

events showed marked temporal and spatial variability in deposition volume and
chemistry.9 Generally, there is an inverse corrzlation between 8042‘ concen-~
tration and rainfall sample volume (Figure 2). Sulfate and NO3™ concentra-
tions {n rainfall deposited by a single storm at areas a few kilometers apart
varied by a factor of 2 to 3 (Figura 2) while concentrations of ca2t znd Mgz+
varied by a factor of 5 to 6 (data not shown). The pH levels within the event
shown in Figure 2 varied from about 4.2 to 4.5 and the lowest pH levels coin-
cided with the highest sulfate concentrations while the highest pH values
coincided with the lowest sulfate concentrations.

Temporal changes during the rainfall event shown in Figure 2 are shown in
Figure 3. A sequential rainfall sampler was located at the north edge of the
closed 1.8 contour of sulfate in Figure 2. All ions saapled exhibited the
same pattarn so only four ions are shown. When concentrations of each lon
were normalized with values for the first rainfall sample, ion conceatrztions
were high at the beginning, low during the middle, and high again near the end
of the shower. TIon concentrations were iaversely related to rainfall rates.
Ion concentrations changed by more than a factor of 10 during the shower.

This temporal variatlon in chemistry was greater than network spatial varia-
tion in chemistry (Figure 2). Furthermore, this large temporal variation
occurrad at a site where the spatiel variation was small.

During the shower the pH rose from 4.1 to 4.9 and decreased to 4.5 at the
end. The pH changed in response to the concentrations of all ions in the sam-
plas. In more acidic samples, nitrats and sulfate were the major anions pras-
ent. In all samples, the coacentration of protoas was highly correlatad with
concentratlions of sulfate and nitrate. These =2xperimental results show that
rainfall acidity occurs with large spatial and t=mporal variations. 3imilar
temporal variatlions of the major inorganic ions have been reported by other
investigators, with the sequential samples being collected hourlylo or omn the
shorter scale of seconds to minutes.!l,12
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Overall Evaluation of Precipitatioa Chemistry. These data show that
precipitation within the northeastern United States is acidic and that there
are large variations in chemistry within and among rain eveats and among
nearby sites for individual events. However, as is implicit ia Figure 1,
averaging of samples over a longer period of time removes much of the spatial
heterozeneity. This short-term variability in chemistry makes it impractical
to establish a precipitation standard based upon data collected from a small
number of samples.

Since 90% or more of the SO, and a large portion of N0, are of anthropo-
genic origin in the northeastern United States, there is little doubt that
precipitation was less acidic at some earlier time. Lack of earlier data has
prevented the calculation of an acceptable rate function for the acidification
of precipitation. '

Receptor Characteristics and Responses
Soils

Soil Chemistry. Due to their buffering capacity, soils are less
responsive to short-term acidic precipitation events than exposed vegetation
or streams whose flow rates and sources of inputs (i.e., surface runoff versus
groundwater) may vary an order of magnitude following heavy raifnfalls. Thus,
effects of acidic precipitation on soil nutrition are probgbly best assessad
on the basis of Jdeposition rates rather tnan councentration in rainfalls.

There are two general areas of councern relative to the interactions of
acidic rain with soils: 1) effects of acidic rain on nutrient leaching, soil
acidification, and the nutrient status of terrestrial ecosystems, and 2) the
impact of interactions between acidic rain and soils on the composition of
waters reaching aquatic ecosystems.. To some extent these councerns are
mutually exclusive; i.e., if incoming H' displaces and leaches autrieat ca-
tions from basic soils, acidification of aquatic ecosystems is prevented. On
the other hand, incoming H* may have little effect on the nutrient content of
very acidle soils, but in sufficient amounts, " could mobilize Al which
produces toxic effects in aquatic ecosystems.

Agricultural Systams. Within the realm of terrestrial effects, it
is generally agreed that agricultural soils are less .susceptible to adverse
nutcitional effects than forest soils,l4-17 Genérally, agricultural soils
have a better uautrient status, are better buffered, and most significantly,
the effects of fertilization and liming far exceed the effects of acidic rain
or acid deposition on such soils.l6

On the other hand, there is mounting evidence that the deposi:ion of sul-
fur from the atmosphere is beneficial to many agricultural soils.t3,17-19
Coleman?0 noted an increase in frequency of S-deficient agricultural soils
since the advent of both low-sulfur home heating fuels (fuel oil and natural
gas as opposed to coal) and S-free fertilizers.  Tabatabai and Laflenl? stated’
that 13-17 kg ha~l s added by precipitation in Iowa is important to crop pro-—
duction because Iowa soils do not countain sufficient plant-available S o m2et
crop trequirements under greenhouse condltions. Since no S-deficiency symptoms
have been reportad for crops under field coamditions, it 1s suzgested that
atmospneric deposition fulfills crop 5 aneeds. In the final iategrazed assess-
ment of acidic rain impacts, consideration must be given to S inputs (both via
acidic rain and SO, absorption) to crop production and the potentizl costs of

S fertilization if pollution abatement technologies are implemented.




Amounts of S raquired by plants vary greatly. Terman > reported annual S
removals in crops ranging from 13 (rice) to 95 (sugarcaane) kg S ha"l, with an
estimate of 13.5 kg S ha”l for 10 orincipal crops in the U.S. as compared to S
inputs ranging from a low of 3.7 kg ha~1 yr'l in parts of Alabama and Arkansas
to highs of 140 to 160 &g ha”l yr-+ in industrial areas of Indiana and
Wisconsin. Overlaying sulfate devosition isopleths onto maps of croplands may
be a useful way of projecting where S deposition is beneficial or excessive
from the perspective of crop nutrition. :

Nitrogen deposition by acidic precipitation, while potentially heneficial
to crops, is usually of insiguificant magnituge to contribute to crop N status
since crops require about 100 to 300 kg N ha™- yr'l.

Forest Systems. Acidic rain can have both beneficial and adverse
effects on forest autrient status. While acid deposition can result in |
accelerated nutrient cation leaching from forest ecosystems,21 the deposition
of associated sulfate and nitrate ions can benefit ecosystems deficient in S
or N. A true evaluation of the effects of acidic rain on forest nutrition
must include an objective analysis of the costs of accelerated nutrient
leaching vs the benefits of accelerated nutrient input. Such an undertaking
is complex and requires knowledge of forest nutritionm, nutrient cycling, and
nutrient leaching mechanisms.

o

Potential Benefits of Elevated 5 and N Deposition to Forest
Nutrition. Since forests recycle nutrlents theilr annual requirements are
generally much lower than those for agricultural crops. Rates of N deposition
insignificant to crops may be quite significant to forests. However,rates of :
S deposition sufficient to meet crop requirements are likely to exceed forest
requirements substantially. v

Rates of S and N deposition relative to forest requirements can be
derived from nutrient cycling data. Sulfur growth requirements have been
estimated from N cycling data based upon an S:N ratio of 0.03 (g - atom basis)
determined by Kelly and Lambert.22 1In this assessment, net annual increments
of N and S in foliage and fine roots are assumed to be zero (inputs = oulputs,
steady-state conditions) and only net nutrient accumulations in woody tissues
ars counsidered as a net annual loss from soils. In every case coasiderad here
except the West German (Solling) site and the Pinus echinata stand in
Tennessae (Walker Branch), atmospheric N inputs (excluding gaseous inputs) are
less than N increments (Table II). Atmospheric S inputs, on the other hand,
exceed calculated S requirements for wood tissue increments by a large margin
at all sites considered. Previous studles on S cycling in forests have shown
that excess S (i.e. above the 0.03 S:N ratio) accumulates and cycles as
8042'.22'24 In fact, follage SOQZf 1s a.sensitive indicator of tree S status;
low ievels (<80 ppm SO04-S) in needles-. of Pinus radiata indicate 5 deficiency
whereas high levels (>400 ppm SO4-S) indicate 3 excess coupled with provable N

4deficiency.25»26 These results indicate tha:t some excess S is necessary for
adequate tree growth so that the calculated increment requirements in Table 2
are probably underestimates. Nonetheless, moderate atmospheric S iaputs can
fulfill forest S requirements; evea very =modest S inputs to the Douglas fir

ecosysten in Washington resulted in large axcesses in foliar'SO42'.§6

Sulfur deficiencies can occur 1ia forest soils remote from pollution

) T . - 2
inputs {(e.g., pumice and hasaltic soils of Oregon and Wasnlngton).-7’23
Several Douglas fir stands not responding to ¥ fertilizer in the nortnwestarn.

) ) > . . . "= 9 .
U.S. had deficiency lavels of foliage SO4* .26 Also, widespread nitrogen




fertilization in the northwestern and southwestern U.S5.33 places greater
demands upon forest ecosystem S reserves.

Nutritional consequences of excess 3042“ inputs are unclear. ?Perhaps
uptake of excess 8042' aids in charge balance problems in ammonium—utilizing
forest ecosystems where uptake of catlonic nutrients exceeds uptake of anionic
nutrieuts (necessitating either H2C03~ uprake or 4% release from roots). Thus,
while atmospheric inputs of S sufficient for average crop requirements (13.5
kg S ha'l)lD exceed forest requirements, this is not likely to cause
nutritional harm to forest escosystems. Inputs of N in polluted rain, while
they do not fulfill forest N requirements, do appear to make a significant
positive contribution.

"

Table II. Increments of N and calculated requirements of S in branch and bole
components of several forest ecosystems compared with atmospheric
N and S inputs. ‘

Nutrient -
Location Species Age- (yr) Incremeuts Inputs?@
NO s¢ N s

kg 'hé—l . yr"l

Washington Pseudotsuga

menziesii 42 10 0.7 1.7 4.14
Washington Alnus rubra 30 . 18.0 1.2 1.7 4.14
Tennessee Mixed deciduous 30-80 23.1 1.6 8.7 18.1¢
Tennessee Pinus échinata 30 8.2 0.6 8.7 18.1¢
North Carolina Mixed decidious 60-200 9.1 0.6 4.9 12.2f
North Carolina Pinus strobus 15 23.5 1.6 5.5 11.7f

New Hampshire Northern

Hardwood 110 18.4 1.3 5.8 12.78
¥. Germany Fagus sylvatica 59 16.7 1.2 21.8 24,1h
W. Germany Picea abies 34 8.1 0.6 21.8 24,10
aPrecigitation only errom -1
OFrom 29 ' frrom 32
cCalcul.ated from S:N ratio 19 SFrom 33
dprom 30 hprom 34

Potential Detriments of Elevated Acid Inputs to Forest
Nutrition. Effects of acidic rain on soil leaching and acidification must be
assessed within the context of natural H' production in the ecosysten.

Hydrogen ion budgets in forest escosystems based upon measured mass
balances of cations and anions have been calculated.3® This model has been
used for forest eccsystems in Sweden, West Germanv, and Oregoa.37 Even in the
most heavily impacted Solling site in West Germany, analyses show that atmo-
spheric hvdrogen ilon iaputs are small (~10%) comparad to internal production.



A more conservative approach invelves input—-output balances of u* and metal
c ti

by

cations to predict the long-term net ac cation of soils. This apvroach
considers only a net result of varicus HV production and consumption processes
involved in the Solling model (i.e.. net cation removal from the site).
Studies of the intensity required fcr tnis knd of analysis are rare
(particularly in the area of carboric/organic acid leaching), but some data
are presented in Table III.

Cation resmoval by internal HY producticn and lsaching (by carboaic and
organic acids) exceeded atmospheric gt input by a factor of 2 in the acidg
raia-impactaed Thompson, Solling, and Jadraas sites. Catlon removal by either
bole or whole-trzs harvesting reduces the significance of atmospheric qt
inputs even further, but atmospheric inputs could be considerad negligible
only at the unimpacted Findley Lake and E.J. Andrews sites (Table III).

Unfortunately, internal gt production varles considerably among various
forest ecosystems, and generalizations about iaternal vs atmospheric at inputs
are hazardous. Furthermore, auch of the above discussion is predicated con the
assuaption that 7t inputs to soil via either acidic rain or natural mechanisus
will result In an equivalent amount of base cztion removal. Since anions mus

balance catlons in any soclution, this further implies that added anions and EH
are mobile in soils. This assumption, while useful in conceptually exploring

various scenarlos, has been shown to bde invalid in many instances, particu-
larly with respect to sulfate,39-42

Sulfate is known to adsorb to iron and aluminua oxides in soils where it
can create exchange sites capable of retaining incoming H' or other
cations,39-44 Thus, sulfate-adsorbing soils can be acidified bdy H,SO4 without
an equivalent amount of cation leaching. Conversely, non-sulfate adsorbing
soils can be leached by HyS504 without an equivalent amount of acidification
due to H'-induced acceleration in the rate of cation weathering from soil
minerals.

Soil Interactions on Acid Tramsport :to Aquatic Systams. Althougn
acid deposition does not seem to be rapidly affecting soils our normal
concept of time where 100 vears is a "long time,” it should remembered that
chemical and physical changes in soiis are usually measured on a geologic time
scale. On thils time scale, changes which occur over a period of decades or
even centuries may be considered to be rapid. Nyborg et al.*3 ostimaced the
rate of soil acidification near- a gas plant as a result of up o 50 kg ha~l
yr"1 S50y deposition to be approximately 2 one pll unit decrease in ten to
twenty vears. Results of a computer soill simulation model show that the loss
of bases could be significant on a time scale of decades and that the pH of
the soil solution would show a downward trend of 0.1 units per decade. 9 1
zeologic time, this would be considered a fast reaction rate, but this rate
would not appear to be able to account for the observed drops of 1l pH unit in
lakas and streams of Norway, the northeastern ¥J.S., and Canada over the last
two decades.

b
[a]

o
[

Rosenqvistso’Sl has arzued that natural acid production could éignifi—
cantly affect the acidity of surface waters in Norway. His arguments have
sparked further thinkiag and research as- to possible mechanisas of acid
transport through soils to aquatic ecosystems. One idea currantly bdeing
explored is the application of the anlon mobility concept to acid soils.32-54
According to this model, inputs of mobile anions to acid soils result in a
reduction in solutlon pH walch causes an increase in all catioans including HT,

.to retain a charge balance in solution. Experimental acidification of bdoth



Table ITI. Atmospheric HT inputs vs cation removal by internal H' production
(carbonic and organic acids) and potential net annual cation
removal in bole only and whole-tree harvesting in selected forest

ecosystems.

Site Species Age Precipita— Cation Cation
(yr) tion HY leaching removal by
input? by iater- harvesting®
nal acid .
production Role WY
(eq'ha'l'yr—l)
. ~d ' d e e
Thompson, Pseudotsuga 42 2490 420 380 660
Washington menziesii (4.8) (5.9)
Solling, - Fagus sylvatica 59 900% 19508 220° 370°
W. Germany
Jadraas, Pinus sylvestris ? 1908 2268 ? ?
Sweden
Findley, Abiés'émabilis, 175 90h lAth 272%  480°
Washingtoa Tsuga mertensiana (5.6) (4.5)
H.J. Andrews, Pseudotsuga 450 283 227008 60°  106°
Oregon menziesii

'] .

: v v : i : . . s syt
8yeighted average [d+] times precipitation amount; weighted average [H"] a
pHd appears in parenthesis where available.

bCalculated from net increase in welghted average HCO3~ or organic anion
concentration (the latter estimated by anion daficit) times water amount.
Weignted average {H+] as pH for solutions appears in parentheses whera
available.

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

dprom 30,
®prom 29,
fFrom 45.

Sfrom 7. For comparison in this table, only H,CO3 production values are
included.

.hFrom 46’47.
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monolitli lysimeters and mini-catchments have verified the relationship betuween
8042‘, Hf, and A13* in effluent or runoff waterg.22,56 However, there

remain questions as to whether the magnitude of this effect could also account
for observed pH declines in Horwegian streams and lakes.o% Clzarly, further

research 1n this arsza is needed.

Overall Evaluation of Effects on Soils. Current information, especially
with regard to internal acid production in forest soils, is totally inadequate
to set air quality standards for acid precipitation. From a forest nutritiom
perspective, one might arbitrarily considsr annual 4V deposition rates equal
to internal acid production as an upper liamit. Taking the lowest values from
Table III, we have an Input of approximately 200 eq ha~l yr”l (Jadraas sita)
as a minimum standard. It is evident, however, that tuhis standard would have
little meaning at the H. J. Andrews site. As sulfuric acid, this standard
equals a minimum of 3.2 kg S ha~l yr‘l, a figura likely to be adequate to ful-
fill most forest 3 requireuwents (Table II). As nitric acid, this equals a
minimum of 2.8 kg N ha~l yr'l, an amount which could contribute appreciably to
the N fertility of some forest ecosystems (Table II).

From the agricultural crop perspective, S inputs of 3.2 kg ha~l yr'l are
probably too low to fulfill crop requirements and may necessitate S fertiliza-
tion in some atreas. Costs of fertilization must be factored into the final

decision on an acidic raln standard.

Finally, from the perspective cf acid transport from terrestrial to aqua-
tic ecosystems, several considerations must be taken into account including
the percent of land arsa covered with soil vs barren rock, the amount and
accumulation of snow, the amount of surface runoff vs soil percolation, and
the initial acidity of soils. 1Ideally, different standards could be set for
different regions of the country, better vet, within states. Since acidic
raia is a reglonal phenomenon, however, this receptor-based ideal is incon-
sistent with regional deposition patterns. :

Soil Microbiology

"S0il microorganisms play an important role in nature and are criti
acosystem function and the well-being of plants, animals, and human
are responsible for transformations of wvarious elements and occupy
cant place in carbon, nitrogen, phosphorous and sulfur cyecles.

If there i1s a sigunificant impact of acidic precipitation on soil
microbial processes, then a potential would exist for reduced soil fertility
and economic loss primarily {n unmanaged rangs and forest soils. Thus, the
impacts of acidic precipitation on s0il microbes is an approprlate considera-
tion for establishing an air quality staandavd.

(A7)
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Microbial growth, activity, and numbers are reduced by s0il acidifica-
tion.37 Normally functioning plants, soils, and soil biological communities
will be affectad when a significant changz in soil pH is observed due to
acidic precipitation. Different soil types will respond to acidic rain dif-
ferently and one may or may not see any change in scil pH.

Organic Matter Decomposition. A diverse group of microorgani
participate in the decomposition of natural organic materials in so
Reduction ia microbial zrowth, activity, and numbers may drasticall
the orgzanlc mattar turnover, soil structure, and nutrient zvailabil
plant grow:th in the ecosystasm. Although an lacrease in soil acidit




acidic preciplitation may enable certain groups of organisms to proliferate,
most microorganisms are sensitive to acidity. Depending on the nature of
organlc materials (type of vegetation), czoil type, pH, temperature, molsture,
etc., one should expect differsnces in the rate and extent of organic matter
decomposition.

The effects of acidification on forest litter decomposition vary with
type of materials studied. Exposure to rainfalls of pH 3.0 increased the rate
of decomposition of lodgepole pine naedles compared with needles exposed to
rainfalls of pH 5.5,58 Applications of acid to pine needles in litter bags in
field plots also stimulated decomposition.59 In contrast, no changes Iin
decomposition rates were detected when spruce needles or aspen sticks were
tested.>8 '

Acidic rain application significantly reduced organic matter decom-
position in forest solls whers increases in soil aciditv have been
observed.”’5>38,80 gyith a slight decrease in soil pH after applications of
rainfall of pi 2.3, rates of cellulose decomposition were decreased. The rate
of decomposition of humus decreased significantly with iacreased acidifica-
tion; changes in pH of humus samples were observed.

Effects of zcidity on microbial decomposition of oawx leaves in naturally
acid and acidified soils have been studied.3’ There was a 52% decrease in
total COy production in the pH-adjusted acid soil relative to the natural con-
trol soil (pH 4.6). Highly signiiicant differences (p < 0.01) in the rates of
COs production were observed among 50ils amended with organic matter. A 37%
reduction of total COp evolution was observed in the acidified (pH 2.2) soil.
Among the soils tested there was a significant (p < 0.01) correlation between
the a??unt of COy produced and the exchangeable hydrogen ion content of the
soil.

Nitrogen Transformation. Nitrogen is the major autrient limiting plant
growth in natura. Higher plants ara known to assimilate nitrogen in the form
of nitrate and ammonia. Ammonification, nitrification, nitrogean fixation, and
denitrification are affected to varying degrees by soil acidity.

Ammonification. Organic nitrogenous compounds in soils, sedimeants,
plants, and animals are convertad to ammonium (ammonification) by a large
group of heterotrophic bactaria, fungl, and actinomyvcetes. Ammonificatioa is

inhibitad by acidification of some soils. Ammonification in a pH-ad justed
acidic soil (pH 3.5) was about half that of a naturally acidic soil (pH 4.54).
Highest rates of ammonification were observed in the pH-adjusted neutral
soil.3/ However, ammounificatlon is much less sensitive to acidification :zhan
is nitrification.?!

Nitrificatioen. Nitrification in acid soils is inhibited and
nitrifying organisms are eliminated at high acidities. Nitrification is the
sequential oxidation of ammonia to nitvrite and then to nitrate by autotrophic
and hetesrotrophic microbial communities. Autotrophic nitrification rates have
been calculated to be ten times greater than hetarotrophlc nitrification
rates. Autotropnic nitrification Is principally accomplished by Nitrosomonas
sp. and Nitrobacter sp. These organisms derive energy for zrowth from the
oxidation of inorganic nitrogen coampounds and carbon for cell syathesis fronm
COp. Nitrification occurs optimally at neutral to slightly alkaline pH
levels. 1In acid environments, nitrification proceeds slowly, aven ia the
presanc2 of an adequate supply of substrate, and responsibdle species arz rare
or totally absent at high acidities. Typically, nitrification decraases
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marikedly below pH 6.0 and bacomes negligible below pH 5.0,6¥ yet altrate may
occasionally be present in fleld soils of pH 4.0 and below.® Sonie s0lls
nitrify at pH 4.5 while others do not. The differance is possibly attribute
‘to acid-adapted strains or to chemical differences in the two habitats.
Neutral to- alkalline soils have large nltrifierv popularlov“.62 Accunulation of
nitrate has been observed in acidic soils as low as pH 3.9. 63 However, ialter
and Jl;kramaSLngHeb4 isolated pure cultures of ammonium—oxidizing autotrophic,
nitrifying bacteria from acid soils at pH 4.0 to 4.5. Nitrite-oxidizing
bacteria were detected in several acid soils but pure culiures were ot
isolated. :

In a beech forest soil (x pd 3) very small numbers of nitrite- and
nitrate-forming organisms were found but sudbstantial amounts of nitrate were
detected.?5,66  rormation of nitrate by heterotrophic nitrification in acid
soils has been suggested.58:67 Little autotrophic and heterctrophic nitri-
fication in acidified soil {pH 3.5) was observed in a soill perfusion study.
Application of acidic rain (pH 4) reduced nitrification rates in a soil
with pH 4.4.68

Decreased nitrification in acid and acidified soils would reduce nitrvcgen
loss due to leaching and denitrification and would increase nitrogen avail-
abllity in the form of ammonium to higher plants, howaver.

‘ Denitrification. Soil bacteria are known to reduce nitrates o
nitrogen gas under anoxic conditions in the presence of available carbon.
This process is called denitrification. Of particular interest is the
blogenic emission of N90 and its subsequent effect in the depletion of atmo-
spheric ozone ov its contribution to the formacion c¢f nitrate in the atmo-
sphere. Soill pH is known to affect the rate and the composition of the
gaseous end products of denitrification. Recently, Francis et al.>’ reported
that denitrification was rapid at soil pH 6.5 with little 450 detection,
indicating complete denitrification whereas in acid (pH 4.6) and acldified (pH
3.5) soils, N0 was the major end product. Nevertheless, the significance of
denitrification should be critically evaluated in light of reduction in the
rates of nitrifying activity and the possibility of reduced nitrogen loss in
acid soils and the amounts of N0 releasad into the ataosphere.

Nitrogen Fixation. Nitrogen fixation by free-living orgzanisams in
acid forest soils may be insignificant. MNitrogen-fixing wmicroorganisms diffsr
in tolerance to acidity. Environments mors acidic than pH 6.0 contain little
or no aitrogen fixing bacteria. Nitrogen fixation by free-living bacteria in
freshly collected soils (pH 4.6) was not detectabla. Only soil samples of pH
5.7 amended with glucose and preincubated under zecobic or anaerobic
conditions exhibitad slight activity.57 Blue—-green algae, which also f[ix
nitrogen, grow poorly and are found to be few in number in acid environments.

Soil acidification affects symblotic unltrogen fivation in leagumes.
Although several physical and chemical factors coantribute to efficient
nitrogen fixation in legume-Rhizobium symbiosis, soil acidity affects (a)
plant growth, (b) survival of rhizobia, and (c) the symbdbiotic relatlionship.
In garden peas, for example, successful infection, formation of nodules, 2
thus 2fificient fixation of nitrogen are halted bHzlow pH 4.9.%9 Toxicit
resulting from iron or aluminum in acidified soils also has a profouand 2ffect
upon anitrogen fixation.



Overall Evaluation of Effect on Soil Microbiology. Further acidiiica-
tion of acid forest soils by acidic rain is perhaps a very slow process. Many
years may be required for acidic rain to change the soil pH. Rapid adaptabil-
ity of microbial populations to changing physical and chemical enviroanments
and substantial differences in the measured soil pH wversus the actual »oH in
the microsite environments make it difficult to accurately monitor short-term
changes which might be caused by acidic precipitation. Slow acidification waw
affect soil microbial communities which may gradually result in the selection
of acid-resistant or tolerant organisms or elimination of certain species
altogether. On a long-term basls, acidic rain may affect certain key pro-
cesses catalyzed by soil microorganisms such as organic matter decomposition,
and nitrogen transformation and ultimately the nutrient cycling ian the forest
ecosystem.

To date, studies with simulated acidic rain iadicate overall reductions
in several soil amicrobial processes. In some cases stimulatory effects on
microbial activity have been observed. However, these have been assumed L3 be
of a temporary nature. The physical and chemical characteristics of the soil
and its response to environmental pollutants often determine the type, abun-
dance, and activities of soil microorgzanisms. No generalizations can be mada
because of the diversity and complex nature of these systems. Therefore,
based on the existing data, it is not clear to what extent and rate the cur-
rent acidic preclpitation is affecting soil microbial processes. Future
studies should focus on obtaining quantitative information on the various
microbial processes critical to ecosystem function.

Aquatlc Ecosystens

Establishing a standard for precipitation acidity to protect aquatic eco-
systems carries two princlpal sets of assumptions. First, it assumss that
‘there is a cause-effect relationship between pracipitation acidity, or other
substances for which acidity serves as a surrogate, and freshwater acidifica-
tion, and that acidificatlion of fresh waters can be prevented or .ameliorated
by not allowlng the acidity of precipitation to excead a definable concentra-
tion. Second, it assumes there are ecosystem components damaged by acidifica-
tion and that these damages are sevaere enough to warrant establishment of a
standard to prevent or ameliorate them.

Precipitation and Freshwater Acidification. Evidence from a wvariety of
lnvestigations indicates that the deposition of anthropogenic substances, par-
ticularly oxides of sulfur and nitrogen, results in the acidification of
streams, vivers, and lakes In widely separated areas of the world. Synoptic
surveys {(one or a few saamples collected in a short _period of time from =ach of
many lakes) in Norway,7o’ 1 Sweden,72'74 Scotland,7 the northeastern United
States,76»7 and southeastern Canada’8 all indicate the wida-spread acidifi-
cation of low coanductivity, oligotropnic lakes ia regions receiving acidic
precipitation. More extensive studles, involving many observations in one
lake or in each of many lakes in these rezions confirm the observations of the
synoptic studies.

The extent to which dry deposition of S0y and NOy ceatributes to the
relationship between acid deposition and acidificacion of fresh waters is not
yet known. This is largely because actual measurements of dry deposition (as
distinguished from bulk minus wet-only collectecr concentrations), especially
gaseous forums, are very difficult and not widely carried out. Estimatas of
deposition wvelocitles vary greatly and there is no general agreem=2nt on the
relationships between wet and dry coamponents. Watershed aass balance studies



at Hubbard Brook (NH) have shown 327 of zulfur inputs to the systam are by dry
deposition with S09-S5 gas impaction estimated to be twice as large as aerosol-
S deposition. 9 In the absence of a completa understandiag of velationships

among sulfur species in the atmosphere and their deposition rates, using the
concentration of dT ia precipitation as s surrogate for 50g and NOj3™,

deposition way be considered.

Relationships between measured precipitaticn acidity and regional fresh-
water acidification have heen extensively studied as notad above. Stream and
lake acidification in these arsas has occurred in a short period of time, the
past few decades. 'The rapidity of this acidification is demoastrated both by
actual measurements of temporal changes in water chemistry and by the disap-
pearance of fish. Fresh waters which formerly supported natural fish popula-
tions have become so acldic and aluminum contaminated, a consequance of water-
shed acidification,13 that fish cannot survive in them.’0,77,80-83

This rapid change in lake chemistry {s associated with a general increase
in sulfate and/or nitrate conceatration of precipitation in the impactad
areas.’0,73,84,85 Regional patterns of lake-water chemistry reflect re-
gional patterans in precipitation chemistry.70:75»86"88 Furthermore, many
streams and lakes in the areas listed above also have rapid pHd fluctuations
due to acid deposition either directly Iin response to episodes of low pH rain
or indirectly, following snow melting and the release of atmospheric pollu~
tants storad in the snow pack.70)82:§9‘92

In some cases, acidification may be caused by direct deposition of acids
onto the surface of lakes. For exawmple, Honnedaga Lake in the Adiroandack
Mountains, which has been recently acidified, has a lake surface-to-watsrshed
ratlio of 1:4. Due to neuvtralization of atmospheric acids by the watershed,
reducing acid inputs to this lake from run-off waters, 72% of the annual H'
input to Honnedaga comes directly by preclipitation to the lake surface.
Similarly, Mirror Lake, New Hampshire, receives 80X by direct precipitation.
In the Fyresdal/Nissedal regioa of southern Worway where chemical buffering in
watersheds is least effective, many lakes are acidic due to acidic precipita-
tion and about 24% of the aclds are recisved by direct precipitation to the
lake surface for an "average” lake. 93 More typically, however, a much higher
proportion of acild inputs is derived froam watershed runoff. Thus, complex in-
teractions occur among tne substances entering by atmospheric deposition and
vegetation, soils and geology within the watershed, modifying the chemical
composition of waters entering streams and lakes. Since the role each system
component plays in modifying acld inputs differs from one watershed o
another, it will be difficult to establish a standard for precipitation
acidity which will protect aquatic ecosystems from acidification based on
detailed models of these interactions. :

An alternative to a complex modeling approach is to treat the watarshed
as a bdlack box, lignoring esseatially all of the complex biogeochemistry within
the black box, and 2xamining the ralationship between acid deposition and the
chenistry of surface waters in affected areas. This is the approcach takea by
Henriksen88 in deriving =2mpirical models of lake acidification for geologi-
cally similar areas, having graaite or other siliceous bedrock, thin rodsolic
soils, poorly bufferad surface wat=2rs, and which receive acidic precipitatioan
{pE 4.0 to 4.5).

First, Henriksen notes that lakes in which pH has Zeclined significantly
during the past 20 to 25 years are located Iin ars2as rveceiving pracipitation

mora acidice than pY¥ 4.6 {annual volume-waighted average HT concantration).



.

Second, Henriksean defines acidification as a loss of alkaliaity {(or acid- :
neutralizing capacity). Analysis of calcium and alkalinity concentrations in
northern Norway and the Experimental Lakes Arza (ELA) of Canada (regioas of
similar, slow-weatheving bedrock with annual precipitation acidity above pH
4.6 and having slight evidence of lake acidification), show these two
variables to be hignly correlated. In acidified lakes, an empirically derived
equation can be used to calculate prz-acidificaticn alkalinity from the
current Ca concentration. (This assumes a constant Ca/Mg ratio and that Ca
concentratlion is not altered by acldification. Henriksen discusses
reservations about these assumptions.)

Third, Henriksen has shown that for lakes in southern Norway, a region
highly impacted by acid deposition, acidification is closely related to the
volume-welghted average ¥t and Soaé concentrations in precipitation,
Henriksen's analysis indicates significaat acidification in areas (with
similar geologic features) recelving volume~weighted average at concantrations
near the range 20-25 peq 21 (pH 4.7 - 4.6) and 5042" above 20 ueq 2L,

When Heuriksen's model 1is applied to lakes in southern Norway, south-
western Sweden, southwestern 3cotland, the Adirondack Hountalus of New York,
and southeast Ountario, it has successfully predicted observed pil levels in
these widely separated areas, even when ecxzxtrapolated to the very high loadings
of acid obsarved in some lakes near Sudbury, Ontario.? Henriksen's model is
still being developed and another form of it is likely to show a strong posi-
tive correlation of lake pd with both calcium concentration in lake water and
sulfate in precipitation.

Acid deposition is widely but not unenimously accepted in the scientific
community as causiag the phenoumenon of lake acidification. Alternative
hypotheses have been proposed. Rosenqvist95 incorporated some valid geochemi-
cal arguments-into a hypothesis which suggested that changing demographic and
land—-use patterns 1n Norway could ve responsible for the wide-spread acidifi-
cation observed there. His hypothesls was examined by several investiga-
tors.?3,96-99 o evidence was found which supported the main assertion that
changing demographic patterns and land use were respoansible for the regiocnal
acidification of lakes in Norway.

It has also been suggested that aggrading forests may reducs acid-
neutralizing capacity of soils as a result of the net uptaks of base ele-
ments. 10 Prasumapdly, thers is not an equivalent return of these materials to
the s50il by decomposition of litter and dead-fall, as might be expected inr a
"mature” forast. A study of 72 lakes (pH 4.3 to 7.6) was conducted in a
reglon of 3Scotland where reforestation 13 occurring and precipitation is
acidic (pH about 4.3). Three categories of forest cover were defined for
catchments of these lakes: reforested, partially reforested, or not
reforested. Lake pH was found to be unrelated to forest cover. TFurthermore,
lake acidification estimated from excess 3042" levels was not significantly
correlated with percent forest cover.!

In summary, there is abundzat evidence that lakes and streams have bdacome
acidified in widely separated geographic areas which have in common both pre-
cipitation pH of less than 4.6 and geologic formations consisting of slow-
weathering bedrock and patchy or thin soils, deficient in chemical-buffering
materials. Alternative hypotheses so far advanced have zxplained neither the
geographic nor temporal characteristics of lake and stream acidification.
While the lataractioans of materials depcsited from the atmosphere with watar-
shed biota, soils, and bedrock are complex and, for the most part, noorly




understood, a high degrze of understanding of these interactions appears to be
unnecessary to a linking of acidic prec1plLa: on and freshwater acidification
in the most sensitive areas. The SLnole empir a’-modeling approach used by
Henriksen®® is currently rather successful in relating sulfate concentration
and precipitation acidity to lake acidificarion in the most sensitive areas.
Such models are being developed further. An annual volume-weighted hydrogen
ion coancentration of 25 ueq 2L {pH 4.6) in precipitation appears to be a
critical threshold. At greater concentrations, freshwater acidification will
probably occur in the most susceptible regions. There currently is insuffi-
cient information to determine if significant freshwater acidification is
occurring in areas of somewhat lower geologi: sensitivity, or if less acidic
rain will cause acidification in sensitive areas given a longer period
(decades) of exposure.

Biological Changses Caused by Freshwater Acidification. Standards are
established 1

because some form of injury is known or anticipated if the stan-
dard is exceeded. In aquatic environments, impacts con many forms of organisms
have been demonstrated. The decline of fisheries in lakes and streams of
Scandinavia and North America caused by the acidification of wauersheds and |
water bodles remalns as the most obvious and recognizesd environmental impact
of acid deposition:. Concern has ceantered around the complete elimination of
fish from impactad waters and this complete elimination seems to be taken as
the de facto definition of injury. However, a varlety of other biological
changgé also occur in aquatic ecosystems at much lower levels of acidification

than are required to eliminate all fish. Clearly, a new definition of what ~
constitutes injury ls required, one which will encompass tie altaration of
aquatic communities which occurs in the pH range 5.0 to 6.0. This will
require quantifying the relationships between acidification and biological
changes. Most of the avallablz information concerning effects on aquatic
biota is qualitactive,

~Microbial Activity and Litter Decomposition. Inhibizion of micro-

bial decompesition can have profound effects throughout an aquatic ecosystenm
on detritus removal, coanservation of energy, nutrient recycling, primary pro-
duction, and detrivore production. Production at higher trophic levels may

be affected by changes in microbial activity. Several investigations have
indicatad that microbial'decomposition is greatly inhibited at pH levels com—
monly encountered in lakes affected bv acidic precipitation.lo2 Neutrallza-
tions of acidiified lakes in Canada tesulted in a significant increase in
aerobic heterotrophic vacteria ‘in the wa*n* column, 03 Organic litter accunu-
lation is acceleratad in acldified waters.l02,104-106

) Reduction of wmlcrodecomposer activities wmay have a direct affect upon
invertebratas by altering thelr food supply. Although certain benthic inver-
tebratas appear to feed directly on allochthonous detritus amaterial, it seens
that "conditioned” (colonizsd by microorganisms) matarial is preferred, and
that tge autritional value of the detritus is highly increased by condition-
ing.lo’ 3acteria may also be a food source to be temovad by the Filtering
apparatus of organlsas such as Calanoida. An inhibition of aicroblota or a
reduction in wmicrobial decomposition processes would thersfore have a dicect
impact on the lakes' animal communities.

Bottom-Dwelling Plants. Aquatic mecrophyte communitias are sltered
by acidification causiag changes i{n animal habitats and possibly affecting
autrient cveling. Plant growth and produc*iii*v (05 production) can also be
reduced. 08 : :




In some acidic lakes in Swaden, Norway, in the Adirondack Mountains, and
in acid mine drainage waters,103’105’109'11é unusuz2lly dense mats of
Sphagnum occur. Many other acldic, clearwater lakes do not have unusual
amounts of Sphagnum. In developing their hypothesis on oligotrophication,
Grahn et al.l9% pave stressed two biologically important consegueances of this
Sphagnum expansion. First, Sphagnum has an ion—-exchange capacity which
resuits in the withdrawal of base iouns such as Cat from solution, thus raduc-
ing their availabiliry to other organisms. Secondly, denses growths of
Sphagnum form a distinct biotope which is unsuitadble for many wmembers of the
bottom fauna.

Dease growtns of attached algae occur on the bottoms of acidified lakes
and streams. Under some acid conditions, wunusual accumulations of algae may
occur. In Swedish lakes, Mougeotia and Batrachospermum become important com-
ponents of the benthos and large areas weres made up of dense felts of
filamentous algae. Lime treatment caused a rapid decomposition of organic
litter as well as great veductions of the algal mat, indicating that an inhi-
bition of bacterial activities had takan place at low pH.104»1f3‘115 In
artificial stream channels in Tovdal, Norway, and in a natural streaam in the
Hubbard Brood Experimental Forest, extensive growths of filamentous algae
resulted upon acidification with Hy30, to pH 4.0.102,116  gayeral factors
may contributz to these unusual accumulstlouns of certain algae. Intolerance
of warious species to low pH or to consequent chemlical changes will allow just
a few algal- species to_ utilize nutrients available in these predominantly
oligotrophic waters. 17 Many species of invertebrates are absent at low pH,
and removal of algae by grazing is probably diminished.l96,116 1¢ is
hypothesized that the increased algal growths are due, in part, to the reduc-
tion of 1invertebrate grazing ac:t:ivif:y.f]‘8

. Phytoplaunkton. In many lakes free-floating algae, or phytoplank-
ton, form the base of the food chain. The process of algal growth (priwmary
productivity) is regulated by several factors including nutrient availability,
lizht penetration, and grazing by small aquatic animals (zooplankton). All of
these factors are altered by lake acidification.

Species composition of phytoplanikton is altered by acidification and the
aumber of species decreases. However, there is no consistency among various
investigations as to which taxa ave likely to be dominaat under conditions of
acidification. DPyrrophyta may be more common (2.g., species of Peridinivm and
Gymnodinium) than others in lakes near 4.0. With decreasing pH in the range
of 6.0 to 4.0, many species of Chlorophyta ars eliminated, although tol=raant
forms are found in the acid range.

Evidence concerning lake acidificatlon effects oa phytoplankton blomass
is not consistent. Lake clarity has been observed to increase ia a faw lakes
concomitant with increased acidity. Humic substences are readily precipitated
in the presence of Al in the pH range 4.0 to 5.0 and this probabdbly contributes
to increasing lake clarity.ll* The concentration of cnlorophyll, an estimator
of phytoplankton biomass, is not coasistently decreaased by acidifica-
tion.: 18,119 1oy ohytoplankton biomass (<1 mg/i) nas been corralatad with
the coanceatration of availables phosphorus which gensrally decrszases with lower
lake pH. Whole-lake manipulation of total phosphorus and/or g+ strongly
supports the notioa that altered H* per se do=2s not change phvtozlankton
biomass, while phosphorus loading does. Lake manilpulation, howevar, does not
provide information concerning acidificarzion impacts on the tervestrial
portion of a watershed, which is the source of most nutrients to a lake or
streamn.




Interaction with Aluminum and Phosphorus. Watershed acidification
greatly increases Al leaching*?»14Y and several studies taken together sup-
port the notion that increased Al in soll pore water may raduce total phos-
phorus loading.118 While less phosphorus may ve removed at fixed Al concen-
trations below pHd 5 than pi 5--6,114 an elevated couceatration of Al may result
in an increass in phosphorus removal below pH 5, by whatever means, not only
in the lake water but in the watershed soil as well. This topic needs further
investigation.

Invertebrates. Zooplankton community composition is simplified
with speciaes number decreasing in acidified waters, but effects on biomass ara
not well documented.l21-123 The distributions and associations of crustacean
zooplankton have been found to be strongly related to pH and to the number of
fish species present in the lakes. Food supply, feeding habits, and grazing
of zooplankton will probably be altered following acidification, as a
consequence of decreased bdiomass and species composition of planktonic algae
and bactaria. Studies of zooplankton have not been sufficiently intensive to
assess wanether acidificatlon results in reduction of zooplankton standing
stocks.

Bottom—-dwelling (benthic) invertebrate communities are simplified with
species number decreasing in acidified waters, and biomass may also decrease.
Survevs at many sites raceilving acidic precipitation in Norway, Sweden, Great
Britain, and North America have shown that waters affected by acidie precipi-
tation have fewer species of benthic iavertebrates than localities which are
less acidic.106,121,122,124-126 gope species, such as the amphipod Gammarus
lacustris, which is an important element in the diet of trout in Norwegian
lakes where it occurs, cannot tolerate 24 to 48 hr of exposure to pH
5.0.127,128  Tnis kiand of data is not available for most fish-food
organisms.

As with zooplankton, there have been few intensive studies of benthic
invertebrate biomass which could allow an assessment of acidification
impacts. A study of 6 acidic and 8 less-acidic Norwegian lakes fcund inverte-
brate density and biomass o be reduced at low pH.lZg Quantitative data con-
cerning the effects of low pH on the benthic fauna avalilable for some
acidified ¥orwegian lakes showed notably low standing crops,lo2 out a few
species are favorad by conditions in acildified waters. The Notonectidae
(backswimmer), Corixidae (watzar bvoatman) and Serridae (waterstrider) are often
abundant in acidified soft watecs at pH zs low as 4.0. This may, in part, be
due to lack of fish predation. Chironomids have been found to bve the most
common animal group in acldic lakesl29 3nd may provide the food base for car-
nivorous invertebrates which are abundant in the absence of fish predation.

Water hardness is an ilmportant factor In determining lnvertsehrate
responses to acidification. The iwmportance of water hardness has been dis-
cussed most raceatly by Pkland and Kuiperl3o who found the number of species
of Sphaeriidae (small mussels) is posltivaly correlated to cal* concentration
up to 2 mg 271 hardness (as Ca0) as well as with pH over the range 4.5-5.9.
Gastropods may be present at water hardness values as low as 1.5 mg Cal gL
only if pH is >5. Low pH inhibits moulting prograssion for ‘the tadpole sh
(Lepidurus arcticus) and this may be due to interfersnce with calt uptake.
Progresslon of the crayfish Oronectes virilis through moulting was also
inhibited at low pH and uptake of CacT was ratarded.l3! Phvsiological

=

information for effects of acidification on fish-food organisams s sparse.
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Effects on Fish Populations. The following points ara generally
accepted for fresh waters of southern Norway, scuthwestern Sweden, south-
eastern Canada, and the Adiroadack Mountains of YNew York. 11* 132~ 136 Fish
have been eliminated from many fresh watars wvhich have become acidified. As a
general rule, acidified lakes are fishless below pH 4.8. 1In the U.S. the most
heavily impacted region known i3 1a the Adiroandack Mountalns. A survey of 217
lakes above 510 m elevation revealed 517 had pH values below 3. Of these
acidic lakes 907 had no fish. 1In the period 1929-37, only 4% of thesa lakes
. had a pH below 5 and wers fishless.133

Very large geographic areas impacted by acidic precipitation have suf-
fered reduced fish stocks. This has beeu most clearly demonstrated in Sweden
and Norway, where the nunber of fishless lakes 1s increasing vearly, but the
same appears to be true for southeastern Canada from Ontario to Nova Scotia.

No comparable analysis of fish status exists for the eastern U.3. outside of
the Adirondack Mountalns.

Elimination of fish populations from lakes and rivers is primarily caused
by reproductive fallure. 4As young-of~the-year are eliminated and year classes
fail in wmost acidic waters, older fish become larger due to reduced competi-
tion for remaining food supplies. Diet also changes as preferred pray are
eliminated by ac1d1fication. Egg and fry mortality is the primary cause for
reproduction failure. 114,134~ 137"

Fish species differ in their tolerance of acidic conditions. In a survey
of 50 Swedish lakes, Almer et al.12l found the following order of sensitivity:
roach > miannow > arctic char > trout > cisco > perch > pike > eel. Extensive
Norwegian fisheries studies found Atlantic salmon to be most sensitive
followed by sea trout (Salmo trutta) > brown trout > percq and eel.l3% 4
similar but more detailed list is provided by Beamish.

Mechanisms of Fish Injury. High acidity leads to a loss of salts
from blood plasma and body tissues of fish. Freshwater fish have serum salt
concentrations which are hypertonic relative to surrounding water. Osmotic
uptake of water is balanced by excretlon but this is accompanied by loss of
salts. Salt balance is maiatalned by active uptake through specilalized cells
which, in fish, are on the surface of the gllls. Acid-stressed trout had
reduced Nat and C1~ concentrations in plasma and reduced X" in muscle tissuss
in amounts equivalent to the reduction in plasma Nat, 134,139

Acid stress on fish increases with decr2asiag total salt coacentrations
of the ambient water. Since a major factor is loss of salt, stress should
increase as the availability of salt decreases. Lelvestad et al.13% nave
shown that lncreasing salt conceatration o l14.4 mg Nat 2”1 reduced aortality
of eggs and yolk-sac larvae of brown trout at pH ca. 4.9 compared to unamended
water with 1.6 ng Nat 27l at the same pH. In spring, snow-melt watar caused a
dilution of stream water and, with first melt, an increase in acidity due to
leaching of accumulated acids from the snow pack. Sea-trout larvae were
killed when exposed to melt water from snow in southern Norway and survival of
sea—-trout (Salmo trutta) larvae decreased with acidity. The effect of dilu-
tion was demcnstrated by rapid mortality of larvee in distilled water at pid
5.6.134 4 study of fish status in 941 lakes in southern Norwav found total
salt content to be directly related to "good"” fish status and Invarsely
related to fishlass lakes. 34 Experiments with brown trout in flow~through
taaxs with pH-adjusted river water also showed improvad ragulation o‘ ionic
balance by increasing ca®? from 0.4 to 0.9 ag 7L oac pd 4.0 and 4.3.
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Elevated levels of aluminum caused by wakershed acidification have sevi-
ous effects on fish. Watershed acidification results in elevgtad concentra-
tions of alumianum in runoff waters to the rangs of 1 ag Al 27!. . Laboratory
studies show Al to be toxic to salmon at 0.2 mg 2=l Fisn %ills of ciseco in
two Swadish lakes impacted by acid deposition occurrad whea stream and lake
water Al ccnceuntrations were 0.5 nmg 2~ at pt 5.0 to 5.5. ish-gill Al con-
centrations were 7 to & times hizher than in gills of fish from uncontaminated
lakes. Other factors, i.2., climatic, chemical, and biological also contrib-
uted to these fish kills.141 ' :

Aluminum speciaticn is an important factor in its toxicity to fish.
Maximum toxicity of Al to brown trout tested over the pH range 4.0 to 6.0 and
Al concentrations of 0.2 to 0.8 mg 271 occurred at pH 5.0 with no toxicity
observed at pH 4.0 and 6.0.14 Al forms strong complexes of OH™, F~, S0447,
and dissolved organics, and additions of these materials in experiments with
hrook trout and white sucker eggzs and fry at pH 4.0 to 5.5 and Al conceutra-

.. = - . - 142
tions of 0.1 to 0.5 mg 2 1 reduced or eliminated the toxis effects of Al.l%42

Toxic aluminum concentrations are associated with disturbed ion exchange
over gills and with resplratory distress. Analys¢s\of venous blood from brown
trout exposed to 0.2 to 9.8 mg Al 27l and oH 4.0 to 4.0 found a rapid loss of -
plasma ¥at and C1~ occurred with Al toxicity. Addition of Ca?t reduced this
ion loss. Massive wucous clogging of gills occurrad and venous oxygen teasioa
was lovered in these fish.l%

Effects of altered fish food supply, especially in tne pH range of 5.0 to
6.0, on fish condition or community composition have not beea studied. Acidi-
fication of lakes causes drastic altesrations of plant and invertebrate coumu-
nities in lakes. Although there is littie doubt that physlological a2ffects of
H* and Al are the principal cause of complete elimination of fish from most
aclidic waters, slight effort has goune into ianvestigatiang tne coasequences of
changing food gquantity or quality at intermediate acidity levels (pH 5.0 to
$5.0). This may be a critical factor to survival and growtn of newly hatched
fish. .%“.

Overall Evaluation of Effects on Aquatic Ecosvstems. Freshwater
acidification has resulted in the elimination of many species of aquatic
organisms at essentially all trophic levals. Elimination of all fish from
numerous lakes In southern Norway, southwestern Sweden, scutheastern Canada,
and the northeastzra United States is well documented. This appears to be dua
primarily to the Paysiological 2ffacts of H' and of aluminua ions {aluminum
concentrations are greatly elevataed by watershed acidification). Furthermore,
many fish—-food animals are eliminated at pl levels below 5.0. Fishery records
indicate that lake acidification became a severe problem in the past two
decades and that ever-larger areas are Ptelag impacted. Several areas of the
U.S. aot yet sevaerely acidified are especfially susceptibls (upper Minnesota

“}

«,and Wiscoansia) and decreasing pH of surface waters is anticipated at curreat

fates of acid depositionm.

The first set of assumptions stated at the beginning of this sectioan con-
cerning freshwater acidification on which a standard for precipitation acidicy

‘aight be based really poses two guestlions. First, is there a cause-efiect

telaticuship between precipitation acidity or substances for which acidity is

Y a surrogate and freshwater acidification? The numerous studies cited, includ-
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fng the simpls empirical model approach 8 {ndicate that in the most sensitive
regions acidification has nccurred when the volume-welghted averaze annual
ion
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concentration exceseded 25 neq 11 {(pH 4.5). These models also




show that lake acidification is strengly correlated with the concentratioa of
sulfate in precipitation. Second, can acidification of fresh waters be pre~
vented or ameliorated by not allowing the acidity of precipitation to exceed a
definable concentration? This has not y=t been demonstrated but a "yes”
answer is implicit in the response to the first gquestion.

The second set of assumpticns when phrased as guestions asks, are eco-
system componeats damaged by acidification and are these damages severe enough
to warrant establishment of a standard to preveat or ameliorate them? The
first part of this second set is shown to be true. There are major biotle
changes in freshwater ecosystems ranging from altered composition and supply
of fishfood organisms to complete elimination of fish. The well-documentad
eliminatioan of fish from lakes and streams in the most sensitive areas, which
are also lapacted by acid depostion, constitutes an uadesirable change
(damaze) to freshwater biota in these most sensitive areas. The second of
these two questioas caanot bde answered directly now becaus2 several questiouns
are yet unanswerad regardiang the severity of this damage. Among these
unanswered questions are the following:

Are areas in which f{resh waters are acidified increasing? In lUorway they
are,70 but evidence documenting this in the U.S. is not strong. Comparisons
of data ovar several decades demonstrate acidification has occurrad, bdut do
not necessarily indicate an increasing area of impacit. On the other bnand,
there 1s evidence that acidification of lakes may be beginning in areas of the
U.8. outside of the Northeast, in bﬁnnesota,143 Florida,1 44 and Washington
State,l45

What 1s neaded to answer this question is an Intensive effort to obtain
and analyze nistorical water-quality and fisheries records. Most of these
records are not automated and their retrieval will Se a tedious task. This
approach was uaed very successfully in the Norwegian study, however.

Although fisheries are damaged by elimination of species at low »d (pH
<5.0), what lmpact does acidification have on fisheries in the pH range 5.0 to
6.0? In this range the quality of fish-food changes (reduction ia prey
species) and some evidenca indicates the quantity of fish-food organisms may
also be reduced. Studies of acidification impacts onr population and community
dynamics are almost total‘y lacking. It 1s conceivable that the extent of
damage to fisheries is much greater than curreatly reckoned because the cur-
rent practical definition of meaniungful injury is complete elimlnagion of
fish. Integrated studies of populations and communities at intermediate pH
ranges are uneeded. These should include life cycle studles of selectad
speclas, microcosm assemblages of simple communities and integrated studies of
whole-lake ecosystems in ac1dified areas.

Are the demonstrated damages (and possibly as yet unknown damagas) to
fresh waters severe enough to warrant the establishment of an air quality
standard on precipitation pH? This is a political, not a sclentific
question. If currently demonstrated injuries are to be avoided, then
slmple smpirical nodelsd8 may now be adequate to define a maximum allowable
standard. At precipitation acidities over 25 peq d€T 2'1, acidification wi
occur (according to evidence cited above) ia the most seasitive areas, res
ing in elimination of fish from some lakes. It is not %kneown if damagas la
than the complete =limination of fish are occurtiag 1a soumewhat le e
ar2as because no investigations of this possibility have been nade.
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If precipitation acidity decreasss, will acidification be abatad? 1If so,
at what vrate? The answers are not currently known. Experimental manipulation
of small watersheds, e.g., application of dissolved lime in low wvolume but

fficient quantity to be equivalent to an iacrease in average annual acidity,
is one experimeant which could assist in obtaining an answer.

Terrestrial Vegetation

Establishing a standard for precipitation acidity to protect terrestrial
vegetation involves several assumptions. The first of these is that acidity
in precipitation causes injury to vegetation. Injury can be defined as: a
loss of crop yield and/or quality, b) visible injury which would reduce the
market value of a crop, c¢) loss of forest yleld or long-term grow:=h of trees
d) visible injury to ornamental plants that would reduce their zesthetic
value, e) substantial alterations of plant community composition lz2ading to
ecosystam simplification, f) changes in harbivore populations or comunities
leading to any of the Injuries above, and g) altered sensitiviiy to other szir
pollutants and/or plant pathogens leading to any of the injuries above. There
is also an assumptlon that controlling the acidity of precipitation by estab-
lishing a standard which is not allowed to be =xceeded will prevent or
ameliorate known or highly probable injuries.

The impacts, 1f anv, that acidic precipitation is having oa terrestrial
plants outside of laboratory or controlled £ield conditions havs yat to be
determined. Experimental research o date has shown that plant respense can
vary greatly depending on the species, the envirvonment, and tha method of
exposure. Due to this variability, it has b2en necessacy to study the imp
of acidic precipitation on a plant species by plant species basis From t
approach an overall picture of which plant groups are most sensit t
types of injury which occur is begianing to emerge.

Experimental exposures of plants to simulated acidic precipitation over
days, weeks, or a growing season are conducted to evaluate reﬁatlcns ip
between treatment d concentrations and plant respoases. In evaluati dg 2xper-
imental results, it is important to distiaguish between effects observed at at
concentrations which are much above the wolume-weighted aean 47 coaceatration
of ambient precipitation, near ambient H levels, and so-called "control" u¥*
levels which are auch below ambient levels (e.g., pH > 5.6). Both extremes,
unusually high and uausually low HT concentrat ions, reor_a;.t coadizions that
do not occur in the northeastern United States. However, wnen a larges range
of HY concentrations are tested, linear or curvilinear functions, . with known
confidence limits, of plant responses versus 4% concentration will orovide
information to estimate changes in plant respoases due to ambisnt or antici-
pated levels of acidity.

Evidence of Iniury to Terrasstrial Vegetation.

Loss of Crop Yield and/or Food Quality. Expesurse to acidity in
precipitation may conc2ivably decrease yia2ld and/or food gquality of crops.
Since it is generally. accepted that manazed =zoils are less suscept;ble to
perturbations by acidic precipitation due to normal applicatiouns of fertil-
izers and llme,Lo any 2ffects of acidic precipitation on crop plants would
probably resul:r froa exposure of foliage. Significant reductions (19% and
11Z) in dry weight of trifoliata leaves and dry welghts of pods plus seads,
respectively, of oiato “eaas occurred after exposure to acidic mists-evan
though there was no visible leaf ‘injury, when »nlants were n pot
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plant growtu rates of yellow birch aven rhough all leaves exhibited Ii=2af pit-
ting and curling.147 With many crop plants yield is determined by the deval-
opment and survival of reproductive organs as well as by cumulative injury to
foliage. Because velationships between growth and yiald (plant blomass, eco-
nomic crop yield, etc.) and visible plant injury, or any other index of
injury, remain unknown £or most plant species, no unified view of visible
injury versus yield impacts is available at present.

Simulated acidic rain of pH 3.1 and below decreased the dry mass of
seeds, leaves, and stems of pinto beans grown in pots under greenhouse condi-
tions. On a percentage-—mass basls the dacrease in seed vyield was comparable
with reductions in blomass of leaves and stems. Thils decrease in yileld was
attributed to both (1) a decrease in the number of pods per plant and, (2) a
decrease in the number of seeds per pod.148 Simulated acidic rain decreased
the dry mass of both stems and leaves of soybeans grown Iin a greenhouse. How-
ever, an lncrease in seed yiald occurred when plants were exposed to rain of
pH 3.1. A larger dry mass per seed was responsible for the larger dry mass of
seeds per plant.148 Effects of simulated acidic rain on 27 crop plants grown
in pots were determined. The marketable yields of five crops {radish, beet,
carrot, mustard greens, and broccoli) were reduced, while yields of six crops
(tomato, green pepper, strawberry, alfalfa, orchard grass, and timothy) were
increased when they were treated with acidifled raia at various pH levels
between 3.0 and 4.0 compared to pH 5.7 treatments. No consistent effects were
observed for 16 other crops.l49

Simulated acidic rain caused significant reductions in soybean yield and
quality under experimental field conditions using standard agronomic
practicas.lso Plants exposed to simulated acidic rainfalls of pH 4.0, 3.1,
and 2.7 in addicion to ambient rainfalls decresased seed yields 2.6, 6.5, and
11.4%, respectively, comparad to plants exposed to ambient conditions only.

On a per-plant basis, total seed protein decreased 10, 19, and 23% in plants
exposed”to simulated rainfalls of pH 4.0, 3.1 and 2.7, respectively, compared
to plants exposed to ambient conditions only.lso At the preseat time, this is
the only adequately replicated experiment known tnat demoanstratss significant
alterations in crop productivity and quality under standard agronomic condi-
tions due to precipitation acidity. Additional experimentation of this type
using coanventional agronomic practices is needed to evaluate injuries that nay
occur due to precipitation acidity at or close to current acidity levals.

Visible Injury which would Reduce the Market Value of a Crop. If
the foliage or f{ruits of some crops exhibit blemishes, the market value would
be reduced substantially. Simulated acidic rain has induced lesions on leaves
and reproductlive structures. The highest experimental treatmsnt pHd at which
visible lesions on leaves have bean observed is near pH 4.0,149 A large
percentage of the leaf area may exhibit lesions at oH 3.1, but at pd lavels
abova 3.1 less than 3% injury is observed.l1#6,147,151-156  yq relationship
between crop yield reduction.and foliar injury has been astablished, 350 this
indicator of injury should not by itself e used to set a standard for

precinitation acidity.

There is no evidence that curreant acidity levels injure field or forest
nlant foliage. 3Simulation experiments at low pH, however, indicates that this
may be possible. Most injury to foliage by simulated acidic rain occurs on
expanding or recently expanded leaves and needles. This is a critical stage
in leaf developameat. Young (14 day old) birch seedlings ars much mors sensi-
tive than older (5 wesk old) seedlings.l“/ Leaves that had just reached full
expansion were mor2 sensitive to siaulatad acidic raia than un2xpanded and




alrcady fully expanded birch leaves.l47 Yeedle elongation was inhibdbited if
simulated acidic rain solutions of pH levels below 3.0 were applied to imma-
ture pine fascicles.131,157 Applications of acidic rain may also inhibit

leaf expansion.158 More research is needed to determine the relationship
between visible foliar injury and plaant growth and/or yield.156 At the
present time there are no published experimental data linking realistic levels
of acidic precipitation to visible injury to foliage or fruits that would
reduce their warketability.

Loss of Forest Yield or Long-term Growth of Plants. There have
been conflicting reports as to whether acidic precipitation can influence
forest productivity. Tamm!39 concluded that except in areas where forest
trees exhibit visible pollution symptoms, ambient acidic precipitation or
other types of atmospherlc acidity have no effect on tree growth. Other
researchers found a statistically significant difference in tree growth
between areas exposed to acidity and areas more remote from transported atmo-
spheric acidity. 52,160 They concluded that there was no reasomn to attri- -
bute rhe growth reduction to anything other than acidic rain, but this by
itself does not prove a cause-effect relatioaship. Researchers in Norwayl61
and the Unitéd States!®2 have not detected any consistent decreases in tree
growth which could be attributed to acid deposition.

At the praesent time there has been no demonstration of losses of forest
yield or forest productivity due to acidic precipitation. Experiments should
be performed with adequate numbers of experimental replicates that could
demoustrate economically significant differences batween treatment means
within 957 confidence limits. Experiments with adequate randomization of a
large aumber of treatment replicates will avoid local soil and other micro-
environmeatal problems that occur in agricultural fields and in natural ter-
restrial ecosystems.

Alterations in photosynthesis and respiration could influence both forest
and crop productivity. Photosynthesis and respiration in foliage may be
influenced by exposure to acldic precipitation; however, research results are
inconclusive. Leaves exposed to unrealistically low pH simulated rainfalls
(pH 2.3) had lower sugar and starch coanteants comparsd with plants exposed to .
simulated rain of pH 5.7.153 Follage exposed to acidic rain may be stressed .
but short-term measuraments of photosyathesis and respiration may not be sen-
sitive enough to detect the degree of stress. Any relationship between the
changes in carbohydrate status, on long- and short-term hases, with loss of-
plant and seed biomass, must be more firmly established before photosynthesis
becomes a useful indicator of injury for the process of standard-setting.

Computar simulations of forest production using the JABAWA model, tested
the effects of different levels of leaf area injury. Results showed that 1C
to 20% per year of the leaf area of a3 tree species must be injured Lo change
the role of that species or to reduce toral forest biomass by a significant
amount.l®3 There are no indications that such exteasive injuries do cr will
occur as a coansequence of precipitation acidiry.

Alterations in the nutrient content of foliage may influence the growth
and productivity of both forests and crops. Moreover; nutrient levels im har-
vested portions of crops may affect the quality of foodstuffs. Acidic pre-
cipitation influences nutrient leaching “rom plant surfaces. Wood and
Bormaanl?? demonstratad that g%, Ca?¥, and Mg?t were leached from leaves of
pinto beans more rapidly at pH levels of 3.0 and 3.3 than at »H lavels of 4.0
and 5.0. <Ca?t leached faster from foliage of sugar maple than %2t or M32+ at



pH 3.0 than at pd 3.3. The leaching rates of Xt and M ?* were significantly
higher at pH 3.0 than at pH 4.0. In tobacco leaves, Ca¢™ leached Ffaster from
foliage exposed to simulated rain of pH 3.0 than from foliage exposed at pH
6.7.185 1In pinto beans expodosed to simulated rain for 5 days, wmore calcium,
nitrate, and sulfate were leached from foliage at pH levels of 2.7, 2.9, and
-3.1 than at a control pH of 5.7166 14 contrast, the amount of potassium
leached was greater from leaves exposed o pH 5.7 than leaves exposed to pH
levels between 3.4 and 2.9. The amounts of ammonium, magnesium, and zinc were
the same at all pH levels tested. At the present time, insufficient experi-
mental data are available to relate nutrient leaching and precipitation
acidity with changes ia vegetation growth or yleld. As a result, nutrient
leaching is not now a useful indicator of injury for the standard-setting
process. '

Acidic precipitation may change the surface characteristics of foliage.
It has been suggested that acidic precipitation may effect the submicroscopnic
structure of the epicuticular wax layer(s) of leaves.!%7 gsome electron micro-
graphs support this idea. This preferential erosion of the epicuticular waxes
may be important for the penetration of rainwater. The effects of acidic pre-
clpitation on the cuticle itself are probably minimal, however. The most
widely used wmethods of isolating cuticles 1lnvolve exposure to strong
acids.168,169 pepetration rates of elements through isolated cuticles
without epicuticular waxzes were similar to rates through ilatact cuticles.l6?
At the present time, there is no conclusive evidence that the leaf surface 1s
altéred by acidic precipitation to cause loss of crop or natural ecosystem
productivity.

Nitrogen is, in general, the nutrient limiting productivity of temperate
forests. Biological nitrogen fixation plus the deposition of ammonium and
oxides of nitrogen are the routes by which this critical nutrient becomes
available to forests. At Hubbard Brook, New Hampshire, bulk precipitation
provides 6.5 kg N ha~! yr'l, an amount equivalent to nearly 40% of the total
nitrogen added to forest biomass annually.79 The proportion of nitric acid in
rain over the northeastern U.S. and in Colorado has been increasing and now
accounts for one-third of the acidity in precipitation.33’17o‘l72 Thus
there is a potential for positive effects of acidic precipitation on forest
by fertilizing with nitrogen as well as the potential for injury due to acid
effects on vegetation by inhibition of the nitrogen cycle and other microbial
processes In soils, or increased leaching rates of nutrients from soils.

Computar simulation exercises were performed to test some of these
effects. The JABAWA computer model of {orest growth was modified to include
effects of precipitation acidity on nitrogen availability and tree growth.

The model found a direct positive relationship between N availability and bdio-
mass accumulation.173 The relationships between forest production, litter-
fall, and decouposition of litterfall were analyzed using the FORTNIT forest
nitrogen model. The simulation found lower rates of litter decomposition
would be compensated by higher forest floor biomass accuamulation so that N
availabilities would not be greatly alterad over a period of 15 to 40 years.

- After 40 years, slower litter decoamposition rates provide higher N availabili-
ties due to the decompositiocn of the larger litterfall biomass. However, no
field data are available to confirm these sipulations.”3

Precipitation acidity wmay preferentially affect unicellular orzanisms
that are very impertant in ecosvstem function. Most multicellular organisms
that have evolved from aqueous eavironments onto dry land have specialized
surfaces to rvretard desiccation. Organisms with protective coverings may be



less sensitive to acidic rain than organisms that lack these coverings.
Bacteria and other single~celled organisms are very sensitive to pH changes,
presumably because they lack protective coverings. Procaryotic organisas seen
to survive within a narrower range of pH levels than most multicellular organ-
isms. Motility of most procaryotic organisms is greatest between pH 6.8 and
9.0.174-176. Hoeninger17 showed that a pH decrease results in an increase in
abnormal wave motions in flagella of Proteus. Below pH 5.0 almost all motil-
ity ceased. The activities of bacteria are very important for the decomposi-
tion of leaf litter and thus the cycling of nutrients. However, although uni-
cellular bacteria are very sensitive to the acidity in rainfall, with the
present level of knowledge, the overall effects of natural levels of precipi-
tation acidity on leaf decomposition and other related processes are unknown.

Visible Foliar Injury to Ornamental Plants that would Reduce
Aesthetic Value. At the present time there is no evidence showing visible
foliar injury to ornamental plants due to realistic precipitation acidities
(excluding point source studies) that would- reduce their market value. How-
ever, little research has been focused on thils area.

Substantial Alterations of Plant Community Composition Leading to
Ecosystem Simplication. If one or more plant species are preferentially
affected by precipitation so they become greatly reduced or eliminated from
plant communities, then the ecosystem may become simplified. This ecosystem
simplification may eventually influence overall ecosystem productivity. Pre-
cipitation acldity could inhibit one or more critical stages in the life cycle
of an organism. Experimental results show that fertilization and spermatozoid
motility in ferns are very seasitive to pH levels below 5.7 and additions of
sulfate and nitrate (43 uM).178'180 These results suggest that the acidity of -
ambient precipitation in the northeastern United States inhibits the reproduc-
tion of ferns. The overall impact(s) that these injuries may have on eco-
system productivity is unknown.

Alterations in Herbivore Populations or Communities. It is coa-.
ceivable that precipitation acidity might directly or indirectly alter popula-
tions of herbivores either positively or negatively, and such changes could be
reflected in crop or forest productivity. However, at present, no data are
available on the effects of precipitation acidity on terrestrial herbivores,
let alone on subsequent impacts on plants.

Altered Sensitivity of Vegetation to Other Air Pollutants and/or
Plant Pathogens. Acidic precipitation may affect gas exchange in plants
which could alter plant sensitivity to other air pollutants. Individual cells
of the epidermis may be ingurgd upon initial exposure to acidic raia at pH
54-156 Moreover, acidic rain may cause some altera- -

levels of 3.4 and below.l?
tions in the cuticle and/or in the functions of guard cells.l66 Foliage ex-
posed %o acidic rain may be more subject to wilting or wataer stress as well as
becoming more sensitlive Lo gaseous alr pollutants. Xnowledge of the effects
of acidic vain in combination with gaseous pollutants such as ozone and sulfur
dioxide is needed in order to understand the impacts precipitation acidity
might have on vegetation in nature. :

Acidic precipitation can affect alcroorganisms that iahabit surfaces of
higher plants. Simulated acidic rain produced an 36% inhibition of the number
of telia of Cronartium fusiforme on willow oak (Quercus phellos) and 2 29%
decrease in the percentage leaf ars=a affectad by bean rust (Uromyces phaseoli)
on Phaseolus vulgaris.18 Halo blight caused bv Pseudcomonas phaseolicola
infections of leaves of Phaseolus wulgaris was stimulated or inhibited by




simulated acidic rain depending upon the timing of application. Simulated
acidic rain stimulated initial Infection but inhibited development of the
pathogen if applied after infection began. The overall effects that ambient
levels of precipitation acidity have on plant host-plant pathogen interactions
remain unknown at present. However, 1f rainfall acidity should increase or
decrease, the degree to which plant pathogens affect either crop or forest
plants may have significant econonic impacts.182>183

QOverall Evaluation of Effects of Acidic Precipitation on Terrestrial
Vegetation. At the present time there is little unequivocal evidence that
acidic precipitation, at ambient levels, is having deleterious effects upon
terrestrial vegetation within the United States. The above statement is made
more from a lack of concrete information than from an evaluation of large
amounts of experimental data. Experiments that have been conducted in labora-
toty or zreenhouse sattings have yielded some informaticn that may point to
mechanisas of injury. However, few field experiments have yielded definitive
results. Although decreases in yields of various crops have been documented
in controlled-environment and field experiments at pH levels below pH 4.0,
only well-designed fleld experiments will document changes in plaat productiv-
ity or survival that may be expected from actual acidic rain exposures. It is
essential that experiments using standard agronomic practices with large
numbers of replicates be conducted so that results can be extrapolated to
actual crop values.

Acidic precipitation may affect the productivity of crop and forest
plants by direct impaction. TIf significant alteration in productivity of
either crops or forests occur, significant economic lcss may result. Cur-
rently, evidence linking levels of rainfall acidity to crop yields is meager.
However, from present data it is clear that the level of injury, if injury
occurs, is less than year-to-year changes due to differences in natural cli-
matic factors such as-precipitation volume or temperature. This does not
mean, however, that possible injuries from acidic precipitation can be
ignored. It is important to datermine even small changes in productivity.
Modeling exercises show that a growth reduction of 10 to 25% per year of one
tree species would be required to reduce overall forest productivity. Below
this 10 to 257 range a decline in productivity of one or more species could be
coampensated for by an increased productivity of one or more other
species.163r134 However, it should be noted that while such compensations
may occur in complex ecosystems, thev would not occur in agriéultural
systems. A 1.0% sovbean yield‘reductionlso would have represented a 1oss to
growers in the northeastern United States of 50 million dollars in 197§
(ignoring price elasticity).185 This reduction would affect yields indepen-
dent of other sources of variation (except drought). Such losses from acidic
precipitation, while contributing to an overall reductlion in the annual
harvest, may zo undetected because annual variations in soybean yield (1714.2
to 2131.0 kgz ha~! in the decade 1970-1979) are much larger.186

In order to standardize results from future experiments, a uniform
expression of data should be utilized. To date, the most meaningful relation-
ships between rainfall acidity and plant responses have been obtained when the
responses are plotted as a function of hydrogen ion concentration of the test
solution applied.lss’lao This expression or some other more wmeaningful .
exprassion should be used so that data can be comparad with ambient precipita-
tion acidities. ' '

Precipitation Acidity Standard for Protecting Forests and Croos. It
has aot vet been demonstrated that current regional levels of precipitation




acidity alone significantly injure terrestrial vegetatlon (excepting areas
affected by specific point sources). There are soame suggestions that crop
injury may be occurring, but the evidence is not conclusive. Since cause-
effect relationships have not been shown, there is no information available on
which to establish an acidity standard for preciplitation that would prevent or
ameliorate injuries. 1In the area of effects of acidic precipitation on ter-
restrial vegetation a much larger data btase 1s required befores a standard .
could be established, {f indeed a standard 1s necessary.

Overall Evaluation

This paper evaluates the current state of knowledge of the impacts of
acidic precipitation on a variety of receptors and addresses the following
questions: (a) what pollutants are responsible for precipitation acidity, (b)
where do the greatest Impacts occur, (c¢) what receptors are at risk, (d) what
is the current extent of damage and benafits, (e) what are ‘the environmental
costs and benefits of preventing acidic precipitation, and (f) should an air
quality standard be developed now for acidity of precipitation?

Acidic precipitation, wet or frozen deposition with a hydrogen loa con-
centration greater than 2.5 ueq it (less than pH 5.6), is a significant air
pollution problem in the United States. The chief anions accounting for the
hydrogen ions in precipitation are nitrate and sulfate. Within the United
States, precipitation acidity is greatest in the Northeast where about 907 of
all sulfate and a significant fraction of all nitrate is attributed to zanthro-
pogenic emissions. Potentially, ecosvstems within thls area are at greatest
risk. Data show that precipitation within the northeastern United States is
acidic and that there are large variations in chemistry within and among rain
events and among nearby sites for individual events. This variability in
chemistry makes it impractical to establish a precipiltation standard based
upon data collected from a small number of samples. However, even with such
variations, precipitation at representative sites within the Northeast show
that very few events fall outside of the pH range of 3.00 to 5.49.

Agricultural systems may derive net nutritional benefits from Increasing-
laputs of S in acidic rain but inputs of N are usually not great =nough to.
contribute substantially to crop needs. Agricultural soils are generally bet-
ter buffered and heavily fertilized, making the dangers of soil acidification
auch less than in forest soils. S

Moderate inputs of acidic rain can be of anutritional benefit to forests
by supplying N and S, but detrimental effects can occur if atmospheric H in-
puts significantly add to or exceed gt production by mechanisms internal to
the forest soll. Estimates of internal 3% production in forests are very
rare, but the avallable literature gives values ranging from approximataly 200
to 23,000 eq‘ha'l'yr‘l. Taking the low figure as an arbitrary maximum
allowable HV depositina rate and assuming an equivalent Lnput of 67% 8042‘ and
33% NO43~ as counter-lons provides ~3 kg S and 1 kg N per hectare per year.
This amount of 5 input is unlikely to fulfill agricultural needs but will
probaply meet forest requirements. Nitrogen inputs of this magnitude are
probably insignificant relative to crop aeeds, but may supply as “much as 407
of forest needs. )

It must be kept in mind that effects may vary widely, and inputs benefi-
cial to one system may be harmful to another. It would be ideal to assess the
nutritional costs and benefits of different lavels of acidic rain inputs over
diiferent biomes, physiographic regions, and even s0il series bHefore satting




standards. Then a declsion @ust be made as to whether the autritional cost/
benefit relationship over an entire region is positive or negative at a given
input level and, more importantly, whether the standard will be based on the
worst—case situation within the reglon or on some more "average” factor for
the region as a whole. Unfortunately, the current data base--—especially for
forests——1{s totally inadequate for this :type of analysis.

Acid deposition accelerates rates of mineral weathering from watersheds.
Three principal factors mediate this process: (1) soil volume and porosity,
(2) soil minerology, and (3) runoff rate. Hydrogen ions are exchanged for
cations, particularly Ca2+, Mg2+, and A13+, 4s a result, aluminum concentra-
tions may reach levels (> 0.2 mg 2~1) known to be toxic to aquatic organisms.
To date, there has been no documentation of decreased soil pH as a conseguence
of acid deposition although groundwater acidification is reported in Sweden.
Information relating acidic precipitation to changes in soil chemistry alone
is insufficient to justify the development of an air quality standard unless
such changes are clearly linked to actual or potential injuries to biota,
includiag humans.

If the pH of soils is changed by inputs of acidic precipitation, a reduc-
tion in several soill microbial processes may occur. Some processes, e.8.,
organlic matter decomposition, may be stimulated but these stimulations have
been assumed to be of a temporary nature. With the present level of knowl-
edge, it is not clear to what extent or at what rate current levels of pre-
cipitation acidity affect soll microbial processes.

Acidification of freshwaters in southern Scandinavia, southwestern
Scotland, southeasternm Canada, and the northeastern United States 1s caused by
acid deposition. The areas of these regions in which this zcidification
occurs have in common highly acidic precipitation with volume weighted mean
annual HY concentrations of 25 ueq 2=l (pH 4.6) or higher and slow weathering
granitic or precambrian bedrock with thin soils deficient in minerals which
would provide buffer capacity. Correlation analyses of data from these
regions indicate that 25 peq H' 2~! 1s a critical threshoid, above which per-
manent lake acidification occurs in the most sensitive areas. ZEpisodic acidi-
fication may occur in small streams at less acidic pH's. There are indica-
tions that acid deposition may cause freshwater acidification in Florida, the
Blue Ridge Mountains, upper Wisconsin and Minnesota, and Washington State, as
well.

Biological effects are detectable at pHd < 6.0 in freshwaters.  As lake or
stream pH decreases below this level, many specles of plaats, iavertehrares
and vertebrates are progressively eliminated. As a general rule, fisheries
are severely impacted below pH 5.0 and they are completely destroyed below piH
4.8. Currently, there is a tendency to define only the complete elimination
of fish as a meaningful Injury, thus only the most acidic lakes with pH values
below 5.0 and no fish are counted as casualties. A new definition of injury
which considers general blological damage as well as zlimination of fish
should be accepted. This will require evaluating biological changes on a
quantitative basis in freshwaters in the oH range 5 to 6. 1t is likely that
mors widespread injury to freshwater ecosysteas will bhe found if this new
definition of environmental injury is applied.

Information available to date indicates that establighing a standard for
precipitation acidity for the volume weightad annual 4% conceatration at 25
ueq 7' may protect the most sensitive arsas from permanent lake acidifica-
tion. Such a standard for protecting lakes wmizht be applied on a regional




basis. For example, northern New York, New England, upper Wisconsin, and
upper Minnesota are, at this tiwme, recognized as the most sensitive areas of
the United States having large numbers of lakes at risk. Canada is not
included in this analysls, but has much larger regions hlgnl/ sensitive to
acidification.

Before a standard can be set, however, it must flrst be decided whether
or not the known damages (or perhaps the anticipated damages) attributable to
precipitation acidity, are severe enough to warrant their prevention or ameli-
oration. An .evaluation of the magnitude of the environmental injuries in
freshwaters must await a quantification of those injuries known only qualita-

tively in the pH ranges 5 to 6.

There is an Inadequate amount of information that shows decreases in crop
growth except for one fileld study. Most studies with plants (crops and
forests) ara inadequate for standard setting because they are not conducted in
the field with adequate randomization of plots coupled with rigorous statis-
tical analyses.

Although visible injury to foliage by acidic precipitation has heen
documented in a variety of greenhouse studies, no experimental evidence
demonstrates loss of field crop value or reduction in plant productivity due
to visible foliar injury.

Acidic precipitation can contribute nutrients to vegetation and could
also influence leaching rates of nutrients from vegetation. Although these
processes occur, there are no data that show changes 1ia nutrient levels in
foliage that relate to crop or natural ecosystem productivity.

Experimental results show that fertilization of ferns {s inhibited by
current lavels of acidic precipitation in the northeastern United States.
However, the overall impacts of inhiblted fertilization on perpetuation of the
species or ecosystem productivity have not been evaluated. N

Simulated acidic precipitation has been shown to effect plant pathogens
in greenhouse and field experiments. Simulated acidic precipitation inhibited
pathogen activities under some circumstances and promoted pathogan activities
under other circumstances. No conclusion can be drawn about the effects of
current levels of precipitation acidity on plant pathogen-host interactions.

From these data it must be concluded that research on the effects of
acidic precipitation cn terrestrial vegetation is too meager to draw any con-
clusions with regard to an air quality standard. It has vet to be demon-—
strated that current regional levels of precipitation acidity alone signifi-
cantly injures tervestrial vegetation. Although there -are some suggestions
that crops aight be injured, the evidence is not coanclusive. More research
data need to be evaluated in. this area of effects of acidic precipitation on
terrestrial vegetation before a standard could be established, if one is

‘necessary.

From available research data it seems reasonable that organisms and/or
single cells that are exposed to acidic solutions within a poorly buffersd
environment, in the broadest sense, would be most sensitive to protoas in
rainfall. Good examples of this situation would be ‘organisms that live in
fresh waters, bacteria and fungi on plant foliage, sperms of lower plants such
as ferns and mosses, and organisms in leaf litter. In conktrast, it seems
reasonable that organisms and/or cells of organisms would be lass sensitive in



environments that would resist changes in pH. Examples would be highly buf-=
fered soils and cells within plant foliage with thick protective coverings
that would retard penetration by acidic precipitation.

If we are to alleviate the effects of acidic precipitation, we must first
decide whether or not the known or highly probable damages are savere enough
that we are willing to pay the costs of reducing SOy and NO, emissions. How-
ever, 1t should be recognized that precipitation acidity is just one part of
the much larger problem of air pollutaats emitted by fossil fuel combustion.
This larger problem involves considerations of human health, corrosion of
structures, damages to forests and crops, and climate change. Taken together
the environmental costs from fossil fuel combustion may be quite significant.
The costs to pravent or ameliorate the effects of acidic precipitation in the
United States are uncertain because the quantitative physical and chemical
relationships between SOy and NOy emissions and a specified precipitation
acldity level area unavallable.
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