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ABSTRACT 

Six varieties o:f cool season turfgrasses were expos e d  

to s imulated acid rainfall with tre atment s  consisting o f  

a sulfur ic acid solution, a nitric acid solution, and a 

50-50 mixture of both. Each solution was used to make 

"acid rain" of pHs 3.0, 2.5, 2.0, artd-1.5.-

Height me asureme nt s  showed decre ases in growth through-

out the experiment for all treatments exce pt the nitric and 

50-..50'acid treatments at pHs of 2.:0 and.1.5, which maintain

fairly constant growth. Analysis o:f nitrate, phosphorous, 

and potas s ium levels in the s oil indicated heavy leaching 

of the nitrates and potas s i um from most s oil sample s, which 

probably account for the reduced growth obs erved. There 

appeared to be an increase in leaching of potassium from 

sample s recieving the more acidic treatments. Grasse s with 

little decrease in growth showed greater fol i ar injury than 

did the stu..�ted plant s .  Greater :foliar injury was also 

observed at the beginning of the experiment ·when all the · 

plants were :fairly uni:form in height. Soil pH showe d 

little change except for the pH 1.5 sulfuric acid tre at

ments , which caus ed some increase in acidity. The re was 

no correlat ion between the soil pH and t urfgrass he ight or 

foliar in j ury. 

A separate, relate d  e xperiment was conducte d  to in-

vestigat e a new chlorophyll e xtraction proce dure re ported 

in the lite rature for obtaining chlorophyll concentrations 
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expressed as mg. chlorophyll per .gram dry weight. 

Chlorophyll extracts from the inj ure d plants showed a 

reduction in chlorophyll A, chlorophyll B, and total chlo

rophyll. Injured plants als o showed a decrease in chloro

phyll A to B ratios. In addition, higher percentages of 

chlorophyll were ex tracted from uninj ured tissue than from 

inj ured tissue. 

Length of s torage studies indicated that chlorophyll 

extracts were stab�e for at least ten days when stored in the 

dark. 
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INTRODUCTION 

Acid precipitation is generally defined as precipi

tation with a pH of less than 5.6, which is considered the 

lower limit of natural rain or snow. The pres ence of 

carbonic acid formed from atmosphe ric co2 and H2o accounts 

for this slight acidity (Anonymous, 19 79 ) . 

The major increase in the acid ity of precipitation 

observed over the past two decades is believed to be the 

res ult of sulfur and nitrogen ox ides emitted by various 

anthropogenic s ources. These oxides undergo oxidation and 

hydration in the atmosphere to become nitric and sulfuric 

acids (Gunnerson et al., 19 79 ) . 
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Some of the environmental effects attributed to acid 

p�ecipitation thus far are acidification of lakes, rivers, 

and ground waters (resulting in damage to fish and other 

aquatic organsims), acidification and release of metals from 

soils, dete rioration of man made materials such as build

ings, statuary, metal structures, and paint, possible con

tamination of drinking water from metals released from soil 

and pipelines , and damage to vegetation (Anonymous, 19 79). 

The most commonly observed plant injuries include leaf 

deformations (wrinkling and curling) and necrosis of leaf 

tissue (Hindawi et al., 19 80; Ferenbaugh, 19 76; Wood e t  al., 

1974), reductions in chlorophyll content and integrity 

(Hind awi et al. , 19 8 0; Ferenbaugh, 19 76) , red uctions in 

carbohydrate concentrations (Ferenbaugh, 19 76) , foliar leach-
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ing of nutrients (Hindawi et al., 19 8 0; Fa irfax and Lepp, 19 75 ; 

Wood and Bormann, 19 75 ; Eaton et al., 19 73), reductions in 

yield and biomass (Harcourt and Farrar, 19 8 0; Hindawi et al. , 

19 80; Lee et al., 19 8 0; Mohamed, 19 78 ;  Farenbaugh, 19 76; 

Wood and Bormann, 19 74), and alterations in host-parasite 

interact ions (Shriner and Cowling, 198 0; Shriner, 1977). 

This study was concerned with general morphological 

and physiological changes in cool season turfgrasses exposed 

to s imulated acid rain. Studies on a variety of crop grasses 

seem to indicate that these grasses (and monocots in general) 

are much more resistant to acid rain than are dicots, but 

lesion development has been observed in many of them (Lee 

et al., 19 8 0; Mohamed, 1978). 

Six varieties of cool season turfgrasses (Table 2) were 

utilized in this· experiment because of their great ec

onomic and aesthetic importance in the midwestern United 

States, being used in lawns, parks, cemeteries, athletic 

fields, and other similar areas which require durable, at

tractive ground covers (Beard, 19 73). 

Ill... 
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LITERATURE REVIEW 

For the past twenty years a sharp increase in the acid

ity of rain and snow has been recorded for the Eastern United 

States, as well as for other parts of the world. This in

crease has been generally attributed to the oxidation and 

hydration of nitrogen and sulfur oxides emitted from anthro

pogenic sources such as coal burning power plants and vehicle 

exhausts. 

The oxides of nitrogen present in the atmosphere are 

N2o, NO, and N0
2

. NO is the most common form, being formed 

by combustion at high temperatures ( Haagen-Smit, 19 76). In 

the atmosphere NO reacts with o
2 

to form N0
2

: 

( Schuck et al�, 195.8) 

At high concentrations of NO this reaction occurs in a matter 

of seconds, but at low concentrations it is much slower. 

However, ozone will oxidize NO rapidly, even at low concen

trations: 

NO_ + 0 --- NO + 0 
.3 . 2 2 

( Air Pollution Found., 1960) 

In the presence of ozone, N0
2 

is readily oxidized to NOj: 

N0
2 

+ O
J 

--- NOJ + o
2 

( Cox & Penkett, 1971) 

Then to N
2

o
5

: 

N0
2 

+ NOj --- N
2

o
5 

( Hellner & Keller, 19 72) 

Which can then be hydrated to nitric acid: 

( Adel, 19 5 1) 

The same results are attained in fog droplets, · where hydr?-tion 
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and catalytic oxidation lead to complet� conversion of N02 
to nitric acid: 

4N02 + 2H20 + o2 --- 4HNOJ 
(Johnston & Yost, 1949) 

The most common oxide of sulfur present in the atmo

sphere is so2, which is released by the combustion of sulfur 

containing materials. The processes by which so2 is oxidized 

to sulfuric acid in the atmosphere are not well understood. 

One proposal is that the so2 released during combustion is 

oxidized to so3, which then reacts with water vapor to form 

a sulfuric acid mist (Kellogg et al., 1972): 

S02 + 0 + m --- SOJ + m 

were m is a molecule of o2 or N2 which carries off the excess 

energy, preventing the prompt reversal of this reaction. 

The so3 formed in this reaction reacts with water vapor 

almost immediatly to form H2so4: 

SO + H 0 --- H S04 J 2 2 

which then c ombines with water to form droplets of H2so4 

solution. The amount of so2 oxidized to so3 depends upon a 

number of factors, including the duration and intensity of 

light, the amount of moisture present, and the amount of 

catalytic, sorptive, and alkaline materials present. A more 

common process is probably when so2 is dissolved in fog or 

cloud droplets, thus becoming sulfurous acid, which can 

then be rapidly oxidized to H2so4 by dissolved oxygen. 

Deleterious effects caused by the dry deposition of 

sulfur oxides on plants have been fairly extensively studied 
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(Guderian, 19 77), and include foliar damages such as 

necrosis and· chlorosis, reduced growth, decreased yields, 

changes in enzyme levels, and alterations in the comp

osition of plant communities. Oxides of nitrogen exhibit 

basically the ·same effects, but usually must be present in 

higher concentrations to do so, and there is some indication 

that the combined effects-of N02 and so2 are more harmful 

to vegetation than are the effects of either pollutant sep

arately (Ashenden & Mansfield, 19 78) . Injuries caused by 

acidic precipitation formed by the ·hydration of these pol

lutants have not been thoroughly studied, but the�grow-

ing concern over this problem ·has stimulated much new 

research, both on the government and university levels 

(Acid Rain, 19 80, Anonymous, 19 80) . · 

The most commonly observed injuries affecting plants 

exposed to acid precipitation seem to be leaf deformations 

(i. e. leaf curling and wrinkling) and necrosis of leaf 

tissues (Hindawi et al., 1980, Ferenbaugh, 19 76, Wood & 

Bormann, 19 74 ) .  Experiments show tbt lesion development 

in Phaseolus vulgaris ·, Helianthus annuus (Evans et a.l., .19 77), 

and Pteridium aquilinum (Evens & Curry, 19 79 )  was very 

similar when these plants were exposed to simulated acid 

rain at pH's of less than 2:3. Initial injury was char

acterized by collapse of adaxial epidermal eells, later 

followed by the collapse of adjacent palisade parenchyma 

cells. When injury was near vascul�r tissue supportive 
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cells also collapsed. The next stage of lesion devel

opment was characterized by cell wall distortions and 

subsequent collapse of spongy parenchyma cells adja cent to 

collapsed epidermal and palisade parenchyma cells. The final 

stage of lesion development was the collapse of all tissues 

except-xylem and phloem. 

Lesion development in Glycine � (Evans & Curry, 1979) 

was.characterized by a collapse of epidermal cells followed 

by distortions of palisade paren chyma cells. Extensive 

hyperplasia was seen in these cells, with occasional en

larged cells present. Hyperplasia and hypertrophy occured 

prior to cell collapse. 

Responses of 2 of 6 clones of Populus .§:Q· (Evens et al,., 

1978) exposed to simulated acid rain were markedly different 

from the other 4 clones (G of which showed typical lesion 

development and 2 of which showed limited hypertrophy and 

hyperplasia in tissues surrounding lesio?s) by the production 

of gall like outgrowths. Cells of the epidermis and sur

rounding tissues of these galls were collapsed. Elevations 

in both the a daxial and abaxial leaf surfaces due to hyper

trophy and hyperplasia in palisade and spongy parenchyma 

cells characterized later stages of gall formation. 

Exposure of Tradescantia §.:2· (Evans & Curry, 1979) to 

simulated acid rain resulted initially in the collapse of 

outer epidermal cells in trilaminar sites and the upper 

mesophyll. Lesion development showed a progressive increase 

--
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in cell deterioration from the exterior of the leaf to the 

interior. About 50% of all lesions exhibited hypertrophy 

with affected cells obtaining volumes 3 times their normal 

size. No hyperplasia was present, and hypertrophy occured 

only in mesophyll cells. 

Foliage of Quercus palustris (Evans & Curry, 19 79 )  

showed a different sequence of lesion development than did 

the previously mentioned plants. Epidermal cell collapse 

occured simultaneously with the collapse of palisade par

enchyma cells, followed by mesophyll tissue abnormalities. 

Hyperplasia and hypertrophic responses in spongy mesophyll 

gave rise to galls. The final stage of injury, normally 

characterized by severe necrosis of all tissue layers did 

not occur in this species. 

Foliar damage has also been noted in Phaseolus vulgaris, 

Acer saccharum (Wood & Bormann, 19 75 ), Betula alleghaniensis 

(Wood & Bormann, 19 74) , Tortula ruralis (a moss) (Sheridan & 

Rosenstreter, 19 73) , and in a variety crop plants (Table 1 ) . 

Most lesion development observed in these studies 

occured at pH's of less than 3.0. Enlargement of these 

lesions was probably accelerated by the collection of acidic 

rainfall in the depressions of newly formed lesions (Evans 

& Curry, 19 79) . The majority of lesion development occured 

near vascular tissue, stomates, and trichomes (Evans et al., 

19 79 ), possibly because vascular tissues and cells at the 

base of trichomes create natural basins in the leaf surface 
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Table 1. Some crop plants which are susceptible to foliar 

damage when exposed to acidic precipitation ( From Lee 
et al . , 19 80 and Mohamed , 19 7 8) . 

Plants showing ex tensive 
foliar damage at pH J.O 

Radish 

Mustard greens 

Swiss chard 

Cauliflower 

Tomato 

Cucumber 

Green pepper 

Carrot 

Dry beans 

Snap beans 

Plants showing moder ate 
foliar damage at pH J.O 

Beet Corn 

Carrot Okra 

Spinach Watermelon 

Bibb lettuce Muskmelon 

Head lettuce Pepper 

Tobacco 

Cabbage 

Broccoli 

Ryegrass 

Orchid grass 

Fescue 

Potato 

.Green pea 

Peanut 

Soybeans 

Alfalfa 

Red clover 

Strawberry 

Timothy grass 

Bluegra_ss 
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were rain water could pool (Evans & Curry, 1979) . A study 

done on Phaseolus vulgaris (Evans et al., 1977) showed 
. 

lesions originating in epidermal cells adjacent to trichomes 

75% of the time, near the stomata 20% of the time, and in 

all other areas 5% of the time. 

Exposure to simulated acid rain has also been shown to 

destroy chlorophyll in mosses and to alter the chlorophyll 

A to B ratio by increased hydrolysis of chlorophyll A. Re

ductions in chlorophyll content and chloroplast integrity 

in P. vulgaris was also reported, though the chlorophyll A 

to B ratio remained unchanged (Hindawi et al., 1980, Ferenbaugh, 

1976) . In addition, increases in photosynthesis and res-

piration along with reductions in starch and sugar concen

trations have been demonstrated in this plant ( Ferenbaugh, 

1976). An increase in photosynthetic rates was also noted 

in conifers (Gordon, 1972), while photosynthetic depression 

was seen in Tortula ruralis (Sheridan & Rosenstreter, 197J) .  

Reductions in root and foliar biomass caused by ex -

posure to simulated acid rain have been recently reported 

in P. vul garis (Ferenbaugh, 1976) and Raphanus sativus 

(Harcourt & Farrar, 1980). Reductions in leaf biomass in 

P. vulgaris has also been demonstrated by Hindawi ( 1980), 

along with reductions in reproductive organs (i.e. seeds and 

pods). Reductions in leaf, and total plant biomass was 

reported in yellow birch ( Wood & Bormann, 1974) , and there 

is some concern that a continued decrease in plant pro-
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ductivity because of acid rain could have adverse effects 

on future food supplies (Pearson, 19 74 ). Studies on crop 

plants (Lee et al., 19 8 0, Mohamed, 19 78 )  have indicated 

reductions in fresh weight of crops such as radishs, carrots, 

beets, mustard greens, broccoli, lettuce, tomatoes, peppers, 

cabbages, peas, spinach, okra, muskmelon, watermelon, cu

cumbers, and snap beans. Tomatoes in particular showed a 

significant decrease in fruit weight and number along with 

a reduction in marketable fruits (Mohamed, 19 78 ). Many of 

the leaf crops were damaged enough to affect marketability 

(Lee et al., 19 80). Other observations (Lee & Neely, 19 8 0) 

seem to indicate that dicot yield is more adversly affect

ed by acid rain than is the yield of monocots, and that 

among dicots, yields of root crops are most likely to be 

damaged, followed by leaf, cole, and tuber crops, while 

legume, forage, and fruit crops may be stimulated by acid 

rain, and grain crops seem to 
_
be unaffected. There also 

seems to be no correlations between foliar injury and yield 

effects. Acid precipitation may also be responsible for 

decreases in forest productivity noticed in southern 

Sweden (Johnsson & Sundberg, 19 72) and the deciduous forests 

of the Eastern United States (Whittaker et al., 19 74 ). 

Another response to acidified precipitation is foliar 

leaching of nutrients. Studies done on Nicotiana tabacum 

(Fairfax & Lepp, 19 75) showed increase.s in foliar calcium 

loss and decreases in foliar potassium loss. The rate of 

--



1 1  

magnesium loss was not affected. The loss of calcium is a 

passive ion exchange process depending upon hydrogen ion 

concentrations in rainfall. The increased concentration 

of this ion in acid rain therefore causes an increase in .. 

calcium loss (Mecklenburg et al. , 19 63) .  The decrease in 

foliar leaching of potassium was not readily understood. Ex

periments on P. vulgaris (Hindawi et al. , 19 8 0) showed sig

nificant losses in foliar nitrogen, phosphorus, magnesium, 

and calcium, while potassium was not affected. Other studies 

have demonstrated acid rain leaching of calcium, magnesium, 

and sulphur from the canopy of a sugar maple stand (Eaton 

et al., 19 73) , increases in the leaching of potassium, mag

nesium, and calcium from pinto beans and sugar maple (Wood 

& Bormann, 19 75 ) ,  a ten-fold increase in calcium concentrations 

in litter beneath an � pseudoplatanus stand (Fairfax & 

Lepp, 1975 ) ,  and increases in calcium and magnesium concen

trations in litter beneath sugar maple and red alder stands 

(Lee & Weber, 198 0) . 

Another question now being asked is how acid precipita-

tion and host parasite interactions are related. It has been 

suggested that alterations of these interactions may in

crease susceptibility of plants, alter their capacity to 

tolerate disease or injery, or alter virulence of the path

ogen (Gunnerson & Willard, 19 79 ) . A study done on 5 host 

parasite systems (Shriner, 19 78 )  of kidney beans showed a 

66% inhibition in the reproduction of root knot nematode, 
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a 29% decrease in the percentage of leaf area affected by 

Uromyces phaseoli, and a stimulatory or inhibitory effect in 

the development of halo blight depending upon the stage of 

disease cycle at which treatments were applied. Treatment 

before innoculation increased disease severity by 42%, sus

pension of bacteria in acid rain resulted in no infection, 

and application of acid rain after infection inhibited dis

ease development by 22%. Shriner later reported (Shriner & 

Cowling, 1980) that simulated acid rain seemed to stimulate 

infection by facultative parasites due to lesion development, 

while obligate parasites tended to be inhibited, possibly 

because of imbalanced host metabolism. In growth studies 

on radish and onions exposed to simulated acid rain (Lee et 

al., 1981) it was observed that treated plants recieved less 

damage from slugs and twelve spotted beetles than did con-

trol plants. 

There have been no reports of beneficial effects on 

vegetation exposed to acid precipitation as yet ( Jacobson, 

1980), but benefical responses may be found with further 

experimentation. One possibility is that the sulfur and 

nitrogen in acid precipitation may act as fertilizer in 

soils deficient in these materials ( Jacobson et al., 1980, 

Tveite & Abrahamsen, 1978). Another possibility may be the 

inhibition of plant pathogens by exposure to acid rain. A 

variety of bacteria an d  fungi are known to be repressed 

under acid conditions (Shriner, 1978), but little work has 

' 
Ir 
i �: 
H I 
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been done in this area. 

Other research which has been done on effects of sim

ulated acid rain have demonstrated reduced fruit set, re

tardation of pollen tube elongation, and pollen germination 

in tomatoes ( Kratky et al. , 19 74) , abnormal needle devel

opment i n  some species of pine ( Gordon, 1972), deleterious 

effects on developmental morphology of various trees·- ( Gordon, 

19 72) (Wood & Bormann, 19 74 ) ,  inhibited decomposition of 

leaf litter from the forest floor ( Abrahans en et al., 19 76) , 

reductions in nodule formation on legumes ( Shriner, 19 77) ,  

increased susceptibility to drought, biotic pathogens, and 

other stress factors, adverse effects on symbiotic associ

ations, accelerated leaching of organic and inorgani c mat

erials from t he s oil, and synergistic interactions with other 

environmental st res s factors such as gaseous sulfur, ozone, 

flouride, drought, etc. {Gunnerson and Willard, 19 79 )  . 

Several good review articles ( Linzon, 198 1; Anonymous, 

19 79; Gunnerson & Willard, 19 79; Likens & Borman, 19 74; 

Likens et al., 19 72) are now available. In addition to the 

literature dis cussed above, there are transcripts of various 

acid rain conferences ( Hutchinson & Havas, 19 8 0; Toribura 

et al. , 1980; Applied Science Assoc. Inc., 19 78 ;  Guderian, 

19 77; Stern, 19 77; Naegele , 19 73; Thomas & Hendricks, 19 5 6) . 

Also available are the proceedings of a congressional hear

ing ( Acid Rain, 198 0) , which gives a good overview of the 

economic, social, and political si gnificance of acidic pre

cipitation. 
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METHODS AND MATERIALS 

Six var ietie s of turfgras s were us e d  to de termine their 

sus c e pt ibility to damage when exposed to s imulated ac id rain. 

The var ieti e s  used and their chara c t e r i s t i cs are g iven in 

Table 2. 

Soil for thi s  s tudy was obtained from Burgne r  Acres , a 

nature ar ea owned by Eas tern Ill inoi s Univers ity . Th i s  s oi l  

was dried at room t e mp e rature for approximat e ly two we eks 
I 

and then crus hed to pass through a 2mm s i eve .  Soil texture 

was determined by using the Bouy couous hydrome t e r  method as 

des cribed in Brower and Zar (19 77) , organi c matter content 

was de termined by the we t combus tion, potas sium dichromate

sulfur i c  acid method (Bul l . N o . 102 Southern Cooperati ve 

Series) ut ilizing a Baush & Lomb Spe c tronic 20 for abs orbance 

measurements . N,P, and K lev e l s  were tes t e d  as descr ibed be-

low. The properties of this s oil are summarized in Table J. 

At the conclus ion of this s tudy soil s amples from e a ch 

treatment (including port i ons of the or iginal sampl e )  were 

tested for pH, nitrates, s olubl e phos phorous, and potas s ium. 

Test ing for pH was done by m ixing a 1-2i rat io of s o i l  wit h  

Mill i-Q de ionized water and all ow ing i t  to come to equi l i br ium 

for 12 hours at room temperatur e. The pH was then.read on an 

Orion 407A Ionalyzer . Soluble phosphorus was determined by 

the colorimetr ic method des cribed by Bray and Kurtz (1945) 
ut ilizing a Baush & Lomb Spectr oni c 20. Potas s ium was 

determined using a potassium ele ctrode and an Or i on 407A 
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Table 2. Nomenclature and characteristics of the cool 
season turfgrass varieties used in this study. 

Scientific 
name 

Variety Common 
name 

Festuca dubra L. Pennlawn Red Fescue 

Festuca ovina L. .Bi1.j·art Hard Fescue 
(C-26) 

Lolium perenne L. Pennfine Perennial 
Rye grass 

Lolium perenne L. Manhattan Perennial 
Ryegrass 

� pratensis L. Baron Kentucky 
Bluegrass 

Characteristics 

Medium dark green. 
Fine texture. 
High shoot density. 
Fairly rapid shoot 
growth rate. 

Deep green turf. 
Very fine texture. 
High shoot den
sity. Slow ver
tical shoot growth 
rate. Growth 
habit medium low. 

Bright, medium 
dark green. Medium 
fine texture. 
Medium shoot den
sity. Leafy di
minutive growth 
habit. 

Bright, medium 
dark green. Me -
dium fine texture. 
Medium high shoot 
density. Dimin
utive growth hab
it. Profuse til
lering. Slow 
vertical shoot 
growth rate. 

Dark green color. 
Medium coarse tex
ture. High shoot 
density. Low growth 
habit. Medium slow 
vertical shoot 
growth rate. 



Table 2. Con•t. 

Scientific 
name 

� pratensis L. 

Variety 

Victa 

Common 
name 

Kentucky 
Bluegrass 

16 

Characteristics 

Darlt green with 
medium texture and 
density. 
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Ionalyzer. Nitrates were also determined with an Orion 407A 

Ionalyzer, using a nitrate electrode. Procedures for both 

of these tests are given in the Orion 9 3  series method manual 

(Orion, 19 78 b). 

The sieved soil was placed in 7 ounce white Solo styro-

foam cups (with perforated bottoms for drainage of gravi

tational water) and then saturated with Milli-Q deionized 

water. Planting was accomplished by sprinkling a o:ons�:a.Jlt 

volume of .seeds-over the-soil� .covering the seeds with 

approximately 1/8 inch of soil, and then rewetting the soil. 

A total of 234 cups were planted, 39 for each variety. 

All treatments utilized three replicates and each cup was 

color coded for ease of identification. The cups were ran

domly placed on a 72" X 84" table which was narked off into 

288 quadrants, and were illuminated by four 90" long double 

bulb fluorescent fixtures with F96T12 Slyvania cool white 

bulbs. The fixtures where 25cm apart and light intensities 

varied from 79 0  ft. candles between the fixtures to 1000 ft. 

candles directly beneath the fixtures. The photoperiod 

used was 16 hours of light (6 AM-10 PM) and 8 hours of dark 

(10 PM-6 Afvl), 

The experiment was carried out in a J4' X 18 ' room where 

the environment could not be strictly controlled; Both the 

temperature and relative humidity were monitered on a re

cording hydrometer and the weekly averages for each listed 

in table 4. 
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Table 4. Mean weekly temperature ranges and relative humidity 
levels. Readings were obtained with a recording hydrometer. 

Date Temp. range (°F) % Relative humdity 

3/8/8 2  Day 73.4 - 78 .0 33.8 
Night 71. 8 - 77.0 

3/15 /8 2  Day 73. 0 78. 6 4 0.8 
Night 71. 3 - 75 . 2 

J/22/8 2  Day 73. 2 - 77. 0 31.0 
Night 71.0 - 75 . 1  

3/29 /8 2  Day 70. 8  - 79. 6 34 . 8  

Night 71.4 - 75 . 0  

4 /5 /8 2  Day 69 .o - 75 .5 30. 0 

Night 68. 6 - 73,3 

4 /12/82 Day 73,3 - 79 .8 34. 5 
Night 72. 6 - 78 .1 

4 /19/8 2  Day 73. 2 - 79 ,3 25 .0 

Night 73.0 - 78 . 0 

4 /26/8 2  Day 73.0 - 80.8 29 .1 
Night 73. 1  - 77. 4 

5 /3/8 2  Day 73. 0 - 8 0.0 36.1 

Night 73. 0 - 78 . 6 

5/10/8 2  Day 76.8 - 8 3. 8 40. 8  
Night 77. 0 - 8 1. 7 

5 /17/8 2  Day 78 .2 - 8 4 .2 49 . 1 
Night 77,9 - 8 2. 1  

5 /24 /8 2  Day 75 .4 - 8 2.8 5 6. 5 
Night 75 .2 - 80.0 

I 

L 
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Two different acid stock solutions were used to make the 

simulated acid rain used in this experiment. These acids 

were concentrated reagent grade :sulfuric ·acid and nitric 

acid. Acid solutions of pH J.O, 2.5, 2.0, and 1.5 were made 

from these acids by dilution with Milli-Q deionized water. 

Also, these acid solutions were mixed to give iH
2

so
4

-iHNo
3 

solutions of the same pH to test for possible synergistic 

effects. The pHs used were chosen because much of the lit

erature indicated that most evident damage to plants oc

cured at pHs of less than J.O. In addition, a preliminary 

experiment which was destroyed by aphids showed no visible 

damage at pHs of 4.o, 3.5, and J.O. 

A total of 1J different treatments were used in this 

experiment, including a control of untreated Milli-Q de

ionized water. The other 12 treatments were as shown below: 

Plants were watered using a spray apparatus to simulate 

rainfall ( Fig. 1). Four hundred milliliters of acid solution 

were placed in the flask and a hand pumped pressure sprayer 

was used to provide 18 psi ( gauge pressure) of pressure for 

spraying the solution. An aerator nozzle was used to break 

the solution into a spray in the shape of a solid cone. 

Seven cups at a time were placed in a bucket for watering. 

Six of these had plants in them and the other was empty for 



I 
I 
I 
' 
: 
I 
' 
I 
I�----

Fig. 1. The spray apparatus 
ulated acid rainfall used in this 

used to create 
experiment. 

21 

the sim-
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the purpose of monitering the volume of water the cups re

ceived in each watering (Table 5). The bu cket was placed 

on a lazy-susan and rotated during the waterings to provide 

more uniformity. Several trial runs of this watering system 

using empty cups were made to determine the deviations in 

amount of water recieved by ea ch cup during a watering 

(Table 6) . .  Every other watering was done using this spray 

apparatus. Between sprayings the soil in each cup was water

ed with 25ml. of· untreated Milli-Q deionaz�d water to· pre

vent wilting of the grass plants. After each spraying the 

plants were placed back on the table in a random fashion. 

After 10 waterings (about 20 days) , 5 with acid solutions 

and 5 with untreated Milli-Q water, the turfgrass plants·were 

har-Vested by: cutting the grass at a height of one inch a�ove 

the soil. Clippings were disposed of and the newly cut grass 

exposed to another series of simulated acid rain treatments . 

Before each harvesting two parameters were measured to mon

itor plant injury, the average height of the grass in each 

cup (to the nearest !cm) and the amount of visible foliar 

damage present. The amount of visual damage was recorded by 

using the following scale: 

1 = little or no damage visible 

2 = moderate damage vis ible 

J = heavy damage visible 

Only three ratings were used to try to reduce bias in re

dording the amount of damage present. Photographs were pro-
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Table 5. Mean vorumes �f water (in milliliters) of water 
recd.eved by e�ch cup of. turfgr�ss :during this study;·_ 

·watering # Volume (mls) ± 2 sd 

1 22.5 ± 2.8* 

2 21.J ± 2.8 

J 22.5 ± 2.5 

4 21.J ± 2.0 

5 22.5 ± J.J 

6 24.o ± 2.2 

7 23.7 ± 2.9 

8 22.6 ± 2.4 

9 22.J ± 2.7 

10 22.2 ± 2.6 

11 22.4 ± J.2 

12 22.8 ± 1.9 

1J 23.5 ± 2.3 

* at a 95% confidence level 
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Table 6. Mean volumes expressed as milliliters of water 
per cup for trial runs of the watering system used in 
this study .. · 

Trial # Volume ( mls ) :t 2 sd 

1 23.7 ± 2.3* 

2 22.5 ± 2.0 

3 21.8 ± 3.2 

4 23.1 ± 3.8 

5 21.3 ± 1.9 

6 23.3 ± 1.9 

7 20.5 ± 2.4 

8 22.0 ± 3. 3 

9 22.5 ± 2.9 

10 2 4 .2 ± 1.9 

11 22.8 ± 0.5 

12 19.4 ± 1.5 

13 24.o ± 2.8 

* at a 95% confidence level 

,l � 
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vided for ease in visualizing the amount of damage present 

for each rating (Figs. 2 & J). 
Since no height measurements were taken in the first 

run, a fourth run was made (utilizing fresh soil from the 

original sample) duplicating the conditions of the first 

run. This run was then substituted for the first run, 

which was dropped from the study. 

Commonly used methods of determing injury to plants have 

included estimations of the % leaf surface area which is 

neerotic and chlorotic, and measurements of chlorophyll 

loss (Knudson et al., 1977). Estimating the% leaf surface 

area which is damaged has inherent observer bias and is not 

very adaptable to turfgrasses were there are very large 

numbers of leaves. Most of the procedures used for deter

mining chlorophyll loss are based on chlorophyll extraction 

methods using fresh weight and are therefore inaccurate 

because injured tissue becomes dessicated, causing a re

duction in fresh weight that corresponds to a reduction in 

chlorophyll. As an alternative, researchers at the Uni

versity of Wisconsin (Knudson et al., 1977) developed a 

simple procedure for deter ming the chlorophyll concentra

tions in plants as milligrams of chlorophyll per gram dry 

weight. This method was demonstrated to be of practical 

value in evaluating ozone injury to bean plants, and ap

peared to be applicable for evaluating injury to other 

plants, and injuries produced by other pollutants. Since 
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this method had not been previously tested for use with 

turfgrasses it was not used in the main experiment, but 

instead set up as a seperate small experiment which con

sisted of two parts. Planting was done using the same 

methods and materials used for the main experiment. The 

first part of' the experiment consisted of' six cups per turf

grass variety. All the cups were watered with untreated 

tapwater. Chlorophyll determinations for the grass in these 

six cups were done using a modification of the steeping 

method described by Knudson et al. ( 1977 ). A weighed amount 

of' grass clippings from each plot were placed in test tubes 

which were filled with 9 5% ethanol and set in a refrig

erator for two days. The ethanol was then poured off' and 

the clippings rinsed with more ethanol and the tube refilled. 

This process was repeated a total of' three times and then 

all the ethanol collected was brought up to volume. Some 

preliminary work with this method showed that the turf

grasses were not as easily extracted as bean leaves, taking 

from 10 days to 2 weeks to become totally " bleached", there

fore 6 days was determined as a reasonable compromise be

tween the amount of chlorophyll extracted and the length 

of' the extraction process. Cutting the grass blades in 

half' seemed to facilitate the extraction process, as did 

keeping the number of blades per sample between 15 and 25 . 

Grass clippings from J of the tubes were dried in an oven 

for J days at 55°c and then reweighed. Aliquots of' the 
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chlorophyll extracte d were then placed in a Be ckman Acta IV 

spectrophotometer to dete rmined the absorbance for each 

sample. The quantity of chlorophyll A and B we re deter

mined by using the following equations: 

mg. chl. B/g dry wt. = 25.8(A649)-7.60(A665) x _Y2!�!-------
1000 x dry wt. 

total mg. chl./g dry wt. = mg. chl. A + mg. chl. B 

* to obtain the mg. chl. /g fresh wt. the fresh wt. of the 
sample was substituted for the dry wt. 

Clippings from the other 3 tube s we re ground in 80% acetone, 

filtere d through Watman's # 1 filte r paper using a Buch..�er 

funne l, and then brought up to volume. Chlorophyll con

centrations form the se solutions we re then determined to 

obtain an estimate of how much chlorophyll was extracte d by 

the 95% ethanol. 

In the se co�d part of this e xpe riment two different 

tre atme nts were used. Thre e cups were treate d with sim

ulated acid rain (iH2so4-tHNo3) of pH 1.5 to induce damage, 

and three othe r cups we re treate d with untre ated Milli-q 
deionize d water for use as controls. Chlorophyll extractions 

from these plants were made as previously described for the 

first part. 

After chlorophyll determinations were made the remain-



JO 

ing portions of the extracts were stored under various 

conditions for one week and rechecked to determine their 
. 

stability. Of each three replicates, one was stored in a 

refrigerater, one in the dark at room temperature, and one 

in the light at room temperature. 
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RESULTS AND DISCUSSION 

The rainfall in the North Eastern United States now 

has an average pH of approximately 3.9, with occasional 

values ranging as low as pH 2. 1 (Likens & Bormann, 1974). 
These values are likely to become even more acidic if so2 
and NOj levels continue to increase in the atmosphere. 

Visible damage to the turfgrasses used in this exp

eriment occured in the form of white, necrotic lesions 

located along the margins and midveins of the leaves, and 

in some cases extended across the entire width of the blade. 

The size of the lesions varied from 0. 5mm x o .5 mm to l.Omm 

x J.Omm. The results of the visual damage ratings are 

given in Figures 4-9. 

There were definite relationships between height, sol-

ution pH, and the degree of damage. Because grass height 

decreased. in each subsequent run for cups recieving the 

higher pH treatments ( J.O, 2.5 ) (Figs. 10-:�5) it seemed 

probable that a decline in nutrient levels within the-soil 

had occured. 

Cups which had been watered with H2so4 solutions show

ed little dhange in potassium levels, but those watered 

with HN03 and !H2so4-tHNo3 solutions showed fairly large 

decreases (Figs. 16-21). This may be due to the increased 

growth associated with these treatments, increased leaching 

due to the acid solutions, or a combination of both.iPhes-
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Fig. 16. Potassiwn levels for the soil in which the 
Kentucky Bluegrass variety, Baron, was grown. 

- •Control 

--50.0 ----
==pH 1.5 

40..0 
(Kj,PPM· "" 

c ! 30.0 ! 
a: 
0 

20.0 

, 0.0 

o.o----
AC: I 0 SOLUTIONS 
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phorus levels showed little variation for any of the treat

ments and remained comparable to the levels found in the 

original soil samples (Figs. 22-27). This was not surpris

ing since phosphorous is usually quite immobile in the soil 

(Beard, 1 9 7 3 ). Nitrate tests showed significant nitrate 

levels in .only the pH 1.5 HN0
3 

solution, although these 

levels were below those found in the original soil samples 

(Figs. 28-33). All other treatments and the controls show-

ed very little nitrate remaining in the soil, which was 

probably due to leaching. Since all treatments except the 

. pH 1 .  5 HN03 treatment showed approxina tely the same amount 

of No
3 

as the controls, it seems likely that the acid sol

utions in this experiment did not increase the amount of 

nitrogen los t from the soil. 

Soil from various treatments showed little change in 

pH for all but the very acidic treatments (i. e. pH 1.5). 

The H2so4 solution appeared to acidify the soil the most 

(Figs. 34-39), but the pH changes noted probably had little 

effect on the height differences observed in this study 

since there was no correlation between height and soil pH. 

However, the literature indicates that acidification of soil 

may cause the loss of base ions, the reduction of cation 

exchange capacity, mobilization of aluminum ions, and 

changes in biological activity (Bache, 19 80 ). 

Height data (Figs. 10-15) showed that the s.ample s re

cieving H2so4 treatments had decreased growth for each sub-
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Fig. 22. Phosphorous levels for the soil in which the 
Kentucky Bluegrass variety, Baron, was grown. 
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sequent run. The HN0
3 

and tH2
so4-tHN0

3 
treatments showed 

this decrease for the pH 3.0 and pH 2.5 solutions, but the 

pH 2.0 and pH 1.5 solutions showed heights equivalent to 

those found in the first run. Control cups also showed 

decreased growth for each subsequent run, indicating a change 

in soil conditions was responsible for height differences 

rather than direct affects of the acid solutions on the 

plants. 

Damage trends varied (Figs. 4-9), but on the whole i n-

dicate d increased visual damage with decreased pHs, as was 

e xpected. There appeared to be a definite relationship 

between the amount of growth (height) of these turfgrasses 

and the amount of visible injury present. When growth was 

decreased under H2so4 treatments the visual injury also 

decreased. Plants treated with HN0
3 

and iH2
So4-iHN0

3 
sol

utions which showed increased height also tended to show 

increased foliar injury. This suggests that rapidly grow

ing turfgrasses are more susceptible to damage than are 

slower growing plants, possibly because of decreases in cell 

wall thickness (Beard, 1973). 

Results from the chlorophyll extraction experiment 

showed that 93% of the chlorophyll was removed from the un

damaged grasses used in the first run (Table 7 ), The percent 

�xtractio� was· decreased �ubS�a.n�ially in the injured plants. 

Knudson's study (Knudson et al. , 1977) did indicate a slight 

decrease i n  the percent extraction for damaged plants, 



Table 7. Mean percentage of chlorophyll extracted with 
9 5% ethanol from the turfgrasses used in thi s study .  

Turf grass Var i e t y  % Chlorophyll extr�cted* 

Uninjured 

Bi ljart 8 2 . 9  

Baron 9 3 . 4  

Vic ta 9 5 .1 

Pe nnf ine 95. 6 

Pennlawn 9 2 . 2  

Manhattan 9 6. 0  

Injure d 

Bi ljart 5 6 . 2  

Bar on 68 . 7  

Vic ta 49 . 9  

Pennf ine 84 . 7  

Pennlawn 7 2 . 7  

Manhattan 82.0 

* Mean value from J replic ates 
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though the de cre ase was much smalle r than the decrease 

seen i n  thi s study. Furthe r studie s would have to be done 

to determine the cause of thi s de crease. Wi th addi tional 

work thi s me thod could prot.ably attai n at le ast a 95% e x

traction of chlorophyll for he althy le aves, and sli ghtly 

less pe rce ntages for damaged. leaves .. 

Chlorophyll stabili ty data ( Table s 8 & 9)' indi cate d that 

the re was li ttle chlorophyll content change ove r a wee k's 

time for extracts store d i n  the re fri gerator· or in the · 

dark at room te mperature , when spuri'ous· value s we re ·not 

taken into consideration. This change c9uld probably be 

re duced by mi ni mizi ng the amol.IDt of ti me the sampl_es are 

i n  the li ght betwee n readings, and by storage l.IDde r stri cter 

conditions. The chlorophyll e xtracts whi ch. we re store d 

i n  the li ght at room te mpe rature showe d large de cre ase s in 

chlorophyll concentrations ranging from 20% to 68%. 

Comparisons be twe e n  damage d and l.IDdamage d turfgrass 

plants (Table 10) showe d that i n  4 of 6 varie ti es the re was 

a re duction i n  chlorophyll A ,  chlorophyll B, and total 

chlorophyll i n  the damaged plants. The other two varie tie s 

may not have shown re ducti ons be cause the y se eme d less 

he avi ly d amage d than the others. The chlorophyll A/B rati o 

showed a decrease i n  the se damage d turfgrasse s also. These 

re sults see m to be i n  agre e me nt wi th Knudson's study (Knudson 

et al., 1977) which showe d that the chlorophyll A/B rati os 

i n  bean plants decreas ed as the total concentrati on of the 



Table 8. Chlorophyl l  c ontent ( i n  mg/g d ry wt. ) of the various turfgras s varieties 
examined. Chlorofhyll levels taken one week after s torage under various c onditions 
are als o given. Firs t harves t ) 

Storage Initial Val ues Stored for 1 week 
Variety Treatment Chl. A Chl. B Total Chl. Chl. A Chl. B Total Chl. 

Bil j art Refrigerated 1. 56 . 555 2. 11 1 . 43 . 544 1. 97 
Room tempi 
- Dark 1. 13 . 715 1. 85 1.38 . 410 1. 79 
- Light 1. 25 . 518 1. 77 . 482 . 188 . 670 

Baron Refrigerated 2. 96 1.13 4. 09 
Room temps 

2. 56 1. 04 3. 60 - Dark 2. 70 1. 13 3. 83 
- Light 2. 71 1. 10 3. 80 . 672 . 654 1. 33 

Vic ta Refrigerated 2. 33 . 992 3. 32 2. 35 . 942 3. 29 
Room temps 
- Dark 2. 59 1. 02 3. 61 
- Light 2. 57 1. 01 3. 58 . 698 . 589 1. 29 

Pennf i ne Refrigerated 1. 18 . 505 1. 68 1. 20 . 516 1. 72 
Room temp: 

1. 94 1. 49 - Dark 1. 36 . 582 . 686 2. 18 
- Light 1. 60 . 655 2. 26 . 362 . 353 . 715 

Pennl awn Refrigerated 1. 56 . 649 2. 21 1. 56 . 649 2. 21 
Room temp: 
- Dark 1. 56 . 600 2. 16 1. 62 . 722 2 . .)4 
- Li ght 1. 67 . 688 2. 35 . 504 . 395 . 899 

Vi 
+=-



Table 8, Con•t. 

Storage Initial Values 

Variety Treatment Chl. A Chl. B Total Chl. 

Manhattan Refrigerated 1. 33 . ,582 1. 91 

Room temp: 
- Dark 2. 05 ,822 2.87 

- Light 1. 43 .697 2. 1 3 

Stored for 1 week 

Chl. A Chl . B Total Chl . 

1.37 . 601 1. 98 

2. 15 . 850 3. 00 

. ,508 .4.52 ,960 

\..}'\ 
\..}'\ 

 



Table 9. Chlorophyll content (in mg/g dry wt. ) o�· the various acid rain treated 
turfgrass varieties examined. Chlorophyl l  levels taken one week after storage 
under various conditions are also given. ( Second harvest) 

Storage Initial Values Stored for 1 week 
Variety Treatment Chl. A Chl . B Total Chl . Chl. A Chl. B · Total Chl. 

-

Bil jart ( C-26) 

Uninjured Refrigerated 3. 36 1. 07 4. 43 3.28 ·. 892 4 . 17 
Room tempi 

4. 29 6. 04 4.Jl - Dark 1. 75 1. 33 .5. 64 
- Light J. 72 1. 4) ,5 . 1.5 2. 4) 1. 32 3.75 

Injured Refrigerated 7. 71 2. 68 10. 4 7. 30 2. 47 9.77 
Room temp: 

4. 19 - Dark 2. 05 6. 24 4. 25 . 926 5. 17 
- Light 3. 29 1. 14 4.43 1. 95 .956 2. 91 

Baron 

Un.injured Refrigerated 6. 24 2. 76 9. 00 5. 92 2. 02 7.94 
Room temp: 

.5 . 46 7. 60 - Dark 2. 14 .s. 37 1.95 7.32 
- Light 6. 05 2. 05 8. 10 4. 06 1. 84 5. 90 

Injured Refrigerated 7.91 2. 71 10. 6 7,59 2.89 10. 3 
Room temp: 

7. 66 7. 64 - Dark 3. 00 10. 7 2.68 10.3 
- Light 7.95 2. 70 10.6 4. 54 2.09 6.63 

\.}\ 
°' 



Table 9. Con• t. 

Storage Initial Values 
Variety Treatment Chl. A Chl. B Total Chl. 

Pennlawn 

Uninjured Refrigerated 7 . 96 2. 68 10. 6 
Room tempi 

6. 66 - Dark 1.71 8. 37 
- Light 7. 63 2. 93 10.6 

Injured Refrigerated 5. 98 2. 12 8. 10 
Room temp: 
- Dark 7. 4) 2. 69 10.1 
- Light 5. 35 1. 8) 7. 18 

Manhattan 

Uninjured Refrigerated 9 . 16 J. 22 12. 4 
Room temp: 
- Dark 9. 19 2. 39 11. 6 
- Light 7. 73 2. 71 10. 4 

Injured Refrigerated 7. 94 2. 92 10. 9 
Room temp: 
- Dark 6. 35 2. 32 8. 67 
- Light 7. 93 2. 53 10. 5 

Stored for 1 week 
Chl. A Chl. B Total Chl. 

7. 73 2. 57 10. 3 

6. 67 2. 14 8. 90 
4. 56 1. 93 6. 49 

5. 78 2. 02 7. 80 

7. 41 2. 42 9. 8) 
3. 53 1. 58 5. 11 

8. 85 3. 25 12. 1 

9. 19 2. 99 12. 2 
5. 04 2. 40 7. 44 

7. 66 2. 89 10. 6 

6. 31 2. 24 8. 55 
4. 86 2. 31 7. 17 

V\ 
"'-l 



Table 9. Con•t. 

Storage Initial Val ues 
Variety Treatment Chl. A Chl. B Total Chl. 

Vic ta 

Uninjured Refrigerated 8. 1) 2. 91 11�0 
Room temp: 
- Dark 7. 0 4 2. 50 9. 54 
- Light 7. 20 2.51 9. 71 

I njured Refrigerated 4. 88 1. 78 6. 66 
Room temp: 
- Dark 6.0 6 2. 29 8. J5 
- Light 4. 96 2. 0 1  6. 97 

Pennf ine 

Uninj ured Refrigerated 6.80 2. 45 9. 25 
Room temps 

3. 41 - Dark 8. 50 11.9 
- Light 8. 70 3. 43 12. 1 

Injured Refri gerated 8.18 2. 91 11. 1 
Room temp: 
- Dark 7. 60 J. 09 10 . 7  
- Light 8. JJ J. 27 11.6 

Stored for 1 week 
Chl. A Chl. B Total ·Chl . 

7. 70 2. 81 10.5 

7. 15 2. 35 9. 50 
4. 87 2. 09 6. 96 

4.75 1.77 6. 52 

5.96 2. 05 8. 01 
J. 21 1.4) 4. 64 

6.56 1. 90 8. 46 

8. 55 3.19 11.7 
6. 91 2 71 9. 62 

7. 89 2. 94 10. 8 

7. 49 2. 83 10. 3 
5. 51 2. 70 8. 21 

\J\ 
CX> 
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Table 10. Mean value s (i n mg/g d ry wt. ) of chlorophyll A, 
chlorophyll B, and total chlorophyll from i njure d and 
uninjured sample s of the turfgrass varie tie s  use d i n  
thi s study. Chlorophyll A/B rati os are also re porte d. 

Total A/B 
Turfgrass Varie tie s  Chl. A Chl. B Chl. Rati o 

Bi ljart (C-26) - uni njure d 3.79 1.42 5 .21 2. 67 

- i njure d 3.74 1.60 5 .34 2.34 

Baron - uni njure d 7.84 2.80 10.6 2. 82 
:... i njure d 5 .92 2.32 8. 23 2.55 

Vi c ta - uninjured 7 . 46 2. 64 10.1 2. 83 

- i njure d 5 . 30 2.03 7. 30 2.61 

Pe nnf i ne - uninjured 8.00 3.10 11. 1 2. 5 9 
- in�ured 8�04 3. 09 11.1 2. 60 -

Pe nnlawn - uni njured 7 .42 2.44 9 . 86 3. 04 

- i njured 6. 25 2.21 8.46 2.83 

Manhattan - uni njured 8.69 2.77 11. 5 3. 14 

- i njure d 7.41 2.5 9 10.0 2.86 



60 

chlorophyll decreased. Possible explanations given were 

that chlorophyll A may be more readily degradable than 

chlorophyll B, or that the synthesis of chlorophyll B was 

increased (or that of chlorophyll A decreased) relative to 

uninjured leaves. This study seemed to suggest that it was 

a degradation of chlorophyll A which caused the decrease 

since the chlorophyll A levels seemed to be more drastically 

reduced than the chlorophyll B levels in the damaged leaves 

(Table 10), though there are probably other factors involved. 

The visible damage measurements (Figs. 4-9) showed that 

a difference in treatments did occur in this study, but 

this method was only good as a general indication of injury 

levels, and subject to bias. Height differences proved to 

be a good indication of soil condition, but really did not 

directly indicate any actual damage to the plants themselves. 

The chlorophyll method described in this paper seemed to be 

the most promising method for injury determination because 

of it's ease of use and relative sensitivity. 

It is difficult to say if acid rain might cause serious 

effects on turfgrasses in the natural environment. It has 

been suggested that acid rainfall may act as a "poor man's 

fertilizer" (Farm Journal Staff, 1981) by adding nutrients 

to the soil. This study showed that though nitrates were 

reduced in most of the soil samples, there was still in

creased growth (in the case of HN03 and !H2So4-!HN03 

solutions) over the control. This was probably because the 



grass plants use d the ni trates as fast as the y we re adde d 

to the soi l by the aci d soluti ons. This does not ne ce s

sari ly mean that this i s  advantage ous though. For one thi ng, 

the se rapi dly growi ng turfgrasse s suffe re d more physi cal 

(le si on) damage than did the one s re cie vi ng le ss nitroge n. 

Othe r affects of i ncrease d ni troge n leve ls and growth rate s 

i nclude the nece ssi ty to mow more ofte n,  possi ble change s 

in the composi ti on of turfgrass communitie s, and the en

hance ment of the growth of wee ds such as crabgrass and 

annual blue grass (Be ard , 1973). Anothe r consi de rati on i s  

that other nutrie nts i n  the soi l be si de nitrogen may be 

re move d by the aci d rainfall, as was the potassi um in this 

study (Fi gs. 16-21), and be come the li mi ti ng factor for 

plant growth. It should also be note d that sulfuri c aci d, 

whi ch is a major compone nt in natural aci d rai nfall, provi de s

no nitroge n at all and gave no indication of sti mulati ng 

growth i n  this e xperiment (Fi gs. 10-15). 

There did not se em to be any syne rgistic e ffe cts from 

the iH2so4-tHNo3 solutions used i n  thi s study. The he i ght 

and visi ble damage me asurements showed that the se soluti ons 

followe d the same tre nds as the HN03 soluti ons, i ndicating 

that i t  was the HN03 porti on of the mixture e xpre ssi ng it

se lf, while in the pH tests i t  was the opposi te , wi th the 

H2so4 portion i ncre asi ng the acidity of the soil. Also, 

the tH2so4-tHNo3 solutions e ffe ct on potassi um leve ls was 

inte rmediate be tween that of straight HNo3 and H2so4 solu-
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ti ons. 

In summary, thi s e xpe ri me nt i ndicate d that aci d rai n

fall did have vari ous di re ct and i ndi re ct e ffe cts on the 

six turfgrass vari etie s studi ed , rai si ng the possi bi li ty 

that othe r turfgrasses, wi ld grasse s,  and eve n  crop grasse s 

mi ght also be affe cte d .  Since thi s was only a ge ne ral 

e xaminati on for possi ble e ffe cts i t  would be de si rable to 

d o  further, more de tai le d studie s,  such as le achi ng studie s 

on soils e xposed to aci di c pre ci pi tati on, foli ar le aching 

studie s, e xaminations of lawns and othe r large planti ngs 

of turfgrasse s in areas e xposed to natural aci dic rainfall , 

tests on plots of turfgrass grown i n  the natural e nvi ronme nt, 

and physi ologi cal te sts on the plants themse lve s (i .e . 

carbohydrate te sts). 

Turfgrass i njury may be a re lative ly mi nor proble m com-

pared to other e ffe cts attri buted to aci d rai n, but i t  has 

the pote nti al of becomi ng a major i rri tation to pe ople who 

spe nd much ti me and mone y mai ntai ni ng lawns for land scapi ng , 

sporting, or comme rci al purposes. 
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