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EFFKf'T OF SIMULATED SULFURIC ACID RAIN ON YIELD, 
GROWTH AND FOLIAR INJURY OF SEVERAL CROPS*

JEFFREY J. LEE,+ GRADY E. NEELY, + SHELTON C. PERRIGAN: znd LOUIS C. GROTHAUS:
t'lVrrrstriai Divi'-ion, Corvallis l.miiomncnLil Kcsrarch I.alioraion.. V.S. Kiivironnuntai Proimion A^cm v,

Corvallis, Onjcon C.S.A,
*Cro|) Science* Drpariinrnt, Oregon Stale* I’nivcrsity. Corvallis, Oregon C.S.A.

(Rc(rkfd June 1980; aaef>ted in revised form 1 October 1980)

Lee J. J.. Xem.y (». L.. Plrhic.an S. C. aiul (>koi hav s I.. C. Fffert of simulat'd wlfuric acid rain 
on yield, growth and Joliur injury of several Ksv»ronmkni ai. and Kxferimf.ntal IIoiany 21, 
171- 183, 1981.—'I his study v* as designed to reve al paut-rns e>r rrsjTonsi* ot* major United Stan s 
crops to sullmic a'id ram. INitnel plants weir uown in }i(*id eliatnhers and exposed to 
simulated sullurie aciu rain (pH ‘LO. 8.3or 4.0 )or te» a onmoi rain (|>H .).(»). At hat ve *. tin* weights 
of the marke table poition. total alxtcc^round |x>riioii and roots \se re determined lor 28 crops 
(31 these, marketable yield production was inhibited loi 3 eroj>s (radish, beet, catrot. mustard 
greens, bi'HColi). stimulated for 6 crops (tomato, green pepper, .strawberry, allalfa. 
orchardgrass, timothy), and amhiguously atVe<Ted tor l crop (|xttate>). In addidon. stem and 
leal production of swcci corn was stimulated. Visible injury* »»t tomatoes might haw tlecrcased 
their marketability. No siaiisticalK sigiii(ieatu ellects e»n yield were observed lor the other 13 
crops, 'rite results suggest that the likelihood of\ic!d being atlected by acid rain depends on 
the part of the plant utilized, as well as on species. Meets on the alxweground |x>rtion of 
cn^ps and on roots are also presented. Plants were regularly examined Ibr Ibliar injure 
associated with arid lain. Of the 33 culttvars examined, the tbliagc of 31 was injurevt at pH 
3.0, 28 at pH 3.3, and .3 at pH 4.0. Foliar injiir\ was not geneialK related to elnrts on vieM. 
However, fi>liar injury of swiss t hard, mustard greens and spinach was *.vere enough to 
adversely allect marketability. ‘ « /

INTRCDUCTION
Acid precipitation occurs over a large area of 
the United Stales. The increased concentrations 
of sulfuric and nitric acids in precipitation arc 
derived primarily from the air |>olluiants sulfur 
dioxide (S()2) and oxides of nitrogen (NO,). 
All states east of the Mississippi Riser and some 
western states regularly receive precipitation 
which is more acidic than the expected value 
of pH ’).<) for carltonic avid rain which is 
((Mined by dissolution of atmospheric

jn (he northeastern United 
States, half of the summer rain events are at pH 
(.0 or lower: occasional events are between 3.0 
and 3.5.,l'>, With the increasing use of coal, 
precipitation vvil! probably be at least as acidic 
in the future.

Since the regions impacted or susceptible to 
acid rain encompass _ vast acreages of fertile 
farmland, the potential impact on crops is a 
major tonccrn. l0! Although some studies have 
been performed.'2-4-9-,3-|,>'"4* there is little

‘Technical Paper Number 33 M of the Agricultural l.\|>crinu nt Station. Oregon State University. 
( U.S. Government.
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172 J. J. I .EE, G. E. NEELY, S. C. PERRIGAX and L. C. GROTHAUS

dorumcntation of acid rain effects on crop 
foliage or yield. .Specifically, it is not known 
whether response to acid rain is common or 
rare among ciops; whether this response is 
generally stimulatory t>r inhibitory in terms of 
yicltl; or what plant characteristics might be 
related to differences in yield response. To 
provide partial answers to these questions, we 
conducted an experimental survey ;o compare 
the relative foliar, growth, and e>r yield 
sensitivities of several crops to simulated sulfuric 
acid rain.

The main interest of this study was to reveal 
patterns of acid rain response applicable to 
broad classes of crops. Thus, while data on 
specific crops arc presented, the emphasis is on 
interpreting the data set as a whole. One result 
is a tentative classification scheme for crop 
responses to acid rain; this scheme is subject to 
modification as further experimentation is 
conducted. A validated classification scheme 
would lie a valuable tool in regional or national 
assessments of crop effects. In the short-term, it 
will be useful for suggesting the underlying 
mechanisms of observed responses.

MATERIALS AND METHODS

Sandy loam soil was obtained from the 
floodplain of the Willamette River. Oregon. 
The low nitrogen |1.N') mix was produced by 
mixing a portion of this soil with peat moss 
(7.7 kg/mJ of soil) and 6-20 2(1 (\ - l\05-K20) 
fertilizer (624g/m3 of soil). The high nitrogen 
(H\) mix was produced by mixing another 
portion of the soil with peat moss (7.7 kg/m3 of 
soil) and 10-20-20 fertilizer (624g in3). After 
the soil was pasteurized by exposure to aerated 
steam (75 C for 40 min), plastic pots were filled 
with the mixes. Averaged results of chemical 
analyses of samples of the amended and 
unamended soils arc given in Table 1. 
Supplemental fertilizer applications were made 
for several crops ( fable 5).

For one group of crops, seeds were sieved into 
3 size classes and the most common-sized seeds 
were planted in 61. plastic pots. Two potato 
pieces each containing two eyes were planted in 
151. [Kits. In most cases, plant; in this group 
were first exposed to simulated rain treatments
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within one day of planting. Crops in a second 
group were germinated in a greenhouse and 
transplanted to til. plastic pots lor expeane to 
simulated rain treatments.

Crops were grown in one of three types of 
ex|a>sure chambers (Table 2) situated at 
Oregon Slate University’s Schmidt Research 
Karin, near Corvallis. All chambers were 
Covered on top and sides to exclude ambient 
rain. Openings between the side and ground, 
and between the side and lop, of each large 
round chamber provided for convective air 
exchange; these openings were covered with 
insect screening. The small round chambers and 
the square chambers were equipped with 
blowers which provided one ambient air 
ixchange per minute. Although not measured 
during 1!)79, ambient concentrations of S02 
during the previous 4 growing seasons w ere 
below detection limits (approximately 3pphm). 
During the same period, at; 03 concentration of 
14pphm was measured on just one occasion; no 
other events above lOpphm were observed. 
Thus, the ambient air entering the chambers 
was not filtered to exclude gaseous polutants.

All plants of any given crop were grown in 
the same type of chamber To check for 
seasonal variation, radishes were planted at 
dilTcrcnt times during the growing season. 
Possible ditVcrenccs associated with chamber 
type were investigated by growing radish crops 
in all chamber types simultaneously.

Simulated rain was applied with stainless 
steel nozzles (l)elavan Co., "Rain Nozzles"*) at 
an average rate of 6.7 mm,'hr, l..> hr per day, 3 
days per week, for a total of 30 mm/week. The

simulated rain in each chamber contained a 
stock solution consisting of deionized water to 
which had been added 11 peq/l Ca2*, 12/tcq l 
Na + , 2/tcq/l K + , 3/teq/l Mg2 + . 11 /.cq/l S()i', 
12pcq/l N’Oj , and 12peq/l Cl”. These 
concentrations were an approximation of non- 
acid rain based ot. a 7-yr average from a site in 
the northeastern United Stales, alter 
eliminating estimated sulfuric and nitric acid 
components.1171 The comrol chambers received 
rain containing only the stock solution 
equilibrated with atmospheric C()2 to 
approximately pH 3.6. In the treatment 
chambers the rain consisted of the stock solution 
with sufficient H ,S( )4 to lower the pH to 4.0, 
3.3 or 3.0. Supplemental irrigation with well 
water was prosified according to individual pot 
needs, as determined visually. A chemical 
analysis of irrigation water is gisen in Table 3.

Crops were harvested according to various 
criteria (Table 4) Tor most crops, the fresh 
weight of the marketable portion was 
determined at time of harvest. The dry weights 
of the roots, tops and marketable portions also 
were meas’ red.

All crops in acid treatment chambers were 
regularly examined for acid rain injury. If 
noticeable injury was present, control plants 
were checked for the same characteristics. 
When only plants in the acid treatment 
chambers showed a particular type of injury, we 
attributed the injury to acid rain rather than to 
insects or disease. The date or. which injury was 
first noticed on a particular crop was refolded, 
as was the date on which more than half the 
plants in a particular chamber had acid injury

1 able 2. Chambns nW iti 1670 crop survey

Type

Diameter 
or length

(*n)
Height

(m) Covering
Total
No.

No. of
chambers per 

treatment

Pots per 
crop per
treatment

Large round (l-R) 4.6 2.4 Krone 4 i 14*
Small round (SR) 3.0 . 2.4 Krone 8 2 14
Square (SQJ 2.4 2.1 Tcllon 20 3 23

*10 |x»ts per treatment for potato.

•Mention of trade names or commercial products does not consulate endorsement or reeommeutl.ition for
use.
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Tabh i Chenmiil aimly'iis uf iirigatiun water 
(mgl)

pH 7.46
Calcium 19.0
Magnesium G.l
Sodium 9.2
Potassium 1.7
Phosphorus 0.2.)
KJclnahl-Nitrogen 0.07
Nitrate Nitrogen 2.20
Sultate 23.0
CohaU 0.39
Copper 0.02
Iron 0.23
Molvlxleuum 0.20
Zinc 0. It)
Aluminum o.l.)
Silica 31.2

Table -1. Harvest eriteua

1. Maun'in or‘a’nrsmirt* of ( tunrol plants.
T. Si/-- or maturity of markt-tablc ]M>riion of 11 ml oil 

plants.
3. Multiple haiAcsts as marketable jxiilions of plants 

beeame mature and/or marketable.
4. Predetermined periodic harvests.
5. Premature harvests without usable measurement 

of yield.

on at least 1(1",, of the leaf area. Just prior to 
harvest, the fraction of leaf area showing arid 
rain injury was visually estimated for each 
plant. Area was estimated in gradations of .V’, ; 
thrrelbrc, the presence of any injury was alway s 
recorded as at least 3“,,. For some crops, leaf 
senescence and/or yellowing prevented these 
(inal estimates. For fescue, ryegrass anti 
hluegrass, extremely slow regrowth toward the 
end of the growing season resulted in 
insudicicnt tissue lot ac\ jratc injury rating at 
the final harvest; thus, injury ratings refer to 
the first of several harvests.

Details of tin experimental conditions used 
for each crop are summarized in Fable 5.

Radish, ..llall.t and onion were also grown 
during the previous (1078) season. 
Kxperimcntal conditions and exposure regimes 
were essentially the same for these crops as for

those grown m 1079. One stptare chandler 
(Table I/) w-as used for each pH treatment (pH 
3.0. 3.3. 4.0 and control). Radish and onion 
were grown in 12 [lots per treatment: alfalfa 
was grown in IG pots per treatment Fresh and 
dry w tights of marketable [xirtions were 
measured. These results were used for 
imerseasonal comparison.

In the statistical analysis of fresh and drv 
weights, a one-way analysis of variance among 
the four experimental groups (pH 3.0. 3.5, 4.0 
and control) was performed lor each crop. 
Provided that the resulting /'-statistic was 
significant at the 0.10 level, two-sided (-tests 
were used to determine whether treatment 
means were significantly dilferent from the 
control. While this is a standard approach, it is 
somewhat less conservative than other 
approaches which could have been chosen. It is 
appropriate since /-tests were done only 
between (ire-selected pairs (i.e. treatment vs. 
control, rather than treatment vs. treatment) 
and since this was an exploratory studv.'1 '1>>

To make patterns of response clearer, the 
three treatment means and the standard error 
were divided by the control mean. This was 
done after the statistical analysis was carried 
out.

RESULTS

For each crop harvested in 1070. the fresh 
and dry weights of the marketable portions 
(yield) of plants are given on a per |xit basis in 
Table 6. Dry weights of aboveground portions 
and of roots are given in Table 7. Marketable 
yield results for crops grown in 1078 are given 
in Fable 8. In Tables 6-8, the mean weights of 
crops subjet let! to simulated acid rain are 
presented as ratios to the control mean, as are 
the standard errors.

Foliar injury results from 1979 are 
summarized in Tables 9 and 10. Maximum 
injury ratings, made for all crops during the 
growing season, are given in Table 9. Yellowing 
and .'or senescence of control leaves of several 
crops presented estimating the per cent leaf 
area exhibiting acid rain injury at harvest: 
results lor those crops for which estimates could 
be made are given in Fable 10. Since foliar



TnhU 3. Exfu'rinu'ntal nndition* of crops survcxcd in 1979

Cmp Cuhivar
Chamlser 

l\ JH**
Seed ot 

Man:.pl.mih
Plamx

JHT |X»t
Soil
mix'

Supplemental
1rllili/cv‘,
Ig |X.ti

Pesticide
UMll*

('(anting
dan

Date 
of first 

exixwuie*
Hat v est 
criteria'

Final 
hars est
date1

Radish 1 (Iherrv Belle TR S 3 HN 0.3 LTea 4'10 4/20 2 3 21
Radish 2 Cherry Belle SR S 2 HN D 3/23 3 26 2 6 21
Radish 3 Cherry Belle LR S 3 HN 9/20 9/26 2 10 3T
Radish 4 Cherry Br-llr SR s 3 HN 9/26 9 27 2 10 31
Radish 3 (‘herry Belle SQ s 3 HN 5) 2(j 9'27 2 10 31
Ben Detroit Dark Red SQ s 2 HN l) 7/26 7/26 2 9 25
Carrot Danvers Half lasng SQ s 2 HN 1.0 Urea !>, M 7,26 7/26 1 )) 0!
Mustard Green Southern Giant Curled SR s 2 HN 3/23 3 '26 2 6 2o
Spinach Improved 'Thick Leaf SR s 2 HN 3/23 5,26 2 6 29
Swiss ('hard I.mulhi* SR s I HN 0.3: A.i l> 3'23 3 26 2 K 07
Bibb l.eituce lanu stone IK i ! HN H 31 9 14 2 10 03
Head Lettuce (ire.it l.akes I.K r 1 HN 8,31 [) !4 3 1115
Tonacco Buries 21 LR T 1 HN 2.0 Urea 3 02 6 13 1 8 08
Cabbage Golden Acre I.K T ]1 > HN 1.0 Urea 13 2 21 4/20 2 7 17
BriKi'oli Italian Green Sprouting l.R T [ i HN 0.3 Urea D 2/21 4/20 3 6'tn
(‘aultllower Kails Snowball IK r ;t i HN 1.0 Utr.- D 2/21 4,20 3 61!
PotaLtt White Rose UR E ; 2 HN 1.2 Urea D 4/19 4/20 1 8.15
Green Pea Marvel l.R S l.N 4/19 4/21/ 2 6 22
Peanut Tennessee Red SQ S 1 LN l> 7'26 7/26 3 9 26
Soybean l OR-IO SQ s 1 LN D 7 26 7/26 3 10 24
SovIkmm 2 Hark tG-J) SQ s 1 l.N 9 03 10 02 3 —

So\ In-.m 3 Norman (G-1X1) SQ s 1 LN 9/03 9 11 5
Snsheatt 4 Fsam 1(7*0) SQ s 1 LN 9 03 9 11 3
Altalla Vernal SR S 2 LN 0.3 0-20-20 1) 3/23 326 2 1003
Red C^jver Keuland SR s 2 LN 4.1 0-10-10 D 3/23 3'26 2 10 02
Tomato Patio , LR T 1 HN 0.3; 4.1; 2.1 3'16 6 29 3 I0 23
Cucumljer 3116 Cresta LR S 1 HN 0.3: 4.1 7/17 7,18 3 10 01
Green Pepper (’.alitornia Wonder SR T 1 HN 0.3: 0.0; 2.1 D 5 16 6 28 1 9.24
Sttawlieirv t^iiinalt LR T l HN 1.0 l rea D 4 JO 3 10 16
Oats Gas use LR s 3 HN 4 19 4 20 1 H
Wheat Fieldwm l.R s 3 HN 4 19 4 21 > 1 7 31
Bai lev Steptoe LR s J HN 4 19 4 20 1 7
Corn Golden Midget l.R s 1 H.\ 0.3; 4.1 7,23 7 23 3 9 03
Onion Sweet Spanish LR s 2 HN 2.0; 4.1 4.19 4-20 1 9 17
Fescue Alta SR T 3 HN 0.3; 4.1 n 694 7 or 4 11 20
Orchard grass Potomac SR T 3 HN D 6 14 7.07 2 9 25
IHtirgravs Newport SK S 3 HN 1.0; R.2 l) 3,25 5/26 2 11-07
R i rgrass Finn SR T 3 HN t) 6 14 7-tt7 4 1 M (»
Timothy Climax SR T 3 HN 6 11 7 07 2 u 19

*Srr Table 2 fur chamber sjKcificAiiom.
• fcS: I’lants were grown from seed in pots used in exposure chamlrers. T: 1'lams were Marled in gmnhomr and transplanlril m jmjIs um-c! in exposure ehunilrers. K: Potat<* exes plant “d 
tt» |M«s used in expmtire chambers.

‘See Table l for soil s|>rciiicalions.
-\Vhete more than one mmd*er is gi\en, first nundier refeix to grams of urea; second to 0 10 HI; thud to 10 'JO 'JO.
*l>: Dia/onou, M: Maueb.
'.Ml dmrs are 1070.
'See Table 4 Ibr harsest criteria.
^Transplants obiainnl from commercial growei.
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Tablt (i. )'icld nj nunketable portion of crops grown in 1979

Fresh weight ot \itrld per jy>l Dry bright of vield per p».*t

Crop

Control
mean*
|R |>ot /

Ratio of treatment me. 
to control mean

S K.‘

/’•lest 
sign 

lev el1*

Control
mean*
(g |H)t )

Ratio of treatment mean* 
to t nntrol nirao

S K*

/•-test
ign

lesrl d|>H 3.0b pH :u* pH +.0’' pH 1.0s i>H i :is pH 4(1''

Radish t 4.1 21 0.44* ii.H3: 0 92 0.04 o.uoo: 2 bb 0.45: 0.79: 0.86* 0.04 tl.ftOti:
Radish 2 42 12 o.io; 0.81* 0.84* 0.0b o.(kh»: 2.51 ot;: 0,83* O.Hti* 0.05 li.tKii:
Radish 5 47.74 0.21; o.:i: Ml* 0 (H> o.txio: 2 53 o.3i: 0.7?: M3* 0.05 o.ooo:
Radish 4 2b. 79 o.:w: 1.03 U.Htj 0.09 o.ooo; 1.71 0.42: 101 0,87 0.08 o.otn):
Radish 5 IH.U7* 0.59 1.4! 1.50 .. » __ t I.08* 0.04 1.40 1.52 - -* _*
fleet 55.07 0.57: 1.02 U« on o.on* 10.38 0.35* 1.03 M0 o.u 0.012:
Carrot i:i8.:,4 o.3b: 0.55: 0.73* 0 08 o.ooi: 13.30 0.53: 0.37: 0.09: 0.08 0.000:

Mustard tireen 59.28 0.70J 0 87* 0.83* 0(15 0.003! 7.30 o.o9: U.90 0 86* 0.06 0.002:
Sjunaih :)2.:vj 0 85 0 w 0.90 0.07 * 0.3‘IH 3 *>H ft 93 1.03 0.98 0.(18 0.871
Sw iss (‘hard 99.72 0.90 1.04 0.94 0.07 0..Vil 10.00 0.98 . 1.04 1.03 turn t;
lidth l.entue 129.97 1.01 1.02 1.03 0.04 0.932 6.13 1.05 0.97 1,07 0.03 0.087*
Tobat < o " - — — -• 27.04 0.97 0.97 1.03 0.03 0 443
Cabbage 240.81 0.91 1.47 1.01 0.17 0.131 29.89 0.87 1.19 0.92 0.13 0.378
BnKColi 41 f>:t 0.73: 0.92 0.89 0.07 0.0(>3* 6.07 o.75: 0.88 091 0.06 0,078*
C'auliflrmer (»9.t*2 l .03 1.40 1.20 ft 13 0.185 6..30 1.0! 1.39 1.27 0.13 0.164
I'otaio (.91.79 092: 1 IH 1.117* 0.03 O.OOi: 149.53 o.ho: 1.03 ! .05 0.03 0 000:
Green IVa 21.55 1.04 0.98 1.05 0.04 0.074 4.21 1.06 0,97 1.06 0.06 0 517
AHall.i' — — — — — — 28.72 0.94 i.3i; M7 0.03 O.OOO:
Red Clover* — — — — — — 3:.05 0.99 1.03 1.02 0.04 0.9! 1
Tomato* 302.88 i ji: 1.01 0.93 0.07 o.ooi: — __ _ _ ..

(ireen PepijxT 193.12 l .05 1.20+ 1.05 0 00 0.103* 12.72 1.13 1.17+ 1.0b 0.06 0.2*17
Strawberry* m.oi 1.72: 1.72: l 51: 0.TJ O.OOi: — — — ... -
Oats ___ — _ - — __ 31.4! 0.92 1.00 LOO 0 03 0.500
Wheat — — — — — — 29.30 0.97 0.98 0.98 0.00 0 976
Hatl^Y - — — — — — 34.71 1.05 1.06 1.00 0.03 0.727
(a^n1 — — — — — — 33.50 1.13* 0.95 0.99 005 0.085*
Onion 410.11 1.01 1.12 i.m 0.06 0.42b 29.11 lift Ml 109 0.O6
Fescue* — _ 25.25 0 96 l 07 0 QJ 0 oj «’ t»|H*
On h.odgiass — • -- . — — — •- 22.47 1.23* 1.10 1.00 0 07 0.197*
Hluegrass — — — - — 12 81 098 0.94 1.00 0.05 0.723
Ryegrass* _ — — — — 20.24 0.99 0.98 0.96 0.03 0.787
Timothy — — - -- 21 07 1.24* 1.09 0 86 0.07 O.ooi:

•Sample si/r pier mean, for SR and LR chambers, 14 pots; lor SQ chamhtT%. 25 jjoti Is*'!' I ahtc 5 lor chamixT t\pM*s). 
hSignilicatw r ♦>! dilhTrnrr between acid rain treatment mean and control mean determined bv two-sided /-test.
‘Standard error of the mean (computed using error mean square from analysts of\anamc), diudrd bv mean control yield. 
‘‘Siginfn atice level of/■'•test bom one-way analysis <»l variatne among tour experimenial group*.
'Seasonal total o! multipie harvests.

enrtt. data rrter to total .Jxnegnmnd (stem plus leaves) wriglu.
•L’nreuable data l(»r control; see text.
•Signilicant with pSiO.10.
*Signitii ant with />S0.()5.
•Signitkant with ;»SM.O|.
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7able 7. Jhy uright* »j aboirground fmtions and roots of c, jj>.s grown in )!)7!)

Total ab«»\«*srmmd |MtriionN RooS

Ratio of troamoni nH.;nJ 
(x>mrol to control mean
mean*

Crop (g {XU ) pH .CO" pH 3.3* pH (.0* St*

Radish 1 1.94 0.81* 0.94 1.07 0.03
Radish 2 1.63 0.88 0.96 0.99 ti.06
Ra lish :l 2.00 0.66: 0.84: 0.92 0.04
Radish 4 . 1.33 O.Ht>* 1.02 0.86* 0.03
Radkh 3 1.20* 1.12 !.i9 Ml _*
Beet 10.03 0.90+ 1.08 1.00 0.03
Carrot 8.39 0.67; 0.G9* 0.82 0.07

Mustard Green 7.30 0.69; 0.90 0.86* 0.03
Spinach 4.23 0.03 1.06 1.02 0.06
Sw iss ('hard 16.6b 0.98 1.04 1.03 O.Oo
Bibb Lettuce 6 13 1.03 0.97 1.07 0.03
Tobacco 44.12 0.96 LOO 1.03 0.01

Cabbage 72.96 0.93 0.90 0.89 0 03
Bum < o)i 33.74 0 93 L0l» 0.97 0.06
C tulillow cr 30.92 1.10 MO M2 0.03

Potato 1114 0.97 1.27; i.2i; 0.06

Green Pea 24.81 0% 1.0] 1.02 - 002
All.dla 33.113 ().<*! 1.30; 1.16+ 0.03
Red Clover 37AH LOO 1.01 1.04 0.04
TomaTof 34.49 1.04 i.12; in; 0.03
(ireen Pepperf 9 26 0.89* 1.14; 1.08 0.04
Strav^l>crr\•, 40.01 i.n: 1.21; M3* 0.01

Oats 63.20 0'H» 1.02 l.oo 0.04
Wheat 69.73 0 98 0.94 0.9H 0 03
Bailey 63.81 1.04 1.09 i.01 0.03
Cairn 33.3b M3* 0.93 O.'H.f 0.03
Onion 13.34 L’to; 1.08 0.91 0.07

Fescue 30.38 0.93 1.03 0.93 0.03
()r« fiardyrass . 22.47 1.23+ 1 10 1.00 0.07
Bluei;i'avs 16.43 0 'Mi 0.91 0.9ti 0 04
Rs«'i;t 26 60 L01 1.03 0.98 0.02
Timoths 21.07 l 24+ l 09 0 8li 0.07

Ratio of ti. attnem nw.'n*
/•♦test 
siyn 

lev eld

CaiiKroI
mean*
(t$ 1>»0 pH J.0*

to control mean

pH 1 H t O" S.E.*

/••test
M«n

level*

0.0191 2.6() 0.43; 0.79; 0.86+ 0.04 o.ihio;
0.461 2 31 0.47; 0 83+ 0.86* OAHi o.ih*i;
o.ooo; 2.34 0.31; 0.77; 1.13* 0.03 o.ihrj;
(uv;<.* 1.71 0.42; 1.01 0.87 0.08 0.1HH);

—‘ 1.08* 0.64 MO 1.32 —«
0 013+ |0..»8 0.33+ 1.03 M0 0.11 0.012*
u.ou2; 13.36 0.34; 0.37; 0.69; 0.08 o.iRK);

0.002; 2.06 0.86 0.M 1.03 008 0.334
0.818 l.(»3 0.86 0.99 LOO 0.15 0.740
0.827 13.33 0.98 0.99 O.'Ki 0.11 0.996
0.087* 1.33 o.tb; 0.88 0.94 0.06 0.074*
0.383 9.10 i.:3 1.12 1.18 0.07 0.338
0.308 14.16 i 17 0.83 0.91 0.12 0.297
0.100 12.27 1.20 0.83 081 0.10 0.0.16;
0.391 6.29 M8 1 12 !.(M 0.08 0.362
o.ooi; 3.71 0.68; 0.81 + 0.98 0.07 o.oo:>;

0.242 2.23 1 .Of) 0.97 0.91 0.03 0.202
oooo; 19.72 1(H) 1.17; 1.02 0.01 o.ooh;
0.824 7.37 1.03 1.03 Ml ' 0.03 0.394
0.02(i* 3.06 0.83; 1.01 0.98 0.01 0.029+
o.wkj; 3.70 0.92 1.02 1.09 0.03 o.m
ocrm; 36.17 0.H6+ 0 79; 0.99 0,06 0.016+
0 817 3.78 M6 l.oo; 0.97 0.1b 0.022+
0.830 II 13 Obi; 0.33; 0 7i; 0 07 (HHKt;
0.4K4 6.33 0.88 0.9o 1.1:1 0.08 O.lbl
0.083* 6.36 1.12 0.97 1.03 0.07 0.430
0.007; -- — — — — —
0.049* 21.18 0.82; 1.01 0.83+ 0.03 n.oo:»;
0.097* 14.74 i.36; 1 DO O.liH; 1)09 o.uoo;
0.310 6.48 0.92 0.83 0.73 0.10 0.3 40
0.380 37.38 0.86+ 0.84 + 0.8t»; 0.03 Ot^t*
o oo3; 1 ‘ je M6 0.93 088 0 09 o.m

*S.imjil«' >ur per mean: for SR ami l.R ciumlHT*, H jhio; lot ihaml»ei>. J.) jx»lv |‘>ee Table S lor t it. mlx i 
Ntynilit atur tif tljffrremr frrfwern aeul rain treatment mean ami «<»mrol mean determined fn tivo-snled Mest.
‘Si.mi laid error of the mean It ompun-tl mini; enot mean v|iiaie liom .m.il\M' ol x ai tauee). «li\ nl< tl b\ im.m t nntiol »teinfl.
<,Sii>iiifn ante level ol /••lesl hoin une-w.iv analyviv t»l vaiiaiite amom; tom r\|»riiimni.il «iouj*v.
fl’hii liable (tala loi tonliol, Me text
'.Mhim i'iouiuI |hh lion <{<>es not imlmle weiKhl ol liuit.
"Sti^mlitanl with />iIO 10.
+ S^ni<i( ant wilh p^O Us.
‘SiKiiifkanl with

•vl
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Tablf 8. Yield of rnaikftnblr portion of crop orown in 1978

Crop

Fresh weight of yield per pot

S.E.*

/••test
sign

level-

Dry weight ol* yield per j*>t

S.E.*

F-teM
sign

level"

Caomrol
mean*
(S/poi)

Ratio of treatment mean* 
to eontrol mean Control 

mean* 
(g/’|>o» 1

Ratio of treatment mean* 
to control mean

pH 3.0* pH 3.3* pH 4 .0* pH 3.0* pH 3.3* pH 4.0*

Radish 69.83 0.75* 0.86+ 0.HH* 0.03 o.on; 4.04 0.79; 0.87* 0.84+ 0.03 0.022*
Alfalfa.

Harvest 1 — — — — — :i 78 1.19* Ufi 0.89 007 0.019+
Harvest 2 — — _ — ti.IO 1.12 1.12 1.09 0.09 0.737
Harvest 3 — — — — — 7.20 1.04 1.27+ 1.29+ 0.09 0.033+
Total — — — — __ 17.08 1.10 1.19 1.13 0.06 0.197

Onion 90.51 0.93 1.00 1.07 0.10 0.732 fUifi 0.98 1.02 0.8f» 0.12 ■ 0.801

“Sair^lc size per mean: for radish and onion, 12 j>ols; tor alfalfa. Hi pots.
^Significance of dilfercncc between acid rain treatment mean and control mean determined by two-sided /-test. 
‘Standard error of the mean (computed using nne-wa\ anaKsis of\atianee), divided b\ mean control weight. 
^Significance level of /••test from one-\va\ anaUsis 4»l \aiiattee among lour ox{>erimental gr«ni|w.
•Significant with 
tSigniiicant with /?g0.03.
^Sigtiificant with ^$0.01.
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Tahir R'latkr t<.tings of naumum mid rain iHfitn of 
leans for 1979

Crop

Acid rain injury by pH of 
treatment

3.0 3.3 4.0

Radish 1 + + + 0
Radis)) 2 + + + 0
Radish 3 + 4* 0
Radish 4 + + 0
Radish 3 + + 0
Beet + 4- 4-
Carrot + 0 0

Mustard Greens + b + 0
Spinach + + 4- 0
Swiss Chard + + + ■ 4-
Bibb 1.enure + + 0
Head Ia*Uiice + 4- 0
Tobacco + + 0

Cabbage + 0 0
Broccoli + + 0
(^aulillower + + 4- G

Potato + + 0

Green Pea + 4- 0
Peanut + + 0
Sovhean 1 + + 4-
Sovhean 2 + + 0
Sovbean 3 + + 0
So\bran 4 + 4- 0
Allallj + 4- 0
Red t-lover + + 0

Tomato 4- + + 0
CucuiuImt + + 4- 0
Green Pepper + + 4- 4-
Strawberry + 0 0

Oats 0 0 0
Wheat 0 0 0
Barley 0 0 0

(lorn + 0 0

Onion 0 0 0

Fescue + 4- 0
Orchardgrass + + 0
Bluegrass + + 4-
RNCgrass + 4- 0
Timothy + 4- 0

+ + — Al least half the plants had 10''o or more of 
leaf area injured by acid ram at some time 
during t’lotvth.

+ =Acid rain injury noted, but at no time during 
growth did more than half of plants show 
10",, or more of leaf area injured b\ acid 
rain.

0 = No apparent arid rain injury on h aves.

'TahU 10. Estimated ft art am of leaf ana at final harvest 
yf.oumg irifiin avsoaahd n ifh arid tain tieafment Jur ) 979

Crop

Acid rain injury ol leaf
area by pH of treatment

3.0 3.3 1.0 Maximum

Radish 1 17.3 3.0 0.0 23
RadKh 2 13.4 3.0 0.0 20
Radish 3 11.4 3.0 0.0 13
Radish 4 7.0 4.3 0.0 10
Radish 5 11.0 4.8 0.0 13
Beet 3.0 1.2 0.2 3
O-arrot 0.0 0.0 0.0 0

Mustard Greens 10.4 4.3 0.0 13
Spinach 11.8 4.0 o.o 13
Bibb benuce 3.0 0.0 0.0 3
Head bcltuce 4.6 0.0 0.0 5

Cabbage 4.3 0.0 0.0 3
Broccoli 3.0 3.2 0.0 3
(aiulillower 14.6 0.4 0.0 30

Green Pea 3.0 3.0 0.0 3
Alfalfa 4.3 0.4 0.0 3
Red Clover 3.0 0.0 0.0 3

Grccn Pepper 3.0 0.0 0.0 3

StrasvIxTry 0.0 0.0 0.0 0

(/»rn 3.0 0.0 0.0 3

Onion 0.0 0.0 0.0 0

Fcacuc* 7.9 3.0 0.0 10
Orchardgrass 6.1 1.8 0.0 10
Bluegrass* 3.0 3.6 0.4 3
Rvegrass* 3.0 0.4 .1.0 3
Timothy 4.3 1.4 0.0 3

"Kstimates made al first of multiple harve sts, when 
foliar material was mo^t abundant.

injury was rated in discrete steps, a rating of 
j”,, indicated that a plant showed some, 
possibly minute, acid rain injury. For some 
crops, maximum per cent injury occurred well 
before harvest, sometimes early in the growing 
season.

Diiotylfdons
As a group, dicotyledons were more 

susceptible to foliar injury by simulate I sulfuric 
acid rain than were monocotyledons. Although 
stimulation of marketable yield was observed lor 
horii monocotyledons and dicotyledons, 
inhibition of marketable yield was observed 
only for dicotyledons. The various groups of
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tliiotylcdons arc discussed in descending order 
ol adverse eiTeets on marketable \icld and 
ascending order of positive effects.

Ron! crops. The yield of all three root crops 
(radish, beet, carrot) tended to be lower than 
control under acid rain treatment. 
Altoveground productivity was inhibited and 
foliar injury was common. Thus, root crops 
were considered to be the group most adversely 
allecled by acid rain.

All three root crops had foliar injury 
associated with pH 3.0 treatments: radish and 
beet were also injured at pH 3.3 (Table 9). 
Since root crops fret|ucntly are marketed with 
leases attached, disfiguration of leases could 
adversely affect marketability. For radish, injury 
at harsest ranged up to 23",, of the leaf area; 
this was the crop most susceptible to foliar 
injury ( fable 10). Beet shossed less leaf injury 
at hars est (Table 10), but seas one of only five 
crops injured at pH TO ( Table 9). Since all 
mature beet leaves developed a mosaic pattern 
which may base partially masked acid rain 
injurs, the results in Table 10 for beet may be 
underestimates.

In terms of marketable yield, carrot seas the 
most sensitive root crop, fnllosvcd by ladish and 
bed (Table G). Altbo>’gh there was no apparent 
acid rain foliar injury, the yield of carrots at pH 
TO was, on aserage, only 73'’„ of that of the 
control plants (Table b). Alxtscground 
productivity of root crops seas also inhibited, 
although noi to the same degree as ntoi 
productivity ( Table 7).

Radish seas gross’ll in five independent 
studies. Plants gross’ll earlier in the year (Radish 
1 and 2) sserc somewhat more susceptible to 
foliar injury than those grosvn tosvard the end 
of the grossing season (Radish 3, 4 and 5 in 
Tables 9 and 10). No such temporal differences 
in elli’ct on marketable yield svete apparent 
('Table G). The yield reductions observed in 
197H ('Table 8) svere similar to those for 1979 
( i ..ble 0).

In one radish study (Radish 5) plants in all 
five control chambers were heavily damaged by 
slugs and tsvels e-spot led beetles, svhile plants in 
the acid-treatment chambers svere. at most, 
only slightly damaged. Conser|uently the sieltl 
of the control plants might hase been somewhat

reduced, resulting in artificially high yield ratios 
for the acid-treatment plants. However, tatios 
among acid 'teatments (e.g. pH 3.0 to pH 3.3) 
in this studs’ svere similar to those for the other 
radish studies.

Although the rcasonfs) for different degrees of 
pest damage is not clear, it does suggest varying 
responses of faunal popr'ano..:, to different 
les’els ol rain acidities. ir>- slug damage to 
acid-treated crops was also observed in 1978 
svith radish and onion. Control chambers svere 
in dilferent locations darint; the two seasons, 
thus eliminating chamber location as a possible 
(ause tor slug damage.

/.rrt/ crops. Although sictistkails sign ucant 
inhibition of yield occurred for only one leaf 
crop, foliar injury, a quality factor, svas 
observ ed on all fisc crops. Thus, adverse effects 
on leaf crops were ranked second to thie.e on 
root crops.

The foliage ol Swiss chard, mustard greens 
and spinach ssas injured by acid rain to the 
extent ilia', marketability svas aliened. la ttute 
(bibb and head) and tobacco svete less severely 
affected. Cabbage svas the least sensitis- to acid 
rain (Tables 9 anti 19). The only leaf crop to 
have less marketable yield due to expo-tire to 
arid rain, as measured by weight of foliage, was 
mustard greens ( Table G). Root produnisns of 
bibb lettuce svas inhibited at pH 3.0 ( Table 7). 
MoiiAStKD^“^t found that arid tain at 
approximately pH 4 inhibited total 
(aboveground plus root) productivity of potted 
lettuce plants.

Cole crops. Since adverse effects on marketable 
vield occurred only under the nurst acid 
conditions, this group was considered to be only 
slightly sensitise to acid rain.

Acid treatments of pH 3.0 and pH 3.3 caused 
foliar injury of broccoli and cauliliower. 
Cabbage leaves were injured only at pH 3.0 
(Tables 9 and 10). Only radish ssas more 
extensively injured than cauliliower at pH 3 0 
(Table 10). The waxy foliage of these cole crops 
alforded. at most, partial protection from arid 
rain injury.

(fills broccoli showed significant marketable 
yield ellects: at pH 3.0 yield svas lower than the 
control ( Table G). No significant cflevts on 
aboveground or root productivity svere found
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("I ablr 7). In a field suuly in Nvw York Stale, 
Moliained fouiul that cabbage (< v. Kiny Caile) 
was inbibited by e.\|Misure to aeid rain IpH ‘CO) 
(Inline the fust week alter sccdlim; 
emergence.

'/iilu i nufi. The one tuber crop studied 
(potato) hud a mixed res|xmsc to simulated aeid 
rain.' Foliar injury was observed for tin pH 3.0 
and 3.5 treatments ( Table 9). Marketable yield, 
however, was inbibited by pll 3.0 rain, and 
simulated by pH 3.5 and 1.0 ram: the 
stimulatory elfects at pH 3.5 and CO were 
significant (inly for fresh weight (Fable 6). 
AUivcground pioductivitv was stimulated at 
PH -.5 and -1.0: root production was less than 
control at pH 3.0 and 3..'> (Tal>lc 7).

Acid rain tirntmcnis of pll 3.0 and 
pll 3..’) injured the inhale <>l all cit;ltt legume 
cultivars I I able 0). Of tiir three It ^mnes grown 
to harvest (green pea. allalla and red t lover f

only allalla yield was atlecled by acid rain: the 
yield of allalla plants receiving treatments of pH 
3.3 and pH 3.0 was greater than the yield of 
control plants (Table b). Total aUwcground 
weight (including stubble) <3 allalla was greater 
thin control at pH 3.3 and pH 1.0. while that 
of clover was not allectcd. R<M>t weight ol 
alfalfa w as greatest at pH 3.3 (Table 7 >.

The yield resjxmses of red clover and alfalfa 
were consistent among the acccssivc harvests 
(Table 1 1 ). Although not statistically 
significant, allalla yields tended to ix* lower 
than control at pH 3.0. (»rcaier \iclds at 
intermediate pH values ('Table li) suggest 
competition between stimulatory and inhibitory 
elfects of acid tain. The pattern ol icmiIis from 
1078 ( Table 8) were consistent wita results from 
1070 ( Table I I ) at pll 3.3; however, there was 
no indication ol lower yields .it pH 3.0.

Fiuit Stinrl itory elfecls were most

7 /"/( ll.i /(7/A //«•»/ w/oYWiV of U tf tl'-iti mui olfolf.i " m 1070

Dry weight t>l vicld p<*t |>«>t

Ratio oft) raiment mean1
Control to control mean / -tes:

Harvest mean*----------------------------------------------- sign
Oi»p dale Ig |X t) pH (.O" pH 3.3b |>1I TO1' S.K.‘ !<\.l,i

Red C’lover tl7.'2t> 7.33 0.81* O.'K* 1.11 0.07 tMHi'.*
(planted 3 J3) ( IK '7 7.09 1.01 1.03 0.92 0.03 o 2t >7

09 7.72 1.03 1.01 l.OI 0.07 U.S32
io,o: K.71 1.01 1.10 1.01 0 03 t«.3«»7
‘feral 31.03 0.99 1.03 1.02 0.01 0.911

Aifiifa 07/2G *1.39 0.96 1.23: 1.12 0.06 o.oo i:
(planted 3 23) 08 ■•'27 8.31 0.K1 + i.3i: 1.06 0.06 OJHHt*

10,03 10.61 1.03 1.36: 1.31 0.07 ocoi:
Total 28.72 0.91 i.31: 1.17+ 0.03 (t.uxr

‘Sample si/e per mean was 14 pots.
^Significance of dilfercnce hetwaen acid rain neatmeut mean and control mean determined hv 

two-sided /-lest.
‘Standard error the mean (computed loiug one-way analxsis of. variance}, divider! by mean 

control yield.
^Significance level of A-test from one-way analysis of variance among '.our treatment groups. 
•Significant with />Ss0.10.
•Significant with />^0.03.
‘Significant with/7<0MM.
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griuTal tor IVuit o ops. Tli.' \ ii tit of crops I'rowu 
to harvest (i.e. all except ciicuiiiIhts) Iretpiently 
was greater lor plants receivina acid rain than 
for control plants. In no case did acid rain 
cause a sitpiilicantly smaller \ield than did 
.-ontrol rain (Table ti). However, at pH 3.0 
injury to tomato fruits was severe enough to 
adversely alien marketability. In contrast to 
our results, Moii.vmh>':4’ found yields lower 
than control for tjicen pcp|>ers (cv. Stoddans 
Select) and tomatoes (cvs. Tim Tim and New 
York) subjected to pH 3.0 simulated rain.

For all three fruit crops, the j'realest 
aboveground weights (not including fruit 
weights) were at pH 3.."). Fop growth of 
strawberry was stimulated at pH 3.0 and 4.0. 
anti at pH 4.0 for tomato. At pH 3.0 the mean 
aljoveground weight of 'pepper pi.tuts was less 
than control. Root growth ot tomato and 
strawberry was inhibited at pH 3.0; snawbenv 
roots were also inhibited at pH 3.3 ( Fable 7;.

Acid rain injured most leaves of tomato, 
cucumber and green pepper at pH 3.0: hss 

'severe injury occurred at pH 3 a ( Fable 0). 
Although the leaves ol green pcp|HT were also 
Injured at pH 1.0 ( Fable 0). this injure was not 
iriculiliable at linal Ii.uvcm (Fable 10). 
Strawberry leaves sustained cnlv minute injure 
(1 able 0) which could not be identified at final 
harvest ( Fable 10).

Mumiiutykiltms

Monocotyledons were gcnerallv less 
susceptible to acid rain injurv of foliage than 
were dicotyledons. No signilicam adverse ellrcts 
on yield were tumid, .mil lorage crojw tended to 
be stimulated. Croups of motuvotvledous are 
discussed in increasing order of stimulatory 
elfects on yield.

Gulin rm/n. Small grains (oats, wheat, barlev) 
were the crops least sensitive to acid rain. The 
yields ('Fable (i) were not allectcd bv the acid 
treatments, and no foliar injurv was apparent 
( Fable 9). However, root productiviiv of wheat 
was inhibited at all acid rain treatments, while 
the root growth of oats was stimulated at pH 
3.;> ( Fable 7).

Corn was harvested when the plants grew fM 
enough to interfere with spray from the nuzzles 
(approximately 1 m). Although the foliage was

injured ( Fable 9). the total alxneground weight 
(stems plus leaves) of plants receiving pH 5.0 
rain was apparently larger than the control 
plants. The dillrrence. however, was ot.lv 
marginally signilkant ( Fable 6). No significant 
ellci t on roots was observed ( Fable 7 ).

Hulb nof>. Onion bulbs grown under acid 
treatments did not ditler signilicantly horn 
controls in either 1978 (Table 8) or 1979 
(Fable t>). No litliar injury was identified 
( Fables 9 and 10): aboveground foliage at pH 
3.0 was greater than control ( Fable 7).

Forage crofn. Although foliar injurv occurred 
on forage crops, no adverse ellecls on 
prtxlucliv ily were observed. Marketable vield 
was either not allectcd or greater under acid 
rain treatment.

Acid rain at pH 3.0 and 3.3 caused foliar 
injury of lesctie, orchardgrass. bluegrav., 
ryegrass and timothy. Blucgrass was onlv 
slightly injured at pH 1.0 ( Fables 9 and 10)

No elfects on blucgrass or ryegrass 
productivity were found. Alil.nugh injured bv 
acid rain, orchardgrass anti limnthv wcie 
significantly more productive under the pH 3 n 
treatment than under the control rain. While 
not signilicantly dillcrent from the control, the 
results at pH 3.3 also suggested higher 
productivity (1 able (;). In contrast. Crow t III R 
and Ri ston1'1 found that adding dilute sullmic 
acid at pH values above 11.1) to soil had no 
etfed on the productivity of timothy during die 
(irst vear ol e\|)osure: in the third season 
productivity was inhibited at pH 3.4 anti lower 
Results for total aliovcground weight (including 
stubble) were similar to those for vield ( Fable
7).

Root growth of ryegrass (pH 3.1). .>.3. 4.0) 
and of fescue (pH 3.0, 4.0) was inhibited. Mean 
root weight ol ouhartlgrass was greatest at pH 
3.0 and least at pH 4.0 ('Fable 7).

DISCUSSION

Mar Liable and non-marketable yields
Rixit growth tended to be inhibited bv 

sulfuric arid rain, ii.hibitioa was observed lor 
10 of '2R cultivars. while stimulation occurivd 
for only 2 cultivars. In addition, mean root 
weight of orchardgrass was greater than control

dC. sweattuAififiA mtmsk
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al pH 'i.D iind smaller than lonlrol at pH 1.0. 
HmveviT. except for root crops, decreased root 
weight generally was not associated with 
decreased marketable yield. For example, at pH 
3.0. the roots of tomato plants weighed l.V',, 
less than control; however, these plants 
produced fruit weighing a total of 31'',, more 
than control. Wheat roots at all acid rain 
treatments weighed much less than controls, 
and oat roots at pH 3.3 were heavier than 
controls; grain production was not affected for 
either crop.

Ti al aboveground weight was more closely 
associated with marketable yield. In no case 
was the direction of the cllcci on aboveground 
weight different from :hc direction of the elfecl 
on marketable yield. However, for broccoli (piI 
3.0) and tomato (pH 3.0) marketable yield, but 
not top weight, was affected. Also, for tomato 
(pH 3.3 and 4.0) and onion (pH 3.0) top 
weight, but not marketable yield, was allet ted.

Stimulation of marketable yield at 
intermediate pH values occurred for 3 crops 
(potato, alfalfa, green pepper). 1’eakid responses 
also were observed for aliovcground pinions 
(potato, alfalfa, tomato, green pepper) and for 
roots (alfalfa, oats). This patter- suggests that 
the ret elfecl of acid rain was the result of 
competing stimulatory and inhibitory elfcets. If 
this was generally true, then the optimum pH 
was greater than 4.0 for those crops which were 
consistently inhibited in this study, and less

than 3.0 for those which were consistently 
stimulated. However, this might have been a 
sulfate cjfect rather than a pH elfecl.

Foliar injun and yield
In ! 117*1, a total of 33 cultivars. including 4 

; soybean cultivars, was examined for foliar 
injury associated with acid rain. Of these. 31 
were injured at pH 3.0, 2H at pH 3.3. and 3 al 
pH 4.0 (Tabled).

Data on IkiiIi foliar injury and on yield were 
obtained fir 3R crops, resulting in 84 crop- 
treatment combinations (28 crops times 3 acid 
treatments), fable 12 shows the results o( 
classifving these combinations by ellects on 
foliar injury and eifccts on yield.

On the 84 crop-treatment combinations, 32 
showed no elfecl on either yield or foliar injury. 
Foliar injury without yield ellects was found for 
30 combinations and yield ellects without foliar 
injury lor li combinations. Yield eifccts with 
foliar injury occurred for.lb combinations.

Foliar injury was observed on a total of 4b of 
the 84 combinations. All but 3 of these were al 
pH 3.0 or 3.3. Yields higher tiian the control 
were found for 7 of these 4b crop-treatment 
combinations, and lower yields for 9 ol 4b 
(fable 12). Thus, apparent foliar injury was 
not necessarily indicativ e of lower y ield.

In II of the 84 crop-treatment combinations 
(b at pH 3.0: 3 at pH 3.3: 2 at pH 4.0), the 
acid-treated plants had lower yields than the

Table 12. Ciois-elauijiealion of 1979 results on foliar injury and yield. Entries is number of 
crop-treatment combinations in each , atcoorr

+ +

Foliar

a.

injun'

0 •Fotal

Yield: Greater than erontrol i 6 4 ii
Not significantlY diflerent from control 4 2f> 32 62
Less than control 2 7 ') 11
Total 7 39 38 84

Foliar injury:
+ + =At least half the plants had lO",, or more of their leaf area injured by acid 

rain at some lime during growth.
4- =Acid rain injury noted, but at no time did half the plants have 10"„ or 

more of leaf area injured by acid rain.
0 = No apparent acid rain injury on leaves.
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controls. Tin* yields of acid-trcalcd plants were 
higher than the controls for another 11 crop- 
treatment combinations (j at pH !L0; '.l at pH 
3.5; 3 at pH 1.0). The numbers of combinations 
having foliar injury were similar for Ixnh the 
stiftinlatcd and inhibited groups (Table 12). 
Therefore yield could be affected without 
apparent foliar injury. Moreover, acid rain 
crtecls could not be characterized as generally 
stimulatory 'or generally inhibitory of yield. 
However,, results of this study indicate this 
possibility for specific groups of crops, as 
discussed above.

CONCLUSIONS „

Caution is esst nlial in drawing conclusions 
from.' these data. They were obtained by 
subjecting putted plants to simulated sulfuric 
acid rain in field exposure chambers, rather 
than to ambient rain under field conditions. 
While some crops were grown during two 
seasons, the results pertain mainly to a single 
growing season, a particular soil, and a 
particular location: thus, for most crops, 
reproducibility of results has yet to be proven. 
Interactions with air pollutants, other 
contaminants, or various environmental factors 
could alfcci the results. Interpretations of die 
data should be viewed as hypotheses to be 
tested under dillereiil conditions. Hypotheses 
suggested by the results of this study include:

1. The marketable yield of dicotyledons is 
more likely to be adversely affected by acid rain 
than is the v ield of monocotyledons.

2. Among dicotyledons, the marketable yields 
of root crops are most likely to be adversely 
affected, followed by leaf, cole, and tuber crops. 
Legumes and fruit crops may be simulated by 
acid rain.

3. Grain crops are unlikely to be alfected. 
while monocotyledonous forage crops may be 
more productive under acid rain conditions.

4. Foliar injury is not necessarily associated 
with marketable yield effects.

3. Effects tin lop weight, but not necessarily 
root weight (except for root crops), are 
correlated with elfects on marketable yield.

6. Net clfecl of acid rain is the result of 
competing stimulatory and inhibitory elfects:

this implies the existence of an optimum rain 
PH or sullatc rouccntralion lor niaxinuon 
productivity.
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