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crops to sulfutic acid rane Poted planis were crown in tield chambers and exposed 0
stmudated subfuric aciao v (pHEB0. 3.5 or -LOYor o a conrol raim (piE D6 Y Atharve Cthe weighis
of the marketable portion. total aboveground portion and roots were determined for 28 crops.
Of these, marketthle vield production swas inhibited fes 3 erops (radish, beet, carrol, mustard
greens, broceoli) stimulawed for 6 crops ftomato,  green pepper,  strawberry, altalfa,
orchardgrass, timothy), and ambiguously atflected for 1 crop (potato). In addition, stem and
leaf production of sweer corn was stimulated. Visihle injury of tomatoesy might have decreased
their marketability. No stadsticadly significant effeets on vield were observed for the other 13
crops. The results suggest that the likelibood of vield being atlected by acid rain depends on
the part of the plant utilized. s well as on species, Eflects on the aboveground portion of
crops and on roots are abo presented. Plants were regularly examined for toliar injury
assoviated with acid rain. OF the 35 cultivars evamined. the liage of 31 was injured at pil
3.0, 28 ar pH 3.5, and 5 ac pH L Foliar injury was vot generally related 1o elivcts on vield.
However, foliar injury of swiss chard, mustard greens wnd spinach was cevere cnough 1o
adversely altect marketabiliny. ‘

INTRCOUCTION CO,. 1121828 1y the northeastern United

Acip precipitation occurs over a large area of  States, hall of the summer rain events are at pH

the United States. The increased concentrations
of sulfuric and nitric acids in precipitation are
derived primarily from the air pollutants suitur
dioxide (50;) and oxides of nitrogen (NQ).
All states cast of the Mississippi River and some
western states  regularly  receive  procipitation
which is more acidic than the expected value
of pH 36 for carbonic acid rain which is
formed by dissolunon  of  aumaspheric

+.0 or lower: eccasional evenws are between 3.0
and 3.5.4% With the increasing use of coal,
preciprtation will probably be at least as acidic
in the future.

Since the regions impacted or susceptible o
acid rain encompass. vast acreages of fertile
farmland, the g)o(cntial mpact on crops is a
major concern. 1% Although some studies have
been performed 24791371824 here s hittle

*Technical Paper Number 33+ of the Agricultural Experiment Station. Oregon State University,

¢) U.S. Government.
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documentation of acid rain effects on crop
foliage or yicld. Spectlically, it is not known
whether response 10 acid rain s common or
rare among ciops; whether this response s
generally stimulatory or inhibitory in terms of
yield; or what plant characteristics might be
rdated 1o differences in yield vesponse. To
provide partial answers to these questions, we
conducted an cxperimental survey 0 compare
the relative foliar, growth, andor vyield
sensitivities of several crops to simulated sulfuric
acid rain.

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

- MATERIALS AND METHODS

Sandy  loam soil was obwined from  the
floodplain of the Willameue River. Oregon.
The low nitrogen (LN) mix was preduced by
mixing a portion of this soil with peat moss
(7.7 kg/m? of soil) and 6-20-20 (N-P.O-K,0)
fertilizer (624 g/m?3 of soil). The Eigh nitrogen
(1HIN) mix was produced by mixing another
portion of the soil with peat moss (7.7 kg/m" of
soil) and 10-20-20 fertilizer (624 g m'). After
the soil was pasteurized by exposure to acrated
steam (757C for 40 min), plastic pots were filled
with the mixes. Averaged results of chemical
analyses  of samples of the amended and
unamended  soils  are  given in Table 1.
Supplemental fertilizer applications were made
for several crops (Table 3).

For one group of crops, sceds were sieved into
3 size classes and the most common-sized seeds
were planted in 61 plastic pots. Two potato
picces each containing two eyes weve planted in
1531, pots. In most cases, plant in tus groap
were first exposed to simulated rain treatments

7
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EFFEGTE OF SIMULATED SULFURIC ACID RAIN

within one day of planting. Crops in a second
group were germinated in a greenhouse and
tramsplanted to 61 plastic pots ior expeane to
siinulated rain treatments,

Crops were grown in ouc of three types of

exposure  chambers  (Table  2)  sitwated  at
Oregon State University’s Schmidt Research
Farm, ncar Corvallis. Al chambers  were
covered on top and sides to exclude ambient
rain. Openings between the side and ground,
and between the side and wop, of cach large
round chamber provided for convective  air
exchange; these openings were covered  with
insect sereening. ‘The smalf round chambers and
the square chambers  were  quipped  with
blowers  which  provided one  ambient  air
exchange per minute. Although not measured
during 1979, ambicnt concentrations of 5O,
during the previous 4 growing seasons wore
below detection limits (approximately 3 pphm).

During the same period, an 3, concentration of

14 pphm was measured on just one occasion; no
other events above 10pphm were observed.
Thus, the ambient air criering the chambers
was not filtered to exciude gascous polutants.
All plants of any given crop were grown in
the same type of chamber  To check for
scasonal varistion, radishes were planted at
different  times  during  the  growing  season.
Possible  differences  associated  with  chamber

type were investigated by growing radish crops:

in «li chamber types simultancously.

Simulated rain was applicd  with stainless
steel nozzles (Delavan Co., “Rain Nozzles™*) at
an average raie of 6.7 mm hr, 1.3 hr per dav, 3
days per week, for a total of 30 mm/week. The

173

simulated rain in cach chamber contained a
stock solution consisting of deionized water (o
which had been added 11 peq/l Cal* 12 peg il
Na*, 2peq/t K*, 3 peq/l Mg?*, 11 peq/l SOF™,
12pcq/t NQy, and 2peqft CI70 These
concentrations were an approximation of non-
acid rain based o a 7-yr average from a site in
the  noctheastern United  States,  after
climinating estimated sulfuric and nitric acid
U7 The comrol chambers reccived
‘only the stock solution
cquilibrated  with  aumospheric €O, o0
approximately pH  3.6. In the treatment
chambers the rain consisted of the stock solution
with sufficient H,50) to lower the pH w0 4.0,
3.5 or 3.0, Supplemental irrigation with well
water was provided according to individual pot
needs, as determined  visually, A chemical
analysis of irrigation water is given in Table 3.

Crops were harvested according to various
criteria (Table 4) For most crops, the fresh
weight  of  the  warketable  pordon  voas
determined at time of harvest. The dry weights
of the roots, tops and markerable portions also
were meas® sed.

All crops in acid treatment chambers were
regularly examined for acid rain injury. I
noticeabie injury was present, control plants
were checked  for the same  charactenistics.
When only plants in the  acid  treatment
chambers showed a particular type of injury, we
attributed the injury 10 acid rain rather than o
insccts or discase. The date o which injury was
first noticed on a parvcular crop was recorded,
as was the date on which more than hall’ the
plants in a particular chamber had acid injury

components.
rain  containing

Table 2. Chambers used in 1979 crop survey

Diamecter No. of Pots per

or length Height Total chambers per crop per
Type {m) {m) Covering No. treatment treatment
Large round  (LR) 4.6 2.4 Krene 4 1 14
Small round  {SR) 3.0 2.4 Krene 8 2 14
Square 15Q) 2.4 2.1 Teflon 20 3 25

*10 pots per treaument for potato.

*Mention of trade names or commercial products does not constitute endorsemeni or recommendation for

Husc.
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Table 3. Chemical analysis of irvigation water

(mgil)
pH 7.46
Calcium 19.0
Magnesium 6.1
Sodium 9.2
Potassinum 1.7
Phosphorus 0.25
Kjeldahl-Nitrogen 0.07
Nitrate -Nitrogen 2.20
Sultate 23.0
Caobalt u.39
Caopper 0.02
Tron 0.23
Molybdeaum 0.20
Zinc 0.16
Aluwminum 0.15
Silica 31.2

Table 4. Harvest eriteria

L. Maturity or senescence of control planss.

2. Size or maturity of marketable portion of control
plants.

3. Muhiple harvests as marketable portions of plan:s
became mature and/or marketable.

4. Predetermined periodic harvests.

3. Prematuie harvests without usable measurement

of yiceld.

on at least 107, of the leaf arca. Just prior to
harvest, the fraction of leaf arca showins acid
rain injury  was visually estimated for ecach
plant. Area was estimated in gradations of 3, :
therefore, the presence of any injury was alway:
recorded as at least 3°,,. For some crops. leaf
senescence and/or vellowing  prevented  these

final  estimates. For  fescue, rmvegrass  and
bluegrass, extremely slow regrowth woward the
end of the growing scason  resulted in

insufficient tissue for accarate injury rating at
the final barveit; thus, injury ratings refer o
the first of several harvests.

Details of the experimental conditions used
for cach crop are summarized in Table 3.

Radish, «lMalfa and onion were also grown
during the previous (1978)  scason.
Experimental conditions and exposure regimes
were essentially the same for these crops as for

J. J. LEE, G. E. NEELY, 8. C. PERRIGAN and L. C. GROTHAUS

these grown m 1979, One sqquare  chamber
{Table 2) was used 1or cach pH treatment (pH
3.0, 3.5, 4.0 and contro}). Radish and omon
were grown in 12 pots per treatment: alfalfa
was grown in 16 pots per treatment Fresh and
dry  weights of  markewable  portions  were
measured.  These  results were used  for
interseasonal comparison.

In the swatistical analysis of fresh and dry
weights, a one-way analysis of variance among
the four experimental groups (pH 3.0, 3.5, 4.0
and control) was performed for each  crop.
Provided that the resulting  Fostatistic
significant at the 0.10 level, two-sided t-tests
were  used  to determine  whethier  treatiment
means  were significandy  dilterent from  the
comrol. While this is a standard approach, it is
somewhat  less  conservative  than other
approaches which could have been chosen. I is
appropriate  since  f-tests were done only
between presselected poirs (e reatment vs.
control. rather than treatment vs. treatment)
and since this was an exploratory study.!!7- 2%

To make pauerns of response clearer, the
three treatment means and the standard error
were divided by the control mean. This was
done afier the statsiical analysis was carried
oul.

was

RESULTS

For cach crop harvested ia 19749, the fresh
and drv weights of the marketable portions
(vicld) of plants are given on a per pot basts in
Table 6. Dry weights of aboveground portions
and of roots are given in Table 7. Marketable
vield results for crops grown in 1978 are given
in "Table 8. In Tables 6-8, the mean weights of
crops subjected o simulated  acid rain are
presented as ratios o the control mean, as are
the standard errors.

Foliar  injury from 979  are
sumnurized in Tables 9 and 10, Miximum
injury ratings, made for all crops during the
growing scason, are given in Table 9. Yellowing
and’or senescence of control leaves of several
crops prevented estimating the per cent leaf
arca exhibiting acid raim injury at harvest
results for those crops for which estimates could
be made are given in Table 10, Since toliar

results



‘Table 5. Experimental conditions of crops surveved in 1979

XIS A0 1449
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Supplemental Dare Fina!

Chamber Seed ot Plants Soil fenitizer Pesticude Planting of firu Harvest hurvest
Crop Cultivar et wanplas® per gt nix® g pot) el date exonre! criteria® date!
Radish { Chiersy Belle LR S 3 HN w3 Urea 420 2 32
Radish 2 Cherry Belle SR S 2 HXN D > 2 2l
Radish 3 Cherry Belie LR s 3 HN 2 1031
Radish 4 Cherry Belle SR S 3 HN 2 10-31
Radish 3 Cherry Belle SQ S 3 HN 2 10°31
Beet Detroit Dark Red SQ R 2 HXN D 2 025
Carrot Danvers Half Long 50 S 2 HN 1.0 Urca DM 1 by
Mustard Green  Southern Giant Curled SR S 2 HN 2 6
Spinach fmproved ‘thick Leafl SKR S 2 TN 2 629
Suiss Chard Lucullus SR S 1 HXN 05 4 n 2 RU7
Bibb Lewuce Limustone 1.R T 1 HN 2 (IR0
Head Lettuce Great Lakes LR T 1 HN 5 i
Tonacco Burley 21 - LR T ] HXN 2.0 Urca i 408
Cabbage Golden Acre LR T ! HN 1.0 Urea D 2z 717
Broceoh Iialian Green Sprouting LR T i HN 05 Urea s 3 G/to
Cauliflower Early Snowbafi IR T $ 1 HN 1.0 Ure. D 3 614
Potato White Rose LR E ) 2 HXN 1.2 Urea 3 ] 845
Green Pea \Marvel LR S 2 LN 2 622
Peanm Tennessee Red SQ S | LN D 3 926
Soybean | OR-10 SQ N 1 LN D 3 10,24
Sovhean 2 Hark 1G-)) 5Q S 1 LN 903 5 —_—
Stbean 3 Norman {G-) 8Q S 1 LN 905 i —
Seiybean 4 Evans (G-0) 5Q S 1 LN 9405 3 -
Adfalla Vernal SR 5 2 LN n 3/ 2 1004
Red Claver Kenland SR S 2 LN D 3/23 2 {002
Tomato Patio | LR T i HN 316 3 10.25,
Cucumber 3116 Cresta LR S ! HN 747 3 U
Green Pepper Calitornia Wonder SR T 1 HN D 316 v 924
Suawherry Quinaft LR T 1 HN D . 3 1016
Oats Cavise LR S 3 HN 449 1 LRLY
Wheat Fieldwin LR S 3 HN 119 1
Bailey Steptoe LR S 3 HN 419 1
Corn Golden Midget LR S 1 HN 0.5: 4.1 7,23 £ 3
Onion Sweet Spanish LR S 2 HN 20: 4.1 419 1,20 1
Fescue Ala SR T 3 HN 0.5: 4.1 n 614 Tar 4
Orchardgrass Poromac SR T 3 HN D 6/14 7.07 2
Blucgris Newport SR S 3 HN 1LO:R2 D 2 36 2
Ruegriss Linn SR T 3 HN b 6:14 T 4
‘Timothy Climax SR T 3 HN 614 7o7 2

*See Table 2 for chamber specificavions.
- 55 Plants were grown from seed in pots used in exposure chambers. T: Plants were stasted in grecnhonse and transplanted 1o pots used in exposure chambers. E: Potato eyes plantd
in pots used in exposure chambers.

“See Table 1 for soil specifications.

MWhete wore than vie muber s given, fiost sumber refers to grams of urea; second to 010 305 third 1 1020 20,

D Daazonon, M: Manch, .

TAN daies are 1974

*See Pable 4 for harvest criteria.

"Fransplants obtained from commercial growes,

NIvy dt



Table 6. Yield of marketable portion of crops grown in 1979

Fresh weight of vield per.pnt

Dry weight of vield per pot

Rattio of treatment mean®

Ratio of treatment mean®

9L

sAAN A 99T 1

»

) T PUR NVOTdYAd

SAVHLOYD

Contro) o control mean Faest Control tor control mean Fent
mean® sign mean® ign
Crap (g pot} pH 3.0° pH 3.5° pH +.0" SES level? (g-pot) pH 200 pH 3.5% pH 40" SESf level 9
Radish RS LR [[R:% [ERTA 0.4 VK 0458 79 404 (X323 0003
Radish 2 4242 0408 0814+ 084 0.06 0.007 047, 0.834+ 0.86* 0.03 [ER]. 1154
Radish 3 47,74 w24, (Ul 34 [NEA 006 G005 0.3 077 1.15* 005 0.0007
Radish 4 26.79 0.34% 103 0.86 0.0 0.0003 0.42% 0.87 0.08 0.000%
Radish 3 18.07¢ Q.59 1.4 .56 -8 0.64 1.52 ~--$ —
Reet 307 0.57% 102 [RLY on 0.55* 110 .l 0.012
Carrot 138.54 0565 G.353 0.73* [ 0.53% . 0.69; 0.08 0.0
Mustard Green 0.703 047 043+ 0.03 0.69; 0.%%) 0.86* 0.06 00028
Spinach 0483 099 0.9 007 09y 1.03 0.98 0.08 0.87]
Swiss Chard 0. % 104 0494 n.e7 0.94 1.04 103 (XYY G627
Bibl Lettuce Lol 1.02 1.0% 004 0.932 1.6y .97 1.07 003 LORT*
Tobaceo -- -- - - — - 0.97 097 1.03 0.03 0.443
Cabbage 240,81 o 1.47 1.01 0.17 0.131 URT 1149 0.92 0.13 0.378
Broceoh 14.63 0.73; 0.92 0.89 0.07 0.063* 0.75% 088 0.9] 0.06 0.078¢
Caubiflower 6902 1.03 1.46 1.20 013 0.185 1.0t 1.39 1.27 [LAK]) 0164
Potan o979 [ER1A54 1414 Laze 008 0.oul; 0.86% 1.05 103 0.03 [$X1.3 0
Green Pea 2055 1.04 098 1.05 O.(H 0.674 1.06 0ny 1.06 [1XUD) 0547
Abfalta® - — — — — -— 0.94 1313 1.17 1L.0) .00
Red Clover* - -— - — — — 0.99 1.03 Lo2 0.04 0911
Tomawn* 302.88 1315 1.01 0.93 .07 0.0013 - -—_ — — --
Green Pepper [REN 1.05 1.20¢ 1A 0.6 0108 113 117+ Lon 0.06 0.207
Strawberey® 113.04 152, 1.72% 1518 013 0.ty - - - - —
Oats — — — - — -— 0.92 1.00 1.0 [$X1H) Q.50
Wheat - - - — ~ - 097 0.98 0.98 0.06 0976
Harley — - — — - - 1.05 L6 Lo 0.03 0727
Corn' - - - — — — 1.13% 0.95 0.99 nos 0.085¢
Onion 11011 1.0 12 by 0.06 0.426 10 {RE 109 0.06 w295
Fescue* - - -~ - - - 0.9 a7 0a) 0n; Sojnt
Orchardysass — -- - - - - 1.23¢ 1.i¢ 1.0 L7 Qv
Bluegras — -— — - - [LAL] 094 1.00 (LX) 0.725
Ryvegras® -— - - - — — 099 0.98 0% LLALA) 0.787
Timothy - -~ - - — -~ 1.24¢ LELY Q.86 an? RALIRN
*Sample size per mean: for SR and LR chambers, 14 pots; for 8Q chambers. 25 pots (see Table 5 for chamber types).
PSigniticanece of dillerence between acid rain treatment mean and control mean determined by two-sided f-test.
Standard error of the mean (computed using error mean sqitare from anabvsis of varaneed. divided by mean conrol yield.
Aignitivance level of Fetest from one-way analysis of varianoe among teur experimental groups.
. “Seavonal wtal of multipic harvess,
Yor eorn, data reter to wotal aboveground (stem plus leaves) weight,
*Unrenable data for control; see text.
int with pS(.10
<0.05.
' +Significant with pS0.01,
. - ~ - >
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Table 7. Dyy ceights of aboregronnd portions amd yools 2f ¢,0ps grown in 1979
Total aboveground portions Roors
Ratis of treament mezn® Ratio of tieatment meon®

Control 10 control mean Faest Control to control mean Fetest

mean® sign mean® \gn
Crop (g pot) pH 3.0° pH 35 pH 4.0 S.ES level® (g pot) pH 3.0° pH 3.5° pH 40 S.ES leveld
Radish 1 1.94 081+ G494 1.07 0.0) 0.019% 2466 0.45% 0.79; 0.86% 0.4 LHXELM
Radish 2 1.65 0.88 0.96 [LRTY] 006 046l 251 043¢ .86* [IXUH 00017
Rotish 3 2.0 0.667 0.84; Q.2 004 0.000% 2.54 0.77% 1.15* 0193 (0005
Radixh 4 135 0.80* 102 0.80* 0.05 00600 1.7t 1.01 087 0.08 Q0003
Radish 5 1.20¢ 112 1.9 1.1 —* -t t.oge 1.40 1.52 —* -
Beet 10.03 0.90¢ 1.08 1.00 0.03 (015t 10..8 1.03 110 0.1} Q0124
Carrot 8.39 0673 0.69* 0.82 0.07 02t 13.36 0.57% 0.69% 0.08 0.00%
Mustard Green 7.30 0.90 0.86* 0.05 0.002% 206 0.90 L3 0.08 0.334
Spinach {.06 i.02 Q08 0.818 [RX] 0.99 .09 013 0740
Swiss Chard 1.04 1.03 [$X1.93 0.827 13.35 0.99 096 0.1 0.996
Bibb Lettuce 0a7 107 0,03 0.0H7* 133 0.88 0,94 0.06 0074
Tobuacen 1.00 1.03 001 0.385 9.10 112 118 0.07 0.358
Cabbage .00 .89 0.05 0,308 1416 83 [ER)] 012
Broceoh 100 ALY 006 0100 1227 0.85 0.81 .10
Coailiflower i.10 112 003 0.391 6.29 112 [RU 008
Potat 1278 1.24% 000 0.0013 3.7 081t 0.98 0.07 0.0053;
Green Pea 1.0 1.02 0. 0.242 223 0.97 091 0.05 0.202
Allalta 130 1.16% 0.0 0000, 19.72 1173 1.02 001 0.008;
Red Clover 1.04 Lo 0.04 0824 7.37 1.04 111 o005 0.394
Tomaro 123 L 0.03 0.0264 506 1.01 098 0.04 0.029¢
Green Pcpe«'r' 1145 .08 0.04 .05 3.70 102 1.09 0.03 0111
Stranberry’ 1.21% 113+ 0.04 0.001% 36.17 .86t 0 79; 0.99 0.06 0.016%
Oats 102 100 (XIS 0817 378 1.16 §.608 0w 0.t 04224
Wheat 0.94 0.9 Qo OB [RIE ) (X% ¢ 0.5 (U Ebe w07 Q.02
Bartey [ K0, il 00 484 .35 0.8 0.9 113 0.08 .64
Corn 113 095 099 005 0.0897* 6.36 112 097 1.03 0.67 0.430
Ongion 1154 1.08 [IAL2} 0.u7 0.007% - s —_— — - —
Fescue 093y (BN 0.3 03 00404 2148 1.m .85t 0.0 0.003]
Orchardgrass [BiNig Lo 100 007 0.z 14.74 100 0.63; X)) [1XF e
Muegras 0.9 (L [IATH) [ ] [UNS [UR K] [UFR} [iR1{ [URR 1)
Ryegrass 26 69 1.01 1.03 (IR [IRTA] 0,380 0844 (LR[04 LIXTAY Qe
Timothy .07 1244 1T 086 o007 (111 TRie 03 088 000 0133

*Sample sice per mean: for SR and LR chambers, T4 porg lar 8Q chambers, 25 pots tsee Table 3 tor chember tpes),

Puigndtivatice of ditfereice between acid rain treatment mean and control mean deternnined by tvo-sided ftest
Stamdand error of the mean teomputed wsing error mean spuare fiomaabosis of varaoee ) divided By mean contial weight
ISignibicance fevel of Fotest from ane-way inalysis of Vatianee among foss experinental goongs.

Unrehiable data for control; see text

PAbaovegroud pontion does oot incude weight of frair

*Sianticant with p SO0
+Sinificant with p£0.05,
$Significant with p£0.01.
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Table B.

Yield of marketablr portion of crop eroun in 1978

Fresh weight of yield per pot

Dry weight of vicld per pot

Ratio of treatment mean®

Ratio of treatment mean®

Control to control mean i-test Contral to control mean Faest
mean® sign mcan® - sign
Crop (g/pot) pH3.0® pH33® pH4IO® S.E* leveld (g/por) pH3.0*  pH353*  pH 4.0° S.ES leveld
Radish 69.83 0.73% 0.86t 0.48* 0.03 0.0115 4.04 0.793 0.87¢ 0.84% 0.05 0.022*
Alalfa:
Harvest | — — — - — — 378 1.19* 1.16 0.89 0.07 0.019¢
Harvest 2 -—_ - - -— - 6.10 1.12 1.12 1.09 0.09 0.757
Harvest 3 —_ — — — - 7.20 1.04 1.27¢ 1.29t 0.9 0.053%
Total — —_ — - — — 17.08 1.10 1.19 113 0.06 0.197
Onion 96.51 0.93 1.06 1.07 (811} 0.732 9.66 098 1 H.86 0.12 0801

*Sair e size per mean: for radish and onion, 12 pots: tor altalfa, 16 pots.

bSignificance of difference between acid rain treatment mean and control mean determined by two-sided £-test.
“Standard error of the mean tcomputed iing one-say analuis of varianee ), divided by mean control weight.
ISignificance level of Fatest from oncawiay analyais ol variance among tour experimental groups,

*Significant with p S0.10,
+Significant with p£0.05.
$Significant with p£0.01,
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Table 9. Relative redings of reaximum uctd rain gy of
leaves for 1979

Table V0. Estimated fraction of leaf aea at final harvest
shoiving injury avsociated with acid yamn leatment for 1979

Acid rain injury by pH of

Acid rain injury ', of leaf

+ + = At least half the plants had 10V, or more of
leal arca injured by acid ram at some time
during growth.

+ =Acid rain injury noted. but at no time during
growth did more than halt of plante show
107, or more of leal arca injured by acid
rain,

0=No apparent acid rain injury on leaves.

treatment area by pH of treatment
Crop 3.0 35 S 40 Crop 3.0 35 1.0 Maximum
Radish | ++ + 0 Radish 1 17.3 5.0 0.0 25
Radish 2 + + + 0 Radish 2 15.4 5.0 0.0 20
Radish 3 + + 0 Radish 3 11.4 3.0 0.0 13
Radish 4 + + 0 Radish 4 19 1.3 0.0 10
Radish 3 + + (4] Radish 5 115 48 0.0 15
Beet + + + Beet 3.0 1.2 4.2 b
Carrot -+ 0 0 Carrot 0.0 0.0 0.0 0
Mustard Greens + + + G Mustard Greens 10.4 1.3 0.0 13
Spinach ++ + 0 Spinach 118 4.0 on 15
Swiss Chard ++ + + Bibb Letiuce 5.0 0.0 0.0 K)
Bibb Lettuce + + 0 Head Lettuce 16 u.0 0.0 3
*l"‘)l::‘(:; ttuce i T 0 Cabbage 13 00 00 3
Broccoli 5.0 3.2 0.0 3
Cabbage + 0 0 Cauliflower 14.6 0.4 0.0 30
Broccoli + + ) .

e . Green Pea 30 3.0 0.0 3
(anvlhﬂmur + + + G Abfalfa 13 0.4 0.0 5
Potato + + 0 Red Clover 3.0 0.0 0.6 5
Green Pea + + 0 Green Pepper 5.0 0.0 0.0 3
Peanut + + 0 <

awherey )

Soyhean | + + + Strawberry 0.0 0.0 . 0.0 0
Sovhean 2 + + 1] Corn 5.0 0.0 0.0 3
Sovbean 3 + + 0 .
Soybean 4 + + o Onion U.Q 0.0 0.0 0
Allalla + + ] Fescue® 7.9 3.0 0.0 10
Red Clover + + 0 Orchardgrass 6.1 1.8 0.0 10

. ¥ e d 3 RS K] 9
Tomato 4 + o Bh.(‘gr.x\\‘ ._).() 35 U 3

. Ryvegras 3.0 0.1 2.0 3

Cucumber + + + 0 Timothy 13 L4 6.0 3

. Green Pepper + + + + ' 1 - ' : ‘
Strawberry { . . . .
Strawherry + v ! *Estimates made at first of muluple harvests, when
Oats 0 0 0 foliar material was most abundant.
Wkeat 0 [} 0
darley 0 0 0
Corn + 0 0 injury was rated in discrete steps, a raiing of
Onion 0 0 0 53¢, indicated dhat a  plant showed  some,

. possibly minute. acid rain injury. For some
Fescue + + 0 crops, maximum per cent injury occurred wedl
Orchardgrass + + 0 before harvest, sometimes carly in the growin
Bluegrass + + + . ¢ arvest, S cary s s
Ryegrass + + 0 SCasor.

Timothy + + 0

Ducotyledons

As a  group. dicotyledons  were  more
susceptible to foliar injury by simuliter] sulfuric
acid rain than were monocotyledons. Although
sumulation of marketable vield was ohserved for
both  monocotvledons . and  dicotvledons,
inhibition of marketable vield was observed
only for dicotvledons. The varivus groups of
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dicotyledons are discussed in descending order
of adverse effects on marketable vield and
ascending order of positive cffects.

Root crops. The yield of all three root crops
(radish, beet, carrot) tended to be lower than
control under acid rain treatment.
Aboveground productivity was inhibited and
foliar injury was common. Thus, root crops
were considered 10 be the group most adversely
aflected by acid rain.

Al dhree oot crops  had  foliar  injury
assoctited with pH 3.0 treaunents: radish and
beet were also injured av pH 3.3 (Table 9).
Since root crops frequently are marketed with
leaves attached, disfiguration of leaves could
adversely affect marketability. For radish, injury
at harvest ranged up o 23°,, of the leaf area;
this was the crop most susceptible 0 foliar
injury (Table 10). Beet showed less leaf injury
at harvest (Fable 1€), but was one of only five
crops injured at pH 10 (Table 9). Since all
mature beet leaves developed a mosaic pattern
which may have pardially masked acid rain
injury, the results in Table 10 for beet may be
undlerestimates.

In terms of marketable yield, carrot was the
most sensitive root crop, followed by radish and
beet (Tabie 6). Althorgh there was no apparent
acid rain foliar injury, the yicld of carrots at pH
4.0 was, on average, ouly 737, of ihat of the
control  plants  (Table  6).  Aboveground
productivity of root crops was also inhibited,
although noc to the same degree as root
productivity (Table 7).

Radish  was  grown in  five independent
studics. Plants grown carlier in the year (Radish
I and 2) were somewhat more susceptible to
folior injury than those grown toward the end

of the growing scason (Radish 3, 4 and 3 in
Tables 9 and 10). No such temporal differences
in cffect on niarketable yield were apparent
(Cabic 6). The vield reductions observed in
1978 (Table 8) were similar to those for 1979
{ " .ble 6).

fu one radish study (Radish 3) plants in alt
five control chambers were heavily damaged by
slugs and twelve-spotted beetles, while plants in
the add-treatment  chambers were, at most,
only slightly damaged. Consequently the yield
of the control plants might have been somewhat

reduced, resulting in artiticially high yield ratios

for the acid-treatment plants. However, ratios

among acid ticatments (e.g. pH 3.0 1o pH 3.3)

in this study were similar (¢ those for ¢he other

radish studices.

Although the reason(s) for different degrees of
pest damage is not clear, it does suggest varying
responses of faunal popvlatio.n, ) ditferent
levels of rain acidities. 1 slug danage o
acid-treated crops was also observed in 1978
with radish and enion. Control chambers were
in diflerent locations dwiig; the two seasons,
thus eliminating chamber location as a possible
cause for <lug damage.

Leap” crops. Although  swetisticaily  signicamt
inhibition of vield occurved for only one leaf
crop, foliar injury. a quality fuctor, was
observed on all five crops. Thus, adverse effects
on leal crops were ranked sccond 19 these on
root crops.

The foliage of Swiss chard, mustard greens
and spinach was injured by acid rain to the
exient that marketability was aflected. Lettuce
(bibb and head) and tobacco were less severely
affected. Cabbage was the least sensitive o acid
rain (Tables 9 and 10). The only leaf erop to
have less marketeble vield due o exposare 10
acid rain, as measured by weight of foliage, was
mustard greens (Table 6). Root productisicy of
bibb lettuce was inhibited at pH 3.0 (Table 7).
Mouayven™®  found  that  acid  rain at
approximately  pH 4 inhibited  1omal
(aboveground plus root) productivity of potted
lettuce plants.

Cole crops. Since adverse efiects on marketable
vield occurred only  under the most acid
-onditions, this group was considered o be only
slightly sensitive to acid rain.

Acid wreatments of pH 3.0 and pH 3.3 caused
foliar injury of broccoli  and  caulifiower.
Cabbage leaves were injured only at pH 3.0
(Tables 9 and 10). Only radish was more
extensively injured than cauliflower at pH 3.0
(Table 10). The waxy foliage of these cole crops
afforded. at most, partial protection from acid
rain injury.

Only broecoli showed significant marketable
vield ellects: at pH 3.0 vield was lower than the
control (Table 6). No significaut effects on
aboveground or root productivity were found

»
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(Fable 7). In a ficld study in New Yoik State,
Maohamed found that cabbage tov. King Cole)
was inhibited by exposure o acid rain (pH 3.0)
duing  the  finst week  after seedling
emergence. ¥

Tuher cop. The one wber coop studied
{potato) had a mixed response 1o simulated acid
rain. Foliar injury was observed for 1the pH 3.0
and 3.3 treatments (Fable 9). Marketstle yield,
however, was inhibited by pH 3.0 ain. and
simulated by pH 35 and 4.0 ram: the
stimulatory  effects at pH 35 and +.0 were

“significant only for fresh weight (Table 6).

Aboveground  productivity was -stimulated  at
pH 7.5 and 4.0: reot production was less than
contvol at pH 3.0 and 3.5 (Table 7).

Liogumes. Acid vain treauments of pll 3.0 and
pH 3.5 injured the foliage of all vight leqime
cultuvars (Fable 93 OF the three legumes grown
o harvest (green peas alfalta and red clover),

only alfalta vicld was aflected by adid raing the
yivld of altwifa prants receiving treatments of pH
3.5 and pH 4.0 was greater than the vield of
control plants (Fable 6). Totl aboveground
weight tuncluding stubble) of alfaltic was greater
than control at pH 3.0 and pH 4.0 while that”
of clover was not affected. Root weight of
altalfa was greatest an pH 3.5 (Fable 7).

The vield responses of red clover and alfalfa
were consistent awmong the  dccessive harvests
tTable  1!1).  Alhough  not  statistically
significant. alfalta viclds tended 10 be lower
than control at pH 3.0 Greater vields ac
imermediate pH values {Table 1) suggest
compcetition between stimulatory and inhibitory
effects of acid rain. The pattern of vesults from
1978 (Table 8) were consistent witi results from
1979 (Table 1) at pH 3.5 however, there was
na indication of lower vields at pH 3.0,

Frat erops. Surclatory effects were maost

Tvite VU Yicdlds from successive lunvests of dvd cloier and alfalfa grozen m 1979

Dry weight of vield per pot

Rato of treatment mean®

Control te control mean Faest

Harves mean® - siwn

Crop date (wpt)  pH3O0P pH 35 pH 0" S.E.S feveld
Red Clover 0726 7.3 0.81* 0.9 1.1 0.07 XTSI

(planted 3 23) (£ 2 .00 1.0 1.43 0.92 0.05 0267

0491 7.72 1.05 1.01 1.04 .07 (IR

10,00 - 871 1.0 1.10 1.01 005 ong

Voral 31.05 0.99 1.03 1.2 0.04 Qull
Alfalfa ; 059 0.96 1.23% 1.12 0.06 06K
tplanted 3 23) 0827 8.51 081+ 1318 106 0.06 0.0e0)2
) 10,03 10.61 1.03 1.363 V.31 0.07 00G1;
Total RITER 0.9 1312 b7t 0.05 G

*Sample stze per mean was 14 pots.

*Significanee of difference between acid rin neanmient mean and control mean determined by

two-sided f-test.

“Standard error of the mean {computed ining onesway analysis of variance ). divided by mean

controf vield.

USignificance tevel of Fotest from ene-way analyvsis of variance amony %ur treatment groups.

*Significant with pS 010,
FSignificant with pS0.05.
sSignificant with p<0.01.
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general for fruit crops, The vield of crops grown
to harvest {i.e. all exeept cucumbens) frequently
was greater for plants receiving acid rain than
for control plants. In no case did acid rain
cause a signilicanty  smaller vield than did
control rain (Table 6). However, at pH 3.0
severe cnough to
advensely  affect muarketabilitv, In contrast 1o
our results, Mouavept™ found vields lewer
than control for green peppers (ev. Stoddins

Sclect) and tomatoes (evs: Tinv Tim and New

York) subjected o pH 3.0 simualated rain.

For all three fruit crops. the  greatest
aboveground  weights (ot including  fruit
weights) were at pH o 3.5 Top. growih of
strawherry was stimulated at pH 3.0 and 1.0,
and at pH 4.0 for tomato. At pH 3.0 the mean
aboveground weight of pepper plants was les
than  cortrol. Root  growth of  tomaw  and

strawberry was inhibited at pH 3.0: strawberry

roots were abso inkibited ac pH 3.5 (Table 73,
Acid rain injured most leaves of tomato,
cucumber and green pepper at pH 300 ks

Ssevere anjury occurred ar pll 35 (Table 9).

Although the leaves of green pepper were abso
wjured at pH £0 (Table 9) this injury was not
identdiable  at  final lonvese (Fable  1O)
Strawberry leaves sustained enbv minute injary

(Table 9) which could not be wdentitied at final

harvest (Table 10).

'.\Imlm‘u{l'/(‘t/um
Monocowvledons were wenerally less
susceptible w0 acid rain injury of foliage than
were dicotvledons. No significant adverse eflects
on yield were tound. and forage crops tended 10
be stimulated. Groups of manacotvkedons are

discussed ininereasiag order of  imulatory

cfiects on vield.

Grain crops. Stall grains toats, wheat, barlev)
were the crops least sensitive o acid rain. The
vields (Table 6) were not aflected by the acid
treatments, and no foliar injurv was apparent
(Table 9). However, root produciivity of wheat
was inhibited at all acid rain teavments, while

the root growth of oats was sdmulated ar pH-

3.5 (Table 7).

Corn was harvested when the plants grew -4
enough to interfere with spray trom the nozzles
(approximately Tm). Although the foliage was

injured (Table 9), the total aboveground weicht
(stems plus leaves) of plants receiving ptl 3
rain was apparently larger than the connal
plants.  The dilference.  however, was oy
marginally signiticant (Table 6). No signifivant
cflect on roots was observed (Table 7). o

Bulh aoep. Onion bulbs grown under aoend
treatments  did  not ditler  significandy trom
conwols i either 1978 (Table 8) or 1979
{Table 6). No foliar injury  was ideriiend
(Tables 9 and 10): aboveground foliage v pH
3.0 was greater than control (Table 7). .

Forage crops. Although foliar injury occuread
on  forage  crops. no  adverse  effects on
productivity were observed. Marketable vield
was either not attected or greater under acid
rain teatment.

Acd rain at pH 3.0 and 35 caused tohar
injury  of  feseue,  orchardgra
Veur and  umothy,  Bluegrass  was  onh
slightly injured at pH 4.0 (Tables 9 and 10)

No  dllects on blucgrass  or rvear
productivity were found. Although injured In
acid  min,  orchardgrass  and  tmothny were
significantly more productive under the ptl 3o
treatment than under the control rain, While
not signticanty dillerent from the control, the
results at pH 33 abe  suggested  hBigher
productvity: (Fable G). In contrast, Crow g
and Restoa'? found that adding dilute sultmnic
acid at pH values above 2.0 10 soil had o
ctiect an the productivity of tnothy during the
first vear of exposure: in the third  season
productivity was inhibited at pH 3.4 and lower
Results for total aboveground weight (including
stubble} were similar 1o those for vield (Fable
7).

Root growth of ryegrass (pH 3.0, 5.5, 40}
and of fescue (pH 3.0, -£.0) was inhibited. Mean
root weight of orchardgrass was greatest i pti
3.0 and least at pH 4.0 (Table 7).

. blucgras,

DISCUSSION

Marketable and non-marketable yields
Root growth tended o be inhibited  tn

Csulfuric acid ram. tchibiton was observed for

10 of 28 cultivars, while sumulation ocenrred
for only 2 cultivars. In addiiion, mean voot
weight of orchardgrass was greater than control
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at pH 3.0 and smaller than control at pH 4.0,
However, 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 157,
less  than  control;  however,  these  plants
produced fruit weighing a il of 31°, more
than control. Wheat roots at all acid rain
treatments weighed much less than conwrols,
and oat roots at pH 3.3 were heavier than
controls; grain production was not aflecied for
cither crop.

T .al aboveground weight was more closcly
associated with marketable vield. In no case
was the direction of the effeer on aboveground
weight different from the direction of the efleet
on marketable yicld. However, tor brozcoli (gl
3.0) and omato {pH 3.0) marketable vield, but
not top weight, was aflected. Also, for tomato
(pH 3.5 and 4.0} and onion (pH 3.0) 1p
weight, but not marketable vicld, was affected.

Stimulation  of  marketable  yield  at
intermediate pH values occurred for 3 crops
(potato, alfalfa, green pepper). Peaked responses
also “were observed for aboveground  portions
(potato. alfulla, tomato, green pepper) and for
roots {alfalfa, oats). This patterr suggests that

the vet effect of acid rain was the result of
competing stimulatory and inhibitory efleews. 1

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

ssovbean

“treatments).
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than 3.0 for those which were consistently

stimulated. However, this might have been a’
sulfate dffect rather than a pH dffect.

Foliar injury and yield

" In 1979, a wtal of 33 cultivars. including 4
cultivars, was cexamined for
injury associated with acid rain. Of these, 31
were injured at pH 3.0, 28 at pH 35, and > @

pH 4.0 (Table 9).

Data on both foliar injury and on vield were
obtained tor 28 crops, resulting in 84 crop-
treatment combinations (28 crops umes 3 acid
Table . 12 shows the results of
classifiing these  combinations by eflects on
foliar injury and cifects on vield.

On the 81 crop-treatment combinations, 32

“showed no eflect on either vield or foliar injury.

Foliar injury without vield cflects was found for
30 combinations and yvield eftects without fohar
injury for 6 combinations. Yield eflects with
foliar injury occurred for.16 combinatons.

Foliar injury was observed on a total of 46 of .

‘the 84 combinations. All but 5 of these were at

pH 3.0 or 3.5. Yields higher tian the cuntrol
were found for 7 of these 46 crop-treatment
combinations, and lower yields for 9 of 16
{Table 12). Thus, apparent foliar injury was
not necessarily indicative of lower vield.

In 11 of the 84 crop-treatment combinations
6 at pH 3.0: 3 at pH 3.5: 2 at pH 4.0), the
acid-treated plants had lower vields than the

Table 12. Cross-classification of 1979 results on_foliar injury and vield. Entries is number of
crop-treatment combinations in each category

Foliar injury

++ + 0 Toal
Yield: Greater than crontrol 1 6 4 11
Not significantly diflerent from control | 4 26 32 62
Less than control 2 7 2 11
Total 7 39 38 84

Foliar injury:

+ + =At least half the plants had 10, or more of their leaf area injured by acid
rain at some time during growth.

+ =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.

[FOPRIv

foliar |
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cnﬁ'lr;ils. The viekds -of acid-treated plants were
higher than the coutrols for another I crop-
treatment combinations (3 at vH 3.0; 3 ar pH
3.3; 3 at pH -£.0). The numbers of combinations

“having. foliar injury were similar for both the

stinalated and inhibited groups (Table 12).
Therefore - vield could be  affected  without
apparent  foliar injury. Moreover, acid rain
cifects could not be characterized as gencrally
stimulatory “or gencrally  inhibitory  of  vield.
However, . results of this study indicate this
possibility for specific  grogps  of crops. as
discussed above, :

CONCLUSIONS © e

-Caution is escatial in drawing conclusions
from these data. They were - obtained by
subjecting potted plants to_ simulated  sutfuric
acid rain in ficld cexposure chambers, rather
than 10 ambient rain under field conditions.
While some crops were grown during two
seasons, the results pertain mainly 10 a singic
growing scason, a particular soil, and a
particular  locaton:  thus, “for  most crops,
reproducibility. of results has vet to be proven.
Interactions  with  air  pollutants,  other
contaminants, or various- environimental factons
could aflect the results. Imerpretations of the
data should be viewed as hypotheses o be
tested under different conditions, Hypotheses
sugeested by the results of this study include:

1. The marketable vield of dicotyledons s
more likely to be adversely affected by acid rain
than is the vield of monocotyviedons.

2. Among dicotyledons, the marketable vields
of root crops are most likely 0 be adversely
affécted, followed by leaf, cole. and wiber crops.
Legumes and fruit crops may be simulated by
acid rain. . :

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

4. Foliar injury is not necessarily associated
with marketable vield eflects.

5. Effects on top weight, but not nccessarily
root weight  texcept  for root  crops), are
correlated with effects on marketable yield.

6.  Net effect of acid rain.is the result of
competing stmulatory and inhibitory cffects:

this implics the existence of an optimum rain.
pll ~or sulfate concentration for maximum’

“preductivity,
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