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ABSTRACT

A controlled-field environment was utilized in two studies to deter

mine the effects of various levels of rain acidities on crops. In the

• first study, a crop mixture (Trifolium pratense L., cv. 'Arlington'

and Phleum pratense L., cv. RS954) was planted on two soil types, 

Alvin and LaHogue, to study the impact of acid precipitation on 

crops, as affected by soil type. No significant effect upon dry yield 

weight was shown at the following levels of simulant acidity: ph 

5.4, 4.15, 3.4, 3.15. In the second study, the effects of acid precip

itation upon soybeans, Glycine max L., cv. 'Amsoy 71', was studied. 

The soybeans received simulants (pH 5.4, 4.2, 3.7, 3.4) according to 

either constant pH treatment or variable pH treatment (with same 

mean pH as constant pH treatment). The soybean productivity (dry 

seed weight) was not affected by any of the above levels of acid

ity, nor rain treatment (constant pH vs. variable pH).
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INTRODUCTION

Acid rain, a phenomenon which has increased in prevalence since 

the onset of the industrial revolution, has gained much attention since 

the lead of European scientists in the early 1970's. In the United States, 

there has been a great effort to determine the cause, composition, and 

possible adverse effects of acid rain. Current research is being 

conducted to assess the impact of acid precipitation upon aquatics, 

forestry, unmanaged ecosystems, agriculture, common building materials,

and health.

Natural rain acidity is assumed to have pH 5.6, slightly acidic due 

to the dissolution of atmospheric carbon dioxide in water. However, 

"natural" rain may range in acidity (pH 4.9-6.5) due to the presence of 

other naturally occurring components such as organic matter, ammonia, 

and windblown dust. The pH of rain is decreased (increased acidity) due 

to the emission of sulfur dioxide (SC^) and nitrogen oxides (NO*) as a 

result of hydrocarbon combustion (Acid Deposition, 1983).

Acid precipitation includes the deposition of sulfur and nitrogen 

oxides as sulfuric and nitric acids, respectively, by rain, snow and fog. 

These pollutants, a product of burning fossil fuels, become acidic as they 

react with water, soil and plants. Although deposition can occur in areas 

remote from the major sources of emissions (due to meteorological pro

cesses), the geographic regions of highest acidity correspond to areas of 

industrialization and urbanization. Based upon values of annual mean pH 

of precipitation as listed in Acid Deposition (1983) the northeastern 

United States has rain ranging from 4.08-4.48, as compared to 4.95-6.05 

in the Northwest.
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A concern of primary importance, due to its economic, social and 

political implications, is the effect of acid precipitation on agriculture. 

Airborne pollutants have long been suspected by foresters and farmers as 

a source of vegetative losses, but conclusive data are lacking in this 

area. Previous research has shown that the majority of crops show no 

significant change in yield due to Acid rain treatments (Irving, 1983). 

Depending upon plant species, rain chemicals, and soil type, other experi- 

ments indicate both positive and negative yield effects. In order to de

termine the impact of acid precipitation on crops, various parameters 

such as rain chemical composition, amount, rate, duration, and soil char

acteristics should be monitored and reported. It is also important to mon

itor the concentrations of other pollutants as SO^, N0x, 0^, as Irving 

and Miller (1984) reported synergistic effects of these pollutants on 

field-grown soybeans.

To study the impact of acid rain on crops, previous studies have 
' 1 oxi'J-S ,’i 0.iS i

been conducted in the field or in "controlled-environ ments" (e.g. growth 

chambers, greenhouses). Field studies have commonly used simulated rain 

in addition to ambient rain, thereby increasing the total amount of rain 

delivered to the crops. Results from these studies are unclear, as the 

total amount of water delivered is a major consideration in assessments 

of crop yield (Irving, 1983). Studies performed in greenhouses and growth 

chambers may be useful for estimating the impact of various levels of 

acidity upon crops, but these conditions usually have lower light in

tensity, shorter photoperiod, and moderate temperatures in comparison to

field conditions.

This study utilized controlled-field environments (microcosms) to 

study the effects of acid rain upon three economically important crops.
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Microcosms, confined portions of an ecosystem which are subject to lab

oratory controls, have been designed and incorporated for use in plant 

acid rain studies. At Argonne National Laboratory, a facility known as 

MARS (Microcosms for Acid Rain Studies) has been constructed. The 

facility consists of plots covered by a double-layer polyethylene roof, 

and supplied by a system of sprinklers and pumps. This facility enables 

experimental parameters (wind, humidity, termperature, dry deposition) to 

be consistent with field conditions while excluding ambient rainfall.

The microcosms make it possible to study the effect of acid pre

cipitation on crops planted in distinctly different soil types. According 

to Irving (1983), soil fertility may determine whether a crop responds 

positively or negatively to acid rain. Irving has suggested that the posi

tive nutrient effect of the rain (sulfur and nitrogen) may outweigh the 

negative effects of acidity. Using a mixture of Timothy grass and red 

clover, the impact of various levels of acid rain was determined as re

lated to two soil types. The soils used in this study, a loam (LaHogue) 

and a sandy loam (Alvin), are prevalent soils in the Midwest. The 

long-term effects of acid rain on these soils may indirectly affect crop 

production, as one or more of the following processes occur: cation 

leaching, mobilization of minerals, nitrification, change in microbial pro

cesses (Killham, et al., 1983).

The microcosm approach to acid rain study also makes it possible 

to study the effect of the treatment type used in research. For example, 

the response of crops to acid rain may depend upon the fluctuations in 

acidity of simulant rain rather that the total deposition of acid. Studies 

by Irving, et al. (1984) have indicated that variations in rain pH affect 

the response of soybeans to acid deposition, even when total acid deposi-
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tion is the same in both treatments. This study will examine the effect 

of constant simulant acidity versus temporal variation in acidity from 

event-to-event upon soybeans in a controlled-field study.

4



MATERIALS AND METHODS

Field Conditions

Experiments were conducted from April - September 1984 at 

Argonne National Laboratory, a contract laboratory of the U.S. Depart

ment of Energy. This controlled-field experiment consisted of two parts: 

response of crops in two distinct soil types to acid precipitation, and 

response of crops to constant versus variable precipitation acidity.

Protection from ambient rainfall was achieved by constructing a 

rain shelter (microcosm facility) [Fig. 11 This facility is 9.14 x 56.7 m 

and is covered by a clear, colorless, double-layer polyethylene roof. The 

sidewalls are 1.6 m high, allowing for circulation of ambient air, and can 

be closed to prevent windy conditions from disturbing even distribution 

of simulated rain.

Soils were prepared by tilling and leveling. Crops, seed amounts, 

fertilizers, and planting and harvest information are described in the 

appropriate experiment sub-section.

Simulant Preparation

Simulated rain solutions were prepared based upon rain chemistry 

data from the National Atmospheric Deposition Program (NADP), North 

Central Region collection site. NADP data include weekly average pH 

and rain chemical composition as well as amount of rainfall. Acidity of 

rain events was based upon weekly average pH for ambient rainfall as 

reported by NADP (Table 1). Frequency and duration of rain events was 

based upon a 30-yr average (1941-1971) of rainfall at Chicago Midway 

Airport (Table 1).

A solution of background ions (no strong acids) was prepared 

based upon NADP rain chemical composition analyses, and added in

5
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Table 1 - Precipitation Averages

Month pH* cm/mo** days >
0.25cm**

Simulant 
events/wk cm/wk

Apr. 4.35 9.52 13 3 0.52
May 4.18 8.66 123 3 0.74
June 4.13 10.03 10 2 0.65
July 4.15 10.28 9 2 1.17
Aug. 4.23 7.98 92 2 0.90
Sept. 4.55 7.62 9 2 0.89

*Based upon Reports from Midwest NADP sites
(March 15.-Nov. 15, 1979)

**Based upon Reports from Midway Airport, Chicago, IL 
(1941-1970)

Table 2 - Background Ion Concentrations 

Ionic Species (ueq/1*)

Ca++
Mg++
K+
N a+ 
Cl- 
N03- 
S04=

8.234
2.878
0.79.3

13.330
3.018

26.097
39.958

*microequivalents per liter of
deionized water
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constant amounts to all control and acidic rain treatments. Each treat

ment contained the concentrations of background ions listed in Table 2.

Acid rain simulants were prepared by weighing out the proper pro-

2-
portions of sulfuric and nitric acids (2.45 equivalents SO^ to 1.00 equi

valent NOgl") and diluting with deionized water. All rain simulants were 

prepared according to theoretical calculations and verified by taking pH 

and conductivity measurements prior to the rain event.

Condition Monitoring

Micrometeorological parameters (integrated solar radiation, dew 

point, temperature, wind speed and direction) were monitored by a Clim- 

atronics Corporation Electronic weather recording station at the center 

of the microcosm facility. In addition, a NADP site at Argonne monitored 

these conditions as well as air quality measurements of the following 

pollutants: SO^, N0x, and Og. These reports will not be summarized in 

this treatise, but are available on request.

Statistical Analysis

All yield data were analyzed for statistical significance according 

to analysis of variance techniques by the "Statistical Analysis System" 

(SAS) software package and an IBM computer. Differences having prob

ability values >0.05 were reported as statistically significant.

Experiments Conducted

The experimental treatments are listed below; the experimental 

plot design is shown in Fig. 2.

A. Effects of acid rain* on two crop-soil systems

1. Timothy grass/red clover in Alvin soil.

2. Timothy grass/red clover in LaHogue soil.

*Rain Simulant Treatments:

8
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pH 5.6 (control—no strong acids)

pH 4.2 (IX NADP ambient pH—mean value

of precipitation listed in Table 1) 

pH 4.5 (1/2X NADP ambient pH)

• pH 3.5 (5X NADP ambient pH)

pH 3.2 (10X NADP ambient pH)

B. Effects of acid rain** on soybeans

1. Constant rain acidity.

2. Variable rain acidity (e v e n t-1 o - e v e n t )

with same mean pH as 1 above.

**Rain Simulant Treatments:

pH 5.6 (control—no strong acids) 

pH 4.2 (IX NADP ambient pH) 

pH 3.7 (3X NADP ambient pH) 

pH 3.4 (6X NADP ambient pH)

Acid Rain on Two Crop-Soil Systems

The following crop mixture was planted May 14 and September 16,

1982: 4.5 kg/ha timothy grass (Phleum pratense L., cv. RS954L), and

•11.0 kg/ha red clover (Trifolium pratense L., cv. 'Arlington'). This 

grass/legume crop mixture is typical of low-management perennial crops 

(eg. hay pasture) which are economically important as livestock feed. 

The crop mixture was planted on two soil types: LaHogue—a loam, and 

Alvin—a sandy loam. These soils have distinct characteristics (Table 3) 

which may affect the crops response to acid rain.

Each plot consisted of a fiberglass container (2.44 x 1.22 x 1.37 

m), which contained either Alvin or LaHogue soil (Fig. 1). A pair of
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Table 3 - Soil Characteristics (Mean Values)

Topsoi1
LaHogue Alvin

Subsurf. Subsoi1Subsoi1 Topsoi1

pH 5.75 7.41 5.81 5.73 5 .93
E.C.* 0.291 0.311 0.223 0.179 0.143
N.P.** 2.74 12.63 2.49 1.97 2.03
CEC meq/g 14.4 11.4 5.3 4.7 5.4
% Organic C 2.11 1.04 1.47 0.87 0.55
ppm Ca 2126 4119 897 741 954

Mg 364 671 253 188 214
P 1.99 1.17 4.23 2.93 1.82
K 84.7 70.4 143.8 103.8 89.5
NH4-N 1.64 1.02 1.97 1.38 1.21
NH3-N 0.7 <.05 1.4 1.4 1.3
Na 221 191 259 225 198
Fe 156.3 48.8 56.1 50.3 40.2
A1 2.2 1.3 3.0 3.8 4.7
Mn 11.6 8.0 13.2 6.8 4.1
Cl 636 477 662 177 138
S04 38.3 50.9 47.6 39.3 36.1
S03 17.6 14.9 15.5 11.0 9.0
TP 452.9 245.1 246.7 221.4 170.2
TKN 1192 1135 1209 986 687

* Electrical Conductivity micromhos/cm
** Neutralization Potential
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plots, one Alvin and one LaHogue, was placed directly beneath each rain 

delivery nozzle. Each of five treatments was replicated three times in 

the randomized plot design in Fig. 2.

The acid rain simulants were delivered to the microcosm plots via 

* a monitored pumping and sprinkling system. All parts of this system are

made of non-ionizing plastic or non-corrosive stainless steel. The nozzles 

spray directly downward, and are located 2.4 m above each Alvin- 

LaHogue plot pair. A pH electrode in each treatment line (connected 

by wire to a meter) allowed for pH monitoring during simulant delivery, 

ensuring accuracy of the treatment acidities. The pH and conductivity 

of simulant samples collected in the field were measured and recorded

following each event.

The crops were planted in 1983, and began receiving acid rain 

treatments in 1983. The crops were harvested in 1983 and 1984, but this 

study will consider only the 1984 harvest data. The crops were weeded 

when necessary. Due to differences in productivity between Alvin and 

LaHogue soils, the crops were harvested on the following dates: Alvin 

plots on June 6, July 11, and September 12, 1984; LaHogue plots on June 

20 and August 14, 1984. Timothy and red clover were harvested by cut

ting the crops approximately 5 cm above ground level. Harvested crops 

were bagged and placed in a 65 9C oven for several days, until the 

weights for 5% of the samples varied by not more than 1% on two con

secutive days. Total dry biomass (combined timothy and red clover yield) 

for each plot was determined and recorded.

12



Soybeans (Glycine max L., cv. 'Amsoy 71') were planted in 24-in 

deep LaHogue soil on June 1, 1984. Prior to planting, the soil was 

amended with 0.12‘kg/ha P205 and 0.047 kg/ha K20. The soybeans were 

planted in rows with 10 cm between plants and 25 cm between rows. The 

plants were divided by dowels and strings into 48 plots (two 60cm rows 

of six plants each). There were two rows of soybeans between adjacent 

plots and four rows of soybeans along the borders to serve as buffer 

zones. Each treatment was replicated six times as shown in the 

randomized block design in Fig. 2.

Simulated acid rain treatments were delivered from pre-mixed 

solutions in large non-ionizing plastic barrels to each of the 48 plots. 

Soybean development can be characterized by three distinct stages: 

Vegetative, flowering/reproducive, and pod-development (each lasting 

approximately 3-4 wk). These are sensitive stages which are most likely 

to be affected by acidic precipitation (Irving, et al. 1984). Therefore, a 

regime of variable pH treatments was repeated during each stage of 

development to prevent confusion of crop response as a function of 

developmental stage or exposure. Table 4 lists the simulant pH regime 

that was replicated during each of the three critical developmental 

stages.

Bi-weekly rain events were administered from the time of soybean 

emergence in June through maturity in September. The soybeans were 

allowed to dry in the field until most leaves had fallen. According to 

Scott and Aldrich (1970) it is at this time that most seeds have attained 

maximum dry weight. From September 24 - October 8, 1984, the soybean 

plants were harvested by cutting at ground level. The stem and seeds 

(still in pods) from each plant were bagged. The bags were placed in a

CARROLL’ COLLEGE LIBRARY 
HELENA, MONTANA 59625
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Table 4 - Soybean Rain Events 
Variable Acidity Simulant Regime*

3.4
Treatment pH

3.7 4.2

3.33 3.63 4.13

3.49 3.96 4.46

3.66 3.96 4.46
2.92 3.22 3.72

3.95 4.25 4.75

3.39 3.69 4.19

3.74 4.04 4.54

3.45 3.75 4.25
3.50 3.80 4.30

*Regime repeated during the following stages: 

Vegetative, Flowering/Reproductive, Pod-Fill

14



65 °C oven for several days until weights of 5% of the samples differed 

by not more than 1% on two consecutive days. The total dry seed weight 

(yield) for each plant was determined and recorded.

15



RESULTS

Two Crop-Soil Systems

The actual pH value of simulated rain treatments measured follow

ing each rain event was recorded. Table 5A summarizes the 

mean-weighted average pH, total hydrogen ion, sulfate, and nitrate de

position, and total number of events for each treatment over the course 

of the experiment. The values differ between Alvin and LaHogue plots 

receiving the same pH treatment due to the earlier final harvest date of 

the LaHogue plots.

Among the Alvin soils, analyses of variance (ANOVA) indicated no 

significant effect (p<0.05) on yield by the acid rain treatments when 

compared to the control (pH 5.6) treatment. The average combined bio

mass (total dry weights of timothy and clover) for each treatment is de

picted in Fig. 3. All treatments had statistically similar yields, regardless 

of simulant treatment.

Constant vs. Variable Acidity

The actual pH value of simulated rain treatments measured follow

ing each rain event was recorded. Table 6B summarizes the 

mean-weighted average pH, total hydrogen ion, sulfate, and nitrate de

position, and total number of events for each treatment (over the course 

of the experiment).

The soybean yield (mean total dry seed weight) for each treatment 

was compared to the yields of the pH 5.6 (variable and constant) treated 

plots. Analysis of variance (ANOVA) showed no significant effect 

(p<0.05) upon soybean yield by simulant acidity. Also, there was no sig

nificant difference in yield between constant and variable pH regimes at 

the same mean level of acidity. Fig. 4 shows average dry seed weight

16



Table 5A - Summary of Acid Deposition

pH
(avg)

Total Deposition
2

g/m (sum events)
Events

Rate

cm/h

No. Total h

H so/’ no3-

"Red Clover and Timothy - Alvin Soi 1"
5.37 0.001 0.058 0.030 3.60 106 10.85
4.16 0.027 0.931 0.491 3.60 106 10.85
4.38 0.016 0.559 0.295 3.60 106 10.85
3.31 0.117 6.616 3.488 3.60 106 10.85
3.14 0.290 9.883 5.210 3.60 106 10.85

"Red Clover and Timothy - LaHogue Soil"
5.37 0.001 0.046 0.024 3.60 97 8.70
4.13 0.023 0.798 0.421 3.60 97 8.70
4.44 0.014 0.389 0.206 3.60 97 8.70
3.43 0.170 3.990 2.104 3.60 97 8.70
3.14 0.231 7.877 4.153 3.60 97 8.70

Table 5B - Summary of Acid Deposition

Total Deposition Events

pH g/m2 (sum events) Rate No. h/event

(avg.) H+ So/“ NO/

"Soybeans - Constant pH Treatment"
5.48 0.005 0.182 0.096 1.33 27 .75
4.24 0.093 3.17 1.66 1.33 27 .75
3.74 0.294 10.03 5.30 1.33 27 .75
3.44 0.590 20.15 10.57 1.33 27 .75

"Soybeans - Variable pH Treatment"
5.56 0.005 0.153 0.081 1.33 27 .75
4.21 0.099 3.41 1.66 1.33 27 .75
3.73 0.305 10.38 5.47 1.00 27 .75
3.44 0.594 20.15 10.67 1.33 27 .75

17
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per plant at each acidity level for both constant and variable acidity 

regimes. All yield vaues are statistically similar (no differences are 

statistically significant at p<0.05).

20



DISCUSSION AND CONCLUSIONS

The pH 5.6 control treatments were based upon the theoretical pH 

for the dissolution of atmospheric concentrations of carbon dioxide in 

water. The control simulant pH was slightly lower than 5.6 in all cases 

due to the addition of background ions. Also, during delivery the control 

and other rain simulants were altered by atmospheric SO2 and N0x, and 

other inorganic and organic atmospheric components. Consequently, pH 

and conductivity measurements of field simulant samples differed from 

the theoretical pH values and pre-event pH and conductivity measure

ments. The pH averages and ion deposition (H+, SO2, NO*) values in 

Table 6A and 6B are based upon pH measurements of field samples. The 

control treatment acidities (pH 5.37 - 5.56) are within the range of acid

ity for "natural rain", which is pH 4.9 - 6.5 according to Acid Deposition 

(1983).

Two Crop-Soil Systems

The combined yield (total dry biomass) of Phleum pratense L., cv. 

RS954 and Trifolium pratense L., cv. 'Arlington' was not significantly 

affected by simulated rain treatments at the following levels of acidity: 

pH 5.4 (control), 4.4, 4.15, 3.4, and 3.15 in either Alvin or LaHogue soils. 

It is possible that treatments at increased levels of acidity (pH <3.0) 

would have resulted in reduced yields in both soil types (Irving, 1984), 

but it is unlikely that ambient conditions will ever approach acidities 

below pH 3 (Acid Deposition, 1983).

In the two crop-soil systems studied, acid precipitation treatments 

did not affect crop yield in either soil. Alvin and LaHogue soils contain 

relatively low concentrations of sulfur and nitrogen (Table 3); therefore,

it is possible that the presence of sulfate and nitrate in the acid rain

21



simulants acted as nutrients which offset impact of hydrogen ion deposi

tion, resulting in no net effect. Although no significant effects of acid 

precipitation were seen in this short-term study, there may be long-term 

effects of acid rain upon soil characteristics with subsequent yield ef-

• fects. Differences in neutralization potential and cation exchange capac

ity (CEC) between Alvin and LaHogue soils (Table 3) suggest that Alvin 

soils may be more sensitive to acid precipitation than LaHogue soils. 

Long-term acid rain studies should be undertaken to examine changes, if 

any, which occur at each soil horizon for these and other predominant 

soils. Killham, et al. (1983) have suggested that acid precipitation may 

affect soils through one or more of the following: alteration of micro

bial processes, plant-microbial interactions, organic matter availability, 

or mobilization of toxic metal species in soils.

The microcosm facility provided a useful way to study simulated 

field conditions. The facility excluded ambient rain, but other experi

mental conditions were consistent with field conditions according to 

comparison of micro meteorological parameters as measured by NADP at 

Argonne National Laboratory and the Climatronics weather recording 

station at the center of the facility. It should be noted that the poly

ethylene cover does not exclude passage of any wavelengths of visible 

light, but reduces light intensity up to 50%. Future studies utilizing the 

microcosm facility will attempt to minimize variability among plots re

ceiving identical treatments in order to detect any productivity differ- 

ences due to a particular treatment.

Constant vs. Variable Acidity

Microcosm plots of soybeans (Glycine max L., cv. 'Amsoy 71') were 

treated with rain simulants at the following levels of acidity: pH 5.5

22



(control), 4.2, 3.7, and 3.4. The simulants were applied at either constant 

pH or temporal variation in pH (with same mean level of acidity as con

stant pH treatment) to determine if peak events (high acidity) affect 

crop productivity differently than events of similar acidity. There were

• no significant differences in yield (mean dry seed weight) between plots

receiving the above acid rain treatments. Comparison of constant simu

lant pH and variable simulant pH (event-to-event) with same mean pH 

showed no significant yield differences.

Plots receiving identical treatments exhibited a high degree of 

variability. These differences in productivity may be due disturbances 

(insects, groundhogs, rabbits, and pre-harvest shattering) which were 

noted at the time of harvest. Further experiments will utilize similar 

experimental protocols, but will attempt to minimize crop disturbances as 

mentioned above.

Under the conditions of this experiment, timothy grass and red clo

ver in Alvin and LaHogue soils were not affected by acid precipitation 

levels up to 10 times as acidic as ambient (pH 4.2) rain. Soybeans were 

not affected by acid precipitation levels up to 6 times as acidic as ambi

ent rain. The impacts of acid rain on other crop-soil systems cannot be
- - • - -• . _ . .Z C f' " ' C,/ • " ■ I-'-'-

implied from this investigation, but similar protocols will be useful in 

further investigations of the impact of acid precipitation upon crop pro

ductivity.

23



LITERATURE CITED

Acid Deposition: Atmospheric Processes In Eastern
North America--A Review of Current Scientific 
Understanding, 1983. National Academy of Sciences

<1 Press, National Research Council, Washington, D.C.

Cohen, C. J., L. C. Grothaus, S. C. Perrigan. 1981.
Effects of simulated sulfuric acid rain on crop 
plants. Special Report 619, Agricultural 
Experiment Station, Oregon State University, 
Corvalis, OR.

Irving, P. M. 1983. Acidic precipitation effects on 
crops: A review and analysis of research. J. 
Environ. Qual. 12:442.

Irving, P. M., J. E. Miller. 1984. Synergistic effect 
on field-grown soybeans from combinations of 
sulfur dioxide and nitrogen dioxide. Can. J. Bot. 
62:840.

Irving, P. M., J. E. Miller, W. Prepejchal, J. Hoff and 
J. Segers. 1984. Experimental field facility for 
long-term studies of acidic deposition effects on 
plant/soil systems. Argonne Annual Report, Argonne 
National Laboratory, Argonne, IL.

Killham, K., M. K. Firestone, and J. G. McColl. 1983.
Acid rain and soil microbial activity: Effects and 
their mechanisms. J. Environ. Qua!., 12(1):133.

Scott, W. 0., S. R. Aldrich. 1970. Modern Soybean
Production. S & A Publications, Champaign, IL.

Troiano, J., L. Colavito, L. Heller, and D. C. McCune.
1983. Effects of acidity of simulated rain and its 
joint action with ambient ozone on measures of 
biomass and yield in soybean. Environ. Exp. Bot. 
23:113.

24


