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PREFACE

The Environmental Protection Agency has funded research for use in as-
sessing potential impacts of coal-fired power plant siting in the northern
Great Plains. Planners need to be able to predict environmental impacts of
power plants when evaluating construction proposals. Power plant managers
need environmental monitoring methods to warn of developing ecological damage
in time for mitigation efforts to be effective. The project rationale and
design was presented in detail in introductory sections of previous interim
reports.

The project activities include monitoring of ecological effects from two
350 megawatt coal-fired power plants at Colstrip, Montana as well as field and
laboratory process studies designed to elucidate the mechanisms responsible for
ecological effects from power plant emissions.

Pre-construction documentation of the environmental characteristics of
the grassland ecosystem in the vicinity of Colstrip, Montana began in the
summer of 1974. This documentation continued until Colstrip generating unit 1
began operation in September, 1975. Since then key characteristics of the
ecosystem have been monitored regularly to detect possible pollution impacts.

In 1974, a Zonal Air Pollution System (ZAPS) was designed to stress 0.5
hectare areas of native grassland with measured concentrations of S0,. In the
summer of 1975, field stressing experiments were begun to provide the data
necessary to develop dose-response models of S0, stresses on a grassland
ecosystem. A second Zonal Air Pollution System (ZAPS II), was constructed in
1976. Both ZAPS I and ZAPS 11 were operated during the growing seasons of
1976, 1977, 1978, and 1979. The design of these experimental systems has been
described in previous interim reports. Their behavior is further described in
the present report.

Methodologies used in evaluating the effects of SO, on grassland plants
and animals is presented in Sections 1 through 3 of the report. Sections 4
through 12 report results of research concerning the effects of S0, exposure
on energy flow and nutrient cycling in grasslands, Sections 13 through 17
describe the effects of chronic S0, exposure on population and community
structure, and Sections 18 through 23 describe research concerning potentially
useful bioindicators and biomonitors of coal-fired power plant emissions.
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ABSTRACT

The grasslands of the northern plains consist of a complex combination of
interacting plant and animal species ‘that capture, store, and utilize energy
in a self-sustaining manner. Pollution stress on these rangelands may affect
a variety of ecological processes.

The Coal-Fired Power Plant Project at Colstrip is designed to evaluate
the environmental impact of air emissions from coal-fired power plants in the
northern Great Plains ecosystems. The project consists of three parts:

(1) -A case study of the ecological impact of two 350 megawatt coal-fired
generating units at Colstrip, Montana.

(2) A series of field and laboratory process studies designed to elabo-
rate the mechanism of SO, action on grasslands chronically fumigated
at low levels.

(3) Development of a methodology for incorporating ecological effects
information into the power plant siting process.

Documentation of the environmental characteristics of the grassland
ecosystem in the vicinity of Colstrip, Montana began in the summer of 1974.
This continued until Colstrip generating Unit 1 began operation in September,
1975. Since then, key characteristics of the ecosystem have been monitored to
detect air pollutlon and its ecological effects This report summarizes the
results of the 1979 field season.

yMethodologX

In 1974, a Zonal Air-Pollution System (ZAPS) was designed to stress 0.5
hectare areas of native grassland with measured concentrations of S0,. Field
stressing experiments were initiated during the summer of 1975. A second ZAPS
was constructed in 1976. Both ZAPS I and ZAPS Il were operating during 1976,
1977, 1978, and 1979.

During the 1979 field season, the geometric mean SO, concentrations were
0.8~1.4, 2.4-2.6, 4.9, and 7.3 pphm on ZAPS I and 0.9-1.4, 2.4-2.6, 5.0-5.1,
and 9.5-9.7 pphm on ZAPS II for the Control, Low, Medium, and High treatments,
respectively. These concentrations were similar to those of past years of
fumigation. ‘

For laboratory experiments an exposure chamber is described for studies
of long-term (2-4 months) S0, effects on organisms (Z.e. grasshoppers and
microorganisms) involved in plant litter decomposition. Also described is a
relatively inexpensive physiological activity and diagnostic chamber designed
to measure foliar exchange rates of SO, Hy0, and CO, in grass leaves.
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Energy Flow and Nutrient Cycling

Several field and laboratory studies were conducted to evaluate the
effects of SO, exposure on energy flow and nutrient cycling in the native
grassland ecosystem. The experiments were specifically designed to provide
information required to improve simulation models of SO, effects on system
processes that are under development.

In an exposure chamber experiment, translocation of photoassimilated
14C0, by individual source leaves of Agropyron smithii were stimulated by
exposure of the plants to 10 pphm SO,. Leaves near the top of the plant
supplied proportionately more assimilate to the developing leaf than to
rhizomes. Lower leaves partitioned a greater proportion to a SO, stimulated
rhizome sink. Sulfur dioxide exposure increased '%C concentrations in the
belowground compartment only on the first sampling date. The initiation of
tillers is probably similar to that of developing leaves and requires carbon
import until self-sustaining photosynthetic capacity is reached.

A laboratory chamber experiment exposing western wheatgrass litter to 8.5
pphm for 5 weeks showed a 9-17 percent reduction in decomposition rates under
50, exposure compared to controls. Lowered pH conditions in the litter may
have been responsible for reduced microbial activity.

It was hypothesized that SO, exposure of the ZAPS sites was stressing the
western wheatgrass population and that by subjecting the population to an
additional stress (simulated grazing), a large negative effect on the popula-
tion would be observed. Results of a field experiment failed to support this
hypothesis. The only responses observed could have resulted from the simu-
lated grazing alone and did not suggest synergism with SO, exposure level.

Bouteloua gracilis, an important warm season grass native to the Great
Plains of North America, was grown hydroponically on Low, Medium, and High
treatments on the ZAPS. After 31 days exposure, plants showed no treatment
effect on live shoot weights, net weights, shoot:root ratios, or number of
tillers. However, crown weight significantly decreased and live:dead shoot
ratios increased on the lowest treatment plot and decreased on Medium and High
treatments.

Leaching by precipitation influences estimates of sulfur accumulation
rates. Such leaching from western wheatgrass tillers on the ZAPS High treat-
ment was estimated to be 5-13 percent depending upon the time of exposure.
Over-winter loss of plant sulfur was estimated to be 54 and 74 percent for
Control and 50, exposed tillers, respectively. Accounting for rainfall leach-
ing increased ability to predict live plant sulfur concentration by 6 percent.

Chlorophylls @ and b in eight species of grassland plants exposed to 50,
on ZAPS were increased, unchanged, or decreased depending upon SO, concen-
tration and species. Chlorophyll a was most sensitive to exposure but the
degree of sensitivity was species specific.

Sulfur distribution in western wheatgrass exposed to SO, on the ZAPS High
treatment under various root sulfur availability regimes was studied to deter-
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mine the interactive effects of atmospheric and substrate sulfur on sulfur
metabolism. Sulfur dioxide exposure had no effect on shoot and root sulfur
content. Root sulfur availability significantly affected plant sulfur con-
tent. Shoot/root ratios were greater early in the season on S0, exposed
plants but the trend late in the season suggested reduced root growth rather
than increased shoot growth. Nitrogen fertilization of western wheatgrass
exposed to SO, on the ZAPS treatments appeared to ameliorate the effects of
S0, exposure and increased the rate of senescence with increasing levels of

S0, exposure.

Soil samples from the ZAPS High treatment had 6 times the sulfur con-
tent of those from the Control plot.

Population and Community Structure

Germination and establishment in the greenhouse were significantly
reduced on soils from the High treatment for five grassland species. Non-
graminoids were particularly reduced. Volunteer weeds were more abundant and
diverse on soils from the Control and Low treatment plots than on the Medium
and High treatment plots.

Neither nematodes nor rotifers were measurably affected by S0, exposure
on the ZAPS plots, though so0il microarthropod groups were significantly
reduced. These reductions were not large enough to affect the total micro-
arthropod population distribution. Most population reduction occurred in the
first half of the growing season when soil water conditions were highest.
Significant population reductions were also observed in some groups of above-
ground arthropods, but these were not large enough to cause a significant
change in overall aboveground arthropod population.

An exposure chamber study of the effects of 17 pphm SO, on the migratory
grasshopper Melanoplus sanguinipes (Fab.) showed no significant difference
between Control and SO, exposed individuals in egg viability, mean developmen-
tal time for each nymphal instar, adult dry weight biomass, and egg production
per female per day. This suggests that previously reported population reduc-
tions of this species on certain ZAPS treatments were not due to direct toxic
effects. The reported population reductions may have resulted from migration
off the treatment sites.

Bioindicators and Biomonitors

Lichens are used throughout the world as bioindicators of air quality.
Since 1975, various characteristics of native lichens have been monitored at
various distances from Colstrip. 1In 1979, respiration rates, chlorophyll
content, and rate of photosynthesis in two lichen species ( Usnea hirta and Par-
melia chlorochroa ) had no significant linear relationship with distance fFom
Colstrip. However, sulfur content of Usnea hirta significantly decreaseq with
increased distance from Colstrip. If Colstrip emissions have had any impact
on lichens in the vicinity, it has been slight.
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Anatomical and physiological responses of Usnea hirta and Parmelia chlo-
rochroa transplants on the ZAPS plots were measured to determine SO, dose/re-
spouse relationships for these two species. Significant reductions in respir-
ation rate in Usnea hirta occurred on the Low plot after 100 days exposure.
Reductions in pigment content and increases in plasmolyzed algal cells occurred
within 90 days. On the Medium treatment, respiration rates decreased and algal
cell plasmolysis increased within 60 days. Parmelia chlorochroa exposed near
the soil surface showed no detectable response.

Managed honey bees appear promising for use as biological monitors of
coal-fired power plant emissions. Since 1974, honey bees from commercial
apiaries in the Colstrip area have been sampled and analyzed for fluoride, a
toxicant released by coal combustion.

Honey bees in the vicinity of Colstrip, Montana showed significant
increases from fluoride levels in 1977 and 1978. Patterns of fluoride in
pollen and the geographical distribution of fluoride buildup with respect to
Colstrip and prevailing winds suggest airborne rather than waterborne fluoride
exposure.

Baseline histological information on western meadowlark and the deer
mouse was gathered for later comparison with data gathered after power plant
operation. These histological studies describe seasonal cycles in body compo-
sition, organ system function, and energetics.

Western meadowlark lungs collected in the vicinity of Colstrip, Montana
were examined for particulates during 1975 (before plant operation), 1976,
1977, and 1978. Three types of particles were observed including crystals of
variable size, very small (< 0.47 um) round black flecks and large black
particles of round or irregular shape. Particulate burdens increased steadily
between 1975 and 1977 and were similar for male and female birds. Juveniles
had a smaller burden than adults.
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METHODOLOGY

SECTION 1

TEMPORAL VARIATION IN SO, CONCENTRATIONS ON ZAPS DURING 1979

T. J. McNary

ABSTRACT

The Zonal Air Pollution System (ZAPS) was designed
to deliver atmospheric SO, pollution on a small portion
of the prairie ecosystem in Montana. Geometric mean
S0, concentrations were 0.82-1.41, 2.44-2.59, 4.88-4.92,
and 7.32-7.35 pphm for the Control and Low~, Medium-,
and High-SO, plots, respectively, on ZAPS I and
0.87-1.39, 2.42-2.64, 5.01-5.15, and 9.52-9.73 pphm on
ZAPS II. Except for the high-SO, plot, SO, concentra-
tions were similar to those of past years of fumigation.
Diel patterns showed much greater SO, concentrations
at night than during the day, and indicated that diel
activity patterns of organisms must be considered when
evaluating dose-response relationships.

INTRODUCTION

The ZAPS consisted of two ll-ha exclosures in the mixed-grass prairie
of southeastern Montana, in the Ashland Division of Custer National Forest.
The system was designed for experimental evaluation of the effects of long-
term, low-level exposure to sulfur dioxide. Parameters evaluated included
plant and animal community structures, insect population and behavior,
pollination systems, lichens, physiological functions, and biochemical
functions.

Each exclosure contained four 0.5-ha plots, each receiving a different
fumigation level of SO,. The four plots were designated control (A), Low
(B), Medium (C), and High (D) to describe the relative level of SO, received.
The SO, was distributed over each plot through a network of aluminum pipes
suspended about 75 cm above the soil surface. Gas-release orifices (0.8 mm
dia.) were positioned at 3-m intervals, with more than 250 orifices on each
plot. No locus on a plot was more than 5.5 m from an orifice. A detailed
description of the design of the ZAPS is presented by Lee et al. (1976), Lee
and Lewis (1978), Lee et al. (1979), and Preston et al, (1980).



Although controls did not receive SO, through the network of pipes, the
controls were exposed to SO, that drifted from upwind plots. Consequently,
controls received low-level, periodic SO, fumigation that resembled exposure
from a point source rather than from an area source. Sulfur dioxide was
applied to treatment plots throughout the growing season (April-October); fum-
igation began on ZAPS I in May 1975 and on ZAPS II in April 1976. Sulfur di-
oxide exposure was at a constant rate but concentrations within plots varied
with meterological conditions, primarily wind speed.

In this section temporal variation in SO; concentration is characterized,
MATERIALS AND METHODS

Sulfur dioxide concentration was measured at a central locus on each
plot with a Meloy Laboratory Sulfur Analyzer (Model SA 160-2) on a time-
sharing basis throughout the season. Ambient air samples were measured at 35
cm above the ground, which is close to canopy height for this type of grass-
land.

In general, the procedures described in Lee et g, (1979) modified by
Preston et gl. (1980) were followed in 1979. Span checks of the analyzer were
performed semi-weekly, and calibrations adjusted when needed.

Calibration curves that related analyzer response to logarithms of SO,
concentration became nonlinear at concentrations below 2 pphm. Therefore,
linear extrapolation led to an overestimation of SO, levels in the 0-2 pphm
range. True values were probably between 0.1 pphm and the value estimated
from the calibration curve. During data analysis, each analyzer response was
entered into two calibration equations. The High run was adjusted to yield a
maximum value that could result from the above-mentioned sources of uncertain-
ty. The Low run yields the corresponding minimum value for the SO, concentra-
tion, Summary statistics were computed for both the High and Low runs.

RESULTS AND DISCUSSION

Interseasonal Trends

A seasonal summary of SO, concentration for ZAPS I and ZAPS II for 1979
is presented in Tables 1.1 and 1,2. The first number for each entry is for
the Low run value and the second number is for the High run value. If only
one number appears, there was no difference between the Low and High run
values.

Sulfur dioxide concentrations for the Control, Low, and Medium plots in
1979 were similar to those in past years (Table 1.3). For Low-S0, plots, con-
centrations declined slightly from the peaks in 1977. Trends of increasing
SO, on High plots over the years continued for ZAPS TII and reached a geo—
metric mean of 9.52-9.73 pphm in 1979. This trend was dramatically reversed
on the ZAPS I High-SO, plot, where the 80, concentration decreased to a geo-
metric mean of 7.32-7.35 pplm. TFor more information on S0, concentrations in
past years, see Preston et al. (1980) for 1978 data and Lee et al. (1979) for
1977 and 1976 data.



TABLE 1.1. ZAPS I SEASONAL SUMMARY, 1979%

Standard
Geometric geometric Arithmetic
Treatment mean deviation mean
Control 0.82-1.41 3.49,1.63 1.47-1.69
l-hour ave. exceeded 25 pphm 0 times: 0 percent
3-hour ave. exceeded 50 pphm 0 times: 0 percent
24-hour ave. exceeded 10 pphm 0 times: 0 percent
24-hour ave. exceeded 14 pphm 0 times: 0 percent
l-hour peak: 19.12 3~hour peak: 13.24 24-hour peak: 5.25
Low 2.44-2.59 2.43,3.49 3.70-3.73
l-hour ave. exceeded 25 pphm 19.0 times: .48 percent
3-hour ave. exceeded 50 pphm 0 times: 0 percent
24~hour ave., exceeded 10 pphm 2.0 times: 1.10 percent
24-hour ave. exceeded 14 pphm 0 times: 0 percent
1-hour peak: 47.41 3~hour peak: 27.79 24<hour peak: 13.47
Medium 4,88-4,92 2.55,2.49 8.52
l-hour ave. exceeded 25 pphm 203.0 times: 5.09 percent
3-hour ave. exceeded 50 pphm 1.0 times: .07 percent
24-hour ave. exceeded 10 pphm 40.0 times: 21.98 percent
24~hour ave. exceeded 14 pphm 13.0 times: 7.14 percent
l-hour peak: 87.49 3-hour peak: 52.65 24-hour peak: 28.41
High 7.32-7.35 2.41,2,37 11.62
l-hour ave. exceeded 25 pphm 471.0 times: 11.82 percent
3-hour ave., exceeded 50 pphm 18.0 times: 1.33 percent
24-hour ave, exceeded 10 pphm 91.0 times: 50.00 percent
24<hour ave, exceeded 14 pphm 49.0 times: 26.92 percent
l-hour peak: 138.12 3-hour peak: 88.80 24-hour peak: 37.92

* pphm SO, monitored near treatment center at canopy height.



TABLE 1.2, ZAPS II SEASONAL SUMMARY, 1979*
Standard
Geometric geometric Arithmetic
Treatment mean deviation mean
Control 0.87-1.39 2.89,1.27 1.24-1.45
1-hour ave. exceeded 25 pphm 0 times: 0 percent
3-hour ave. exceeded 50 pphm 0 times: 0 percent
24-hour ave. exceeded 10 pphm 0 times: 0 percent
24-hour ave. exceeded 14 pphm 0 times: 0 percent
l1-hour peak: 19.43 3-hour peak: 10.34 24-hour peak: 2.34
Low 2.42-2.64 2.56,2.07 3.78-3.82
1-hour ave. exceeded 25 pphm 5.0 times: 0.18 percent
3-hour ave. exceeded 50 pphm 0 times: 0 percent
24-hour ave. exceeded 10 pphm 2.0 times: 1.18 percent
24-hour ave. exceeded 14 pphm 1.0 times: 0.59 percent
1-hour peak: 39.78 3~hour peak: 25.71 24-hour peak: 18.13
Medium 5.01-5.15 2,71,2.50 8.57-8.58
l-hour ave. exceeded 25 pphm 168.0 times: 6.19 percent
3-hour ave. exceeded 50 pphm 0 times: 0 percent
24-hour ave. exceeded 10 pphm 40.0 times: 23.53 percent
24-hour ave. exceeded 14 pphm 14,0 times: 8.24 percent
l1-hour peak: 60.65 3-hour peak: 47.36 24-hour peak: 33.40
High 9.52-9.73 2.97,2.77 18.13-18.14
l-hour ave. exceeded 25 pphm 487.0 times: 17.93 percent
3-hour ave. exceeded 50 pphm 61.0 times: 5.19 percent
24-hour ave. exceeded 10 pphm 119.0 times: 70.00 percent
24-hour ave. exceeded 14 pphm 83.0 times: 48.82 percent
l1-hour peak: 152.72 3-hour peak: 113.58  24-hour peak: 56.00

* pphm SO, monitored near treatment center at canopy height.



TABLE 1.3. ANNUAL GEOMETRIC MEAN SO, CONCENTRATION (PPHM) FOR ZAPS I
AND ZAPS II, 1975-79

Treatment
Year Site Control Low Medium High
1975 ZAPS 1 1.0 1.7 3.8 6.7
1976 ZAPS T 0.2-0.9 1.8-2.2 3.7-3.9 6.5-6.7
ZAPS 1T 0.2-1.4 2.6-2.9 4,1-4.4 6.4-6.9
1977 ZAPS T 0.2-1.6 3.2-3.4 5.3-5.6 7.0-7.5
ZAPS II 0.4-1.6 2.9-3.0 4.7-4.9 7.5-8.2
1978 ZAPS T 1.0-1.1 2.8 5.1 8.6-8.9
ZAPS II 0.9-1.2 2.5 4,6 9.2-9.3
1979 ZAPS I 0.8-1.4 2.4-2.6 4.9 7.3=7.4
ZAPS 1T 0.9-1.4 2.4-2.6 5.0-5.2 9.5-9.7

The frequency of high concentrations was less in 1979 than in 1978,
except for the High plot on ZAPS II, which was similar to that of 1978 (Fig-
ure 1.1) (Preston et al., 1980; Lee et al., 1979). The data were presented in
this format for comparison with previous reports.

Intraseasonal Trends

Intraseasonal trends on ZAPS I and ZAPS IT were different. On ZAPS T
there was a slight increase in S50, concentration on all plots throughout the
growing season (Figure 1.2). On ZAPS II Control, Low, and Medium plots, SO,
concentration remained relatively constant. Concentration on the High plot
decreased from April to June, then increased for the remainder of the season

(Figure 1.3).

Diel Patterns

Diel patterns of S50, concentration on each ZAPS site were similar in
1979 to previous years. Concentrations of SO, were lowest during the day-
light hours (Figure 1.4 and 1.5), probably because of higher wind speeds
and greater mixing of the air than at night.
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CONCLUSIONS

Geometric mean SO, concentrations on ZAPS I were 0.82-1.41 (Control),
2.44-2.59 (Low), 4.88-4.92 (Medium), and 7.32<7.35 (High) pphm. Concentra-
tions on ZAPS II were 0.87-1.39 (Control), 2.42-2,64 (Low), 5.0~5.15 (Medium),
and 9.52-9.73 (High) pphm. Seasonal SO, concentrations were similar to pre-
vious years, except for the High plot, where concentrations increased on ZAPS
IT and decreased on ZAPS I. Sulfur dioxide concentrations were relatively
constant or increased slightly throughout the season, except for the High plot
on ZAPS II. Sulfur dioxide concentrations were greater at night than during
the day.
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SECTION 2

DESIGN AND CONSTRUCTION OF A SIMPLE, CONTINUOUS
FLOW SULFUR DIOXIDE EXPOSURE CHAMBER

J.W. Leetham, W. Perguson, J.L. Dodd, and W.K. Lauenroth

ABSTRACT

The design and construction of a low-cost, low-
maintenance SO, exposure chamber is described. The
chamber is designed to be used for organisms other than
plants and for long exposure periods. Efficiency of
the chamber is discussed.

_ INTRODUCTION

Most studies of the effects of air pollutants on organisms and/or bio-
logical processes require exposure to controlled levels of the pollutants for
specific time periods. Since most controlled-exposure studies deal with plants,
the requirements of a system to administer the pollutant exposure are quite
stringent in regards to envirommental conditions which affect growth of the
test plants. These requirements often lead to the construction of expensive
exposure chambers (Heck et al., 1978), especially if critical short-term
exposures and physiological response measurements are involved.

Studies of alr pollutants and other air-born toxicants have encouraged
the design of a wide array of controlled-exposure chambers covering a spectrum
from very simple (Berry and Ripperton, 1963) to extremely sophisticated (Heck
et al., 1978). Berry (1970) categorized the various chamber designs into four
general groups: 1) small modified greenhouses; 2) simple plastic enclosures for
use In greenhouse or laboratory; 3) modified growth chambers; and 4) plastic
chambers designed to fit in and utilize the enviromnmental control of a growth
chamber. The first two groups may utilize only natural light while the last
two require artificial light. Examples of the various groups can be found in
Adams (1961), Berry and Ripperton (1963), Berry (1970), Cantwell (1968),
Costonis (1968), Heck et al. (1968), Heck et al. (1978), Hill (1967), Hitchcock
et al. (1963), Katz et al. (1939), Lockyer et al. (1976), Menser and Heggestad
(1964), Thomas et al. (1943), McLaughlin et aZ , Heagle and Philbeck (1979),
and Zimmerman and Hitchcock (1956) To Berry's list (Berry 1970) may be added
a fifth group which includes outdoor, open topped chambers for studying ambient
air pollutants under near natural conditions (Heagle et ql., 1973).
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Heagle and Philbeck (1979) discussed various requirements of exposure cham-
bers used in studies of plants and air pollutants. They concluded that a
chamber should have a continuous flow, single pass air stream containing the
desired pollutant. The chamber walls should be inert to the pollutant and as
non-adsorptive of the pollutant as possible. For plants, light transmitting
qualities of the chamber walls must be carefully considered if external lighting
is used. Depending on the type of study, temperature and relative humidity
conditions may or may not be critically controlled and the level at which these
two conditions are to be maintained will govern the type and/or quality of
materials and equipment used within the chamber. The most critical character-
istic of any chamber is the stability and homogeneity of the pollutant concen-
tration in space and time. The mode of introducing the pollutant must be
stable over time and the movement of the air stream must not create eddies or

dead spots within the chamber. Turbulent rather than laminar air flow is
generally desirable.

For our experimental purposes, a reasonably large capacity, low cost, low
maintenance chamber was needed to study the long-term (2-4 months) effects of
sulfur dioxide on developmental rates of grasshoppers and decomposition rates of
plant litter. Internal temperature, humidity, and light controls were not
required since the chamber would be used in externally controlled enviromments.
However, the chamber needed to satisfy most of Heagle and Philbeck's (1979)
conditions.

CHAMBER DESIGN

The chamber (Figure 2.1) was constructed completely of 0.64 cm (1/,")
thick plexiglass to allow use of ambient light conditions. Since racks of
grasshopper rearing containers were to be used, the side-opening double doors
were made large for easy access to the chamber. Weatherstripping was used to
seal around doors. Air movement through the chamber was accomplished with a
push-pull system using an inlet and an exhaust fan. The inlet fan air movement
capacity was rated at 25 percent of the exhaust fan (1.7 m® . min~! = 60 cfm).
This system created a negative internal pressure to prevent leakage. Fans
were simple squirrel-cage types (Dayton Blowers, Dayton Electric Mfg. Co.,
Chicago). The shroud on the inlet fan was removed to produce a symmetrical
dispersion of SOy-air mixture. The 50, was introduced directly into the
incoming air stream as it entered the inlet fan. To maximize the uniformity of
airflow through the chamber to the exhaust end, the inlet orifice of the exhaust
fan was directed to the downwind end of the chamber. Sulfur dioxide concentra-
tions were measured through access holes drilled in the chamber top at three
points downwind. At each point, holes were positioned to allow SO, measurement
with a stainless steel probe at numerous points in a cross-sectional plane,
Point measurements of SO, concentrations were made with a flame photometric
sulfur gas analyzer (Meloy Laboratories Inc., Model SA-160). During the actual
studies, SO, concentrations were monitored by a chemical absorption technique
(using pararosanaline dye) which gave average concentrations over time (CFR,
1975).
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Arrows indicate air flow.

Since our objective for constructing the chamber was long—-term exposure
capabilities, a low-cost, low-maintenance source of S50, gas was needed. A
small lecture bottle of liquid SO, proved quite adequate. The gas was in-
jected into the inlet fan air stream with the delivery system diagramed in
Figure 2.2, Because the metering valve was very sensitive to changes in
line pressure as a result of temperature changes on the SO, lecture bottle,
the bottle was kept in a refrigerated ice bath to keep temperature fluctua-
tions to a minimum. The ball valve was used to shut off gas flow without
affecting the metering valve settings once a desired SO, delivery rate was
established. A spring-loaded solenoid was installed on the ball valve handle

to prevent S0; buildup in the chamber in the event of an electrical power
failure.

OPERATION EFFICIENCY

Air turnover in the chamber was calculated to be once every 1 to 2 minE
utes which produced an approximate linear velocity of 0.46 to 0.91 m - min™
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(1.5-3.0 ft » min~!). Air flow rates were altered by either altering the inlet
or exhaust fan orifices or changing either fan size. The exposure system as
constructed was capable of producing relatively stable SO, concentrations
between 5 and 100 pphm although the lower and upper limits were not determined.

Because the weatherstripping used to seal the doors did not make an
absolute seal, there was slight variation of S0, concentrations both laterally
and longitudinally. At an exhaust concentration of 20 pphm there was a 3
to 5 pphm longitudinal gradient with the greatest decrease being from the
inlet fan to the hinge of the first door. This upwind 30% of the chamber was
considered as a dilution-mixing zone and was not used for experimental pur-
poses. From the first door to the exhaust fan the 50; gradient was less than
2 pphm. The variation (max~min) of 50, concentration at a given crossesections-
al plane was less than *18 percent of the mean concentration for that plane.
This was true for three different concentration settings - 20, 17, and 8.5
pphm mean concentration at the exhaust fan inlet. The variation of SO, concen-
tration at the exhaust fan inlet over time was quite small - less than 1 pphm
over long term intervals (up to 2 months) and less than 0.5 pphm over short
intervals (24 hours).

CONCLUSIONS

The controlled exposure chamber herein described has proven to be ade-
quate for studies involving long-term SO0, effects on organisms such as grass-
hoppers and micro-organisms involved in plant litter decomposition. It
satisfied most of the basic conditions discussed by Heagle and Philbeck
(1979). 1Its utility could be increased by use within an environmentally
controlled greenhouse. It is comparatively simple and inexpensive to con-
struct and maintain.
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SECTION 3

A SYSTEM FOR MEASURING FOLIAR EXCHANGE RATES UNDER
ENVIRONMENTALLY CONTROLLED CONDITIONS

S. R. Bennett, J. L. Dodd, W. S. Ferguson, C. J. Bicak,
G. L. Thor, and W. K. Lauenroth

ABSTRACT

A relatively inexpensive physiological activity and
diagnostic chamber designed to measure foliar exchange
rates of S50,, Hy0, and CO, in grass leaves is described.
The system consists of gas synthesis, cuvette, linkage,
gas flow control and monitoring elements. Equations for
calculating gas flux rates are included.

INTRODUCTION

Investigations of the effects of gaseous air pollutants on plants take
many forms (Heck et al., 1979). Some research objectives are satisfied by
measurements of frequency of plant injury or percentage of foliar necrosis
while other research objectives require measurement of physiological changes
in response to particular pollutant exposure regimes (Tingey et al., 1979).
The latter approach is particularly suited to investigations of pollutant
mediated plant responses on a short term basis, or when exposure to low
concentrations of known toxilc agents is not reflected in visible injury.

The deleterious effects of SO, on vegetation have been widely documented
since its recognition as a chronic gaseous pollutant in industrialized areas--
(Ziegler, 1975). Despite considerable research, anomalous physiological re-
sponses to SO, exposures not resulting in foliar injury and variable species
sensitivity to similar SO, concentrations remain unexplained (Thor, 1980).

The purpose of this paper is to describe a relatively inexpensive experimental
system designed to monitor foliar exchange rates of CO, and water vapor under
a range of controlled SO,, relative humidity, and temperature conditions.

The system described below was used to expose grass leaves to SO, con-
centrations between 10 and 100 pphm, relative humidity between 4.0 and 75.0
percent and temperatures between 5 and 28°C. The apparatus consisted of a com-
pressed air supply which provided the carrier airstream through the system, a
gas synthesis subsystem, a multileaf cuvette, instrumentation t? measure €Oz
S0y, dew point, temperature and quantum irradiance, a data acquisition subsysten,
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linkage, and control points for gas flow regulation. This system is the type
of experimental apparatus termed "a physiological activity and diagnostic
chamber" by Bennett (1979). It is similar in principle to the system described
by Winner and Mooney (1980).

MATERIALS AND METHODS

Experimental Cuvette

Following a design similar to one described by Williams and Kemp (1978)
and Detling et al. (1979), a circular Plexiglass leaf cuvette 16.4 cm in
diameter was constructed. The device consisted of two fitted sections,
forming a 3.6~ cm high chamber surrounded by upper and lower water jackets
for temperature regulation (Figure 3.1). The water jackets were connected
to a circulating bath equipped with flow rate and temperature control. A
magnetic stir bar in the lower chamber of the cuvette insured a homogenous
air mixture and reduced boundary layer resistance. Boundary layer resistances
were 0.2 * 0.1 s » cn~ ! in a system of similar design and operational protocol
(Kemp, 1977).

The cuvette was sealed by compressing a narrow bead of nontoxic sealing
compound (Mortite) between the two cuvette sections. Grass leaves were en-
closed between the fitted sections and rested on fine nylon line strung above
the stir bar. 1In addition to providing an airtight seal, the mortite func-
tioned as a protective cushion which completely surrounded the leaves. Air
temperature within the cuvette was continuously monitored with a shaded YSI
thermistor (Model 421). Leaf temperatures were not measured but were assumed
to be equivalent to air temperatures within the cuvette. Detling (unpublished)
tested a cuvette of similar design and operational protocol and found leaf
temperatures of well-watered plants to be within 1°C of cuvette air tempera-
tures. Irradiance was supplied by a 1,000 watt Westinghouse Ceramalux high
pressure sodium lamp suspended on a pulley directly above the cuvette.
Quantum irradiance maintained at 1250-1350 uE m~2 s~! was measured with a LI-
170 Quantum sensor photometer and was controlled by varying the distance
between lamp and cuvette. A water screen placed directly beneath the sodium
lamp aided in reducing heat transfer to the cuvette.

Gas Synthesis

Initially air was obtained from a central compressor in the laboratory
and was carried through the gas exchange system in heavy wall 1/4" Tygon
tubing. This was supplemented where necessary with short lengths of 1/4"
stainless steel, 1/4” copper and 1/,% glass tubing. Carbon dioxide was elim-
inated by passing the airstream through a concentrated potassium hydroxide trap,
and molecular sieves (Matheson Model 460 Gas Purifier) placed in series removed
0il and water contamination. Last, a column of desiccant and a column of
ascarite (NaOH, A. H. Thomas Company) placed in series removed remaining
traces of water vapor and CO,, respectively (Figure 3.2). The air obtained
from the laboratory compressor contained variable amounts of CO; and moisture
and was later replaced with medical grade reconstituted air. The cylinders
of reconstituted air provided an air supply which was uniformly dry and CO,
free. Utilization of reconstituted air also eliminated the need for extensive
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CO, scrubbing, and the potassium hydroxide trap was eventually removed,
making the system less labor intensive.

The scrubbed airstream was bubbled through a stainless steel humidifier
immersed in a temperature controlled bath. The humidifier consisted of a
1500-m1 capacity water reservoir and a baffled air space packed with sufficient
coarse steel mesh to prevent aspiration of water into air lines during opera-
tion. This simple humidification system permitted stable dewpoints to be
achieved and manipulated during experimentation.

Carbon dioxide prepared at 4.0 percent in air was introduced into the
humidified airstream with a fine metering valve (NUPRO B-45G 0.031" orifice).
The fine metering valve permitted minute adjustments in CO, flow rate and
allowed for the establishment of reproducible CO; concentrations (ca. 330 ppm).

Sulfur dioxide prepared at 50 ppm in Ny was introduced downstream from
CO, with a stainless steel fine metering valve (NUPRO~SS-45G 0.031" orifice)
in"a manner similar to that described above for CO,. Concentrations of SO,
between 10 and 100 pphm could be achieved within minutes and maintained in
the system for several hours.

Gas Analysis

Relative humidity in the airstream was calculated from the cuvette air
temperature and the dewpoint, continuously measured with a thermoelectric
hygrometer (Cambridge Systems Model 880-Cl) -

Concentrations of CO, were continuously monitored with an infrared gas
analyzer (IRGA, Beckman Instrument Company). Calibration of the IRGA required
manually by-passing the cuvette so that the airstreams entering the sample
and reference cells were identical. In this mode, independently measured CO,
calibration gases were introduced, either to calibrate the instrument or to
establish a particular CO; concentration in the airstream.

A flame photometric sulfur gas analyzer (Meloy Laboratories Inc. Model
SA-160) was used to continuously measure SO, levels in the airstream. The
sulfur analyzer was calibrated with a permeation tube calibration system
(Metronics Associates Inc., Dyna-calibration Model 330).

A permanent record of CO, and SO, concentrations and dewpoint temperatures
was made for cuvette inlet and outlet airstreams for each experiment on a
multichannel strip chart recorder (Texas Instruments Inc. Model FMW SE-60
Multiriter).

Direction of Flow

The fully reconstituted airstream was divided into reference and samp le
lines, each consisting of a valve, a flow meter, a desiccant, and a filter
before entering an IRGA cell (Figure 3.2). The sample airstream was
directed through a bank of solenoid valves and the leaf cuvette before entering
the IRGA sample cell. After exiting the IRGA, the sample airstream passed
through an additional flow meter which was used to detect leakage from the
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cuvette. The reference airstream was directed into an exhaust port after
exiting the IRGA reference cell.

Two additional air lines (Figure 3.2, A and B), diverted portions of
the reference and sample airstreams to a 3-way valve (Whitey B-43XF4 0.187"
orifice). This valve was used to manually direct the airstreams alternately
through both the sulfur analyzer and dewpoint hygrometer. Changes in the

cuvette environment were detected by alternate measurement and comparison of
the two airstreams.

Just prior to the entry point for SO,, another air line (Figure 3.2, C)
diverted a portion of the airstream to the bank of solenoid valves located
just above the cuvette. The air in this line remained SO,-free, but in all
other respects was identical with the fully reconstituted airstream. The
solenoid valves permitted instantaneous routing of either the sample or SO,-
free airstream through the cuvette, automatically diverting the unused air-
stream to an exhaust port. Routing SO,-free air through the cuvette allowed
S0, concentrations to be achieved and stablized in the sample and reference
lines without disrupting the environmental equilibrium of the cuvette. This
arrangement also made it possible to instantaneously expose the cuvette to
stable, predetermined levels of SO, without first isolating the cuvette from
the system. TFlow rate in the SO,~free line was established prior to full
reconstitution of the airstream and continued unchanged for the duration of
each experiment,

Regulation of Flow

Flow rates in the gas exchange system were regulated at three principle
points. The flow rate of scrubbed air entering the system was controlled by
a fine metering valve (Nupro B-4MG 0.055" orifice) located just above the hu-
midifier (Figure 3.2). Flow rates in the reference and sample lines could
be adjusted during operation with individual valves located at the beginning
of each line. Generally, a flow rate (1.0 1 m™! 1.5 1 m~1) sufficient to
maintain a 1500-2500 pphm CO, differential between the sample and reference
lines was established at the beginning of an experiment and continued unchanged
for its duration. The fine metering valve controlling the supply of scrubbed
air could not be changed during an experiment since any change in flow rate
at this point in the system would disrupt the established ratio of gases.

Calculations

Rates of photosynthesis and transpiration uptake were represented by the
following gas flux equations (Winner and Mooney, 1980).

J =A FA Ll ¢t
X X

where
JX = flux rate for any gas (mass area~! time~1)
< - change in gas concentration due to experimental leaf tissue (ul 1~
F = air flow rate (1 m 1)



A area of experimental leaf tissue (dm?)

t

60 min

Appropriate constants for local temperature.and atmospheric pressure were
multiplied into the above calculation.

When Ax measurements were made for CO,, and water vapor,

J =3, Jd_,

x p’ "t
thus
Jx = JP = net photosynthesis (ug CO; dm™2 hr‘l)
= Jt = transpiration (g H,0 dm—2 hr~1)

Stomatal conductance values for water vapor (CW) and SO, (C ) were calcu-~
lated as s

c, = 1/RW

= - . . . X 5
RW (Hi Ha) p *» 3.6 x 10

Jt

R = resistance to water vapor (s + cm~!)
B, = specific humidity of air in substomatal chamber
H: = gpecific humidity of air outside leaf
p = air density
Jt = transpiration

3.6 x 10° = conversion factor for units

and
Cc =C_ <D
s w s
D
w
where
CW = conductance for water vapor
w diffusivity coefficient for water vapor (0.2475)
DS = diffusivity coefficient for S0, (0.1313)

Flux of SO, through the stomates (ug + cm~2 - s) was then calculated as
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where

S,
i

1

C
s

S0, concentration in air around leaf (exit concentration)

50, concentration in substomatal chamber (assumed to be 0)

Operational Protocol and System Performance

3.1.

min

The system was applied to attached leaves of several species of grass
plants according to the following general procedure:

1.

Preliminary calibration and adjustments were made on all gas
synthesizing, envirommental control, and monitoring equipment.

Iwo or three healthy leaves of each plant were sealed into the
cuvette.

Final adjustments were made on all control points to attain
precise environmental conditions prescribed for a given trial.

The system was then allowed to equilibrate until inlet and outlet
dewpoints, CO, uptake rates, and cuvette air temperatures were
stable for at least 30 min. The stable period was considered

the control.

Simultaneous with Step 4, SO, was introduced into an airstream
bypassing but otherwise identical to that flowing into the
cuvette. Sulfur dioxide concentration in the airstream was set
to a specified level.

At the end of the control period the airstream containing SO0,
was routed into the cuvette and the SO,-free airstream was
directed to an exhaust manifold via a solenoid switching mechanism.

Exposure of the leaves to SOy was continued until CO, and H,0
flux rates attained an apparent stable rate for at least 30

minutes. In most trials the rates stabilized within about 15
to 20 minutes and the trial was terminated after 1 hr of ex-

posure.

Results of two representative SO, exposure trials are shown in Table
In trial A, CO, flux and transpiration rates decreased to a stable
rate within 10 min. Trial B leaves exhibited lower control photosynthetic
rates and higher transpiration rates and did not stabilize until about 30

into the exposure period. Stomatal flux rates of S0, being based
on water vapor conductance rates and cuvette outlet concentrations of SO,,
closely paralleled rate dynamics of transpiration because the outlet S0,
concentrations were reasonably stable through these runs.
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TABLE 3.1. GAS EXCHANGE DYNAMICS AND ENVIRONMENTAL CONDITIONS FOR TWO EXAMPLE TRIALS (A AND B) UTILIZING
ATTACHED LEAVES OF HYDROPONICALLY GROWN WESTERN WHEATGRASS PLANTS

Control* Elapsed time (min) from initiation of SO, exposure
10 20 30 60 120
Trial A B A B A B A B A B A B

SO, concentration (pphm X 1071)

cuvette inlet 0 o] 10.7 10.7 10.7 10.7 10.7 10.7 10.7 10.7 10.9 10.7

cuvette outlet 0 0 8.9 7.6 9.0 8.1 9.1 8.2 9.3 8.4 9.5 8.8
Air temperature (C°) 23.9  23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9 23.9
Irradiance (uE + dm™2 . s~1) 12.5 12.5 12.5 12.5 12,5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
Absolute humidity (g Hy0 + m~3 air)

cuvette inlet 8.5 7.2 8.4 6.9 8.4 7.0 8.4 7.0 8.4 7.1 8.4 7.2

cuvette outlet 11.0 11.6 1.0 11.5 11.0 11.2 1.0 11.1 11.0 11.2 11.0 11.2
CO, concentration (ppm X 1071)

cuvette inlet 35.2  34.9 35.2  34.9 35.2 34.9 35.2  34.9 35.2  34.9 35.2  34.9

cuvette outlet 32.9 32.5 33.3  32.7 33.3  32.8 33.3 32.8 33.3  32.8 33.3  32.8
Flow rate (1 + min-! X 102) 95.0 95.0 96.0 95.0 96.0 95.0 96.0 95.0 96.0 95.0 96.0 95.0
Leaf area (cm? X 10) 90.7 101.8 90.7 101.8 90.7 101.8 90.7 101.8 90.7 101.8 90.7 101.8
Atmospheric pressure (mb X 10~1) 85.4 85.3 85.4 85.3 85.4 85.3 85.4 85.3 85.4 85.3 85.4 85.3
€0, flux (mg COp » dm~? - nr~l) 22.0 20.5 18.4 18.8 18.4  18.4 18.4  17.9 18.4  17.9 18.4 17.5
Transpiration

(g Hy0 » dm™2 « hr~! X 10) 18.5 24.8 16.3 25.4 16.3 23.5 16.3  23.5 16.3  23.0 15.9 22.2
Stomatal flux of S0,

(ng SO, = em2 « =1 X 102) 0 0 41.0 56.8 41,5 54.8 42.0 55.7 43.0 55.8 42.8 55.9

*
Control data is from a 30 to 60 minute interval immediately preceding initiation of SO, exposure when all monitored parameters were stable.



Certain problems were encountered in utilizing this system in nearly 200
trials. The major problem was our inability to monitor dewpoint of the inlet
and outlet airstreams precisely. The dewpoint hygrometer utilized is capable
of determinations to the nearest 0.5°C. Consequently, our estimates of
transpiration and stomatal flux of SO, were frequently variable and only of
general value. The strong points of the system are that it permits fairly
precise measurement of CO, exchange rates in grass leaves under a range of
environmental conditions and is relatively inexpensive.

CONCLUSIONS

The gas exchange system described proved to be a relatively inexpensive
but effective means to measure effects of low-level, short-duration SO, ex-
posure on sulfur uptake, net photosynthesis, and transpiration in western
wheatgrass leaves. Although SO, and H,0 exchange rates could only be measured
rather crudely the performance characteristics of the system were generally
very good., A rapid response time permitted several short-duration experi-~
ments at varying conditions to be conducted within a single 8-10 hr period.
Although the system was incapable of measuring fluxes of CO,, SO, and water
vapor at the level of precision achieved by Winner and Mooney (1980) with
their more sophisticated system, we conclude this system has utility in
studies where objectives require less precision and where fiscal resources
are more limited.
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EFFECTS OF CHRONIC SO, EXPOSURE ON ENERGY FLOW
AND NUTRIENT CYCLING IN GRASSLANDS

SECTION 4

THE EFFECT OF SO, ON L%c TRANSLOCATION IN
WESTERN WHEATGRASS

D. G. Milchunas, W. K. Lauenroth, and J. L. Dodd

ABSTRACT

Translocation of photoassimilated lL*COZ by individual
source leaves of Agropyron smithii Rybd. was stimulated by
exposure of the plants on ZAPS I High plot. Labeled leaves
exposed to SO, exported an average of 12 percent more carbon
than control leaves. This was in response to an increased
sink demand of expanding leaves. The relative concentration
and relative partitioning of e in developing leaves was
177 and 153 percent greater, respectively, in plants on the
S0, treatment than in Control plants. Belowground 1tc
concentrations were greater in SO, exposed plants only on
the early growing season sampling date. Increased rhizome
l4¢ relative concentration suggests greater sink demand
in reproductive as well as vegetatively growing components.
a comBarison is made between productivity, photosynthetic
and 1%C partitioning responses in monitoring the subtle
effects of low-level SO, exposure.

INTRODUCTION

The partitioning of photoassimilated carbon among various plant organs is
an important aspect in the functioning of a plant as an integrated system.
Translocation processes, and the maintenance of carbon balance, are subject to
regulation involving both positive and negative feedback mechanisms (Geiger,
1979). The export of carbon from a source leaf is a function of the availa-
bility of sucrose and other mobile molecules, and the demand for these assimi-
lates in other locations.

Plant nutrient levels can affect translocation independent of carbon
assimilation rates. Increased levels of free-space potassium did not increase
net carbon fixation but increased the proportion of fixed carbon which was
exported (Geiger, 1979). Similar affects for levels of inorganic phosphorus and
nitrogen were suggested by the observation that deficiences of phosphorus and
nitrogen caused a decrease in the efflux, into solutions, of assimilated carbon
from the mesophyll of beet leaves (Kamanina and Anisimov, 1977).
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Sulfur dioxide exposure has been shown to affect photosynthesis, amino
acid production, and carbohydrate metabolism in plants (Ziegler, 1975).
Large quantities of sulfur accumulate in plants exposed to SO, depending on
the concentration and duration of exposure and the environmental conditions
during exposure (Lauenroth et al., 1979). Short-term exposure to SOp has
been shown to inhibit phloem translocation more than photosynthesis (Teh and
Swanson, 1977). Exposure of plants to SO, then, may affect translocation
directly as well as indirectly by its impact on assimilate supply/sink de-
mand. In this study we examined the effect of a controlled level of SO, expo-
sure through the growing season on translocation of “C in Agropyron smithii
Rybd. in a native Montana grassland ecosystem. Agropyron smithii was dominant
within the study area and is an important forage species throughout the

northern Great Plains.

MATERIALS AND METHODS

Twelve western wheatgrass (4dgropyron smithii) plants, with an equal
number of fully expanded leaves, were chosen on the Control and High SO,
treatment plots for labeling with 1“002. Three leaf age classes were labeled.

Leaf numbers were assigned from lowest to highest on the plant; Z.e. the
oldest leaf was considered leaf number one. Leaf numbers three, four, or

five were labeled on June 18 and 26, and leaf numbers five, six, or seven
on July 15 and August 2 sampling dates.

Individual leaves were placed in a cuvette, sealed with putty, and
exposed to 1L+C02 (v330 ppm) of specific activity 3.7 x 107 Bq mmol~! (1 mCi
mmol~! for 2 minutes in full sunlight. After 3 days the plants were collected
and separated into the three leaf age classes, the developing leaf, other
aboveground leaves and stem, roots, and rhizomes. Roots were sampled to a
depth of 10 em. In a previous experiment on this study area, 62 percent of
the belowground 1%C was located in roots from the 0~10 cm zone (Coughenour
et al., 1979). All samples were oven dried at 60°C to a constant weight.

The oven-dried samples were enclosed in Whatman low ash filter paper and
compressed in a pill press to reduce their size. The plant material was
wrapped in filter paper because grinding was impractical due to sample size
and static electricity problems. Samples were then combusted in a Packard
Instrument Co. model 306 Tri-carb sample oxidizer which automatically absorbed
the lL’COZ in Carbo-sorb II and placed it in a liquid scintillation vial with
Permafluor V scintillation cocktail. Sample activities were counted on a
Nuclear-Chicago Mark II liquid scintillation system.

The data are expressed as relative concentrations or relative quantities
in each plant component. Relative concentration (CPM/mg of plant tissue)
describes the sink strengths while relative amounts (CPM/total sample) of ke
in each component directly addresses the movement of carbon. Because it was
impossible to collect the entire belowground biomass for each labeled plant,
discussions relating to aboveground/belowground are based only upon the
concentration data (CPM/mg dry wt). Aboveground data are presented on both a
sink strength and distribution basis.
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Two aspects of our experimental design need clarification for proper in-
terpretation of results. First, we refer to leaf age class rather than leaf
age because both leaf age and the position of a leaf relative to carbon sinks
can influence translocation (Wardlaw, 1968; Mor and Halevy, 1979). However,
in an erect culm grass like Agropyron smithii, leaf position is a function of
leaf age. Therefore, in this study leaf age and leaf position are not separ-
able yet neither are they a source of possible interaction between plant
replicates (Z.e., there is no possible age x position interaction). Second,
leaf age classes remained constant for all dates. Date effects can only be
attributed to overall plant phenology and the presence ot additional and
older leaves on the plant.

Data were subjected to an analysis of variance using a modified split
plot design with subsampling. The main plot was SO, treatment and the split
plot a 4 x 3 factorial of date by leaf. Replicates were arranged in. randomized
block fashion. Tukey's Q values were used to compute least significant
ranges (LSR) and identify significant differences between means (Sokal and
Rohlf, 1969).

RESULTS

Three days after exposure to quOz, labeled leaves contained a higher
concentration (CPM/mg) and quantity (CPM) of 14%C than other aboveground plant
components regardless of date or SOz treatment (Table 4.1). Sulfur dioxide
exposure significantly reduced the concentration (P = 0.06) and total quantity
(P = 0.01) of qu remaining in labeled leaves indicating the presence of high
demand in other plant components. Labeled leaves exposed to SO; exported an
average of 12 percent more carbon than the leaves of control plants. Import
of lhc by mature unlabeled leaves accounted for 0.5 percent of the total
aboveground 1%c in Control plants and 1 percent in those exposed to SOs.
Other aboveground plant parts, excluding the developing leaf, accounted for
17 and 22 percent of the aboveground 1%C for the Control and SO, treated

plants, respectively.

The concentration (P = 0.001) and total quantity (P = 0.05) of l%C
remaining in labeled leaves was significantly influenced by the age class of
the labeled leaf. Labeling the youngest, middle, and older fully expanded
leaf resulted in %C concentrations which represented 79, 83 and 92 percent
(LSR = 10) of the total aboveground concentration, respectively. Total
quantities of 14C retained in the labeled leaves showed the same pattern.

The three leaf age classes from young to old retained 67, 77, and 84 percent
(LSR = 11) of the total above ground activity. The large quantity exported
from younger leaves may be a function of their age or proximity to the devel-

oping leaf.

In many cases the developing leaf was a strong carbon sink (Table 4.1).
The concentrations and quantities of 1%C in developing leaves were 1.5 and
1.7 times greater, respectively, in SO, treated plants than control plants.
Young leaves rely upon translocated carbon until they develop sufficient
photosynthetic capacity to satisfy their needs., Swanson et al. (1976),
Thrower (1962) and Fellows and Geiger (1974) reported that peak demand for
carbon by developing leaves occurred when the leaf was approximately 25
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CPM

Labeled Young Leaf
CPM/mg

VALUES ARE BASED ON

CPM

Labeled Middle Leaf
CPM/mg

14¢ Mean Activity (%

CPM

CPM/mg

Labeled 01ld Leaf

CARBON-14 RELATIVE CONCENTRATION AND PARTITIONING IN AGROPYRON
Plant Part*

SMITHIT EXPOSED ON THE ZAPS I HIGH PLOT.
MEANS FOR PLANTS HARVESTED 3 DAYS AFTER lL*COZ ASSTMILATION

Treatment

TABLE 4.1.
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gercent of its final length. We investigated the possibility that the greater
%c activity in developing leaves on the S0, treatment was a function of leaf
size rather than a treatment effect.

Mean weights and the distribution of weights for the developing leaves
between the Control and the SO, treatment were very similar (Figure 4.1).
These data were subjected to the same analysis of variance model used to
examine !%C partitioning and no significant differences (P = 0.80) were
observed in leaf weight between the Control and SO, treatment. Differences
in developmental stage were not significant for any three or two way inter-
actions or for main effects with the exception of date. Weights of expanding
leaves by date were 20.8, 18.4, 15.4, and 10.1 (LSR 8.7) for June 18, 26,

July 15, and August 2, respectively. This suggested a decline in weight of
expanding leaves as the season progressed rather than an unequal distribution
of weights sampled. Further, in all our analyses of variance, date was a
significant factor in date x treatment interactions rather than as a main
effect. The analysis of variance for expanding leaves indicated that although
weights declined as the season progressed, they remained uniform within a
date-between-treatments or labeled-leaf-age classes. The greater translocation
in plants on the S50, plots was therefore in response to S0, exposure and not
because of nonuniform sizes of developing leaves between treatments or labeled
leaf age classes.,

The balance between above- and belowground sink strengths was modified by
the interactions between treatment and date (P = 0.01) and between treatment
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Figure 4.1. Weight distribution of expanding leaves of Agropyron smithit
plants on the Control (———) and SOy (-=--- ) treatment.

31



and leaf age class (P = 0.03). Plants receiving SO, displayed significantly
higher belowground 14¢ concentrations on June 18 both compared to the Control
plants and to other dates within the SO, treatment (Figure 4,2). Above- to
belowground 14¢ concentrations within the Control were not influenced by
date. The significant date and treatment effects can be attributed to the
June 18 high rhizome 1%c concentration in plants on the S0, treatment (Table

4o2).

The age class of the labeled leaf influenced above- to belowground ite
concentrations in plants on the SO0; treatment but not in Control plants
(Figure 4.3). Belowground 14Cc concentration on the SO, treatment became
proportionately less when younger leaves higher on the grass culm were labeled,
This occurred in response to the younger and older leaves respective proximity
to greater sink demand of the expanding leaves and the rhizomes of plants on
the SO, treatment. However, even in the presence of greater aboveground
assimilate demand in plants on the S0, treatment, the concentrations of
belowground 1“C between plants on the Control and SO, treatments were not
different when the youngest leaves were labeled and were greater on the S0,
treatment when the older leaves were labeled.
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Figure 4.2.  Aboveground ([ZZZZZ]) to belowground ([ __J) relative l%C
concentrations (CPM/mg) for Control and SO, treatments by
date. TUse LSR, for within date across treatment comparisons;
and LSR, for within treatment across date comparisons.
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TABLE 4.2. CARBON-14 RELATIVE CONCENTRATION IN BELOWGROUND COMPONENTS.
BELOWGROUND PARTITIONING DATA IS NOT PRESENTED BECAUSE 100
PERCENT OF THE BELOWGROUND BIOMASS WAS NOT SAMPLED

14¢ Mean concentration (%)

Labeled Labeled Labeled
0ld Leaf Middle Leaf Young Leaf
Date Treatment Plant Part CPM/mg CPM/mg CPM/mg
June 18 Control Root 0.9 0.9 0.5
Rhizome 0.6 5.2 0.7
S0, Root 9.2 3.0 3.1
Rhizome 17.5 11.9 1.5
June 26 Control Root 1.4 3.4 2.4
Rhizome 2.3 2.7 3.1
S0, Root 4.1 4,2 2.4
Rhizome 3.3 2.7 4.2
July 15 Control Root 1.6 2.7 2.6
Rhizome 1.7 3.5 4.0
50, Root 3.9 2.3 2.9
Rhizome 3.2 1.1
August 2 Control Root 1.1 1.0 1.0
Rhizome 4.2 3.9 6.6
S0y Root 3.9 4.3 2.6
Rhizome 6.7 10.3 6.1
DISCUSSION

A stimulation in translocation of 1“C from the labeled leaf in the
aboveground compartment was observed in Agropyron emithii exposed on the ZAPS
I High plot. The increased translocation was in response to the greater sink
demand of developing leaves. Export to the developing leaf was greatest from
the young fully expanded leaf nearest the sink. The greater sink demand of
developing leaves in the plants exposed to S0, could be the result of more
rapid cell division and growth rates, or because a slower development of
photosynthetic capacity in the developing leaves exposed to S0, requires
greater or longer carbon import from mature leaves before they are self
sufficient. Increased translocation from mature leaves which are fixing less
carbon is possible because sink demand can override the availability of
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Figure 4.3. Aboveground ([ZZ777]) to belowground (] 1) relative l%¢
concentrations (CPM/mg) for Control and SO0, treatments when
the old, middle and young leaves were labeled. Use LSR, for
within leaf age class across treatment comparisons, LSR3 for
within treatment across leaf age class comparisons, and LSRg
for across treatment across leaf age class comparisons.

assimilate in regulating translocation (Ho, 1979). It is first necessary to
assess plant growth and photosynthetic rate in response to SO, concentrations
before a hypothesis can be formulated concerning the increased translocation
with SO, exposure observed in this experiment.

Photosynthetic rates are inhibited at high SO, concentrations (Bennett
and Hill, 1974; White et al., 1974; Sij and Swanson, 1974; Koziol and Jordan,
1978) . However, some data suggest a stimulation at low SO, concentrations
(Muller et al., 1979; Katz et al., 1939; Thomas and Hill, 1937). Low SO,
concentrations apparently stimulate the Hill-reaction and benefit overall
photosynthesis whereas at higher concentration RuDP-carboxylase is inhibited
(Ziegler, 1972). Thor (1980), in an extensive review of the SO; concentration
and photosynthetic response literature, estimated a stimulation in photosynthe-
sis may occur up to SO, concentrations of about 20 pphm. Measurements of the
photosynthetic rate of Agropyron smithii on our study area during the period
of this experiment showed no trend of either stimulation or inh;bit;on (Thor,
1980). However, in the drier previous year 39 percent stimulation in the photo
synthetic rate of Agropyron smithii was detected on the S0 treatment.
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A significant SO, effect on net primary or Agropyron smithii productivity
could not be detected on our study area (Dodd et al., In Prep.). However mea-
suring individual leaf areas of Agropyron smithii, Milchunas et al. (In Prep.)
observed a significant increase in leaf areas on Zaps II Low SO, exposure
but only a trend of increased leaf area with the High treatment examined in
this study. It was concluded that the Low treatment was optimum for stim-
ulating growth under the abiotic and nutrient conditions on our study area,
but that the High treatment had detrimental effects which were operative but
not at a level that fully negated the fertilizer effect.

Two points are apparent from the productivity and photosynthetic responses
in conjunction with !*C translocation. First, the increased 14%¢ translocation
with 50, exposure observed in this study is in response to stimulated growth
rates. Second, productivity and photosynthetic rate measurements are not as
sensitive as translocation to low level SO, exposure. Translocation was also
observed to be more sensitive to 50, than photosynthesis by Teh and Swanson
(1977) for a very high (300 pphm) SO, concentration, and by Noyes (1980) for
concentrations of 10, 100 and 300 pphm. They reported that translocation was
inhibited more than photosynthesis. The inhibition of translocation with 10
pphm SO, reported by Noyes is not consistent with the increased translocation
we observed on the High treatment. This may be attributed to several major
differences between experimental designs of the two experiments. Noyes used
l1l1-day-o0ld hydroponically growing bean plants with one remaining leaf on the
plant at the time of labeling. Translocation was monitored after the leaves
were exposed to SOp for 2 hours. This was in contrast to our continued SO
exposure of field growing plants with the influence of intact aboveground
sinks. Plant species, environmental conditions, SO, dose duration and concen-
tration fluctuation with possible plant adaptation, and sink demands may have
contributed to the different responses observed between the two studies.

Noyes (1980) suggested SO, inhibited sieve-tube loading. If this occurs, the
results from this study suggest that within a fertilizing range of low S0,
dose, stimulated sink strength can override the mechanism involved in sieve-
tube loading inhibitiom.

The concentration of translocated 1%C may be more sensitive to the
effects of SO, than harvest data or photosynthetic measurements both from a
technique standpoint and from a standpoint of measuring specific growth rate.
Population productivity measurements by field clip plots are subject to high
variability because of differences in species density and composition.

Subtle responses may be less than sampling variance. Growth increments
measured with the individual plant as the unit of measure are diluted by a
factor of the variable nongrowing structural biomass. When growth is occur~
ring in a particular organ, the resolution of measurements of growth rate
declines as measurements proceed from the organ to the individual to the
population. Photosynthesis is a measure of assimilation and not necessarily
utilization. The effects of SO, manifest in biochemical pathway and functional
mechanisms after the assimilation process. In the absence of growth, assimi-
lation may proceed at a maintenance level whereas translocation is negligible
in a sinkless system. During growth, translocation is not entirely a function
of internal concentration gradients but is also hormonally regulated. Divid-
ing cells produce auxins which further stimulates growth but also stimulates
phloem transport (Davies and Wareing, 1965; Patrick and Wolley, 1973; Seth
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and Wareing, 1967; Patrick, 1976) . The concentration of translocated 14¢ 1is
thus a sensitive index of growth rate because of specificity to the particular

organ involved in growth.

Differences in the concentration and partitioning of 1%Cc between Control
and SO, exposed plants were greatest for the expanding leaf. Although concen-
trations of !%C in the expanding leaf were often high, this organ received
only a minor portion of the lhg pool. Even in plants exposed to SO0,, only 4
percent of the total aboveground 14%Cc was located in the expanding leaf. Many
workers have stressed the lack of movement of assimilate into any but actively
growing young organs or developing reproductive parts. In this study, 14¢
was detected in mature leaves but accounted for only 0.5 and 1.0 percent of
the total aboveground~1”C pool for Control and SO, treatments, respectively.
It is not known, however, whether the 14 entering the mature leaves was in
sugars, or in amino acids synthesized in the roots and redistributed. By far
the largest pool of exported l“C was found in the "other" plant parts (Table

4,1) where 17 and 22 percent of the aboveground 14¢ was partitioned in the
Control and SO, treatment plants, respectively. Considering that 1) the
"other" category consisted of the stem and mature leaves excluding the top
three leaves, and 2) that mature leaves imported very small quantities of
I%c, the majority of exported 1%¢ was located in the stem.

Exposure of Agropyron smithii on the High treatment increased 1%C concentra-

tions in the belowground compartment only on the first sampling date. Our

data suggest that this was in response to a greater rhizome sink demand. The
initiation of tillers is probably similar to that of developing leaves and
requires import of carbom until a self contained photosynthetic capacity is
attained. Coughenour et al. (1979) labeled Agropyron smithii plant with l%C

on the same study area but in a previous year. They observed stimulated root
growth on the SO, treatment in July. The observation of increased transloca-
tion to aboveground sinks in plants exposed to SO, concurrent with an increase
in relative belowground 1%C concentrations indicates a stimulation in repro-

ductiye root and vegetatiyve growth on the High treatment,

Data from primary producer studies during the five years of fumigating
this particular grassland may at first seem contradictory. We have observed
S0, stimulated translocation, photosynthesis (Thor, 1980), and leaf areas
(Milchunas et al., In Prep:) concurrent with high sulfur accumulation (Lau-
enroth et al., 1979; Milchunas et al., 1980), increased rates of senes-—
cence (Heitschmidt et ql., 1978, Milchunas et al., In Prep.) and reductions

in chlorophyll (Lauenroth and Dodd, 1980) with no measurable effect of SO,
on standing biomass (Dodd et al., In Prep.). Other researchers have observed

protein hydrolysis and the accumulation of free amino acids in plants exposed
to SO, (Godzik and Linskens, 1974; Malhotra and Sarkar, 1979; Constantinidou
and Kozlowski, 1979). These seemingly contradictory findings can be synthe-
sized into a conceptual model explaining one aspect of how SO, influences a
plant's life history if we differentiate between the overall response of the
plant as an individual or population and the organ or biochemical components
and compare them with the known sequence of events in the life of an unper-
turbed plant. The hypothesis presented considers relatively low to moderate
SO, concentrations rather than levels where immediate and acute toxic respon-
ses occur,
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The growth and senescence of plants is a complex process of nutrient
and carbon assimilation, metabolism, and distribution. Sulfur is a required
plant nutrient and atmospheric 80, is one source of sulfur. Thus, SO, is
both a fertilizer and a toxic gas depending on the duration and concentration
of exposure and the plant's nutrient status. Below optimum nitrogen to sulfur
ratios were corrected in Agropyron smithii plants exposed to SO, (Milchunas
et al., 1980). A stimulation in growth would then be expected and in-
creased leaf areas with S0, exposures confirms this (Milchunas et al., In
Prep.). Although leaves grew at a faster rate, they also senesced at a
more rapid rate. An increased rate of senescence has been one of the commonly
reported responses to S0, exposure (Garsed et al., 1979; Bleasdale, 1973;
Bell and Clough, 1973; Matsushima and Harada, 1966; Heitschmidt et al., 1978;
Milchunas et al., In Prep.). This same phenomena occurred with the applica-
tion of nitrogen fertilizer (Milchunas et al., In Prep.).

The question then arises as to whether the impact of S0, at low levels
is due to toxicity or a nutrient input perturbation which accelerates the
growth and senescence process. Reductions in chlorophyll and protein hydroly-
sis occur in the natural sequence of plant senescence (Scott and Leopold,
1966). As leaf tissue enters into senescence, it experiences an eXtensive
hydrolysis of protein components (dela Fuente and Leopold, 1968; Osborne,
1973; Abeles et al., 1967). A wide array of amino acids accumulate as a
consequence of the protein hydrolysis, including especially glutamine (Plaisted,
1958) . With regard to the amino acid metabolism of plants exposed to S0,,
the most important changes seem to be the increase of glutamine, NH;, aspara-
gine, and alanine (Godzik and Linskens, 1974). Michael (1936) established
that the progress of leaf senescence was facilitated when soluble amide
products could be translocated out of the leaf tissues. Further, alanine
brings about abundant ethylene production and ethylene is important in the
induction of senescence and leaf abscission (Abeles, 1967; dela Fuente and
Leopold, 1968). Data of Williams (1955) suggested that rapid shoot growth
could accelerate the senescence of more mature tissues by inducing the hydroly-
sis of nucleic acids. This is supported by the observation that regions of
the plant that are rich in auxin (the young expanding parts) (Burg and Burg,
1968) are also regions of high ethylene production (Osborne, 1973). Young
plant parts are not, however, susceptable to the ethylene (Abeles, 1967).
This provides a feedback mechanism for transport of nutrients from older
leaves to younger leaves. The role of auxin as a mobilizer of nutrients has
been well established (Addicott, 1970).

The following is a hypothetical model of a mechanism for low-concentra-
tion SO, perturbation in the absence of visible and acute injury. 1In early
spring, low concentrations of SO, supplement soil sulfur necessary for optimum
nitrogen to sulfur ratios. Sulfur dioxide entry through leaf stomata compen-
sates for differential absorption or translocation rates of N and S. A ferti-
lizing effect ensues which stimulates growth. Stimulated growth in new leaves
is a strong sink which increases translocation from older leaves. The older
leaves have now been exposed to SO, for a long period of time. The sulfur
concentration that has built up is relatively immobile and does not leave the
leaves as readily as does nitrogen (Williams, 1955). The build up of sulfur
causes a loss of membrane integrity releasing SF (senescence factor) which
enhances ethylene biosynthesis. The older leaves are also susceptible to the

37



ethylene produced in the young expanding leaves. Protein hydrolysis and the
mobilization of nutrients and chlorophyll to younger plant parts ensues. In
this manner stimulated growth and translocation, protein hydrolysis, an
increased rate of senescence, reduced chlorophyll content, with no change in
total standing biomass can all be explained. Increased translocation rates
can be a function of the more rapid turnover and the mobilization of nutrients

as senescence proceeds.

There appears then to be good correlation between the natural senescence
processes in plants and the responses to 50,. A relationship between sulfur
content and date of abscission in leaves of Quercus rubra has been observed
(Garsed et al., 1979). Premature leaf fall seems to be a common response of
both coniferous and deciduous trees in industrial areas, and certain trees
that are normally evergreen may be come deciduous in some polluted regionms
(Scurfield, 1960).

CONCLUSTONS

Exposure of Agropyron smithii Rybd. on the High SO, treatment increased
translocation of photoassimilated 1L*COZ to rhizomes early in the growing
season and to developing leaves throughout the growing season. Leaves near
the top of the plant supplied proportionately more assimilate to the developing
leaf while lower leaves partitioned a greater proportion to a SO, stimulated
rhizome sink. Examination of productivity and photosynthesis data concurrent
with translocation responses suggested that subtle effects of low~level SO,
exposure may best be monitored through 1k partitioning studies.
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SECTION 5

EFFECTS OF LOW-LEVEL SULFUR DIOXIDE EXPOSURE ON DECOMPOSITION
OF WESTERN WHEATGRASS (AGROPYRON SMITHII) LITTER UNDER
LABORATORY CONDITIONS

J. W. Leetham, J. L. Dodd, and W. K. Lauenroth

ABSTRACT

A laboratory study of the effects of chronic low-
level S0, exposure on decomposition of western wheatgrass
(Agropyron smithil) was conducted. Finely ground
western wheatgrass litter was exposed to 8.5 pphm SO,
continuously for 5 weeks. Samples were periodically
measured for respiration and total decomposition. Results
showed a significant 9-17 percent reduction in decompo-
sition rates under SO, exposure. Respiration rate
differences were not detectable with the tecﬁniques
used. It is speculated that lowered pH conditions
in the litter and/or the accumulation of toxic SO,
derivatives were responsible for reduced microbial
activity.

INTRODUCTION

Soil surface decomposition processes are responsible for the breakdown
of a majority of aboveground herbage biomass in natural grasslands. Surface
decomposition is essential for the release of organic products into the sub-
surface nutrient cycling processes that form the basic support of the whole
ecosystem. Any major disturbance of the decomposition processes will ulti-
mately affect all other components of the system. A major disturbance can be a
large-scale, short-term disturbance, or a low-level, chronic disturbance which
may take considerable time to bring about major changes in the system.

Babich and Stotzky (1974) have reviewed the literature dealing with air
pollutant interactions with microorganisms and cite numerous studies of the
toxicity of SO,, especially with increasing soil acidity. Baith et al. (In Press)
and Abrahamsen et al. (1978) in Sweden and Norway respectively have shown that
artificial acidification of coniferous forest soils significantly reduced soil
microbial biomass and activity and overall decomposition of leaf litter. Grant
et al. (1979) found reduced microbial activity in acidic forest soil when it was
exposed to 100 pphm SO,. Saunders (1973) reviewed the effects of air pollutants
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on leaf surface microflora and cites much evidence of deleterious effects of
SO0, on the microorganisms. Wodzinski and Alexander (1978) provide evidence

of significant effects of SO, on algal photosynthetic rates. There is consid-
erable usage of SO, in the food production and preservation industry to
completely inhibit various types of microbial activity.

Dodd and Lauenroth (1979) reported up to 43 percent reductions in decompo-
sition rates in western wheatgrass leaves with chronic low-level SO2 exposure
under field conditions. It was that finding which precipitated this study for
the purpose of verifying the field data with more precise laboratory control.

MATERTIALS AND METHODS

The exposure system used in this study was relatively simple in design.
It consisted of a plexiglass chamber measuring 0.61 m x 0.61 m x 1.83 m (2 ft
x 2 ft x 6 ft). Air movement through the chamber was a single pass, push-pull
system which created a slight negative internal pressure. Source SO, was
released from a temperature-stabilized bottle of liquid SO, directly into the
inlet air stream to create the desired SO, concentration. An identical
chamber without 50, was used for the control. The chambers were housed in a
room maintained at 24°C. Details of the chamber construction and operation
are described by Leetham et al. (1980).

Sulfur dioxide concentration in the treatment chamber was maintained at
8.5 pphm as measured by a flame photometric sulfur gas analyzer (Meloy Labor-
atories Inc., Model SA-160) at the exhaust fan orifice. Because of slight
variability of S0, concentration within the chamber, other measurements were
made at various locations on the shelves where the litter samples were main-
tained. Temporal variation in SO, concentration was less than *1 pphm and
spatial variation did not exceed *2 pphm for all points measured.

Test material was predominantly western wheatgrass (Agropyron smithii
Rydb.) litter gathered from a native northern mixed-grass prairie site in
southeastern Montana in May, 1979. The litter was dead material grown during
the previous (1978) growing season and had not been previously exposed to any
major air pollutants. The litter was finely ground in a Willey mill and
thoroughly mixed to a homogenous state. Ash content was measured by ashing
in a muffle furnace at 600°C. Mean ash content was 12.36 percent (S.E. =
0.17 percent) for 10 subsamples of the homogenate. To maintain the natural
microorganism inoculate, the litter was dried at 30°C prior to weighing out
test parcels. Water content of the litter at 30°C was 5.15 percent (S.E. =
0.02 percent, n = 10) and was accounted for in weight loss calculations.

A schematic of the test sample dish is provided in Figure 5.1. Each
sample consisted of a 2 g layer of litter over a 20 g layer of washed and
autoclaved sand in a 60 x 15 mm plastic petri dish. The washed sand was
determined to have a mean ash-free organic content of 0.46 percent (S.E.
percent, n = 10). A small access port was made through the litter layer in
the center of the dish to allow periodic watering by trickling distilled water
through the access port into the sand. The litter was moistened by absorption
of water from the sand rather than by surface flooding. Since high relative
humidity was not maintained in chambers, evaporation required daily addition of

0.02
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Watering Port
60 XI5 mm
Petri dish

Litter (2 g)
Sand (20 g)

Figure 5.1. Schematic of sample dish for decomposition study.

approximately 5 ml of water per sample. Dishes containing only sand were
maintained the same as those with litter.

The experiment was initiated on 6 September 1979 when all litter samples
were placed in the control and SO, treatment chambers. Samples were randomly
selected and removed for measurements on each of four sampling dates (17, 24
September and 1, 8 October). Sample size was 10 per chamber on the first
three dates and 20 per chamber on the final date. After removal from the
chambers the samples were watered, as during the incubation period, and
respiration rates were measured over a 4 hour test period with the alkali
absorption technique described by Coleman et al. (1978). The samples were
then oven~dried at 60°C and weighed. Decomposition was expressed as percent-
age loss of original ash-free dry weight. Daily loss rates were calculated
by dividing ash-free weight-loss for a given interval by ash-free weight at
the beginning of the interval and by the duration (days) of the interval.

RESULTS AND DISCUSSION

Significant respiration rate differences between treated and control
samples were not detectable. For example, on the second sample date the
average respiration rates were 0,2531 upg COp * Sample"l « min™ (S.E. = 0.0084)
and 0.2512 pg CO, - Sample -1 . min™! (S.E. = 0.0058) for the eontrol and S0,
treatment respectively. No consistent trend was observed across time. No
respiration was detected in the dishes containing only sand.

An obvious decrease in litter decomposition in the S0j;-exposed dishes
was observed on all sample dates (Figure 5.2). A split-plot design ANOVA
was performed on the data to test for treatment and time differences. Treat-
ment differences were significant at P = .075 and the date differences were
significant at P < .001. Standard errors of the means for any date-treatment

ranged from 2 to 4 percent of the means.

Decomposition rates for both the control and SO, treated samples were
greater during the first 11 days of the test (1l.5 and 10.5 nug - g=l . a7,
respectively) than for the last 21 days of the test (4.2 and 3.5 ug - g=1 .
d-1, respectively). This demonstrates increasing resistance of the litter
material to decay with time, a characteristic pattern in decomposition of
relatively fresh plant litter (Christie, 1979; Howard and Howard, 1974) which
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Figure 5.2, Decomposition in control and SO, exposed western wheatgrass
litter over four sample dates. Figures are average total
weight loss expressed as a percentage of original starting
weight (less residual water content).

is a consequence of rapid initial decay of labile compounds such as sugars,
starches, and proteins, followed-by much slower decay of more resistant
compounds (cellulose, lignin, fats, tannins, waxes) (Hunt, 1977).

Inhibition of decomposition rates by 50, was less during the first
interval than in the last two-thirds of the test period (9 versus 17 percent
reduction in daily loss rate). This strongly suggests a cumulative effect
of exposure to SO, since atmospheric SOp concentrations were constant, and is
probably due to the accumulation of toxic SO, derivatives such as sulfate
or sulfite or a reduction in pH of the litter-microbe system.

CONCLUSIONS

Although the significance level of the treatment differences (P = 0.075)
exceeded the "traditional" 0.05 level of acceptance, we are concluding they
are real since the trend is strong and consistent with time and the results
corroborate the findings of Dodd and Lauenroth (1979). They reported 12-43

percent reductions in decomposition rates in response to season-long exposures
of western wheatgrass leaves to low-level SO, under field conditions. These
studies present strong evidence that chronic exposure to S0p in low concentra-
tions can cause a significant reduction in microbial activity in soil surface
litter. Neither study attempted to identify the mechanisms of %nhibition of
microbial activity. We suspect that a reduction in pH in the litter and/or
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the accumulation of toxic SO, derivatives to be the probable mode of action
of SO, on the microorganisms. Other studies have found reductions in acidity
do reduce microbial activity (Abrahamsen et al, 1978; B88th et al., 1980;
Saunders, 1973; Wodzinski and Alexander, 1978; and Grant et al., 1979).

The asymptotic curve of decomposition over time (Figure 5.2) was expected
because the mechanical grinding of the old, partially decomposed litter ex-
posed more labile material previously unavailable to the microorganisms and
they quickly acted upon it. Had the study been carried out over a longer
period of time, the curve undoubtedly would have flattened out even more, but
we suspect treatment differences would have been magnified.

Respiration rate differences were not detected probably because of the
technique used. We suspect the respiration rates were different since respi-
ration is a good index to microbial activity and we are concluding that the
microbial activity was reduced by S0,. More refined techniques of respiration
measurement would be needed to accurately measure the small differences that
probably occurred in our experimental design.
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SECTION 6

IMPACT OF SO, EXPOSURE ON THE RESPONSE OF WESTERN WHEATGRASS
(AGROPYRON SMITHII) TO DEFOLIATION

W. K. Lauenroth, J. K. Detling and J. L. Dodd

ABSTRACT

Agropyron smithii populations exposed to three
controlled SO, concentrations were defoliated either
once or twice during the growing season at either a
light or heavy rate.

Interactions between S0, exposure and defoliation
occurred with respect to biomass, number of tillers
and sulfur uptake.

INTRODUCTION

During the first four years of a field experiment regarding the response
of a North American grassland to controlled low concentrations of sulfur
dioxide (Heitschmidt et al., 1978) we have accumulated evidence that exposures
during the growing season had subtle but potentially important effects upon
the system (Lauenroth and Heasley, 1980). For example, SO, exposure reduced
chlorophyll concentrations and increased sulfur contents in several important
species (Lauenroth et al., 1979; Lauenroth and Dodd, In Prep.), decreased the
functional lives of leaves of the dominant species, western wheatgrass
(Agropyron smithii Rydb.) (Heitschmidt et al., 1978) and decreased the amount
of carbon stored in the rhizomes of western wheatgrass (Lauenroth and Heasley,

1980) .

Growth initiation of western wheatgrass in the spring and after defolia-
tion is dependent upon carbohydrates stored in rhizomes and roots (Bokhari,
1977). Before the S0, treatments were begun the area had been grazed by
cattle. Following exclusion of cattle rhizome biomass increased significantly
on the Control. In contrast, rhizome biomass failed to recover on the 8.0
pphm SO, treatment, suggesting that SO, exposure was having an effect similar
to grazing. Populations under stress are often more susceptible to damage
caused by additional perturbations (Weinstein and McCune, 1979). Because of
the importance of these grasslands to the regional livestock economy and the
high probability that coal combustion for electric power production will
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increase in this area we designed a field experiment to examine the potential
interactions between defoliation and SO, exposure on the native vegetatiomn.

MATERIALS AND METHODS

This experiment utilized a split-split-plot design with S0, as the main
treatments and defoliation intensity as split-plots and defoliation frequency
as the split-split-plots. The three defoliation intensities were (none,
light, and heavy) and the two frequencies were (once or twice per season).
Each of the S0, treatment plots encompassed 0.52 ha and within each were
located five replications of each defoliation treatment. Each defoliation
treatment was applied to one half square meter.

The heavy defoliation treatment consisted of hand clipping all of the
live aboveground biomass and the light treatment removed 50 percent. The
single defoliation occurred on 20 May when aboveground live biomass of
western wheatgrass 1is typically near 30 percent of the growing season maximum
(Dodd et al., 1979. The second defoliation treatment occurred on 20 June,
near the time of expected peak live biomass.

All experimental plots were harvested on 15 August. Aboveground biomass
was clipped at the soil surface and separated by species. FEach sample was
then oven-dried at 60°C for at least 72 hours and weighed. At the time of
harvesting the number of tillers of western wheatgrass were counted in each
plot. Subsamples of western wheatgrass were analyzed for total sulfur using
a Leco Induction Furnace (Laboratory Equipment Co., St. Joseph, MI.).

The data were subjected to a split-split-plot analysis of variance of
S0, treatments and defoliation intensity and frequency (Table 6.1). Differ-
ences between individual means were tested using Tukey's Q procedure (Snedecor
and Cochran, 1967).

RESULTS

On 15 August, total aboveground biomass (all species) was significantly
(P < 0.01) altered by the interaction of clipping intensity and clipping fre-
quency. The main effects and interactions with SO, were nonsignificant
Total aboveground biomass was unchanged as a result of the single clipping
regardless of the intensity (Figure 6 .1). Reapplication of the clipping
treatments resulted in significant decreases in total biomass at both clipping
intensities.

Biomass of western wheatgrass responded significantly to the interactions
of S0, x clipping frequency (P = 0.05) and clipping intensity x clipping fre-
quency (P = 0.001). The latter indicated that standing crop of western
wheatgrass was unchanged by the single clipping but significantly decreased
by reclipping at both the moderate (50 percent decrease) and heavy (90 percent
decrease) intensities (Figure 6.2a). The SO, x clipping frequency interaction
indicated that western wheatgrass responded differently to SO, as a result of
being clipped once or twice (Figure 6.2b). The single defoliation resulted in
significant decreases in western wheatgrass biomass at the Medium and High
80, concentrations compared to the Control. As a result of reapplying the
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TABLE 6.1. RESULTS OF ANALYSIS OF VARIANCE

Source of variation df
S0, 3
Rep (S0,) 16
Defoliation Intensity (DI) 2
DI X SOZ 6
Error B 32
Defoliation Frequency (DF) 1
DF x 502 3
DF x DI 2
DF x S0, x DI 6
Exror C 48
Total 119
60
&
g 40
e
7)) =
%)
e
=
o
o 20
Unclipped Light Heavy

CLIPPING TREATMENT

Figure 6.1. Response of total aboveground biomass to three defoliation
intensities and two defoliation frequencies (T3 = once,
777774 = twice).

51



BIOMASS (g-m™2)
o
|

ANNNNNNNNNN
NN

?/ l. | | 1

Unclipped Light Heavy 0] 2 4 6 8
CLIPPING TREATMENT SO CONCENTRATION (pphm)

Figure 6.2. Response of western wheatgrass biomass (a) to three defoliation
intensities and to two defoliation frequencies ([___]=
once, WZZZ777)= twice); (b) to SO, concentration at two
defoliation frequencies (————— = once, -——~--— = twice).

clipping treatments on 20 June, the significant differences among S0, treat-
ments which were apparent after the single clipping were no longer present.
This was largely the result of the large impact of reapplying the heavy
clipping treatment (Figure 6.2a).

Analysis of variance of western wheatgrass tiller density identified
significant differences as a result of the SO, x clipping frenquency (P =
0.08), and clipping intensity x clipping frequency (P = 0.001) interactions.
The interaction of clipping intensity and a single defoliation resulted in a
nonsignificant increase in tillers as a result of light clipping and a
significant increase as a result of the heavy clipping (Figure 6.3a).
Reapplication of the light clipping treatment resulted in no change in tiller
density, but there was a large (65 percent) significant decrease following re~
application of the heaviest clipping treatment, The SO, x clipping frequency
interaction, while not fitting traditional limits of significance (P < 0.05),
does provide important information. These results indicated (Figure "6.3b)
that western wheatgrass tiller density was decreased by all SO, treatments
regardless of clipping intensity at the time of the initial clipping. Reappli-
cation of the clipping treatment resulted in additional decreases in tiller
density.

Sulfur concentration in western wheatgrass was significantly altered by
the three-way interaction of SO,, clipping intensity and clipping frequency
(P = 0.02). Sulfur content was closely related to SOp concentration regardless
of clipping intensity or frequency (Figure 6.4). A single clipping treatment
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6.3. Response of western wheatgrass tiller density (a) to three
defoliation intensities and two defoliation frequencies
(C—_——/1 = once, = twice); (b) to SO, concentrations
at two defoliation frequencies ¢ = once, ———=—— = twice).
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Response of sulfur concentration in western wheatgrass to SO,
concentration, defoliation intensity and one (a) or two (b)
defoliations (------ = unclipped, — - — = light,
heavy) .
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resulted in similar rates of increase in sulfur content with increases in S0,
concentration regardless of the intensity of clipping (Figure 6.4a). The
light clipping treatment did not significantly alter sulfur content, compared
to unclipped plants but the heavy clipping treatment significantly increased
sulfur content of western wheatgrass at all but the lowest SO, concentrations.
Reclipping of western wheatgrass plants altered the rate of sulfur accumula-
tion compared to the unclipped plants (Figure 6.4b). Sulfur content of
plants subjected to the heaviest clipping treatment was significantly greater
than unclipped plants at the Control, Low, and Medium S0, treatments but not
at the Highest S0, treatment. In contrast, the sulfur content of plants
subjected to the light clipping treatment were not significantly different
from the unclipped plants at the Control, Low and Medium S0, treatments but
were signficantly different at the Highest SO, concentration.

Standing crop of sulfur in western wheatgrass (Table 6.2) indicated
that sulfur uptake was a function of SO, concentration for unclipped and
clipped plants regardless of the degree of defoliation. The amount of sulfur
taken up was largely unaffected by a single clipping and substantially altered
by reclipping. Reapplying the light clipping treatment resulted in a decrease
of approximately one-half in standing crop sulfur at each S0, concentration.
At the heaviest clipping intensity reclipping decreased the standing crop of
sulfur on the Control and Low SO, treatments by a factor of 8 and on the
Medium and High SO, treatments by a factor of 6.

The rate of sulfur uptake (standing crop divided by accumulation period)
could not be calculated for the light defoliation treatment because of the
complications posed by the stubble. Uptake of sulfur was doubled by a single
heavy defoliation at the Control and Low treatment concentrations and increased

TABLE 6.2. STANDING CROP (mg) AND SULFUR UPTAKE RATE (mg day~l) FOR
WESTERN WHEATGRASS SUBJECTED TO CLIPPING AND SO, TREATMENTS

Clipping Treatment

S0,

Treatment Unclipped# Light Heavy
Once Twice Once Twice

Control 17(.125) 18 9 19(.218) 2(.036)

Low 21(.154) 26 13 25(.287) 3(.054)

Medium 24(.176) 23 11 25(.287) 4(.072)

High 44(.324) 48 22 36(.414) 6(.107)

* All unclipped results combined.
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by 50 percent at the Medium and High SO, concentrations. Reapplying the
heavy defoliation sharply decreased rate of uptake to one~third of that cal-
culated for unclipped plants.

DISCUSSION

While we observed important interactions between SO, exposure and defolia-
tion treatments, the majority of our results indicated that the intensity and
frequency of defoliation were most influencial in determining the growth and
tillering responses we observed. Interactions between SO, and either biomass
(Figure 6.2b) or tiller density (Figure 6.3b) of western wheatgrass represent
potentially important indications of the state of the system after exposure
to 50,. Whether these results would be compensated for or compounded by
subsequent seasons of SO, exposure and defoliation must be determined before
the long-term consequences of these interactions can be determined. In this
regard, it is interesting to note that a single clipping applied early in the
growing season had no significant effect on final total biomass of all species
(Figure 6.1) or that of western wheatgrass (Figure 6.2a). Although direct
estimates of aboveground net primary production (ANPP) were not made, these
results suggest that ANPP was stimulated by a single defoliation early in the
season, regardless of intensity. Since estimates of amount of shoot material
removed at each clipping were not made, it is not possible to infer confidently
the effects of two defoliations on ANPP. In spite of many reports of declines
in ANPP following grazing (Jameson, 1963), reports of compensatory growth, or
even increases in plant yield following light to moderate levels of defolia-
tion, are common (McNaughton, 1979; Harris, 1974). Such compensatory growth
following grazing in grasslands may result from a number of indirect effects
on microclimate, such as increasing light penetration to lower leaves in the
canopy or reducing evapotranspiration and prolonging the period of favorable
s0il moisture during drought (McNaughton, 1979). 1In addition, individual
plants frequently respond to defoliation by increasing photosynthetic rates
in remaining undamaged leaves or newly developing leaves (Detling et al.,
1979; Painter and Detling, 1980), and increasing the proportion of current
photosynthate allocated to synthesis of new leaves (Detling et al., 1980
Ryle and Powell, 1975). Under laboratory conditions, western wheatgrass did
not appear to change its photosynthate allocation patterns in response to
differential tiller defoliation, however, (Painter and Detling, 1980).

The tillering response of grasses to defoliation is probably affected by
interactions among internal factors, such as stage of development and hormone
concentration, and external environmental factors, such as light, temperature,
or photoperiod (Goodin, 1972; Laude, 1972). Thus, when defoliation results
in removal of only leaves, tiller production is often depressed since available
carbohydrates are apparently utilized for production of new tillers only if
the demand for the growth of current leaves has been met already (Youngner,
1972). Tillering may be enhanced by defoliation, however, if apical meristems
are removed, and hence apical dominance is destroyed (Youngner, 1972). Under
laboratory conditions, western wheatgrass produced about the same number of
tillers regardless of level of defoliation up to removal of 75 percent of the
tillers (Painter and Detling, 1980), a finding which is generally consistent
with the relatively small change in tiller density under all clipping treat-
ments except in those plots receiving two complete defoliations (Figure 6.4).
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Defoliation intensity and frequency produced a clear interaction with
SO, exposure in influencing sulfur uptake (Figure 6.4). We would expect
this to be of short-term importance only if increased sulfur content of the
forage influenced forage palatability or digestability. If either are affect-
ed, exposure to S0, will be most important in determining this response. The
small increment in sulfur concentration as a result of clipping will be of
lesser importance. McNary (1980) found that grasshoppers discriminate
against western wheatgrass plants grown on the SO, treatments. The explanation
for this may reside in their differing sulfur contents. Rumsey (1978)
reported reduced intake by cattle of a feed high in sulfur.

At the beginning of the experiment we hypothesized that the lack of
recovery of rhizome biomass, after protection from grazing, was an indication
that S50, exposure was creating a condition of stress within the western
wheatgrass population (Esch et al., 1975; Lauenroth et gl., 1978). Addition-
ally we believed that by subjecting the population to an additional stress or
(defoliation) we would observe a large negative response which would be pro-
portional to the amount of stress resulting from SO, exposure. To a large
degree the response we observed did not support these hypotheses. Perhaps a
single season of defoliation was not sufficient to produce the expected re-
sponse. It is also possible that rhizome biomass is not as sensitive an
indicator as we believed. As a result of a single season investigation of
the interactions between S0, exposure and defoliation it appears that increased
sulfur loading of system components may be the most significant response
threatening long-term system stability.

CONCLUSIONS

Subjecting an Agropyron smithii population, which was hypothesized to be
in a stressed condition as a result of S0, exposure, to the additional perturba-
tion of defoliation produced only a few responses which would not have been
expected from defoliation alone.

Increased sulfur loading of system components may be the most important
response in terms of long-term system integrity.
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SECTION 7

RESPONSE OF BOUTELOUA GRACILIS TO CONTROLLED SO, EXPOSURE

W.K. Lauenroth, J.K. Detling, C.J. Bicak, and J.L. Dodd

ABSTRACT

Bouteloua gracilis, an important warm season grass
native to the Great Plains of North America, was grown
hydroponically and exposed under field conditions to con-
trolled concentrations of SO,. After 31 days of exposure
individual plants were harvested and biomass accumulation
and sulfur content were measured.

We found no impact of SO, on live shoot weights, root
weights, shoot:root ratios or number of tillers. Signifi-
cant differences were found for crown weights and the
ratios of live to dead shoot weights.

INTRODUCTION

Early investigations regarding the effects of sulfur dioxide on plant
growth focused largely upon short-term (hours) high concentration impacts
(Thomas, 1961). Recently, a number of workers have investigated physio-
logical impacts of low concentrations for long time periods (weeks to months)
(Ashenden and Mansfield, 1977; Tingey and Reinert, 1975; Crittenden and Read,
1979; Bell et al., 1979). Sulfur dioxide impacts on grasslands are receiving
considerable attention in Great Britain largely because of the importance of
a single SO, sensitive species, Lolium peremne L. Although there is not
general agreement about its specific responses or the threshold concentra-
tions which elicit those responses, there is general agreement that perennial
ryegrass responds to low concentrations of S0, (Cowling et al., 1973; Bell
and Clough, 1973; Bell et al., 1979).

North American grasslands are considerably more diverse than those in
Great Britain (Lauenroth, 1979) and have only recently received attention
with regard to potential impacts of S0, (Heitschmidt et al., 1978; Ferenbaugh,
1978; Coughenour et al., 1979). Coincidentally, all of this work has been
focused upon the responses of C3; grasses to sulfur dioxide. Because stomatal
behavior is very important in determining responses of plants to SO, exposure

(Winner and Mooney, 1980) the differences in stomatal control of photo-
synthesis observed between C3 and C, plants (Kdrner et al., 1979) may result
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in quite different responses to S0,. Our objectives here are to report an
experiment which was designed to utilize a unique field exposure facility
(Heitschmidt et al., 1978) to evaluate the impact of SO, on the growth of a
native C, grass Bouteloua gractlis H.B.K. Lag. Bouteloua gracilis is an
important dominant over much of the Central and Southern Great Plains of
North America and is an important co-dominant on many sites in the Northern
Great Plains (Lauenroth et al., 1980).

MATERIALS AND METHODS

Bouteloua gracilis plants were grown from seeds in flats containing ver-
miculite until they were 30-days old. At that time they were sorted for a
uniform size and placed in 12-liter hydroponic containers with 0.143-strength
Hoaglands solution (Detling et al., 1979). Sponge-stoppers held the 12
plants upright in each container. The experiment was begun on 13 July when
one container was placed in each of the S0, treatment plots and progressed
until 15 August. Containers with hydroponically grown Bouteloua gracilis
plants were randomly located within each S50, treatment and buried so that
plants had a normal position within the grassland canopy. Nutrient solutions
were replenished daily and the entire contents of the containers were changed
each week. It was necessary to cover the containers with a wire mesh to
prevent grazing by grasshoppers.

At the end of the experiment tillers were counted and plants were oven-
dried at 60°C until they reached a constant weight. Each plant was then sep-
arated into four components, 1) live shoots, 2) dead shoots, 3) crowns, and
4) roots. Dry weights were measured for each component. Sub-samples of live
aboveground and live belowground material were analyzed for total sulfur con-
tent using a Leco Induction Furnace (Laboratory Equipment Co.).

The results were statistically analyzed using analysis of variance.
Tukey's Q values were used to calculate least significant ranges (Sokal and
Rohlf, 1969).

RESULTS AND DISCUSSSION

After 31 days exposure of Bouteloua gracilis to controlled levels of
sulfur dioxide in the field, we found no statistically significant (P = 0.05)
changes in live shoot weights, root weights, shoot:root ratios or number of
tillers (Table 7.1). Significant differences were found for crown weights
(Table 7. 1) (P £ 0.03) and the ratio of live to dead shoot weights (Figure

7.1y (P £ 0.001).

Bouteloua gracilis is a hemicryptophyte with the crowns representing the
origin of the perennating buds as well as an important storage location for
labile carbohydrates. The potential long~term implications of reduced crown
biomass include a reduction in the number of active stem meristems and a de-
creased supply of carbohydrates for growth initiation and regrowth after
defoliation. Lauenroth and Heasley (1979) reported a similar effect in the
C3 cryptophyte Agropyron smithii Rybd. Exposure to SO, reduced the amount of
carbon stored in rhizomes. Tingey and Reinert (1975) found a much larger im-
pact of SO, exposure on Medicago sativa L. roots than shoots. Although a
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TABLE 7.1. DRY WEIGHTS OF LIVE SHOOTS, ROOTS AND CROWNS, SHOOT:ROOT
RATIOS AND NUMBER OF TILLERS PER PLANT FOR BOUTELOUA
GRACILIS EXPOSED TO FOUR CONTROLLED LEVELS OF SO,

Plant Part
S0, Conc. Shoot Root Crown Number of
(pphm) (mg) (mg) (mg) Shoot :Root tillers
<0.85 588 284 290 1:99 40
2.1 657 247 293 2:66 34
4.4 605 244 223 2:45 31
6.5 514 252 193 2:79 35
S.E.(11 d4f) 75 30 29 0:44 3
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Figure 7.1. Ratio of live to dead shoot weights of Bouteloua gractlis

exposed to SO, treatments.
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definitive translocation study showing reduced carbon transport to perennating
and/or belowground organs has not been reported, circumstantial evidence sup-
ports this hypothesis.

At the lowest concentration of S0, the live to dead shoot biomass ratio
was increased significantly (P = 0.05) while at the two highest concentrations
a significant reduction in the ratio was observed. Heitschmidt et al.

(1978) reported an increase in the number of live leaves per plant of Agropyron
smithii, as a result of exposure to SO, and a decrease in the proportion of
dead leaves in July for the 2.1 pphm treatment. In addition they found
increased proportions of dead leaves at the 4.4 and 6.5 pphm treatments in
June. Ferenbaugh (1978) found that the Cj3 grass, Oryszopsie hymenoides Roem.

& Schult., was unaffected by SO, concentrations below 13.5 pphm except for a
decrease in total chlorophyll content at 6.2 pphm. Cowling and Koziol (1978)
exposed another Cy grass, Lolium perenne, to three controlled SO, concentra-
tions, beginning on the 4lst day after germination and continuing for 49

days. They found no significant effects on dry weight of shoots, specific

leaf area, net photosynthesis, dark respiration or transpiration coefficient.
Following harvesting and 21 days of regrowth they found only a small significant
decrease in the specific leaf area at the 15.4 pphm treatment. These findings
contrasted those of an early study with the same species and the same concen-
trations of S0, in which the yield of shoots was reduced (Lockyer et al.,
1976).

Sulfur concentration in shoots of Bouteloua gracilis not exposed to the
SO, treatments was 1800 ug - g~ ! (Figure 7.2). Exposure to the high concentra-
tion treatment significantly (P < 0.01) increased this to 2200 ug °* g~ i.

4000
O— — O Root sulfur
——@ Shoot sulfur
T 3500} 5
. / /
- 3000+ — - o~ -
2
L
Z
3 2500L
x
S
w
3 2000
7
0 2 4 6 8
SOz CONCENTRATION (pphm)
Figure 7.2. Shoot and root sulfur content of Bouteloua gracilis exposed to

three controlled SO; treatments.
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Lauenroth et gl. (1979) reported that average shoot sulfur contents of
Agropyron smithii, indigenous to the experimental site, ranged from 800 to
1100 ug - g1, Exposure to the High SO, treatment increased these values at
the rate of 385-650 pg + g~! month~!. End of the growing season sulfur
concentrations were in the range of 3000-5000 ug « g=!. Root sulfur concentra-
tions for blue grama were higher than shoot concentrations by approximately

60 percent (Figure 7.2). Bicak et al. (In Prep.) reported root and shoot
sulfur concentrations for Agropyron smithii grown in a similar hydroponic
system and exposed to SO, concentrations in the control and high treatments.
Shoot sulfur content was approximately 20 percent greater than root sulfur
content after a 6-day exposure period in June. Shoot and root sulfur contents
were equal after a 6-day exposure in July. Cowling and Lockyer (1978) reported
no effect of SO, exposure on the root sulfur content of Lolium perenne and
shoot sulfur contents were 2 to 3 times larger than roots.

CONCLUSIONS

Our hypothesis that differences in physiological behavior between C, and
C3 plants would result in different responses to SO, exposure was not sub-
stantiated by results from the experiment. Responses of C, grass Bouteloua
gracilis were largely similar to those previously reported for C3 grasses.
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SECTION 8

THE IMPACT OF SULFUR DIOXIDE ON THE
CHLOROPHYLL CONTENT OF GRASSLAND PLANTS

W. K. Lauenroth and J. L. Dodd

ABSTRACT

Chlorophyll a and b contents were measured by
extraction in ethanol for eight species native to
northern Great Plains grasslands in North America.
Chlorophyll a was most sensitive to SO, exposure
but the degree of sensitivity was species specific.
Concentrations of both chlorophylls were increased,
unchanged or decreased depending upon SO, concen-
tration and species. Chlorophyll is not a reliable
indicator of S0, exposure in grasslands.

INTRODUCTION

Chlorophyll concentrations in plants and plant communities have been
shown to be positively related to net photosynthesis and net primary productiv-
ity (Patterson et al., 1977; Buttery and Buzzell, 1977; Brougham, 1960; Bray,
1960). In contrast to this Ovington and Lawrence (1967) and Sanger (1971)
disputed the contention that chlorophyll concentrations and net primary
productivity were closely coupled explaining that chlorophyll expressed on
either a leaf area or dry weight basis varied widely throughout the growing
season. Ovington and Lawrence (1967) reported dry-weight ratios of chlorophyll
to organic matter for a maize field ranged from a maximum of 19 early in the
growing season to nine late in the growing season. Sanger (1971) suggested that
before any meaningful relationships between productivity and chlorophyll
content could be made one should be aware of the time of year and the duration
and magnitude of fluctuation of maximum chlorophyll content of the major
components of the plant community. Although some studies have found simple
relationships between chlorophyll content and either net photosynthesis or
net primary productivity and others have not found a simple relationship,
none deny the physiological connection between chlorophyll concentration and
the potential of a plant or plant community to carry on photosynthesis.

Chlorophyll concentration has been found to be related to many aspects
of a plant's natural environment (Sanger, 1971) as well as too many by-

products of man's activities (Knudson et al., 1977; Beckerson and Hofstraw,
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1979; Rabe and Kreeb, 1979). Sulfur dioxide (SO,) is an important constituent
of anthropogenic air pollution which has been shown to cause decreases in
chlorophyll concentrations over a wide range of plant species (Malhotra,

1977; Lauenroth and Dodd, submitted). Beckerson and Hofstraw (1979) exposed white
bean plants to concentrations of 15 pphm SOy for 5 days and found significant
increases in both chlorophyll g and chlorophyll b after 2 days exposure to
S05. Chlorophyll a content remained higher than the Control throughout

the 5 day period and chlorophyll b content was significantly reduced by the
end of the 5 day period. They offered no explanation for this phenomena.

Rabe and Kreeb (1979) exposed seven different plant species to 5 pphm SO, for
approximately 1 month. They observed non-significant decreases in chloro-
phyll content for spring grown alfalfa and for tobacco. Significant decreases
were observed for winter barley, tulip, horsebean, turnip and alfalfa grown

in the fall. Sulfur dioxide exposure resulted in a non-significant increase
in chlorophyll concentration in bush tomatoes. These responses demonstrate
that all plants cannot be expected to respond in the same manner to the expo-
sure of S0,

This investigation was undertaken to determine the responses of a variety
of native grassland plants to exposure to SO, under field conditions. Previous
studies have shown that chlorophyll content of the dominant species in the
grassland, Agropyron smithii Rydb., was sensitive to exposure to SO, (Lauenroth
and Dodd, submitted).

MATERIALS AND METHODS

The chlorophyll (chl) content of actively growing stems and leaves of
eight species of grasslands plants was assessed using a modification of the
methods of Knudson et al., 1977 (Table 8.1). The major modification was
substitution of a short homogenizing step in blender instead of the second
extraction. After extraction the chopped plant material was collected on
filter paper, oven-dried and weighed. Chlorophyll is expressed on a dry weight
basis. Sample dates were chosen to coincide with periods of maximum vegetative
growth for each species. Twenty-five samples of each species were collected
from each SO, treatment. Each sample was immediately placed in a 30- ml vial
of ethanol, kept in the dark and returned to the laboratory for analysis
within 24 hours (Lauenroth and Dodd, submitted).

Plant species selected for chl determination represented those which
were most abundant in the plant community and those with specialized functional
roles. Agropyron smithii is the dominant species in the grassland composing
40 and 60 percent of total net primary production. Each sample of this
species consisted of three leaves. Koeleria cristata is the second most
abundant grass in the community and each sample consisted of three leaves.
Bromus Jjaponicus Thunb. is the most important annual grass in the plant
community and each sample consisted of six tillers each approximately 5> cm
in height. Taraxacum officinale is a very early growing perennial forb and
each sample consisted of three fully expanded center leaves each approximately
7 cm in length. Achillea millefolium is another important forb in the plant
community with a slightly later growing period than T. officinale. Each sam-
ple of this species consisted of one plant with approximately three leaves.
Sphaeralcea coccinea (Pursh) Rybd. is the most important forb in the community
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TABLE 8.1. CHLOROPHYLL CONCENTRATIONS#* AND q:b RATIOS UNDER CONTROL CONDITIONS
AND PROBABILITIES FROM ANALYSES OF VARIANCE OF RESPONSES OF
CHLOROPHYLL a AND b. LEAST SIGNIFICANT RANGES ARE IN PARENTHESES

Statistical Results

Date Chl a:b
Species Sample Chla Chlb (control) Chl a Cchl b
Psar 20 June 4.9 1.6 3.0 P<0.001 (0.47) P<0.001 (0.25)
Spco 20 June 3.9 1.5 2.6 P<0.001 (0.65) P=0.64 ( - )
Trdu 20 May 3.0 1.2 2.4 P=0.09 ( - ) P=0.02 (0.19)
Kocr 20 May 5.8 2.3 2.5 P=0.08 ( - ) P=0.14 ( -)
Taof 20 May 6.7 3.2 2.1 P<0.001 (1.90) P<0.001 (0.93)
Acmi 20 May 2.7 1.3 2.1 P<0.001 (0.22) P=0.03 (0.34)
Brja 20 May 15.1 13.2 1.1 P<0.001 (4.02) P<0.001 (3.83)
Agsm 20 May 4.6 4.6 1.0 P<0.001 (1.27) P=0.004 (1.71)
* (mg + g™h)

from the point of view of consumers as it is an important constituent of

diets of both antelope and cattle. Each sample of this species was collected
from a non-flowering plant and consisted of the center three leaves. Psoralea
argophylla Pursh is the most important legume in the community and each

sample consisted of two leaves with five leaflets each. Tragapogon dubius is
a very common biennial forb and each sample consisted of one second year
plant.

Statistical analysis of the data was by analysis of variance. Tukey's ¢
procedure was used to identify significant differences among treatment means
(Sokol and Rohlf, 1969).

RESULTS AND DISCUSSION

The species selected for this experiment represented a wide range in con-
centrations of chl a and b (Table 8.1). Chlorophyll a concentrations ranged
from 2.7 mg g~! for Achillea millefolium to 15.1 mg g~! for Bromus Japonicus.
Chlorophyll b ranged from 1.2 mg g~ ! for Tragapogon dubius to 13.3 mg g~! for
Bromus japonicus. Ratios of chl a to b ranged from a low of 1 for Agropyron
smithii to a high of 3 for Psoralea argophylla. Sanger (1971) reported chl a:b
ratios for three species of deciduous trees ranging from 1.Q to 3,5, Sestak
(1971) reviewed the literature regarding measurement of chl a and b and
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reported that a:b ratios are generally 1.5 to 3.5. In addition he found that
chls comprise 0.5 to 2.0 percent of the dry weight of plants. OUur results
ranged from 0.6 to 2.8 percent.

Exposure to SO, resulted in significant (Table 8 .1) alterations in chl «
concentrations in six of the species examined (Figure 8 .1) and significant
changes in chl b also for six species (Figure 8 .2). Chlorophyll concentra-
tion is often cited as a sensitive and reliable indicator of atmospheric sul~
fur dioxide (Heck et al., 1979; Knabe, 1976; Linzon, 1978). Our results for
chls g and b showed that a wide variety of responses may be expected. Chloro-
phyll concentration may be a sensitive and reliable indicator of SO exposure
in grasslands only if one carefully selects species.

Chlorophyll contents differed among species in quantity, variability, and
response to SO,. Koeleria cristata was apparently the most resistant to SO»
with both chls remaining unchanged regardless of concentration. Careful
examination of the data indicates that chl a was decreased substantially and
chl b was decreased a small amount. The lack of statistically significant
differences as a result of SO, exposure was probably the result of large vari-
ability in chl content among leaves and plants. Agropyron smithii, Sphaeral-
cea coccinea, and Achillea millefolium were affected with regard to chl a at
one of the SO, concentrations, but chl b remained unchanged. Chlorophyll a
has been reported to be more sensitive to SOy than chlorophyll b (Malhotra,
1977, Peiser and Yang, 1977) although the basis for this difference is not
well documented.

The most sensitive species we sampled was Bromus japonicus with both chl
a and b significantly reduced by the presence of SO2. Both chls were reduced
equally by the Low and High SO, treatments. Additional indications of sensi-
tivity to SO, with respect to net production and sulfur accumulation make
this species an excellent candidate as a biological indicator of SO2 air
pollution.

The responses of three species, Psoralea argophylla, Tragapogon dubius,
and Taraxacum officinale, were peculiar and difficult to interpret. Chloro-
phyll ¢ in all three species was increased by the Low SO treatment, unchanged
by the Medium and increased by the High treatment. None of these changes were
significant for T. dubius and all were significant (P = 0.05) for the remain-
ing two species. Chlorophyll b had the same pattern. All changes in chl b
were significant (P = 0.05) except the increase on the High treatment for T.
dubius. Since our experiment was designed to document changes in chl concen-
trations as a result of SO, exposure, we have no explanatory information for
this response.

CONCLUSIONS

Chlorophyll concentrations in grassland plants native to northern Great
Plains grasslands are not uniformly sensitive to SOy exposure. Responses
observed for eight species ranged from significant increases to significant de
creases. The concept of chl as a sensitive and reliable indicator of SO»
exposure does not hold for all species in grasslands.
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Figure 8.1. Responses of chlorophyll a to three concentrations of SOo

for; a) Psoralea argophylla, b) Sphaeralcea coceinea,

¢) Tragapogon dubius, d) Koeleria cristata, e) Taraxacum
officinale, f£) Achillea millefolium, g) Bromus japownicus,
and h) Agropyron smithii. Vertical bars on curves represent
least significant ranges (P = 0.05). No bars indicate no
significant differences.
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¢) Tragapogon dubius, d) Koeleria cristata, e) Taraxacum
officinale, £) Achillea millefolium, g) Bromus japonicus,
and h) Agropyron smithii. Vertical bars on curves represent
least significant ranges (P = 0.05). No bars indicate no
significant differences.
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SECTION 9
ADHERENCE OF WATER TO LEAF SURFACES OF AGROPYRON SMITHII

J. L. Dodd and J.E. Heasley

ABSTRACT

Leaf blades of live western wheatgrass were
immersed in room temperature water to determine an
upper limit for water adherence to blade surfaces.
A reasonable value for adherence of water to these
surfaces was ca. 50 mg + dm™2,

INTRODUCTION

The purpose of this short communication is to document results of a
limited investigation designed to determine the approximate maximum quantity
of water that will adhere to live external leaf surfaces of Agropyron smithii
Rydb. Results of the investigation will be incorporated into a mathematical
model that simulates the flux of SO, to external and intermal surfaces of
western wheatgrass blades. Since the flux rate of S0, to external leaf sur-
faces varies, in part, with the amount of water adhering to blade surfaces
it is necessary to know a maximum value to simulate flux rates immediately
following rainfall and dew events.

MATERIALS AND METHODS

We utilized leaf tissue from well watered and fertilized potted plants
reared in the greenhouse. Blade portions of leaves were separated into three
equal segments -- base, mid-portion, and tips. Each segment varied from
70-90 mm, depending on overall length of blade.

The 32 blade sections of each class were clipped from the living plant,
weighed immediately, immersed in distilled water, and reweighed to determine
mass of adhered water. Visible droplets of water were shaken from blade seg-
ments before reweighing. Length and width of blade segments were then measured
to the nearest mm for determination of leaf area. Adhered water was expressed
as mg * dm~?2 (both surfaces).
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RESULTS AND DISCUSSION

The basal and mid-portions of live western wheatgrass leaves appear to
have a lower capacity to adsorb water than do the tips of leaves (Table 9.1).
However, it is possible that this difference is due, at least in part, to
underestimating the area of blade tips by assuming that they were triangular
in shape. Subsequent examination of other Agropyron smithii blades indi-
cated that leaf tips are not always perfectly triangular but are sometimes

parallel for a portion of their length and begin to converge to a point
within 10-20 mm of the end of the blade.

CONCLUSION

We conclude that the estimates of 58 and 45 mg - dm~? (approximately
50 mg + dm~?) are the most appropriate estimates to be used as an upper limit
for the adherence of water to live western wheatgrass blades. This estimate
of adherence, of course, does not include water trapped on blades in large
droplet form as might occur on in situ plants in the field. Water collected
on blades in this form would be dependent upon plant morphology, precipita-

tion form, wind speed, and canopy architecture, and falls outside the scope
of this limited investigation.

TABLE 9.1. ADHERED WATER (X # SE) ON SURFACES OF LIVE
LEAF BLADES OF Agropyron smithii

Base Middle Tip
mg + dm 2 mg + dm™2 mg - dm~2
58 + 10 45 11 128 + 28
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SECTION 10

THE INFLUENCE OF PRECIPITATION ON THE SULFUR CONCENTRATION OF
AGROPYRON SMITHII RYBD. EXPOSED TO SULFUR DIOXIDE

D. G. Milchunas, J. L. Dodd, J. E. Heasley, and W. K. Lauenroth

ABSTRACT

The leaching by rain of SO, deposited sulfur from
Agropyron smithi? tillers in a semi-arid Montana grassland
exposed to 7.7 pphm SO, was estimated to be less than
from 5 to 13 percent depending on the time of exposure.
Accounting for intensity and frequency of rainfall in
addition to duration of SO, exposure increased our ability
to predict live plant sulfur concentration by 6 percent.
Sulfur accumulation in live plants was linear up until
the time of senescence. Overwinter losses of plant sulfur
were estimated to be 54 and 74 percent for control and
SO0, exposed Agropyron smithii tillers, respectively.

INTRODUCTION

The removal of SOy from the atmosphere by plants occurs by adsorption onto
external leaf surfaces and by absorption via diffusion through the stomata
followed by dissolution of the gas in the water film coating the walls of the
sub-stomatal chamber. Sulfur dioxide absorbed by the plant can cause disrup-
tion of various metabolic processes when the resulting concentrations of sul-
fur compounds exceed maintenance and growth requirements. Sulfur on the sur-
face of the plant is not involved in plant metabolism.

Studies attempting to distinguish between adSorption and absorption of
5092 in plants have involved washing or soaking of the exposed plant parts to
separate the two fractions. Utilizing plants exposed to 35802, Garsed and
Read (1977) soaked the leaves twice for 45 minutes with gentle shaking to ob-
tain a leachate which contained 15 to 38 percent of the total 3°S0,. A 20 to
25 percent reduction in sulfur was obtained by Rice et al. (1979) for plant
parts exposed to SO, then placed in a screened jar and rinsed with rapidly
flowing tap water for 3 minutes. Values obtained in this manner over-
estimate surface deposition or even the leaching of sulfur by natural rainfall
events.
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That rainfall leaches internal substances from plants is well documented,
and this topic has been reviewed by Tukey and Tukey (1962) and Tukey (1970).
The ease with which internal compounds are leached from plants make it diffi-
cult to experimentally discern between absorption and adsorption of SO,.
Data from one study which measured stomatal S0, absorption versus total SO,
deposition to plant leaves showed little adsorption by Heteromeles arbutifolia
and greater adsorption by Diplacus aurantiacus because of it's very sticky
leaves (Winner and Mooney, 1980). Considering that; 1) sulfur can accumulate
to very high concentrations in plants exposed to SO, (Lauenroth et al.,
1979), 2) rainfall can leach considerable internal quantities of substances
from plants (Tukey, 1970). and 3) sulfur in plant tissues is classified as
moderately leachable (Tukey et al., 1958), the amount of sulfur removed by
rainfall may be of more biological importance than the commonly used distinc-
tion between external and internal sulfur implies.

This study investigated the effect of rainfall on sulfur concentrations
of live and dead western wheatgrass (Agropyron smithii Rydb.) tillers growing
in a native Montana grassland exposed to a controlled level of S05.

MATERIALS AWD METHODS

Four live and four last year's dead Agropyron smithii tillers were col-
lected each morning during July, August, and September from fixed locations
on Control and High treatment plots. Daily precipitation was recorded to
the nearest tenth of a millimeter at the time of sampling. Total sulfur
concentrations of the oven dried (60°C) plant material were assessed with a
Leco Induction Furnace (Jones and Isaac, 1972).

Julian date and four variables descriptive of the precipitation events
were utilized in stepwise multiple regression analysis to determine their
relationships with sulfur content. The four variables used to describe
rainfall events were: 1) Totals = total rainfall in the previous 5 days, 2)
#/5 = number of rain days in the previous 5 days, 3) day last = day number
of last rain event, and 4) amount last = amount of rain in last rain event.

RESULTS AND DISCUSSION

Precipitation totaling 55 mm occurred on 14 out of 77 days during the
course of this study. This was relatively low compared to the 20 year
mean of 88 mm for July, August and September in Billings, Montana. The
largest rainfall event was 19 mm on 29 July.

Julian date was the best single predictor (r? = 0.68) of sulfur content

for live Agropyron smithii tillers exposed to SO, (Table 10.1). Accounting
for total rainfall in 5 days preceding a sampling date increased prediction.

capabilities to 0.70. The use of Julian date and three additional rain event
variables increased the coefficient of variation by only 6 percent. No sig-
nificant relationships were found for sulfur concentrations in S50j;-dead,
Control-live, or Control-dead material.

Calculations were made to determine to what degree plant sulfur levels
would have had to decline after a rain event in order to have statistically
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TABLE 10.1. COEFFICTENTS OF DETERMINATION FOR FIVE VARTABLES UTTLIZED TO PRE-
DICT SULFUR CONCENTRATION IN LIVE Agropyron smithii PLANTS EXPOSED
TO 7.7 PPHM S0,.%*

VARIABLE r?
J-date .6778
J-date, totalg .6961
J-date, #/5 .6804
J-date, day last .6801
J-date, amount last .6780
J-date, amount last, totalg 7145
J-date, totals, #/5 .7003
J-date, totalg, day last .6961
J~date, amount last, #/5 .6811
J-date, #/5, day last .6807
J-date, amount last, totals, #/5 .7361
J-date, amount last, totalg, day last .7324
J-date, totalg, #/5, day last L7024
J-date, amount last, #/5, day last .6812
* The five variables are Julian date (J-date), the total rainfall in the

previous 5 days (Totals), the number of rain days in the previous
5 days (#5), the day number of the last rain event (Day Last), and
the amount of rain in the last rain event (Amount Last).

detected a leaching effect. Confidence bands (95 percent) were formulated about
the regression of sulfur concentration on date for SO,-live data. Rain would
have had to have leached 13, 5, and 8 percent of the sulfur content of live
plants exposed to SO, on early, middle, and late sampling dates, respectively,
for data points to have fallen outside the 95 percent confidence bands.

Sulfur concentrations in live Agropyron smithii tillers on the SO,
treatment increased through the growing season to a peak in late August;
after which they declined (Figure 10.1). A comparison between early and peak
sulfur concentration was made by an analysis of variance on the first seven
data points and seven consecutive late August data points. Sulfur concentra-
tion increased 43 percent (p = 0.037) in control-live and 69 percent (p =
0.001) in SOy;-live plants. Sulfur concentrations of last yvear's dead tillers
increased 35 and 24 percent (p = 0.002 and 0.001) for control and SO, treat-
ments, respectively. Estimates of overwintering decreases in sulfur concen-
tration were made by comparing peak live with early season dead sulfur
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concentrations. These estimates suggest that overwinter losses were 54 and
74 percent (p = 0.001 and 0.036) on the control and SO, treatment , respec-—
tively.

In addition to leaching, precipitation can potentially affect the dis-
tribution of sulfur in a system exposed to SO, through its effect on atmos-
pheric SO, and by increasing surface deposition because of the high solubility
of S0, in water (Hocking and Hocking, 1977; Terraglio and Manganelli, 1967).

We could not detect increases in the sulfur concentration in ground level

dead Agropyron smithit tillers after rainfall events. It must be stressed,
however, that this study was conducted in a semiarid grassland habitat in a
below average rainfall year. 1In Alberta, Canada, Nyborg et al. (1977) reported
that rain intercepted by forest trees exposed to SO, had a sulfur content 3

to 4 times greater than rain that was not intercepted.

During the wet season in the tropics, the growth and yield of plants may
be severely limited by the inability of their roots to absorb and replace
nutrients in sufficient quantities to overcome losses via leaching (Tukey,
1970). On the other hand, leaching can be an excretion process by which
waste products and substances in excess of requirements can be elimited
(Franke, 1967; Stenlid, 1958). The physiological process of guttation through
hydathodes and the high salt content of the excreted fluid has been recognized
for a long time (Curtis, 1943; Greenhill and Chiball, 1934). The possible
function of guttation and leaching in avoidance of SO, injury by plants in
wet climates warrants further investigation. Guttated fluids can be washed
away by rain.or be drawn back into the plant (Curtis, 1943)., Considering
that guttation in dry habitats usually occurs at night when S0, concentrations
are highest, and that S0, deposition is greatly increased on wet surfaces
because of the high solubility of S0, in water, guttation in dry climates
where leaching is not as important of a factor as in wet climates may actually
increase SO, uptake and constitute another route of entry of sulfur in plants.

Seasonal peak plant sulfur concentration did not coincide with peak
plant growth (Dodd et al., 1980). Milchunas et al. (In Prep.) observed a
peak in Agropyron smithii live leaf area in late June - early July, whereas
peak sulfur concentrations occurred in late August. Data from this study and
Lauenroth et al. (1979) indicates that sulfur accumulation in live plants
exposed to 50, 1s linear throughout the growing season. The high overwinter
loss of 54 and 74 percent sulfur for Control and SO, exposed tillers, respec-
tively, occurs as cell walls deteriorate and their contents leach. The
following year, sulfur content of the dead material increased. Gosz et al.
(1976) observed an initial period in litter decomposition when the relative
abundance of carbon to minerals was lowered by microbial oxidation. The
smaller increase in the sulfur concentration of dead Agropyron smithii tillers
on the S0, treatment may be a reflection of decreased decomposition rates
with SO, exposure (Dodd and Lauenroth, 198Q),

CONCLUSIONS
The leaching by rain of sulfur from Agropyron smithit tillers in a semi-

arid Montana grassland exposed to 7.7 pphm SO, was estimated to’be less than
5 to 13 percent depending on the duration of exposure. Accounting for the
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intensity and frequency of rain in addition to the duration of SO, exposure
increased the ability to predict live plant sulfur concentration by 6 per-
cent. Sulfur accumulation in live plants was linear throughout the growing
season (r2 = 0.68). Overwinter losses of plant sulfur were estimated to be

54 and 74 percent for control and SO, exposed Agropyron smithii tillers,
respectively. The following spring, sulfur content of dead Agropyron smithiti
increased through the summer as microbial decomposition reduced organic carbon
to mineral ratios.
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SECTION 11

SULFUR DISTRIBUTION AND ALLOCATION IN WESTERN WHEATGRASS
EXPOSED TO SO, UNDER VARTIABLE NUTRIENT SULFUR REGIMES

C. J. Bicak, W. K. Lauenroth, and J. L. Dodd

ABSTRACT

Sulfur concentrations in western wheatgrass plants
were measured in shoots and roots, individual leaves,
and leaves subdivided into three blade segments. Plants
were exposed to Control or High SO, and were main-
tained in hydroponic solutions without sulfur, and at
both optimum (2 mM) and double the optimum (4 mM) con-
centration of sulfur. Leaf tips contained more sulfur
than middle or basal blade segments and fumigated leaves
contained more sulfur than unfumigated leaves. Added
S0, did not alter the sulfur contents of either
shoots or roots. However, added sulfur in the nutrient
medium increased root and shoot sulfur levels. Shoot-
root biomass ratios were greater in fumigated plants
in the early season. Late in the season however, dif-
ferences due to SO, fumigation were not discernible.

INTRODUCTION

With the rapid development of coal mining and associated coal-fired
power plants in the western states, the impact of air pollutants on grassland
ecosystems has become of considerable importance (Preston and Gullett, 1979).
Cool season grasses make up the predominant vegetation cover of prairies in
coal-producing regions of southeast Montana and are an important component of
the diet of both wild and domestic herbivores. While many investigations
have centered upon plant responses to S0, under laboratory conditions, few
studies have utilized field exposures. Laboratory fumigation trials rarely
simulate ambient fluctuations in SO, concentration and present problems in
extrapolation to field conditions. The objective of this study was to deter-
mine the interactive effects of atmospheric and substrate S on sulfur metabo-
lism of a C3 grass native to mixed prairies in southeast Montana. Emphasis was
placed upon sulfur distribution and allocation in western wheatgrass as well
as alterations in the relative masses of shoots and roots.
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Many reviews have recognized sulfur dioxide injury to vegetation (Jacobson
and Hill, 1970; Wolozin and Landau, 1966), but researchers have only recently
begun to examine the physiological alterations and the subsequent fate of 50,
in the plant system (Malhotra and Hocking, 1976; Ziegler, 1975). Sulfur
distribution and allocation in native plants have not been fully characterized
and the nutrient has often been considered relatively immobile once an optimal
leaf sink concentration has been achieved (Salisbury and Ross, 1978; Lalichli,
1972). Optimal sulfur concentrations have been suggested to range from 1500
ug + g=! to 3000 ug * g~! in forage grasses (Metson, 1973). Plants in an
atmosphere containing measurable levels of S50, may be subjected to a physio-
logical stress as the sulfur concentration in the tissue approaches some
toxic level. Tingey et al. (1978) found that western wheatgrass was relative-
ly resistant to SO, with concentrations greater than 100 pphm required to
induce visible injury. Even though visible injury may be minimal, sulfur
levels greater or less than an optimal level may induce severe physiological
stress upon a plant. Malhotra and Hocking (1976) have reviewed current
physiological literature and have noted inhibitory effects of S0, on plants
that include interference with photosynthetic CO, fixation and a reduction in
the buffering capacity of plant cells. It is conceivable then, that such
subtle shifts in whole plant sulfur status may imply long-term alterations in
the mixed-prairie ecology.

Plant sulfur content and partitioning are not well characterized under
S0, fumigation conditions in the field. The focus of this paper is upon this
problem. In light of the foregoing discussion the following objectives have
been established in this study; 1) determine the role of deficient and
excess nutrient sulfur levels in conjunction with SO, in affecting changes in
sulfur distribution and accumulation in western wheatgrass, 2) determine the
relative mobility of sulfur in western wheatgrass, 3) determine potential
plant tissue sinks for sulfur.

MATERIALS AND METHODS

Experimental Design

To provide a nutrient system that would allow precise manipulation of
sulfur concentration, hydroponic containers were employed. Extensive re-
search has been conducted with hydroponic systems and cultivated species such
as tomatoes and cucumbers (Salisbury and Ross, 1978) while concern for native
vegetation has been limited. Although some work with native grasses and
nutrient solutions has been reported in the literature (Williams and Kemp,
1978; Detling et al., 1979) most of this has focused upon photosynthetic re-
sponses to changing envirommental conditions.

Western wheatgrass (Agropyron smithiil Rybd.) plants were grown in hydro-
ponic culture with a full complement of elemental nutrients ih one~seventh
strength solution as described by Hoagland and Arnon (1938). Containers held
approximately 8 liters and adequately sustained 24 plants. Upon transfer
from the greenhouse to the fumigation site in Montana, plants were moved to
4 liter styrofoam containers with eight plants per container. Containers
were covered and taped to minimize deposition of S0, to solution surfaces.
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Two experimental periods were selected during the growing season. The
first progressed from June 20 to June 26, 1979 (147 hours) while the second
progressed from August 12 to August 18, 1979 (147 hours). These time intervals
coincided roughly with periods of maximal photosynthetic rates and 50 percent
senescence respectively, in native western wheatgrass plants im situ. Develop-=

mental stages were similar in greenhouse~grown and 7 s8itu plants in the spring.
In the early season, four experimental containers were placed on each of the

Control and SOp-fumigated plots. Nutrient sulfur concentrations were varied
such that one container received no sulfur, one received complete sulfur (2
mM), and one received double (4 mM) the complete sulfur complement. A fourth
container held eight dry western wheatgrass plants. These plants were not
physiologically functional and were included in the design to simulate senes-
cent leaf material in which the predominant sulfur input would be surface de-
position. The late season trial was similar in design to the early season
trial but greenhouse-grown plants were in an earlier developmental stage than
in situ plants.

Plant Analysis

Plant material was oven-dried at 60°C to a constant weight. Sulfur
content of leaves, shoots, and roots was assessed in all plant material in
hydroponic containers across all SO, fumigation plots. At the time of harvest,
plants were divided into shoot and root components to prevent potential
subsequent sulfur translocation. Some individual blades were further divided
into leaf blade tips, midsections, and bases each approximately 6 cm long.
Sulfur content (mg S/mg tissue) was measured with a LECO Induction Furnace
(Laboratory Equipment Corporation, St. Joseph, Michigan, USA) with the inor-
ganic sulfate ion (SOf) the primary form of sulfur recovered. Data were
subjected to analyses of variance to discern any treatment differences while
means reported include standard errors about them.

RESULTS AND DISCUSSION

Most gaseous pollutant investigations have focused upon responses of
dicots, particularly cultivated species (Jacobson and Hill, 1970; Guderian,
1977). Since the growth and development of grasses are notably different
(Esau, 1965), extrapolation of responses to air pollutants from one form of
growth to another may not be valid. Development of dicots is characterized
by leaf expansion in the light, whereas a specialized leaf unrolling process
occurs in grasses (Leopold and Kriedemann, 1975) which results in a gradient
in the functional age of individual grass blades. Development of grasses
proceeds from the crown with older leaves near the base and younger leaves
near the tip of the plant. Individual leaf initiation and expansion occurs
such that the leaf tip is the oldest and the base the youngest portion of the
leaf (Langer, 1972). Since there is a difference in the development of
grasses and dicotyledonous species it may be assumed that patterns in plant
sulfur content and distribution may also be very different. To better under-
stand the impact of coal-fired power plants upon mixed-prairie vegetation,
research efforts must concentrate upon endogenous grass species. This paper
focuses upon comparisons of plant material exposed under control conditions
(-S0,) and with SO, fumigation (7.7 pphm) as well as comparisons between
plants grown in different S-nutrient solutions. Sulfur distribution and
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allocation are discussed below with consideration of three levels of organiza-
tion; 1) segments of leaf blades, 2) whole leaves, and 3) whole plants.

Leaf Segments

Sulfur content in segments of the leaf blade was significantly different
(P £ 0.01) in both the early and late exposure periods of the growing season
with the highest sulfur levels in the oldest portion of the grass blade (tip)
and the lowest sulfur levels in the youngest portion of the blade (base).
The gradient in blade sulfur content from oldest to youngest tissues was
consistent with and without SO, fumigation (Figure 11.1). While there was no
significant interaction between SO, exposure level and the sulfur content of
individual parts of the blade, the data and the evidence of Lauenroth et al.
(1980) lead us to believe that sulfur levels were higher in leaf blade
parts from unfumigated plants than from fumigated plants. Gradients in sulfur
content between tips and bases were also reported by Jiger (1976), utilizing
spruce needles exposed to 50,. Guderian (1977) suggested the secondary
transport of sulfur taken up as S0, to blade tips and margins as an explanation
for this gradient. Although Jdger (1976) and Guderian (1977) both cite
Halbwachs (1963) to explain this transport via the movement of sulfate in
water and an associated water potential gradient toward tips and margins, it
is conceivable that tips are simply exposed for a longer period of time and
accumulate more sulfur than the younger portion of the blade. Lower sulfur
levels in parts of the blade from fumigated plants suggest that a translocation
mechanism may be implicated in plants exposed to S0, that shunts sulfur from
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Figure 11.1. Sulfur content in segments of the leaf blade following late
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foliar parts to roots more readily than when the ambient atmospheric sulfur
levels are negligible. That is, the sulfate sulfur concentration gradient
between shoots and roots is steepened. Such a transfer however, does not
necessarily imply an increase in biomass (Table 11.1). According to Miinch
(1926), solute concentration at a source (Z.e., shoot) may dictate the rate
and bulk flow of that solute to a sink (Z.e., root). TIonic transfer may be
similar as downward movement of sulfate sulfur through phloem tissue is
accelerated. Rennenberg et al. (1979), working with tobacco, presented
evidence that reduced sulfur, with SO, as its source (Garsed and Read,
1977), is translocated from leaves to roots.

Differences in the sulfur content of segments of leaf blades were also
related to variations in nutrient solution sulfur (Figure 11.2). Sulfur
content varied only with blade segment (P = 0.0l) and not sulfur nutrition
with results similar with and without SO, fumigation. Although the effects
of nutrient solution treatments upon the sulfur content of parts of the blade
were not significantly different from one another, the trend suggests consis-
tently greater blade segment sulfur content when the nutrient solution contains
twice the optimal level. These data also support the idea of a leaf tip to
base gradient in sulfur concentration. Differences in sulfur content among
the three nutrient solutions were smallest in leaf bases. Accumulation of
sulfur in plant material kept in high sulfur nutrient solutions may be ex-
plained by a more traditional translocation mechanism than may operate when
S0, is a primary controller or regulator of sulfur distribution. Sulfate is

TABLE 11.1. SHOOT-ROOT BIOMASS RATIOS FOR WESTERN WHEATGRASS PLANTS WITH AND
WITHOUT SO, AND WITH THREE NUTRIENT SOLUTION SULFUR LEVELS *

Early Season (s/r) Late Season ({s/r)

.i.

A no S 1.13 No difference A no S 1.62 No difference
D no S 1.83 (P = 0.12) D no S 2.16 (P = 0.17)
A comp S 2.14 No difference A comp S 2.39 No difference
D comp S 2.21 (P = 0.41) D comp S 2.21 (P = 0.41)
A doub S 1.48 No difference A doub S 1.60 No difference
D doub S 1.63 (P = 0.35) D doub S 2.38 (P = 0.14)
A dep 0.86 No difference A dep 1.26 No difference
D dep 0.88 (P = 0.47) D dep 0.78 (P =0.12)
*

Two sample T-tests indicated no significant difference (P < 0.05) between
the two fumigation plots among four nutrient solution treatments, across
two time periods in the growing season.

T A= (- 502)
D = (+ 802)
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translocated from roots to the leaves through the transpiration stream. In
this way the excess sulfur load to which roots are exposed, may be alleviated.
Early and late season data were similar.

Whole Leaves

Statistical analysis of the sulfur content of whole leaves indicated
significantly (P £ 0.05) greater sulfur in leaves exposed to 7.7 pphm SO,
than in unexposed plants for all the nutrient solution treatments in the
early season (Figure 11.3). In contrast to this, sulfur content in whole
leaves of fumigated plants across the nutrient solution treatments was signi-
ficantly less (P £ 0.05) than with no fumigation in the late season with
difference due primarily to enhanced sulfur levels with the complete sulfur
solution (Figure 11.4). To examine this apparent anomaly in more detail,
data were subjected to a three way analysis of variance, including each of
four leaf ages, with the SO, and nutrient solution sulfur information.
Differences in sulfur content were not significant among leaves of different
developmental or physiological ages. We suggest that the 147 hour exposure
interval is insufficient in both the early and late periods of the season to
identify trends in plant sulfur distribution for all leaves combined or on an
individual leaf age basis.
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Whole Plants

A final analysis of the hydroponically grown plant material involved
determination of sulfur content for shoots and roots. Shoot and root sulfur
content did not vary significantly between the early and late season periods
in unfumigated plants (P £ 0.05) (Figures 11,5 and 11.7) while the influence
of nutrient solution sulfur was significant. Similarly, shoot and root
sulfur contents varied only with nutrient solution sulfur and not the S0,
fumigation during both periods of the growing season (Figures 11.6 and 11.8).
Linzon et al. (1979) found elevated sulfur levels in white birch foliage and
associated low level visible SO, injury with a mean S0, concentration of 1.1
pphm during the growing season in southern Ontario. Lack of difference
between unfumigated and fumigated plant material sulfur content in our study
may be attributable to the short exposure interval. It is noteworthy, however,
that nutrient solution sulfur content had a significant effect (P £ 0.05) on
shoot and root sulfur, albeit that effect was somewhat different in the early
and late season periods. In addition, shoot sulfur content was greater than
root sulfur content during both periods of the growing season with the only
exception occurring on A in the ''double sulfur" solution. That sulfur content
of dried, inactive shoots and roots varied, particularly in the early season,
is not readily reconcilable. Perhaps shoot sulfur content is always greater
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than root sulfur content with any additional sulfur accumulation in S0,
exposure simply due to deposition upon the dried shoots. In general, Figures
11.5 to 11.8 express the not unexpected accumulation of sulfur in plants as
nutrient solution sulfur changes from near zero to twice the optimal level.
Shoot and root sulfur content data are probably indicative of a response
rapid enough to suggest true biological trends.

Although differences were not significant, shoot-root ratios calculated
for plants from the early exposure period suggested an enhanced shoot growth
in fumigated versus unfumigated plants which is most pronounced with the "no
sulfur" nutrient solution treatments (Table 11.1). Although the same trend
seems apparent in the late season data, root biomass was less among all the
nutrient solution treatments on D. Hence, the high s/r may be less indicative
of enhanced shoot growth and more so of reduced root growth.

It is apparent that important physiological changes may occur in response
to 50p. At no time have we observed visible injury symptoms in western
wheatgrass. Yet, the altered sulfur balance in the plants suggests long-term
effects of, as yet, unknown proportions.

CONCLUSTONS
Sulfur contents in blade tips of western wheatgrass was greater than in

middle or basal segments of the blade. While a secondary transport scheme
has been suggested to account for the movement of sulfate to blade tips and
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margins in the transpirational stream, it is conceivable that tips are simply

exposed for a longer period of time than the lower, younger portion of the
blade.

The duration of the exposure periods (147 hours) appeared inadequate to
discern any sulfur distribution trends among whole leaves y:t, fumigated
leaves contained more sulfur than unfumigated leaves in the early season
trials.

Sulfur dioxide treatments had no effect on shoot and root sulfur content
but the effect of nutrient solution was significant. Shoot sulfur content was
greater than root sulfur content during both periods of the growing season with
the only exception occurring on the unfumigated control in the "double sulfur"
solution.

Trends suggest that shoot-root ratios were greater in the early season
on the plot fumigated with SO, but the trend late in the season suggested
reduced root growth rather than increased shoot growth. Further controlled
exposure studies are required to document consistent reductions in root
growth in the late season.
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SECTION 12

EFFECTS OF SO, EXPOSURE WITH NITROGEN AND SULFUR
FERTILIZATION ON THE GROWTH OF AGROPYRON SMITHII RYDB.

D. G. Milchunas, W. K. Lauenroth, J. L. Dodd, and T. J. McNary

ABSTRACT

Exposure of western wheatgrass (Adgropyron smithii
Rydb.) to 3.0 pphm SO, during the growing season
resulted in increased leaf areas, while at 5.4 and 9.1
pphm SO, leaf area declined to near Control levels.
Nitrogen fertilization increased leaf areas with
increasing levels of S0, indicating that N fertili-~
zation can ameliorate the effects of SO, pollution.
S0, x N interactions also resulted in a shift in
phenological development. Nitrogen fertilized plants
exhibited an increased rate of senescence and time of
senescence for 9.1 compared to 3.0 or 5.4 pphm SO,,
but only a more rapid rate of senescence compared to
the Control. Nitrogen fertilization without SO0, also
resulted in a more rapid rate of senescence. Dif-
ferentiating between rate and time of senescence is
necessary when examining the effects of any compound
which can be both a fertilizer and a toxic substance.
No S0, x S0, interaction was observed.

INTRODUCTION

Sulfur dioxide is the most widespread air pollutant that is capable of
causing severe injury and damage to vegetation (Saunders and Wood, 1973;
Stern, 1968). Plants vary greatly in their response to SO, (Guderian and Van
Haut, 1970). This variation is due to their genetic composition, to their
response to envirommental factors, to their nutritional status, and to the
time and concentration of exposure to SO, (Guderian, 1977) . Sulfur dioxide
can result in the general disruption of photosynthesis, respiration and other
fundamental cellular processes and thereby cause reduction in plant growth
and yield (Ziegler, 1975). On the other hand, sulfur is necessary for the
general metabolism of plants because it is a major component of amino acids,
certain vitamins, glutothione, coenzyme A, and also functions in the activa-
tion of certain proteolytic enzymes, in the formation of glucoside oils, and
of certain disulfide linkages that have been associated with the structural
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characteristics of protoplasm (Ziegler, 1975). Because of the nutritional/
phytotoxic effects of sulfur and the differences in species response, contra-

dictory results can be found in the literature with respect to plant growth
and yield as affected by atmospheric S0,, soil sulfate, and the interaction
between the two sulfur sources.

Cowling and Lockyer (1978) demonstrated that exposure of sulfur-
deficient perennial ryegrass to SO, at low concentration (2 pphm) can
correct sulfur deficiency. Additionally, they found no adverse effects of
S0, on plants supplied with adequate sulfur through the soil. 1In contrast to
this, Bell and Clough (1973) measured 50 percent reduction in yield of S 23 peren-
nial ryegrass, at concentrations of 7.3 pphm SO,, Faller (1971) reported
that 57.7 pphm SO, had a favorable effect on tobacco leaf development even
when sufficient sulfate (0, 40, 80 and 240 ppm) was available from the substrate.
They further concluded that SO, was equivalent to sulfate as a source of
sulfur for plant growth. Thomas et al. (1943) found 8.5 pphm SO, less effi-
cient than sulfate and yield of fumigated plots with various amounts of
sulfate (0, 0.8, 1.5,and 10 ppm) to be the same as yield of non-fumigated
checks. Katz (1949), Setterstrom et al. (1938), Booth et al. (1976), Brisley
and Jones (1950), Brisley et al. (1959), Daines (1968), Thomas et al. (1944)
reported that crop yields were not significantly reduced by SO, when visible
injury symptoms were absent. Guderian and Stratmann (1962), Lockyer et al.
(1976), and Tingey et al. (1971) demonstrated a suppression of plant growth
by SO, with no visible leaf necrosis. Lockyer et al. (1976) observed a
reduction in yield of perennial ryegrass grown without addition of sulfate at
low SO, concentration and a reduction in yield of plants grown in 15.4 pphm
S0, irrespective of the addition of sulfate to the soil. Leone and Brennan
(1972) found SO, injury was more pronounced in plants grown at higher sulfate
levels. Eaton et al. (1971) observed no reduction in growth of cotton and
tomatoes exposed to SO, (7.7 pphm) but a 37 and 54 percent growth reduction,
respectively, upon the addition of sulfate salts.

In plant and animal nutrition, sulfur metabolism is closely related to
that of nitrogen. Sulfur and nitrogen are utilized in growth according to a
stoichiometric relation which closely agrees with the elementary composition
of protein, the principal consumer of these elements (Dijkshoorn et al.,
1960). Aulakh et al. (1976) and Pumphrey and Moore (1965) reported maximum
yield for alfalfa with a total N:total S ratio of 11:1. Increased sulfate
application improved N uptake and enhanced protein production (Aulakh et al.,
1976)., Further, evidence is accumulating that certain sulfur-containing
enzymes perform a vital role in interconversion of nitrogenous compounds
(Rendig and McComb, 1959). Medvedev (1957) has postulated that sulfhydryl
groups, through their effect on protein structure, regulate to some degree
the course of ontogenetic development. Because roots apparently have the
ability to reduce sufficient sulfate to provide for their own needs but do
not translocate appreciable amounts of reduced sulfur to the shoots (Salesbury
and Ross, 1969), the increased supply of readily available sulfur from low
levels of S0, exposure may actually enhance protein production and plant
growth (Ziegler, 1975).

High levels of S0, fumigation (59.2 pphm) have been shown to reduce
protein synthesis (Godzik and Linskens, 1974) . Constantiniodou and Kozlowski
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(1979) reported a significant reduction in protein and total nonstructural
carbohydrate when Ulmus americana seedlings were fumigated with high levels
of S0,. The reduction in protein was accompanied by increases in free amino
acids (Godzik and Linskens, 1974). Steinberg et al. (1950) proposed that the
chlorosis commonly shown by plants subjected to nutritional stress is accom-
panied by an accumulation of free amino acids.

There is a need for further investigation of plant response to SO, X

SOL x N because 1) there are contradictory reports on S50; X SO, interactions,
2) very little information is available on SO, x N interactions, and 3) there
is especially a lack of information in this regard for native rangeland
species grown under field conditions. Under natural conditions, changes in
humidity, light intensity, temperature (Ziegler, 1975), dew, mist, and rain
(Garsed and Read, 1977; Malhotra and Hocking, 1976) can affect plant uptake
of S0,. This study investigated the effect of three levels of S0, fumigation
and sulfur, nitrogen and sulfur plus nitrogen fertilization on the growth of
western wheatgrass (Agropyron smithii Rydb.) in a natural grassland ecosystem.

MATERIALS AND METHODS

The study area was located on the divide between the Powder and Tongue
River drainage basins in Custer National Forest, Montana (45°15'N, 106°E). A
split plot design was used with SO, treatments as the main plots and fertilizer
treatments as the split plots. The objectives of the SO, treatments were to
maintain 30-day median SO, concentrations of zero (Control)., 2 (Low), 5
(Medium), and 10 pphm (High) throughout the April to October growing season.
Each 0.52-ha treatment plot was subdivided into two replicates. Sulfur
dioxide was delivered to the treatment plots through a network of aluminum
pipes located approximately 0.75 m above the ground surface. Concentrations
were monitored with a Meloy Laboratories (Model SA 160-2) sulfur analyzer
through teflon lines located .within the plant canopy. Analysis of the 1978
monitoring data resulted in SO, growing season means of <1.0, 3.0, 5.4, and
9.1 pphm for the Control, Low, Medium and High treatments, respectively.
Geometric mean concentrations of SO, during daylight hours were one-third
less than the 24-hour day values reported above.

Four 1 x 2 m contiguous fertilizer plots were located in each replicate
for each SO, treatment. Fertilizer treatments were: Control, nitrogen (150
kg nitrogen/ha as ammonium nitrate), sulfur (15 kg sulfur/ha as magnesium
sulfate), and nitrogen plus sulfur (150 kg nitrogen plus 15 kg sulfur/ha).
The treatments were applied in solution on April 15, 1978. The amount of
water used in application of the fertilizers (equivalent to 5 mm rainfall)
was also applied to the Control plots. Soils on the study area were clas-
sified as Farland silty clay loams. Soil N and SO; levels for the A<11l
horizons from soil pits adjacent to the fumigated plots averaged 0.1 percent N
and 0.1 meq. SOy - 100 g~} soil.

Ten Agropyron smithii plants on each fertilizer treatment-replicate were
marked by placing a large metal washer over the plant (Z.e., 20 plants
per fertilization treatment per SO, treatment). Growth of each plant was
assessed by counting the number of leaves and measuring, to the nearest mm,
plant height, green and brown length of each leaf blade and the maximum width

98



of the green and brown portions. Each leaf blade was assumed to be triangular
for leaf area calculations. Live and dead leaf areas were calculated separately.
Decreases in the area of individual leaves between sample dates were assumed

to represent leaf material added to the litter.

Analysis of variance was performed using a split-split plot design with
the following breakdown: main plot-SO, level; split plot - a N x S two by
two factorial; split-split plot-sample date. Replicates were viewed as a
randomized block due to positioning. Tukey's Q values were utilized to com-

pute least significant ranges (LSR) and identify significant differences be-
tween means {(Sokal and Rohlf, 1969).

RESULTS

Significant sample date x S0, (P = 0.055) and date x nitrogen (P =
0.001) interactions were observed for average plant height. Significantly
greater plant height occurred on the High SO, treatment than on the Control
(Figure 12.1). Plant heights for the Low and Medium SO, treatments were
greater than the Control but were significantly lower than the High S0,
treatment at peak plant height (v~ 5 July). Plant height was greatly enhanced
by N fertilization (Figure 12.2) showing the greatest effect at peak height.
The timing of peak plant height was not changed by either SO, or fertilizers.
Significant post peak declines were evident with nitrogen fertilization.
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Figure 12.1. Plant height for SO, treatments (—————Control, — — — Low,
. Medium, —--— High) across all fertilization treatments.
Date x SO,, P = .055. Use LSRy, for significance range of SO,
treatments within date; LSRg for across date within SO, treatment,
and LSR;g for across SO, treatment across date.
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Figure 12.2. Plant height with (~————) and without (— -— — ) nitrogen
fertilization across SO, treatments. Date X nitrogen, P = .001,
Use LSR, for significance range of treatments within date; LSRg
for dates within treatment, and LSR;g for across treatments
across dates.

Analysis of average number of leaves per plant showed significant date x
N (P = 0.001) and date x SO, (P = 0.001) interactions. The significant time
X N interaction was due to an intersection of values rather than any signi-
ficant within date effect of nitrogen fertilizer as indicated by LSR values.
The response to S0, was not clear but suggested a greater average number of
leaves per plant at the end of the growing season (Figure 12.3).

Total leaf area (live and dead) displayed a significant response to N,
50,, and sample date with the date x N x S0, three-way interaction signi-
ficant at P = 0.021. Nitrogen fertilization increased total leaf area within
all SO, treatments and nearly doubled on the high SO, treatment at peak area
(Figure 12.4). Post-peak leaf area differences progressively decreased with
time for S0, treatment with nitrogen compared to without nitrogen fertilizer.
Sulfur dioxide treatment without additional nitrogen did not generally show
significant differences in total standing leaf area although there was a trend
toward greater leaf areas with SO, treatment at peak and post peak dates.
Nitrogen fertilization resulted in substantial differences among SO, treat-
ments. Leaf areas on the High SO, treatment were significantly greater than
Control on all except the first and the last two dates, and were also signi-
ficantly greater than those from the Low or Medium treatments up to the peak.
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Figure 12.3. Average number of leaves per plant for SO, treatments. (
Control, — ——Tow, -+-- - Medium, —-— High) Date X S0,, P =
.001. TUse LSR, for significance range of S0, treatments within
date, and LSRq for dates within SO, treatment.

Post peak leaf area on the high SO, with nitrogen treatment declined more
rapidly than other treatments and reached levels similar to the Control on
the last sample date.

Analysis of total live leaf area illustrated SO, and nitrogen effects.
Date x S0, and date x N interactions were both significant (P = 0.001). Live
leaf areas of plants on the Control plot were significantly lower than those
exposed to the high SO, concentration with the exception of the first sampling
date when the plants were very small (Figure 12.5), Pre-peak increase was
greater and post-peak decline was more pronounced on the High SO, treatment
compared to Low or Medium treatments. Nitrogen fertilization produced more
rapid pre-peak increases and post-peak declines in live leaf area (Figure 12.6).
Very large differences between live leaf area with and without nitrogen became
insignificant by the September 15 sampling date.

Total leaf area is a measure of the plant response as a whole. Examin-
ation of individual live leaf area gives a more distinct picture of the
dynamics of growth because values for any given treatment/date combination do
not represent an average across all leaf age classes which would include
young expanding leaves as well as old senescing leaves. We will examine data
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Total standing leaf area for SO, treatments (———— Control,
— —-— Low,--+--+- Medium, —~-—— High) with ( ®) and without

(Q) nitrogen fertilization. Date x N x SO,, P = .021. Use

LSR, for significance range of N fertilization within SO, treat-
ment within date, LSR, for across SO, within fertilization within
date, LSRg for across SO, across fertilization within date, LSRq
for within 50, within fertilization across date, and LSRjg for
across SO, across or within fertilization across date.
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Figure 12.5. Total live leaf area for SO, treatments (———— Control, — —
—Low, -+ ---- Medium, — — High) across all fertilization
treatments. Date x 8§05, P = .001. Use LSRy, for significance

range of SO, treatments within date, LSRg for within SO, treat-
ment across date, and LSR;g for across SO, treatment across date.
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Figure 12.6. Total live leaf area with ¢ ) and without (— — —) ni-
trogen fertilization across all SO, treatments. Date x N, P =
.001., For explanation on use of significance ranges (LSR) see
Figure 12.2.

for leaf numbers four and five because their growth period and our sampling
dates coincide to best display growth dynamics.

The influence of nitrogen on live leaf area is demonstrated by the date
x N x S0, interaction (P = 0.001) for leaf number 4 (Figure 12.7). Two
aspects of this interaction will be discussed: 1) the influence of nitrogen
fertilization within S0, treatment, 2) the relationship between SO, treatments

without N fertilizer compared to the relationship between S0, treatments with
N fertilizer.

Within SO, treatments, nitrogen fertilization resulted in much larger
leaf four live area during early June compared to the non-fertilized treat-
ments. By the 26 June sample date, larger live leaf area with N fertilizer was
observed only on the Low and Medium SO, treatments. Near the end of the
growing season, live leaf area on the low SO, treatment was significantly
greater without nitrogen fertilization.

Nitrogen fertilization altered the relationships among SO, treatments
for live area of leaf number four. Early June live leaf areas were not signi-
ficantly different in the absence of N fertilizer. With N fertilizer,
significant differences were observed between SO, treatment. A trend of
distinct ordered increase in live leaf area with increasing SO, level was
evident. By late June, exposure to SO, significantly increased live leaf
area without nitrogen only on the Low treatment. With nitrogen fertiliza-
tion, significant increases in live leaf area were observed on the Low and
the Medium S0, treatment for June and July. Live leaf areas on all SO,
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Figure 12.7. Live leaf area for leaf number four by SO, treatment ¢
Control, — — —Tow, **+--"" Medium, =——+-— High) with (@) and
without (O) nitrogen fertilization. Date x N x SO,, P = .001.
For explanation on use of significance ranges (LSR) see
Figure 12.4.

treatments with nitrogen converged by the 16 August sampling date. Nitrogen
fertilizer induced a rapid decline in live leaf area on the high SO, treat-
ment with nitrogen which was not evident on the High S0, treatment without
nitrogen.

Sulfate fertilization had only a small influence on live leaf area as
demonstrated by the significant date x N x SOL interaction (P = 0.036) for

leaf number five (Figure 12.8). The interaction was significant largely because
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Figure 12.8. Live leaf area for leaf number five by nitrogen and sulfate fertili-
zation treatment across all SO, treatments., Control (— — —),
S0y (_"—),N(————),N'FSOL,( ........ ). Date x N x

SOy, P = .036. Use LSR, for significance range of fertilization
treatment within date, LSRq for across date within treatment, and
LSR;g for across date across treatment.

of the convergence of data late in the growing season. Significant inter-
actions involving SOf were not observed for any other leaf area parameter
analysed. Sulfate plus nitrogen fertilizer on the non-fumigated control
plants showed an increase compared to N alone but this was not statistically
apparent. No sulfate x SO, interactions were observed.

The amount of the total calculated leaf area which was transferred to
the litter during the growing season was significantly (P = 0.001) influenced
by the interaction of sample date, nitrogen additions, and S0, exposure
(Figure 12.9). Significantly greater late season litter production was
observed for N compared to no N fertilization within SO, treatment and for
the High SO, treatment compared to other S0, treatments within N fertilization.

DISCUSSION

The lack of a significant response to sulfate (without N) across S0,
treatment is consistent with findings of Das and Runeckles (1975), Lockyer et
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Figure 12.9. Litter area production for SO, treatments (————(Control,
—_— — — low, --c----- Medium, ——-—— High) with (@) and
without ( O) nitrogen fertilization. Date x N x SO,, P = .001,

For explanation on use of significance ranges (LSR) see
Figure 12.4.

al. (1976), Setterstrom et al. (1938), and Thomas et aql. (1943). Faller

(1971) reported minor yield variations in tobacco plants grown at O, 40, and

80 ppm SOF and exposed to 57.7 pphm SO, but a slight yield depression with

the very high 240 ppm SOf treatment. Eaton et al. (1971) reported 37 and 54
percent growth reduction in cotton and tomatoe, respectively, when 300 me/1 SOF
was supplemented to fumigations at 7.7 pphm SO,. Fumigating tobacco plants
with 201.5 pphm SO,, Leone and Brennan (1972) showed a positive growth response
when SOL levels were increased from a suboptimal 1.5 ppm to 96 ppm SOf; and
then a depression in yield with 384 ppm SOf.

Tobacco was used by both Faller (1971) and by Leone and Brennan (1972)
and their 240 ppm and 384 ppm SOf, respectively, applications were 3 and 4
times greater than the 80 ppm considered adequate for tobacco. Comparison of
these studies to our SO; treatment is difficult because of problems in con-
verting to ppm in field conditions. However, 1f we assume that 507 was con-
fined to a 10 cm soil depth, soil bulk density of 1.35, and soil water of 10
percent with all SOL dissolved, our application of SO} would be 665 ppm. Regard-
less of the accuracy of the estimation, it is clear that SOY application was
also very high. High soil sulfate concentrations are not toxic to plants
because the tightly controlled mechanism for SOF uptake by roots when adequate
levels are present in the plant prohibits indiscriminate uptake of additional
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sulfur. It is possible that high SOf concentrations in the soil could in

some way interfere with metabolism of other essential nutrients and indirectly
affect plant growth. Jordan and Reisenhauer (1957) have suggested that S0;
may interfere with calcium uptake. Data from this study indicated no S50, x
SOF interaction under field conditions with very high SOL application and
suggests that naturally occurring soil sulfur levels are not directly a

factor in plant susceptibility to SO,. These findings are in agreement with
Lockyer et al. (1976) who found that concentrations of 0, 1.9, 3.8, 7.7 and
15.4 pphm SO, and O and 10 ug SOf kg™l dry soil produced no soil treatment
effect,

There have been documentations of an increase in the number of leaves
per plant with exposure to SO, (Ashenden and Mansfield, 1977; Bleasdale,
1973; Heitschmidt et al., 1978). Our data showed a significant increase in
the average numbers of leaves per plant only on the Low SO, treatment.
Bleasdale (1973) suggested that exposure to SO, enhanced cell division by
interfering with the balance between oxidized and reduced sulfur radicals.

If this mechanism was causitive, one would expect an equal or greater re-
sponse with increasing SO, concentration. Average number of leaves per plant
in this study parallel the response of individual live leaf area to SO, and
suggests a fertilization/toxicity controlled mechanism. This is supported by
reports of reduction in the number of leaves with SO, exposure; 7.e., Ashenden
(1978) 11.1 pphm in Dactylis glomerata, Ashenden (1979) 7.5 pphm in Poa
protensis but not Dactylis glomerata, Bell and Clough (1973) 13.2 pphm in

S23 ryegrass.

The expected increased growth with N fertilization was observed in this
study. What 1s interesting are comparisons of growth patterns with and
without N across date, SO, treatment; and SO, treatment and date. The live
leaf area of control plants with N was significantly greater at peak growth,
but this did not continue as the growing season progressed. The live leaf
area of plants receiving nitrogen fertilizer displayed a more rapid post peak
decline and converged with the live leaf area of plants that were not fertilized
with N. Further comparisons of SO, treatments with N to those without N show
that post peak total leaf areas converged but remained higher and litter pro-
duction increased at greater rates with N fertilization as the season pro-
gressed. Several important implications may be drawn from this. First it
will be important to differentiate between and define rate of senescence and
time of senescence. Rate of senescence is the increase in dead tissue, or
the decrease in live tissue, with time. Time of senescence is the absolute
amount of live tissue remaining at a particular time. 1In comparing between
two treatments then, rate of senescence may be greater even though time of
senscence is not. This was the pattern observed in plants fertilized with
nitrogen compared to plants not receiving nitrogen fertilizer. Rate of
senescence can be a function of a fertilization effect rather than a toxic
effect and has no bearing on toxicity unless absolute live areas are also
reduced. The large differences in treatments observed at the height of the
growing season with the eventual converging of data as the growing season
progressed also indicates that final harvest data may underestimate treatment
effects when consumption occurs throughout the season as in a grazing rather
than a crop situation.
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Without N fertilization significantly increased plant growth was observed
only on the Low SO, treatment. Live leaf areas for the Medium and High SOj
treatments were neither significantly lower than the Low SO, nor significantly
higher than the Control. This may be viewed as a peak S50, fertilization
effect at the Low concentration and approaching the point on the Hj_gh 302
treatment where toxic effects begin to counteract the fert lization effect.

With N fertilization a quite different response was observed between SO,
treatments. Nitrogen fertilization resulted in increased peak growth with in-
creasing level of SO,. Post-peak growth was significantly greater on Low and
Medium SO, treatments with N, while only significantly greater on the Low SO,
treatment without N fertilization. Our highest SO, concentration with N
fertilization displayed a time shift in leaf area distribution. Total leaf
area was greater than all other treatments at pre-peak and peak growth periods
and then declined more rapidly. Post peak live leaf area on the N plus High
50, treatment was also significantly less than those found for the Low or
Medium SO, treatments. Litter area within N fertilization was significantly
greater for the High SO, treatment. These factors indicate a more rapid rate
of senescence and time of senescence for High SO, compared to Low or Medium
S0, with N fertilization, but only a more rapid rate of senescence compared
to the Control with N fertilization. Because of the increased growth associ-
ated with SO, plus N fertilization, the observed senescence pattern may be
the result of a shift in phenology with earlier development and senescence,
as was observed with N fertilization alone, rather than a toxic effect which
would depress live leaf areas and growth. Differentiating between rate and
time of senescence is necessary when examining the effects of any compound
which can be both a fertilizer and a toxic substance.

Cotrufo and Berry (1970), Scurfield (1969), Zahn (1963), Enderlein and
Kdstner (1967), Krauss (1967) and Materna and Kohout (1967) have also observed
higher resistance to SO, in fertilized plants. In Cotrufo and Berry's study,
0.5 g of NPK fertilizer per pot sharply decreased pine needle injury from
S0,. With 1 g of fertilizer per pot, even less injury was observed. However,
when 2 g of fertilizer per pot was applied, tip necrosis was again evident.
Cotrufo and Berry could not explain a cause for the increased sensitivity to
SO, with high fertilizer applications but suggested there was an interaction
between high salt concentration of the needles and air pollution. 1In this
study, N application was constant across three concentrations of S0,. We
also observed an ameliorating effect of nitrogen fertilization on S0, exposure
with an increased rate and time of senescence on the high SO, with N treatment.
These data indicate that the SO, x N interaction can be both positive and
negative and that the threshold between positive and negative can be altered
by varying either fertilizer or SO, concentrations. Our data further indicate
that the assessment of positive or negative effects of any one combination of
SO, and N is dependent on time. A positive high SO, x N effect was observed
during the peak growth period while negative effects were observed during the
post-peak growth period.

Studies on the effect of SO, on plant nitrogen metabolism suggest a
possible explanation for the increased rate of senescence on the High S0,
plus N fertilized plants and the observation of Cotrufo and Berry (1970).
Changes in free amino acid concentrations and enzymes involved in amino acid
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metabolism have been found to be a typical response to SO, (Jiger, 1975;

Jiger and Klein, 1977; Wellburn et al., 1976; Godzik and Linskens, 1974;
Malhotra and Sarkar, 1979). Increases in free amino acid content at higher
SO, concentrations are probably brought about by protein hydrolysis (Malhotra
and Sarkar, 1979). Protein hydrolysis can eventually lead to tissue senescence
(Fischer, 1971). Steinberg et al. (1950) proposed that the chlorosis commonly
shown by plants subjected to nutritional stress is the result of an accumula-
tion of free amino acids. High NH; levels are also observed in plants exposed
to S0, (Godzik and Linskens, 1974; Jiger and Klein, 1977). Both S0y and
ammonium nutrition increase the H'L ion concentration of cells and cause a
shift in the cation/anion ratio. When the buffering capacity of the tissues
is exhausted, cell pH decreases. Sulfur dioxide and N, while exhibiting a
synergistic fertilizer effect at low concentration, may in combination at
higher concentrations result in detrimental effects.

The significant response to N fertilization within and between SO,
treatments observed in this study demonstrates that N can ameliorate the
effects of 50, pollution by increasing the amount of sulfur plants can use
for growth and metabolism and thereby increase the atmospheric toxic concentra-
tion threshold. However, negative effects may also result from nitrogen
fertilization with S0, exposure. The balance between negative or positive
effects on plant growth is dependent on a complex interaction between soil
nitrogen level, SO, concentration, and time. The validity of generalized
toxic concentration levels must be questioned when one considers that in
addition to soil nutrient status the effect of a given S0, concentration can
change in response to interactions of soil moisture, humidity, temperature,
wind, light, diurnal SO, fluctuation, synergism with other air pollutants, and
plant species composition.

In a natural rangeland system the impact of fertilization or S0, pollution
must be assessed not only in terms of total productivity but also in view of
changes in the distribution of the resource in time and the quality of the
resource to consumers. Forage quality of western wheatgrass from this study
area has previously been examined (Milchunas et al., -1980). The distri-
bution in time effects observed in this study could have important implications
especially for non-domestic consumers. A more rapid rate of senescence may
affect nutrient density by altering live to dead ratios and thereby affect
consumers. Rumen bulk capacity and the rate of digesta breakdown and passage
through the alimentary tract can limit forage intake before the animals'
requirements for energy or nutrients are met (Milchunas et al., 1978).

Farlier senescence, irrespective of peak and mid-summer production, can
affect the length of time wild ruminants are subject to low quality forage.
This is a major factor in winter survival and spring natality rates.

CONCLUSIONS

No interaction of soil sulfate with SO, concentration was observed even
though SOy fertilizer applications were high. Average number of leaves per
plant paralleled live leaf area responses to SO, and suggests a fertilization/
toxicity controlled mechanism rather than SO, enhanced cell division. Sulfur
dioxide exposures significantly increased leaf area only on the low SO, treat-
ment. Nitrogen fertilization can ameliorate the effects of SO, but can also
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cause increased rate and time of senescence at higher SO, concentrations. Ni=-
trogen fertilization in the absence of SO0, can result in a more rapid rate of
senescence. Differentiating between rate and time of senescence is necessary
when examining the effects of any compound which can both be a fertilizer and

a toxic substance. Senescence can have an effect on consumers by altering the
seasonal resource distribution.
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EFFECTS OF CHRONIC SO, EXPOSURE ON POPULATION
AND COMMUNITY STRUCTURE

SECTION 13

SEED GERMINATION AND SEEDLING ESTABLISHMENT
AS AFFECTED BY SULFUR DIOXIDE

W. C. Leininger and J. E. Taylor

ABSTRACT

The effects of sulfur dioxide fumigation on range
soils, seed germination, and seedling establishment
were studied in the field and in the greenhouse.
Unpolluted soil samples were seeded with seven peren-
nial indigenous plant species and exposed to four
levels of SO0, fumigation 1in the field. Soils
subjected to five growing seasons of fumigation were
seeded similarly and placed in an unpolluted green-
house. In the field, so0il sulfur levels after 8
weeks fumigation increased significantly with rate.
Green needlegrass (Stipa viridula ) exhibited leaf
necrosis on the highest sulfur treatment. Tissue
sulfur of all species increased with fumigation
intensity. In the greenhouse, the soils from the
highest sulfur plot (D) had 6 times the sulfur
content of the control (A). Germination and estab-
lishment were significantly reduced for five species.
Nongraminoids were particularly affected. Bluebunch
wheatgrass (Agpopyron spicatum) and green needlegrass
accumulated significantly more sulfur on D-plot than
on A-plot soils. Plant height and leaf number were
not significantly affected at any fumigation level.
Volunteer species were more abundant and diverse on
the two lowest sulfur soils.

INTRODUCTION

Species composition of plant communities affected by chronic air pollu-
tion may change as species differentially respond to the stress factors

present. Given adequate time, species may undergo genetic adaptation. More
immediate symptoms could be loss of sensitive species and/or pathological
signs in others. The following changes have been observed in plants in

response to SO, stress (ZAPS I and II): increased leaf senescence in western
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wheatgrass (Dodd et al., 1979a); reduced plant canopy coverage and species
diversity and species composition changes (Taylor and Leininger, 1979; Taylor
et al., 1980); and reduced reproductive viability (Rice et al., 1980).

Species which do not show strong fluctuations in population density may
exhibit an evolutionary tendency toward lower sexual reproduction (Stearns,
1977). 1In many temperate rangeland plant species this occurs, with vegetative
propagation assuming primary significance in the perpetuation and replacement
of most perennial species. Nevertheless, when disturbances occur which change
one or more of the habitat's environmental variables to levels beyond the
tolerance or competitive adaptability of some species, sexual reproduction is
necessary for replacement by other species. Also, upon the subsequent relief
from such disturbances, former site occupants which have not survived the
stress period must re-enter the system by sexual means, if at all. In such
situations, the reproductive performances of the component plant species are
critical to the community's ability to adapt (Harper, 1965).

Seed development and dispersal and seedling establishment are complex
facets of sexual reproduction. Rice et al. (1980) looked at seed develop-
ment; we studied seed germination and seedling establishment under S50, stress.
The study occurred in two phases: field observations of seedling establish-
ment under S0, fumigation on soils which had not been fumigated previously,
and greenhouse observations of seeds germinated in "clean'" air in soils which
had been fumigated for five growing seasons.

Lauenroth et gl. (1980) stated that sulfur concentrations within
plants were a function of growth rate, duration of growing conditions, concen-

tration of S0,, duration of exposure to SO,, and concentration of SO, in the
soil sulfur pool. 1In order to isolate soil sulfur effects, we examined sulfur
accumulation in the tissues of bluebunch wheatgrass (4dgropyron spicatwn) and
green needlegrass (Stipa viridula ), the only two of seven species producing
enough plant tissue for the analysis.

MATERTALS AND METHODS

Field Studies

Samples of soil were removed from the A-horizon (approximately top 7 cm)
of an area west of the ZAPS I site; slope, orientation, elevation, and vegeta-
tion of the collection site were similar to ZAPS I. The collection site had
not been subject to sulfur fumigation due to distance and direction from the
fumigation site. Soil was placed in perforated metal trays 34 x 50 x 9 cm
deep. One row of each of seven plant species (Table 13.1) was planted at a
relatively high density per tray. All seeds were from indigenous local
collections on nonfumigated sites. Species were selected because of their
economic importance and abundance in southeastern Montana.

Seeding rates on a pure live seed (PLS) basis were not calculated because
the purpose of the study was to observe establishment, sulfur accumulation and
pathologic signs rather than percent germination. It was assumed that since
both soils and seeds had been taken from unpolluted sites, seed germination
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TABLE 13.1. NATIVE PERENNIAL PLANT SPECIES USED IN GERMINATION/ESTABLISHMENT

STUDIES

Season of Plant
Common Name Scientific Name Growth Type
Western wheatgrass Agropyron smithii Cool Grass
Bluebunch wheatgrass Agropyron spicatum Cool Grass
Sideoats grama Bouteloua curtipendula Warm Grass
Green needlegrass Stipa viridula Cool Grass
Wild flax Linum perenne Cool Forb
Purple prairieclover Petalostemon purpureun Warm Forb
Fourwing saltbush Atriplex canescens Warm Shrub

should not be affected by sulfur fumigation in the time period when the pans
were exposed. The species were randomly assigned to rows within each pan.
Four replicated trays were prepared for each fumigation treatment and an
additional tray was planted and taken to Bozeman to monitor plant development.
After planting (22 May), each tray was watered to field capacity and then a
set of four replicates placed on each of the ZAPS treatment plots, in loca-
tions geometrically similar to the locations of gas monitor C in each treat-
ment.

Trays were watered during the study to maintain good growing conditions.
On 20 June and 28 June (29 and 37 days from date of planting) trays were
photographed and examined for seedling number, average seedling height, and
average number of leaves for each species. A record of leaf senescence also
was obtained on 28 June.

On 25 July (64 days after planting) trays were taken to the laboratory
for analyses. Average plant height and average number of leaves per species
were calculated. Average length of 1longest leaf for each individual was
determined and length of necrotic tissue of the longest leaf measured. All
plants were clipped at ground level and roots were exhumed for sulfur
analysis.

Aboveground plant tissue was analyzed for sulfur using the procedures of
Tabatabai and Bremner (1970) as employed by Hanson (1976); soil samples were
analyzed with techniques of Bardsley and Lancaster (1960). For no species was
there sufficient root biomass for analysis.

Greenhouse Studies

Soils were collected from ZAPS I plots A-D on 17 October 1979. Collec-
tions were within 4 cm of the soil surface (area of greatest natural seed
germination) and at the same distance from the gas exit pipes as monitoring
sensor C. Soils were analyzed for total sulfur using techniques of Bardsley
and Lancaster (1960).
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Hand sorted, filled seeds of western wheatgrass, bluebunch wheatgrass,
and green needlegrass (100 seeds of each), and sideoats grama, purple prairie-
clover, wild flax, and fourwing saltbush (50 seeds of each) were planted in
randomized rows in trays. There were four replicate trays per treatment.
Trays were placed under Sylvania Grow-Lux lights, periodically watered, and
allowed 12 hours of light per day to provide favorable growing conditions.

Number of seedlings, average number of leaves, and height of each species
were recorded every second or third day for 38 days (through 3 March 1980).
Maximum germination was reached by day 17 for six species; western wheatgrass
reached maximum germination on day 25. Plants were allowed to grow to accumu-
late enough tissue biomass to be analyzed.

At the end of the experiment plants were harvested. Bluebunch wheatgrass
and green needlegrass, grown in the A and D treatment soils, were analyzed for
sulfur accumulations.

During the experiment, a striking difference in the numbers of volunteer
species (germinating from residual seeds in soil) was noted. After an addi-
tional three weeks of growth, these plants were identified to species and
counted in each tray; species diversity (H') (Shannon and Weaver, 1949) and
species richness (number of species) were calculated for each treatment.

RESULTS AND DISCUSSION

Field Studies

The sulfur content of the soils increased with fumigation (Figure 13.1).
This increase was linear (P £ 0.01) with exposure. The fumigation rates used
in the correlations were monthly averages weighted by the number of days of
exposure in each month of the study. Sulfur dioxide values were A = 1.23; B =
2.46; C = 4.43; and D = 6.85 pphm. The soil from the A plot had a signifi-
cantly higher sulfur level than the sample which had been removed to Bozeman,
suggesting contamination on the ZAPS Control. For this analysis, the Bozeman
site was assumed to be a sulfur-free environment, although no monitoring data
were available. The actual site was approximately 6 km south of Bozeman in a
suburban setting with minimal sulfur sources nearby or upwind.

The variation associated with sulfur measurements was quite low so that
statistically significant step differences were detected between ZAPS A and
between levels. The B and C exposure plots did not differ (P £ 0.05).

The phenomenon of sulfur accumulation in soils is well documented in the
literature (Eaton and Eaton, 1926; Wilson, 1921). Bertramun et al. (1949)
documented absorption of atmospheric sulfur by both soils and plants, using
isotopic tracer techniques. In the vicinity of a pollution source, the actual
amount of sulfur absorption by soils is a function of distance and soil
texture (McCoal and Mehlich, 1938). They noted that silty soils showed a
differential sulfur accumulation with distance from pollution sources, but
some clay soils did not. In our study using silty clay loam soils (Dodd et
al., 1979b), accumulation occurred over a very short time, about 8 weeks.
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Figure 13.1. Soil sulfur accumulated on ZAPS I and Bozeman control after
64 days of fumigation (22 May - 25 July, 1979). Mean level
+ 1 standard error is shown; *P < 0.0l.

Plants in the field were seriously damaged by rodent and rabbit depreda-
tions on the growing seedlings. Repeated defoliation reduced total plant
material for sulfur analysis and also limited our ability to take adequate
measurements of leaf numbers and lengths and plant numbers.

Green needlegrass showed conspicuous leaf necrosis (up to one-fourth of
the leaf length on D treatment) with SO, exposure. The damaged was similar to
that described by Treshow (1970) and not observed on other species.

The accumulation of sulfur in aboveground plant tissue under SO, fumiga-
tion is shown in Figure 13.2. Wild flax was not analyzed because it lacked
adequate material. Tissue sulfur levels in western wheatgrass were similar to
those reported by Dodd et al. (1979a) and Rice et al. (1979). Green needle-
grass values approximated those of Rice e? al. (1980). These were the
only species in common with their studies and ours. Powers (ND) found that
tissue sulfur was higher in actively growing plants. The similarity between
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Figure 13.2. Accumulation of sulfur in aboveground plant tissue under SO,
fumigation.

our observations in seedlings and those compared for mature species suggest
that growth stage makes little difference as long as plants are actively
metabolizing. There was insufficient root biomass of any species for chemical
analysis.

Plant sulfur correlations are presented in Table 13. 2. All species

showed positive correlations between sulfur fumigation and plant sulfur
content.
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TABLE 13.2. LINEAR REGRESSION AND CORRELATIONS BETWEEN PLANT SULFUR AND SO,
FUMIGATION, ZAPS I, 1979

Species Regression Equation r r?
Western wheatgrass Y= 842.4 + 101.6 x 1.00% 1.00
Bluebunch wheatgrass Y = 4.5 + 337.2 x 0.98 0.95
Sideoats grama Y= 968.0 + 53.96 x 0.88 0.77
Green needlegrass Y = 1501.9 + 56.3 x 0.89 0.80
Purple prairieclover Y = 1047.5 + 273.2 x 0.94 0.88
Fourwing saltbush Y = 2525.0 + 347.2 x 0.85 0.72

* P < 0.05.

Although Treshow (1970) pointed out the problem of quantifying atmos-
pheric sulfur levels from plant sulfur contents and/or the degree of plant
injury, our data suggest that withip a local vegetation type and climatic
regime such quantification may be feasible.

Greenhouse Studies

There were significant increases in sulfur among all treatments, with the
major increase between treatments C and D (Figure 13.3). The mean sulfur
level for treatment D was more than six times the level for treatment A.

50
40 -
30| -

20 -

|

T T L T
Control Low Medium High
Treatment

Soil Sulfur (ppm)

Figure 13.3. Soil sulfur accumulation after five growing seasons of fumiga-
tion. Mean * 1 standard error is shown.
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Differences may have indicated resistance to removal of sulfur at the lower
three levels of fumigation and/or a threshold fumigation rate (somewhere
between C and D) against which plants do not effectively remove sulfur. It
also could show the secondary effects of plant growth inhibition at higher
fumigation levels. Because of the reduced plant growth and unthrifty plants
on D-plot, the ability of these plants to take-up and metabolize sulfur may be

reduced.

We intend to also determine the pH, cation exchange capacity, electrical
conductivity, and organic matter of the soils. These characteristics have
important effects on seed germination.

Western wheatgrass germination and establishment were similar at all
fumigation levels, although D-plot values were consistently higher (Figure
13 .4A). Bluebunch wheatgrass responded differently (Figure 13.4B) in that
germination and growth occurred much quicker. In this case, the soil with the
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Figure 13.4. Number of live seedlings per 100 seeds; (A) western wheatgrass,
(B) bluebunch wheatgrass, (C) sideoats grama, and (D) green
needlegrass. Mean * 1 standard error is shown.
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highest level of sulfur enrichment depressed germination. The warm season
grass, sideoats grama, showed similar patterns to bluebunch wheatgrass (Figure
13.4C), except that after day 12, seedling mortality increased at each sample
date. By day 17, D-plot soil supported an average of 20 plants per 100 seeds,
while the A-plot had 70 plants. Green needlegrass germination ceased at day
10 on the D~plot (Figure 13.4D). Seedling loss at the higher sulfur rate was
less than observed with sideoats grama. At the end of the study (day 19), the

HIigh rate plot had one-half the plants of the Control: 33 vs. 66 per 100
seeds.

The germination rate was significantly lower and seedling mortality
higher for wild flax on the D-plot (Figure 13.5A). After day 10 there was a
linear decrease in surviving plants, and at day 17 the D-plot supported one-
tenth the plant numbers of the other treatments. The other forb, purple
prairieclover, reacted similarly to flax (Figure 13.5B), except that the C-plot
(Medium sulfur exposure) increased germination and survival compared with all
other plots. Germination rate was significantly depressed on the D-plot.
Further, this treatment showed a reduction in plant numbers from day 10

through day 17. On the D-plot the highest germination observed was only 12
plants per 100 seeds.

Fourwing saltbush was the only shrub studied (Figure 13.5C), a species
characterized with a low germination rate (Eddleman, 1978 and 1979). Even so,
the D-plot germination and survival was significantly less than that of the
other treatments. By day 17, survival was reduced to three plants per 100
seed, while the Control had 27 plants.

From these species responses, several generalizations can be drawn. The
wheatgrass did well in both germination and survival at all sulfur levels.
For all other species, germination and survival were reduced on D-plot soils.
For no species did any treatment except D significantly lower germination or
survival when compared to the A treatment. In some cases B or C plots
exceeded A plots in plant survival at the end of the experiment, suggesting a
growth enhancement at lower levels of sulfur enrichment. Forbs and the shrub
were more adversely affected by SO,-polluted soils than grasses.

There were no significant differences in number of leaves or heights of
seedlings among treatments. It appears that once seedlings establish, growth

rate is not affected by high soil sulfur levels and other chemical changes
induced by fumigation.

Plant tissue sulfur levels for bluebunch wheatgrass and green needlegrass
grown on soils from plots A and D are shown in Figure 13 .6. 1In both species
significantly higher sulfur levels were found in the plants from D-plot soils
compared to those on the A-plot. This supports the idea that a portion of the
high sulfur tissue levels in plants found in areas of SO, fumigation comes
from the sulfur enriched soils.

Species composition changes, which still are minimal, have appeared on
the ZAPS plots only during the past two years. Therefore, the residual seed
load in the soil should not differ significantly among treatments. Figure

13.7 illustrates differences in average number of volunteer species (weeds)
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per tray at the end of the experiment for the four levels of fumigation.
There is no significant difference in the number of species between the A-plot
and the B-plot soils, but both support significantly more species than C and
D.

The volunteer plants in the C and D-plot soils germinated much more
slowly than those on A- and B-plots. Differences in germination rates were
more striking in the earlier phases of the study than at the time of seedling
harvest. According to Gordon (1972) seeds which germinate slowly even under
favorable conditions are usually the ones which will not survive under more
typical circumstances. This is because the favorable period of plant growth
in nature usually is short and seedlings which do not become established
quickly die.

The diversity index (H') is significantly higher for volunteer plants in
the B-plot soils than for any other treatment (Figure 13.8). Values for the
D-plot are significantly lower than values for A and B.

Species richness for volunteer plants follows a similar pattern (Figure
13 .9). The B-plot plants are significantly richer floristically than the C
and D treatments; D-plot had the fewest volunteer plants.

SUMMARY

Unpolluted soil placed on ZAPS I for 8 weeks showed highly significant
linear increases in sulfur levels with the SO, fumigation. Soil on the A-plot
had significantly less sulfur accumulation than on any of the other treatments.
The D-plot soil exceeded all others (P < 0.05). Green needlegrass seedlings
exposed to SO, fumigation were necrotic at the high exposure rate. Western
wheatgrass, bluebunch wheatgrass, sideoats grama, green needlegrass, purple
prairieclover and fourwing saltbush all showed positive linear increases in
plant tissue levels with increasing SO, fumigation.

Soils which have been fumigated with SO, for five growing seasons showed
significant increases in sulfur with increasing pollution. The D-plot soils
had more than 6 times as much sulfur as the control soils. Germination and
seedling establishment were significantly reduced on the D-plot soils for five
of the seven native species examined. This reduction was especially dramatic
fgr Fhe forbs and shrub. Bluebunch wheatgrass and green needlegrass showed
significant increases in sulfur when grown on the D-plot compared to the A.
Growth, represented by plant height and npumber of leaves, was not signifi-
cantly affected for any species by high sulfur levels or other chemical
changes in the soils from the High fumigation plots. For volunteer plants,

species diversity, richness, and average numbers were significantly less on
D-plot soils than either A or B.

CONCLUSIONS

_ The sulfur accumulation reported here probably occurred faster than that
which would happen under normal vegetational cover or with episodic rather
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than continuous fumigation. The effects which we observed may have consider-
able relevance in such situations as strip mine revegetation in the vicinity
of coal-fired power plants or plant succession on stressed sites. Also, if
soils accumulate sulfur more readily than they lose it, our data may compare
with those from chronic episodic exposures.
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SECTION 14

RESPONSE OF FIELD POPULATIONS OF SOIL NEMATODES AND ROTIFERS TO THREE
LEVELS OF SEASON-LONG SULFUR DIOXIDE EXPOSURE

J. W. Leetham, T. J. McNary, J. L. Dodd, and W. K. Lauenroth

ABSTRACT

Soil nematode and rotifer populations were sampled
once in midseason in 1977 and 1978 in two field sites
in southeastern Montana, an area included in the
northern mixed-grass prairie region. The two field
sites were each divided into four 0.52 ha plots and
fumigated with low-levels of SO, throughout the
growing seasons of 1975-1979 (Site I) and 1976~
1979 (Site II). No significant treatment effects
were found for the rotifers or three trophic groupings
of the nematodes (herbivores, saprophages, and
predators). With the exception of predatory nematodes,
significantly higher populations of all groups were
found in the 0-10 cm soil layer than in the 10-20 cm
layer.

INTRODUCTION

So0il nematodes and rotifers are ubiquitous in soils of native grassland
ecosystems and are considered to have important roles in energy flow and nu-
trient cycling processes. There is essentially no published information on
the effects of air pollutants and specifically SO, on the activities of these
organisms. There have been a few studies on the effects of soil acidification
on enchytraeids and microarthropods (Baath et al., 1980; Abrahamsen et al.,
1978). Artificial acidification caused reduced enchytraeid populations and
generally increased Collembola populations. Soil mite (Acarina) populations
were unaffected by the changes in soil pH. Sulfur dioxide has been shown to
be toxic to soil microorganisms involved in decomposition (Babich and Stotzky,
1974; Baath et al., 1980; Abrahamsen et al., 1978; Grant et al., 1979;
Bryant et al., 1979).
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MATERIALS AND METHODS

Each of the treated plots within the two field sites was divided into
two equal replicates. Both sites were sampled once in midseason in 1977 (14
July) and again in 1978 (24 July). On each sampling date, five 5.0 cm
diameter by 20.0 cm deep soil cores were taken randomly on each replicate.
Samples were taken a minimum of 2 m from the delivery pipes. 1In 1978 a fifth
treatment was created by sampling directly beneath the delivery orifices on
the High treatment plots. The actual SO, concentration exposure at these
points was not measured but was considered to be at least double the concen-
tration away from the pipes. The soil cores were divided into 10 cm increments
for extraction of nematodes and rotifers. Extraction was by the Baermann
funnel technique. All extracted material was preserved in a 1 percent formalin
solution. Taxonomic identification of the nematodes and rotifers was not
made, only a crude categorization was made based on the presence or absence
of stylets. Stylet bearing types were considered largely herbivorous and
nonstylet bearers were considered largely saprophagous, although the stylet
bearers included some predatory and some fungal feeding nematodes. The only
predator separated out was of the genus Mononchus. Only total counts of
rotifers were made.

RESULTS

Nematode populations varied across sites and years (Figure 14.1). SiteT
had higher populations on all plots in 1978 while the population size on
Site II was about the same in both years. Treatment effects were not apparent
and statistical tests were not performed on the total nematode population
estimates,

A split plot ANOVA was performed on the 1978 nematode trophic group
(herbivores, saprophages, predators) data to test for treatment and depth
effects. Since preliminary analysis indicated a linear relationship between
means and standard deviations for the saprophages, these data were transformed
[LN(X+1)] prior to the ANOVA. For the other trophic groups analyses were
performed on untransformed data. A significant treatment effect (P = .008)
was found only for the log transformed saprophagous nematodes on Site II
where there were significantly more saprobes on the High (7.5 -pphm) treatment
than on the Control (Figure 14 .2). All groups showed significant depth
differences. For the herbivores and saprophages, there were significantly
higher densities in the 0-10 cm level than the 10-20 cm level (Table 14 .1).
There were higher densities of predators in the 10-20 cm layer. The depth
distribution data for 1977 were essentially the same as in 1978 except an
even higher percentage (over 90 percent) of the predators was in the 10-

20 cm layer.
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Figure 14.1. Nematode densities in the top 20 cm of soil on two sites
in southeastern Montana. A = Site I, B = Site II.
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Figure 14.2. Season mean population densities of saprophagous nematodes
on Site IT on July 24, 1978 (vertical lines are Tukey's Q
value at x = 0.05).
TABLE 14.1. VERTICAL DISTRIBUTION BY PERCENT OF SOIL NEMATODE POPULATIONS
IN THE TOP 20 CM OF SOIL ON TWO FIELD SITES IN SOUTHEASTERN
MONTANA
Depth Total Herbivores Saprophages Predators
Site T
0-10 cm 74 .4 71.5 83.1 12.0
10-20 cm 25.6 28.5 16.9 88.0
Site 11
0-10 cm 70.2 64.4 77.2 43,2
10-20 cm 29.8 35.6 22.8 56.8

Stylet-bearing nematodes made up a majority of the total nematode numbers

on both sites in both years (Figures 14.3 and 14.4).

A possible treatment

response of increasing herbivores and decreasing saprobes with increasing SO,
exposure occurred on Site I in 1977, but was unsupported by either the 1978
data or the 1977 and 1978 Site II data.
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Rotifer populations were also variable across sites and years (Figure 14
.5). Densitles were greater on both sites in 1978 than in 1977 with Site I
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Figure 14.5. Rotifer densities in the top 20 cm of soil on two sites

in southeastern Montana. A = Site I, B = Site II.
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showing the greatest increase. The site and year differences were not tested
statistically, however the 1978 data were tested with a split plot ANOVA for
treatment and depth differences. No significant treatment differences were
found on either site, however, significant depth differences were found on
both sites (P<.0l1). The average proportions of rotifer populations in the O-
10 cm layer was 91 percent and 92 percent for Site I and II respectively. The

figures for 1977 were essentially the same, Z.e., 91 percent and 87 percent for
Site I and II respectively.

DISCUSSION

With the exception of the increased saprophagous nematode populations on
the high treatment of Site II in 1978, significant treatment responses were
not found in either nematodes nor rotifers. This suggests that the SO,
exposure of the field plots did not have any overall measurable effects on
either group. However, since species identifications were not made, it is
not known if any species may have responded to the exposure but their popula-
tion changes were masked in the total counts. The one case of significantly
higher saprophagous nematodes in the High treatment plot of Site II appears
not to be representative of any trend since none of the other data sets
support the finding. It appears to be a chance occurrence, attributable to
the variability of the data. If, indeed, the higher saprophagous densities
were due to SO, exposure, the reasoning behind such a shift might be that the
nematodes increased in response to decreased microbial activity which is
suspected from other studies (Leetham et al., 1980; Dodd et al., 1980).
The nematodes could conceivably be utilizing a resource left available by the
decreased microbes.

The higher nematode and rotifer densities near the soil surface are ex-
pected since the plant root biomass is similarly distributed (Lauenroth et
al., 1975). The lack of significant treatment effects on the nematodes and
rotifers can be explained by either a lack of sensitivity or a lack of contact
with 80, or its derivatives. The question of sensitivity to SO, cannot be
commented on since there is no published information on the effects of S0, on
either soil nematodes nor rotifers. We suspect that the relatively low level
of S0, exposure to the soil surface did not result in any significant chemical
changes below the surface because of the buffering capacity of the soil.
Leetham et al. (1980) have shown that tardigrade populations in the upper 2
cm of the soil profile of these same plots were reduced by low-level 50,
exposure. For subsurface soil organisms, time may be the critical factor in
whether or not chronic low-level SO, exposure will have an effect on their
population size and/or functiomn.

CONCLUSTIONS

No significant large scale changes occurred in field populations of soil
nematodes and rotifers in the experimentally fumigated plots with the possible
exception of an increase in nonstylet bearing (largely saprophagous) nematodes
on the high treatment plot of Site II in 1978. However, the level of identifi-
cation used in this study precluded the detection of responses in particular
species or genmera. Significantly higher populations of both nematodes and
rotifers occurred in the top 10 cm of the soil profile as compared to the 10-20
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cm level. The buffering capacity of the soil is thought to reduce or eliminate
the effects of SO, and/or its derivatives on the soil dwelling invertebrates
that occur below the surface 1 or 2 cm.

REFERENCES

Abrahamsen, G., T. Hovland, and S. Hagvar. 1978. Effects of Artificial Acid
Rain and Liming on Soil Organisms and the Decomposition of Organic
Matter. SNSF-contribution FA 28/78. 23 pp.

Baath, E., B. Berg, U. Lohm, B. Lundgren, H. Lundkvist, T. Rosswall, B.
S6derstrdm, and A. Wiren. 1980. Effects of Experimental Acidifi-
cation and Liming on Soil Organisms and Decomposition in a Scots Pine
Forest. Pedobiologica.

Babich, H., and G. Stotzky. 1974, Air Pollution and Microbial Ecology-
Crit. Rev. Environ. Control, 4:353-421.

Bryant, R. D., E. A. Gordy and E. J. Laishley. 1979. Effect of Soil Acidifi-
cation on the Soil Microflora. Water, Air, and Soil Pollut., 11:437-
445,

Dodd, J. L. and W. K. Lauenroth. 1980. Effects of Low-level S0, Fumiga-
tion on Decomposition of Western Wheatgrass Litter in a Mixed-grass
Prairie. In: The Bioenvironmental Impact of a Coal-fired Power Plant,
Fifth Interim Report, Colstrip, Montana. E. M. Preston and D. W. O'Guinn
(eds.) EPA-600/3-80-052, U. S. Environmental Protection Agency, Corvallis,
Oregon. (In Press) pp. 212-215.

Grant, I. F., K. Bancroft, and M. Alexander. 1979, S0, and NO, Effects on
Microbial Activity in an Acid Forest Soil. Microbial Ecology, 5:85-89.

Lauenroth, W. K., J. L. Dodd, R. K. Heitschmidt, and R. G. Woodmansee. 1975,
Biomass Dynamics and Primary Production in Mixed Prairie Grasslands in
Southeastern Montana: Baseline Data for Air Pollution Studies., Fort
Union Coal Field Symposium, Eastern Montana College, Billings. pp. 559~
578.

Leetham, J. W., T. J. McNary, J. L. Dodd, and W. K. Lauenroth. 1980.
Response of Field Populations of Tardigrada to Various Levels of Chronic
Low-level Sulfur Dioxide Exposure. Proceedings of VII International
Colloquim of Soil Zoology.

Lewis, R. A., A. S. Lefohn, and N. R. Glass. 1976. Introduction to the Col-
strip, Montana, Coal-fired Power Plant Project. In: The Bioenvironmental
Impact of a Coal-fired Power Plant, Second Interim Report, Colstrip,
Montana. R. A, Lewis, A. S. Lefohn, and N. R. Glass (eds.) EPA-600/3-
76-013, Environmental Protection Agency, Corvallis, Oregon. pp. 1-12.

138



SECTION 15

ARTHROPOD POPULATION RESPONSES TO THREE LEVELS OF CHRONIC
SULFUR DIOXIDE EXPOSURE IN A NORTHERN MIXED-GRASS ECOSYSTEM
I. SOIL MICROARTHROPODS

J. W. Leetham, J. L. Dodd, R. D. Deblinger, and W. K. Lauenroth

ABSTRACT

The effects of season-long exposure of soil micro-
arthropods to controlled levels of SO, were investigated
under field conditions from 1975 to 1978 in southeastern
Montana. Two field sites wherein three levels of SO,
were dispersed on 0.52 ha plots of grassland communities
were used. Periodic sampling was done throughout the
growing seasons of 1975 and 1976 while only single, mid-
season samplings were made in 1977 and 1978. Soil micro-
arthropods were sampled by taking soil cores and extracting
them in high-temperature gradient Tullgen extractors.
Large scale population changes among the microarthropods,
as a whole were not observed, however significant population
reductions were observed for some groups. The most
notable reductions occurred in the Collembola where three
families (Poduridae, Entomobryidae-Isotomidae, and
Sminthuridae) had significant population reductions in
the second year of S0, exposure on Site I. Only a few
acarine families showed significant population reductions.
However, the affected groups included representatives of
three main trophic or functional groups among the micro-
arthropods - herbivores, fungivores, and predators. The
data suggest that the greatest effects of S0, occurred
during the first half of the growing season when soil
water content and population levels were highest. The
implications of the population reductions are discussed.

INTRODUCTION

Studies of the effects of air pollutants on soil microarthropods are very
few. Most studies of pollutants and soil biota have dealt with microflora
and microfauna (bacteria, fungi, etc.). Lebrun et al. (1977) found a bark-
living oribatid mite, Humerobates rostrolamellatus (Grandjean) very sensitive
to SO, exposure. A concentration of 45 pphm (585 ng - m‘3) for 48 hours
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produced 50 percent mortality. A followup study (Lebrun et al., 1978) found

that relative humidity had a substantial effect on the sensitivity of the
oribatid species to SO;. Mortality rates were significantly increased when the
relative humidity was increased from 20 percent to 80 percent while SO, con-
centration was held constant. As will be noted later in this paper, the oribatid
mites compose a large portion of the soil microarthropod fauna on our field sites.

Studies of artificial acidification of pine forest soils in Norway
(Abrahamsen et al., 1978) and Sweden (B83th et al., 1980) found increased
collembolan populations but only minor changes in the soil acarines. Abraham-
sen ¢t al., found two oribatid species were significantly reduced while
B&&th et al. found some oribatid population reductions, but none were signifi-
cant. Both studies found populations of mesostigmatid mites were reduced
but not significant. Also in both studies, the enchytraeid Cognettia
sphagnetorum (Vejd.) was severely reduced in acidified plots. The fact that
both studies were conducted in pine forest soils which are normally acidic
may account for the increased collembolan populations due to adaptation to
the acidic conditions. These studies are relevant here since SOy can cause
acidification of soils, especially in the surface 1 to 2 cm layer where most
microarthropods reside.

MATERIALS AND METHODS

Each of the treated plots within the two field sites was divided into
two equal replicates from which random samples were taken. All samples were
taken a minimum of 2 m from the delivery pipes (except for additional samples
taken beneath the pipes in 1977 and 1978). Soil microarthropods were sampled
by taking 4.8 cm diameter by 5.0 cm deep soil cores with a coring tool designed
to minimize compaction and at the same time retain the sample in a 5 cm long
aluminum sleeve. Vegetation cover was clipped to crown level prior to
sampling but surface litter was retained on the surface of the core. A
Macfadyen-type high temperature gradient Tullgren extraction system was used
to retrieve the arthropods from the soil samples (Merchant and Crossley,
1970). The extraction period was 7 days. The arthropods were killed and pre-~
served in 70 percent ethyl alcohol and later counted and identified with a
binocular dissecting microscope. Identification was to family and where
possible to genus, but occasionally only to order. Identifications below
family were hampered by the abundance of undescribed species, especially
among the Acarina. For this study, "soil microarthropods" included the soil
acarines, apterygote insects, pauropods, symphylids and tardigrades. Tardi-
grades are treated in detail in another paper (Leetham et al., 1979).
Representatives of various groups were dried at 60°C for 48 hours and weighed
for dry weight biomass.

Site I was sampled 6 times during the 1975 and 1976 seasons while
Site II was sampled 6 times in the 1976 season. Both sites were sampled
once in midseason in 1977 and Site I was sampled once in midseason in 1978.
Sampling intensity for 1975 and 1976 was five samples per replicate (10 per
treatment) per date. Sample numbers were doubled in the 1977 and 1978
seasons (l0/replicate). Also in 1977 and 1978, an additional treatment
level was created by sampling directly beneath the delivery orifices on the
High treatment plot. The SO, concentration at those points was not measured
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but was considered to be at least double the concentration elsewhere on the
plot.

A split-plot ANOVA was performed on the data to test for significant
treatment and date-within-year effects. Because of the design of the field
experiment, we concluded that it would be illogical to include "sites'" and
"years" as variables in the ANOVA. Therefore, individual ANOVA's were
performed by group by year (or single dates in 1977 and 1978). Since the
number of groups (orders and families) was quite large, ANOVA's were per-
formed only on those which displayed obvious trends in population changes
with increasing SO, fumigation (as judged by season mean density and/or
biomass in 1975 or 1976 or single samplings in 1977 and 1978). Both density
and biomass were used in the ANOVA's. It should be stated at this point
that although the traditional significance level of P = 0.05 was used as a
guideline in judging population changes as significant, probabilities of 0.05
< P < 0.10 are also considered, primarily because of the inherently high
variability of the field data. They were also used when similar population
changes occurred in more than one site-year for the same group. In cases
where both treatment effects and date-by-treatment interactions were signifi-
cant, the interaction was given presidence over the main effect. Tukey's Q
procedure was used to calculate least significant ranges to pinpoint where
the significant differences occurred.

RESULTS

The count to date of identified microarthropods includes 67 families of
Acarina, six families of Collembola, two families of Diplura plus tardigrades,
pauropods and symphylans. A large majority of the soill microarthropod
community was composed of Acarina (Tables 15.1, 15.2, 15.3) with Collembola
being a distant second. All other groups appear to be very minor. Among
the Acarina the Prostigmata was by far the largest suborder with Cryptostigmata,
Mesostigmata, and Astigmata following in that order. Large population
changes in response to S0, exposure are not readily apparent among most of
the major groups of microarthropods shown in Tables 15.1, 15.2, and 15.3.

Results of the statistical analyses are presented in Tables 15.4 and
15.5. All groups on which individual ANOVA's were performed are included
for comparison whether or not they had significant population changes.
Also, the results presented are for densities only since the results for
biomass were essentially the same. Where differences occurred between
density and biomass, they will be discussed in text.

First year fumigation effects among the microarthropods on ZAPS I are
evident (Table 15.4) but statistical support is lacking due primarily to
high variability of the data. Of the groups that displayed trends of
reduced populations in the treated plots, only two were significant. The
family Paratydeidae (Prostigmata) presented a peculiar response in that the
Low and Medium treatments were significantly reduced from the Control while
the High treatment was not (Figure 15.1A). The same trend was found again
in 1976, 1977, and 1978 (Figures 15.1B,C,D). Densities and biomass of
Oribatulidae (Cryptostigmata) were reduced on all plots (Figure 15.2A).
Similar reductions occurred again in 1976, 1977, and 1978 but only those in
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TABLE 15.1. SOIL MICROARTHROPOD POPULATION STRUCTURE OF SITE I IN SOUTHEASTERN

MONTANA*
S0, Treatment
Density (Nos. « m~2)+ Biomass (mg + m—2)

Group Control Low Medium High Control Low Medium High
1975
Total Microarthropods 50,900 49,200 47,300 48,800 26.2 24,5 24,5 31.9
Acarina 45,000 42,500 40,900 40,000 19.6 15.6 20.7 18.7
Suborders:

Mesostigmata 1,800 1,500 1,500 2,300 5.6 2.3 7.9 4.4

Prostigmata 34,100 34,600 32,700 29,600 7.9 7.7 7.7 7.7

Cryptostigmata 8,900 5,900 6,300 7,700 5.9 5.2 4.8 6.3

Astigmata 200 500 400 400 0.2 0.4 0.3 0.3
Diplura < 100 100 200 300 0.3 1.0 1.6 2.8
Collembola 4,300 4,300 5,300 6,300 4.4 4,5 5.7 7.1
1976
Total Microarthropods 88,200 86,700 119,200 89,200 49.4 38.3 50.8 40,3
Acarina ) 70,600 76,600 106,600 _ 79,700 31.1 25.9 34.4 28.4
Suborders:

Mesostigmata 3,300 3,400 3,100 3,800 9.2 6.2 5.7 9.6

Prostigmata 55,200 64,100 88,700 67,800 12.6 14.0 18.7 14.0

Cryptostigmata 11,700 8,400 13,700 7,500 9.0 5.0 9.1 4,4

Astigmata 400 1,000 1,100 600 0.3 0.7 0.9 0.4
Diplura 100 300 400 200 0.9 2.7 3.6 2.2
Collembola 15,400 8,400 8,300 6,700 14.3 8.0 7.2 6.1

* Figures are season means for the top 5 ecm of the soil profile.

1+ Numbers are rounded to nearest hundred.

1978 were significant (Figure 15.2C). A significant date by treatment
interaction occurred in 1976 (Figure 15.3B) indicating the reductions were
not significant on the fourth sample date. Three date by treatment inter-
actions were significant, one for the suborder Prostigmata and two for
families Pyemotidae and Scutacaridae. For the total Prostigmata, there were
significantly reduced densities in the High treatment plot on one sample
date (data not shown). However, the same trend was not evident on any other
date. The two families, Pyemotidae and Scutacaridae, were quite similar in
that significant treatment differences occurred only in the spring and early
summer (Figure 15.4) when they were most abundant on the field plots.

During the remainder of the season their densities were negligible. In both
cases, densities were significantly reduced in the High treatment plots.

Collembolan populations were significantly affected by SO, on Site I in
1976 (Figures 15.5 and 15.6). Total collembolan density was reduced on all
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TABLL 15.2. SOIL MICROARTHROPOD POPULATION STRUCTURE AS MEASURED IN MID-
GROWING SEASON IN 1977 AND 1978 ON SITE I*

S0, Treatments

Density (Nos. * m™2)+ Biomass (mg - m~2)
Group Control Low Medium High Orifice Control Low Medium High Orifice
10 July 77
Total

Microarthropods 84,800 111,000 134,600 65,000 84,800 33.4 36.6 51.8 29.0 37.1

Acarina 82,600 108,900 132,600 64,200 83,400 29.8 33.5 49,5 27.8 35.8
Suborders:
Mesostigmata 2,500 3,500 4,600 3,500 6,300 7.2 7.7 9.7 8.3 12.9
Prostigmata 71,100 90,700 110,000 52,300 65,200 14.9 17.3 24.4 11.8 14.7
Cryptostigmata 8,000 12,300 16,500 82,000 10,900 7.0 6.7 14.3 7.6 7.7
Astigmata 1,000 2,400 1,400 200 1,000 0.7 1.8 1.1 0.1 0.5
Diplura <100 0 0 0 0 0.3 0. 0. 0. o.
Collembola 500 300 600 200 500 0.2 0.1 0.1 0.3 0.3
8 July 78
Total

Microarthropods 97,100 69,400 70,700 72,700 59,500 39.6 27.5 25.3 30.8 21.9

Acarina 95,400 68,300 68,900 71,300 58,000 36.8 26.0 23.2 28.6 19.7
Suborders:
Mesostigmata 1,500 2,200 1,300 2,300 2,100 3.9 5.7 1.9 4.7 4.1
Prostigmata 74,100 53,400 51,400 57,900 45,700 16.8 9.9 10.9 12.1 9.1
Cryptostigmata 19,400 12,500 16,100 10,600 10,300 15.8 10.2 10.3 11.5 6.5
Astigmata 400 200 200 400 <100 .3 .2 .1 .3 <,1
Diplura 100 <100 <100 100 100 .8 .5 .3 8 1.3
Collembola 800 400 900 500 900 .8 .2 .7 .3 A

* Pigures are summaries for the top 5 cm of the soill profile.

+ Numbers are rounded to nearest hundred.

treated plots, however, for biomass, a significant treatment-by-date inter-
action resulted due to populations on all plots being similar late in the
growing season. Treatment differences occurred during the first half of the
season. Within the Collembola, both density and biomass of Poduridae were
significantly reduced on the treated plots (only biomass data are presented
in Figure 15.6). Significant treatment-~by-date interactions for density and
biomass occurred for both the Entomobryidae and Sminthuridae. Members of the
family Isotomidae were included in the Entomobryidae. Since the entomobryids
accounted for a majority of the total Collembola, the similarity of Figures
15.5B and 15.6B is expected. There were reduced populations of Sminthuridae
on all the treated plots on four of six sample dates (Figure 15.6C).

Although density and/or biomass reductions occurred on one or more
treated plots on Site I in many acarine groups after 1975, only a few of
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TABLE 15.3. SOIL MICROARTHROPOD POPULATION STRUCTURE OF SITE II IN SOUTH-
EASTERN HONTANA¥
S0, Treatments
Numbers * m~2 Biomass (mg * m~2)
Group Control Low Medium High Orificet Control Low Medium High Orificet
A-1976 Season Summary
Total
Microarthropods 85,300 76,200 130,100 93,700 - 42.8 41.1 52.1 47.4 -
Acarina 71,200 58,100 94,600 76,700 - 28.9 22,4 34,5 27.8 -
(Total)
Suborders:
Mesostigmata 2,600 2,400 3,000 2,700 - 5.8 6.4 5.1 4.1
Prostigmata 58,500 48,000 77,200 62,600 - 12.6 10.1 15.7 13.3 -
Cryptostigmata 9,000 7,400 13,400 10,600 - 9.7 5.6 12.9 9.8
Astigmata 1,100 300 1,000 800 - 0.8 0.3 0.8 0.6 -
Diplura 100 100 200 200 - 1.2 0.9 1.9 1.5 -
Collembola 11,700 15,600 12,000 12,400 - 10.0 14,7 11.2 11.5
7 August 77 (One Date)
Total
Microarthropods 63,700 94,300 143,300 103,500 49,200 24.8 37,1 81.9 47.2 17.7
Acarina 62,100 92,200 121,000 99,700 46,900 22.7  34.2 47,7 41.8 14.0
Suborders:
Mesostigmata 3,400 3,900 6,100 6,600 2,100 4.0 5.1 13,0 10.1 2.4
Prostigmata 50,800 77,300 100,300 79,400 39,700 11.6 17.1 20,2 18.3 8.0
Cryptostigmata 7,700 10,800 14,400 13,000 5,000 6.9 11.9 14.3 12.8 3.5
Astigmata 200 200 200 700 100 .2 .1 .2 .6 .1
Diplura 0 <100 <100 <100 200 0 .3 1 .5 1.8
Collembola 300 600 800 1,700 1,500 .3 .3 7 1.5 1.1
* Figures are for the top 5 cm of the soil profile.

t Sampled only in 1977 (see text).

those reductions were significant.

presented in Figure 15.3),

A Tectocepheidae (Cryptostigmata) density
and biomass were reduced on the treated plots in 1976 (density data are

The little-known family Pediculochelidae (Pro-

stigmata) had significantly reduced densities and biomass in all treated
plots on 10 July 77 and a closely related but undescribed family (unknown
endeostigmatid, probably represented by just one species on the Sites) also

had reduced densities and biomass on all treated plots on 10 July 1977.

Two

predatory families, Eupodidae and Rhagidiidae (both Prostigmata) had signi-
ficantly reduced densities and biomass on all treated plots on 8 July 1978.
The plant-feeding spider mites, Tetranychidae (Prostigmata), had reduced

densities and biomass on all treated plots on 8 July 1978,
the last five families mentioned are presented in Figure 15.7.
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TABLE 15.4. ANOVA RESULTS FOR SOIL MICROARTHROPOD DENSITIES ON ZAPS I

1975 Season 1976 Season 10 July 77 8 July 78

Group Trt* D x Tt Trt DxT Trt Trt

Collembola .062 -
Entomobryidae - .067
Poduridae .016 -
Onychiuridae -3 -

Sminthuridae - .Q06

Protura
Eosentomidae - -

Symphyla - -

Acarina

Astigmata
Acaridae -

Prostigmata - . 003 -
Alicorhagiidae - - -
Anystidae - - .016
Bdellidae
Cryptognathidae
Cunaxidae - .093
Unknown Endostigmatid - .027 -
Eriophyidae -
Eupodidae - - .001
Nanorchestidae - -
Paratydeidae .058 - .015 - .009 .001
Pediculochelidae - .066
Pyemotidae <,001 -
Raphignathidae -
Rhagidiidae - .007
Scutacaridae . 004 -
Tarsonemidae -
Tenuipalpidae -
Tetranychidae .001

Cryptostigmata - -
Brachychthoniidae - - -
Ceratozetidae - -
Gehypochthoniidae - -
Haplozetidae - -
Immatures (Total) - -
Opplidae - - - .050
Oribatulidae .073 - - .006 - .001
Sphaerochthoniidae - -
Tectocephidae .018 -

* Treatment main effect.

t Treatment by date interaction.

r

Indicates the group showed a trend of season mean population reduction with 50, exposure,
but reductions were not significant at P T .10. Blank spaces indicate no trends and hence
not tested statistically.

-

Three significant treatment-by-date interactions occurred for the
families Oppiidae (Cryptosiigmata), Oripatulidae (previously mentioned), and
Cunaxidae (Prostigmata). All three families showed consistent trends of
reduced populations in the treated plots with the greatest reductions occur-
ring in the igh treatment (Figure 15.3). A significant treatment effect
occurred for the prostigmatid family Anystidae, however the trend bore no
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TABLE 15.5. ANOVA RESULTS FOR SOIL MICROARTHROPOD DENSITIES ON ZAPS II

1976 Season 7 Aug 77

Group Trt* D x TY Trt

Collembola
Entomobryidae —x -
Sminthuridae - .013

Pauropoda - -

Acarina

Astigmata - -
Acaridae - -
Hypopi - -

Prostigmata
Alicorhagiidae -
Unknown Endostigmatid -
Erythraeidae -
Eupodidae - .003
Nanorchestidae . 045 - .001
Nematalycidae - -
Pyemotidae -
Raphignathidae ~ -
Scutacaridae - .063
Tenuipalpidae -
Trombidiidae . 040 -

Cryptostigmata
Ceratozetidae - - -
Immatures (Total) -
Galumnidae - -
Scutoverticidae .047 - -
Tectocepheidae -

Mesostigmata
Laelapidae - .017

* Treatment main effect.
T  Treatment by date interaction.

; Indicates the group showed a trend of season mean population reduction with
50, exposure, but reductions were not significant at P 2 .10. Blank
spaces indicate no trends and hence not tested statistically.
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Figure 15.1. Density estimates for the family Paratydeidae on ZAPS I. A.
1975 season means. B. 1976 season means. C. 10 July 77.
D. 8 July 78.
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Figure 15.2. Density estimates of two cryptostigmatid mite families on
Site I. A. 1975 season mean densities of the family
Oribatulidae. B. 1976 season mean densities of the family
Tectocepheidae. C. Densities of the family Oribatulide on
8 July 78.

relationship to S0, fumigation levels (data not shown). There were signifi-
cantly lower densities in the Low, Medium, and High treatments while the
Control and orifice densities were the same. Since the actual numbers of
individuals caught were low, we are not considering the significant treatment
differences as reflecting SO, fumigation.

Significant reductions in season mean densities on the treated plots on
Site II occurred among two acarine families in 1976, They were the fungivor-
ous Scutoverticidae (Cryptostigmata) and the predatory Trombidiidae (Prostig-
mata). The fungivorous family Nanorchestidae (Prostigmata) showed significant-
ly reduced densities on the treated plots on 10 August 1977. However the
treatment differences in 1976 (data not shown) are quite different. In that
year there was significantly greater densities and biomass in the Medium
treatment than the other treatments and Control which were all essentially
the same. Data for these three families are shown in Figure 15.8. Signifi-
cant treatment-by-date interactions occurred among two acarine families on
Site II in 1976. They included the predatory Eupodidae and the functionally
unknown Scutacaridae (both Prostigmata). In both cases, treatment differences
occurred early in the growing season at which time densities were reduced on
all treated plots, especially the High treatment plot (Figure 15.9). A
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